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For Your Reference
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An educator is a person who systematically works to improve another’s
understanding of a topic. The role of educator encompasses both those who
teach in classrooms and the more informal educators who, for example, work
in zoos, museums, and recreational areas. The work of educators varies
depending on the institution that employs them and the age or grade level
of the people he or she teaches.

Educators who teach children from kindergarten to 12th grade have many
responsibilities. They must prepare lesson plans for all of their classes, tai-
loring their plans to the instructional backgrounds and abilities of the chil-
dren in each class. Class sizes may range from twenty to thirty-five students,
and a teacher may be assigned as many as six different classes. Thus, in addi-
tion to teaching, educators at this level must be skilled in classroom man-
agement, for they must often deal with behavioral problems and even act as
surrogate parents for younger children.

Class preparation includes drafting lesson plans, writing and grading
tests, evaluating homework, and sometimes purchasing classroom supplies
with their own money. Teachers are held accountable for the success of their
students, and are required to participate in professional development pro-
grams (courses or seminars) throughout their careers. Finally, they must
maintain communication with the parents, participate in numerous educa-
tional and administrative activities, and sponsor student organizations such
as the student council, sports teams, and school clubs.

Teachers at two-year colleges are responsible for preparing lessons for two
to four different classes, and they usually teach between four and five courses
each semester. They, too, have mandatory professional development. In
addition to their teaching duties they must serve on school committees deal-
ing with such issues as hiring or technology. They are responsible to their
department heads, deans, and other higher administrators, but they gener-
ally do not have to deal with parents.






Embryonic Stem Cells

and can rise to more than $100,000 for full professors whose research and
publications have earned them renown in their fields.

Educators typically are free of teaching duties during the summer
months, but those who work at the college level are expected to conduct
research and publish even when classes are not in session. College-level
teachers are also often eligible for sabbaticals, during which teaching duties
are not required, but they are expected to use this time for a research pro-
ject. A love of teaching and learning is needed for educators at all levels, but
each student age group makes different demands on the teacher. SEE ALSO
CoLLEGE PROFESSOR.

Linnea Fletcher

Mammalian embryonic stem (ES) cells have the special property of being
able to differentiate into virtually every cell type. Because ES cells can be
genetically manipulated in vitro and can be transplanted into embryos and
adults, they are a powerful tool in biological experiments and hold promise
for future medical therapies.

The ability to differentiate into all cell types, a property known as
pluripotency, arises from the fact that ES cells are isolated from in vitro out-
growths of early stage embryos (in the mouse, at three and one-half days,
at the blastocyst stage). These outgrowths are cultured in specialized con-
ditions—often in the presence of support cells, called feeder cells, which do
not proliferate, and specific growth factors. The ES cells proliferate rapidly
in culture, and clonal (identical) populations can readily be initiated from
single cells.

Until 1998 the only mammalian embryonic stem cells isolated were
those from the mouse. The first human embryonic stem cells were isolated
in 1998 from embryos created through in vitro fertilization. In the United
States, government funding for research on human ES cells was restricted
in 2002 to a small set of existing human ES cell lines. Only privately funded
research remained able to use other sources of cells.

In the following years, most publicized research on human ES cells will
concentrate on manipulating cells in culture, attempting to understand the
signals that cells require to proliferate and differentiate into various adult
cell types, such as nerve or muscle cells.

In 2001 there was a highly publicized report of human cloning using
human ES cells, but the resulting embryos did not progress past the twelve-
cell stage, and there was no reliable evidence that the ES cells ever con-
tributed to the development of the embryos. Nonetheless, most researchers
thought obstacles would likely be overcome, and that the use of ES cells for
therapy or cloning would become technically possible.

Mouse ES cell research is much further advanced. Research in the mouse
has included injection of ES cells into blastocysts, an early stage in embryo
development. Once injected, ES cells fully participate in embryonic devel-
opment and form part of every tissue in the embryo. The resulting mouse
is called a chimera, since it usually contains a mixture of cells derived from

in vitro “in glass”; in
lab apparatus, rather
than within a living
organism

blastocyst carly stage
of embryonic develop-
ment












Epistasis

ties, industry, government, and nongovernmental research or health orga-
nizations. Those with master’s degrees generally start as project officers or
staff members, coordinating data collection and analysis for health studies
and as they grow in experience they will advance within their organizations.
The doctoral degree often leads to academic careers on university faculty
and leadership positions in other research organizations and industry. Physi-
cians who earn master’s or doctoral degrees in public health also often fill
these positions. Epidemiologists who receive additional training (usually as
doctoral or postdoctoral students) in human and statistical genetics are often
called “genetic epidemiologists,” in recognition of their specialty within epi-
demiology. Compensation varies widely, depending on the level of educa-
tion, employment setting, and experience. In 2001 the starting salary for a
new graduate with a master’s degree and no previous work experience might
be in the $30,000 to $40,000 range; a Ph.D. or M.D./M.P.H. with several
years’ experience might earn over $100,000 in industry.

Epidemiologists interested in the influence of genetic factors on health may
play several types of roles on a research project, including assisting in the
overall design of the study, developing instruments to collect nongenetic
risk-factor data, and using that data to investigate possible interactions
between genetic and nongenetic (environmental) factors that influence
health. Genetic epidemiologists perform a similar role, using study designs
and statistical approaches developed specifically for the analysis of human
genetics data.

The professional rewards of a career in epidemiology are the excitement
of discovery and the knowledge that epidemiologic studies can be used to
help people improve or maintain their health over time. Epidemiologic
research has significantly improved the public’s health over the past cen-
tury. Research results have been used to identify new medicines to treat dis-
ease, to educate the public about the health effects of cigarette smoking and
inactive lifestyles, and to improve sanitation and water treatment, signifi-
cantly reducing the burden of infectious disease in heavily populated areas.
SEE ALSO (GENE AND ENVIRONMENT; PoruraTtioN ScreeNiNG; PusLic
HEeavtH, GENETIC TECHNIQUES IN; STATISTICAL (FENETICIST.
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Epistasis, first defined by the English geneticist William Bateson in 1907,
is the masking of the expression of a gene at one position in a chromosome,
or locus, at one or more genes at other positions. Epistasis should not be
confused with dominance, which refers to the interaction of genes at the
same locus. The human genome contains from 30,000 to 70,000 gene loci.
Some of them are involved in numerous interactions, making it difficult to
identify their role in development and metabolism. As we learn more about

locus site on a chromo-
some (plural, loci)






Escherichia coli

Such interactions between loci probably occur in the genetic etiology
of complex traits such as the psychiatric disorders schizophrenia and manic
depression. David Lykken, a genetic psychologist at the University of Min-
nesota, coined the term “emergenesis” to describe multiple gene interac-
tions involved in a specific complex trait. After comparing EEG
(electroencephalogram, or “brain wave”) data from identical and fraternal
twins, Lykken concluded that multiple-level interactions of independent or
partly independent genes must be involved.

Epistatic interactions make it difficult to identify loci conferring risk for
complex disorders, and they may be a major reason that researchers have
made only slow progress in mapping susceptibility genes for complex dis-
orders. To locate interacting loci involved in the genetic origins of complex
diseases requires collecting DNA samples from a large number of families
where two or more individuals have the disorder. Such large-scale studies
are usually difficult to conduct.

As the Bombay phenotype demonstrates, it is actually proteins, not the genes,
that interact. After identifying interacting loci, the next step is determining
the proteins that the genes at those loci encode, and the properties of those
proteins.

The emerging field that involves the study of proteins and protein inter-
actions is called proteomics. New techniques are now available to locate pro-
teins that interact with one another. In the yeast two-hybrid system, one
such technique, one protein is used as bait, and a pool of unknown proteins,
referred to as prey proteins, are tested to see if any of them bind to the bait.
Binding, if it occurs, triggers a reaction that causes yeast cells to turn blue.
In one experiment testing a protein’s interactions with more than 1,000
other proteins, 950 interactions were found. Not all of these interactions
are likely to occur or be important in the organism, but such results indi-
cate how common, and complex, protein interactions are in living organ-
isms. SEE ALSO Broop Type; CompLEX TRAITS; INHERITANCE PATTERNS;
ProTEOMICS; PsycHIATRIC DISORDERS.
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Escherichia coli (E. coli) is a very common bacterium that normally inhabits
the digestive tract of animals, including humans. It is widespread in the nat-
ural world and can also be found in soil and water. It is a member of the
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health, and has allowed researchers to ask questions about bacteria in gen-
eral (for example, how antibiotics stop infections, or how the immune sys-
tem fights off disease).

Sequencing of the E. co/i K-12 strain genome (a popular model strain) was
completed in 1997; subsequently, at least two collections of the pathogenic
0157:H7 strain have been completely sequenced. The bacterium has a
genome of approximately 4.3 million base pairs of DNA, and carries about
4,400 genes. Interestingly, only about 50 percent of the predicted genes have
been described and characterized, a surprisingly low percentage for such a
well-understood organism. For this and other reasons, E. co/i remains one
of the most significant model organisms used today. SEE aLso CHrOMO-
soME, Proxarvotic; EuBacTiria; GENOME; Human GeENoOME ProjecT;
MobEeL OrGaNisMms; PLASMID.

Daniel §. Tomso
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The Eubacteria, also called just “bacteria,” are one of the three main domains
of life, along with the Archaea and the Eukarya. Eubacteria are prokaryotic,
meaning their cells do not have defined, membrane-limited nuclei. As a
group they display an impressive range of biochemical diversity, and their
numerous members are found in every habitat on Earth. Eubacteria are
responsible for many human diseases, but also help maintain health and form
vita] parts of all of Earth’s ecosystems.

Like archeans, eubacteria are prokaryotes, meaning their cells do not have
nuclei in which their DNA is stored. This distinguishes both groups from
the eukaryotes, whose DNA is contained in a nucleus. Despite this struc-
tural resemblance, the Eubacteria are not closely related to the Archaea, as
shown by analysis of their RINA (see below).

Eubacteria are enclosed by a cell wall. The wall is made of cross-linked
chains of peptidoglycan, a polymer that combines both amino acid and sugar
chains. The network structure gives the wall the strength it needs to main-
tain its size and shape in the face of changing chemical and osmotic dif-
ferences outside the cell. Penicillin and related antibiotics prevent bacterial
cell growth by inactivating an enzyme that builds the cell wall. Penicillin-
resistant bacteria contain an enzyme that chemically modifies penicillin,
making it ineffective.

Some types of bacteria have an additional layer outside the cell wall. "This
layer is made from lipopolysaccharide (LPS), a combination of lipids and
sugars. There are several consequences to possessing this outer layer. Of
least import to the bacteria but significant for researchers, this layer prevents
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Bacterial cells take on one of several common shapes, which until
recently were used as a basis of classification. Bacilli are rod shaped; cocci
are spherical; and spirilli are spiral or wavyshaped. After division, bacterial
cells may remain linked, and these form a variety of other shapes, from clus-
ters to filaments to tight coils.

Despite the lack of internal compartmentalization, bacterial metabolism is
complex, and is far more diverse than eukaryotic metabolism. Within the
Eubacteria there are species that perform virtually every biochemical reac-
tion known (and much bacterial chemistry remains to be discovered). Most
of the vitamins humans require in our diet can be synthesized by bacteria,
including the vitamin K humans absorb from the Escherichia coli (E. coli)
bacteria in our large intestines.

The broadest and most significant metabolic distinction among the
Eubacteria is based on the source of energy they use to power their metab-
olism. Like humans, many bacteria are heterotrophs, consuming organic
(carbon-containing) high-energy compounds made by other organisms.
Other bacteria are chemolithotrophs, which use inorganic high-energy com-
pounds, such as hydrogen gas, ammonia, or hydrogen sulfide. Still others
are phototrophs, using sunlight to turn simple low-energy compounds into
high-energy ones, which they then consume internally.

For all organisms, extraction of energy from high-energy compounds
requires a chemical reaction in which electrons move from atoms that bind
them loosely to atoms that bind them tightly. The difference in binding
energy is the profit available for powering other cell processes. In almost all
eukaryotes, the ultimate electron acceptor is oxygen, and water and carbon
dioxide are the final waste products. Some bacteria use oxygen for this pur-
pose as well. Others use sulfur (forming hydrogen sulfide, which has a strong
odor), carbon (forming flammable methane, common in swamps), and a vari-
ety of other compounds.

Bacteria that use oxygen are called aerobes. Those that do not are called
anaerobes. This distinction is not absolute, however, since many organisms
can switch between the two modes of metabolism, and others can tolerate
the presence of oxygen even if they do not use it. Some bacteria die in oxy-
gen, however, including members of the Gram positive Clostridium genus.
Clostridium botulinum produces botulinum toxin, the deadliest substance
known. C. tetani produces tetanus toxin, responsible for tetanus and “lock-
jaw,” while other Clostridium species cause gangrene.

When provided with adequate nutrients at a suitable temperature and pH,
E. coli bacteria can double in number within 20 minutes. This is faster than
most species grow, and faster than E. coli grows under natural conditions.
Regardless of the rate, the growth of a bacterium involves synthesizing dou-
ble the quantity of all its parts, including membrane, proteins, ribosomes,
and DNA. Separation of daughter cells, called binary fission, is accomplished
by creating a wall between the two halves. The new cells may eventually
separate, or may remain joined.

E. coli common bac-
terium of the human
gut, used in research as
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membrane. The bacterial genome is smaller than that of a eukaryote. For
example, E. coli has only 4.6 million base pairs of DNA, versus three billion
in humans. As in eukaryotes, the DNA is tightly coiled to fit it into the cell.
Unlike eukaryotes, however, the DNA is not attached to histone proteins.

Much of what we know about DNA replication has come from study of
bacteria, particularly E. coli, and the details of this process are discussed else-
where in this encyclopedia. Unlike eukaryotic replication, prokaryotic repli-
cation begins at a single point, and proceeds around the circle in both
directions. The result is two circular chromosomes, which are separated dur-
ing cell division. Plasmids replicate by a similar process.

While bacteria do not have sex like multicellular organisms, there are sev-
eral processes by which they obtain new genes: conjugation, transforma-
tion, and transduction. Conjugation can occur between two appropriate
bacterial strains when one (or both) extends hairlike projections called pili
to contact the other. The chromosome, or part of one, may be transferred
from one bacterium to the other. In addition, plasmids can be exchanged
through these pili. Some bacteria can take up DNA from the environment,
a process called transformation. The DNA can then be incorporated into
the host chromosome.

Some bacterial viruses, called phages, can carry out transduction. With
some phages, the virus temporarily integrates into the host chromosome.
When it releases itself, it may carry some part of the host DNA with it.
When it goes on to infect another cell, this extra DNA may be left behind
in the next round of integration and release. Other phages, called general-
ized transducers, package fragments of the chromosome into the phage
instead of their own genome. When the transducing phage infects a new
cell, they inject bacterial DNA. These phages lack their own genome and
are unable to replicate in the new cell. The inserted bacterial DNA may
recombine (join in with) the host bacterial chromosome.

Gene expression in many bacteria is regulated through the existence of oper-
ons. An operon is a cluster of genes whose protein products have related
funcuons. For instance, the /ac operon includes one gene that transports lac-
tose sugar into the cell and another that breaks it into two parts. These
genes are under the control of the same promoter, and so are transcribed
and translated into protein at the same time. RNA polymerase can only
reach the promoter if a repressor is not blocking it; the /ac repressor is dis-
lodged by lactose. In this way, the bacterium uses its resources to make lac-
tose-digesting enzymes only when lactose is available.

Other genes are expressed constantly at low levels; their protein prod-
ucts are required for “housekeeping” functions such as membrane synthe-
sis and DNA repair. One such enzyme is DNA gyrase, which relieves strain
in the double helix during replication and repair. DNA gyrase is the target
for the antibiotic ciproflaxin (sold under the name Cipro), effective against
Bacillus anthracis, the cause of anthrax. Since eukaryotes do not have this
type of DNA gyrase, they are not harmed by the action of this antibiotic.
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Charles Darwin’s theories of evolution by natural selection rocked the sci-
entific world in 1859, and prompted his cousin, Galton, to study human
evolution. Galton’s first book, Hereditary Genius (1869), analyzed famous
European families and concluded that “genius,” which he defined as the abil-
ity to succeed in life, tended to run in families. Galton believed that indi-
viduals inherited the traits that destined them to either success or failure.
Thus, success resulted from biology, not from the wealth or poverty of a
person’s background, and controlled breeding might permanently improve
the human race.

Galton hoped to speed and direct human evolution. Writing in Inquiries
into the Human Faculty and Its Development (1883), Galton defined eugenics
as “the science of improving stock . . . to give the more suitable races or
strains of blood a better chance of prevailing speedily over the less suitable
than they otherwise would have had.” Familiar with farmers’ achievements
in breeding more-valuable plants and animals, Galton believed that such
methods were “equally applicable to men, brutes, and plants.”

Galton identified those fit folk who should have children and stigma-
tized those he deemed unfit for parenthood. He also believed then-accepted
notions of “racial” superiority and inferiority, had more to do with class and
cultural prejudice than with biological difference. Galton assumed that
wealthy people like himself were fit, whereas poor folk were unfit. North-
ern European “white” people stood atop the evolutionary scale of fitness,
followed by “whites” from southeast Europe, Asians, Native Americans,
Africans, and Australian Aborigines.

Galton identified positive and negative eugenics as the two basic methods
to improve humanity. Positive eugenics used education, tax incentives, and
childbirth stipends to encourage procreation among fit people. Education
would convince fit parents to have more children, out of a desire to increase
the common good. Lower taxes on larger families and the provision of a
small birth payment for each “eugenic” child would provide further induce-
ments. Conversely, eugenically educated but unfit people would selflessly
forgo procreation, to prevent the propagation of their hereditary “taint.”
Believing that neither altruism nor self-interest would be enough to control
the unfit, however, many eugenicists also advocated negative eugenics.

Negative eugenics sought to limit procreation through marriage restric-
tion, segregation, sexual sterilization, and, in its most extreme form, euthana-
sia. In an attempt to decrease procreation among the “unfit,” laws prohibited
marriage to people with diseases, or other conditions believed to be hered-
itary. Similar restrictions banned marriage between people of different races,
in order to prevent miscegenation. Popular in the United States, antimis-
cegenation laws sought to use science to legitimize racial prejudice. Since
marriage restriction failed to stop extramarital procreation, eugenicists
argued for more intrusive interventions.

Many of these more intrusive interventions relied upon segregation. For
example, individuals judged unfit might be segregated in institutions such
as insane asylums, tuberculosis sanatoriums, and homes for the so-called
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The bases appear to have been relatively easy to create. Hydrogen
cyanide, a possible ingredient in the early oceans and lakes, reacts in the
presence of ultraviolet light to give off adenine. Other cyanide derivatives
(along with urea) can produce the other bases. A reasonable natural setting
for this chemistry would have been a shallow lake or lagoon, as envisioned
by Stanley Miller in his preparation of cytosine.

More challenging to those studying the origins of life has been deter-
mining how ribose may have been formed and to explore how it may have
reacted with the bases (especially cytosine and uracil) and acquired the phos-
phate to form RNA. Formaldehyde (the same chemical used to preserve
specimens) is a likely prebiotic molecule that reacts with itself to give a very
complex mixture of products that includes traces of ribose. A more effec-
tive route, however, starts with formaldehyde and a derivative known as gly-
colaldehyde phosphate: these react under alkaline conditions to give mainly
a ribose compound with two phosphates attached, and the reaction is pro-
moted by certain minerals.

Heating a mixture of ribose with either adenine or guanine to dryness
results in some bond formation between the base and the sugar, but this strat-
egy has failed when cytosine or uracil was used in place of adenine and gua-
nine. More research is still needed to establish plausible routes to these RNA
precursors on early Earth, and some skeptics have even proposed that a sim-
pler type of backbone may have preceded that found in nucleic acids today.

Mineral catalysts have also been useful in forming chains of RNA-like mol-
ecules from the activated precursors. James Ferris has focused on the abil-
ity of montmorillonite (a type of clay) to promote the assembly of the
ribose-phosphate backbone, starting with a special, uracil-containing com-
pound known as a phosphorimidazolide. Although phosphorimidazolides do
not occur in nature today, they are highly reactive species and closely related
to the modern building blocks of RNA. Most scientists do not maintain that
these compounds were present in the primordial soup, but they are con-
venient substitutes for the natural precursors of RNA.

When the adenine derivative of this compound binds to the mineral sur-
face, the products include chains of up to ten units long, primarily with the
“biologically correct” bonds between adjacent riboses. By repeated additions
of the starting material, the process can extend the structure up to fifty units.
The uracil derivative reacts in a similar fashion, although the chains are
somewhat shorter. These data suggest that binding to mineral surfaces may
have been important in controlling the proximity and orientation of mole-
cules that could give rise to the first RNA-like fragments, and set the stage
for subsequent replication.

Once formed, how would the first RNA chains cause copies of themselves
to be created? Replication is the process by which DNA or RNA makes
copies of specific base sequences. However, the “copy” is not identical to
the original, called a template. Rather, it is analogous to a photographic neg-
ative, with predicable differences from the original. In the case of RNA, the
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different from what might have existed on early Earth, especially the chem-
ical used to form the bond between the GGC units, but it supports the con-
cept that true replication of this type might be possible.

In cells, replication is controlled by protein catalysts called enzymes. How-
ever, since proteins are thought not to have been present on early Earth,
how could replication and its related reactions been catalyzed? A key dis-
covery, which has affected how molecular biologists and biochemists view
RNA, is that it can also act as a catalyst. In the early 1980s Thomas Cech
and Sidney Altman independently discovered RNA (that is, non-protein-
based) catalysts in a variety of cell types, whereas scientists had previously
thought that only proteins have this power. The concept that RNA could
both store information and accelerate biochemical processes made it a much
more likely candidate for catalyzing reactions in early life.

The catalytic RNAs (known as ribozymes) found in nature today mainly
promote reactions that involve removing certain sequences from an RNA
chain before it can be used in protein formation. However, a variety of exotic
tools in the molecular biologists’ arsenal have now allowed the creation of
new ribozymes by in vitro evolution (evolution in a test tube), a method
developed by Jack Szostak. He and his associate, David Bartel, showed in
1993 that a novel ribozyme with the ability to link together two RNA chains
could be evolved in the laboratory through successive rounds of selection
and amplification (creating many copies of the most effective sequence from
the previous round). After eight rounds, the best catalyst was faster by a fac-
tor of three million, compared to the uncatalyzed reaction.

Bartel has applied this strategy toward the development of the first RNA
that catalyzes replication: it binds a smaller RNA template, which then cre-
ates a copy that is up to 14 units long. When a set of these replicated prod-
ucts was analyzed, the average accuracy for incorporation of the correct base
was 96.7 percent (lowest accuracy was achieved for adenine, greatest for gua-
nine). Although the ribozyme itself was 189 units long and thus represents
a highly complex structure that would probably not have formed sponta-
neously in the early ocean, the experiment demonstrates that RINA can pro-
mote the critical step of “peeling off” the copy to allow another cycle of
product formaton. Such evolutionary exercises thus provide a powerful
method for exploring the relationship between ribozyme sequence and the
catalytic activity.

Theories of molecular evolution have been based on the paradigm that RNA
(or a similar structure) served as the first genetic molecule. Many gaps remain
in our understanding, from the assembly of the individual units, to the repli-
cation of RNA sequences. Further advances in the study of catalysis, espe-
cially with minerals and ribozymes, may provide new avenues for future
researchers to explore. SEE ALsO EvoLutioN ofF (GENES; NUCLEOTIDE;
RisozyMmE; RNA PRrROCESSING.

William §. Hagan
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Evolution of Genes

Duplication by retroposition.

Ampilification during crossing over.

Two common mechanisms
of gene duplication.

alleles particular forms
of genes

organism has two copies of each gene. A point mutation in one of these cre-
ates a new form of the gene. Different forms of the same gene are called
alleles. Creation of alleles is one of the most common forms of gene evo-
lution. The existence of diploidy allows a greater tolerance of new alleles,
since a mutation to one allele still leaves the other one functioning, and in
many cases this may be sufficient for survival. The existence of alleles allows
greater genetic diversity in a population, which may increase that popula-
tion’s ability to adapt to changing environmental conditions.

Occasionally a gene on a single chromosome will be duplicated to create a
pair of identical genes. Duplication may occur for any one of several rea-
sons. One type of duplication occurs when the RNA transcript of a gene is
“reverse transcribed” back into a DNA sequence and reinserted elsewhere
in the genome (a process called retroposition), leading to a new, possibly
functional copy of the gene in a new location and subject to different reg-
ulatory systems. This appears to have occurred with the human gene for
phosphoglycerate kinase 2, which is involved in energy use in the cell.

More likely, a retroposed gene will be functionless, since it will not have
the promoters and enhancers it needs for expression. Typically, one copy
of a duplicated gene is either nonfunctional or accumulates mutations that
render it so. After a long period of evolutionary time, the duplicate gene
may acquire so many mutations that it may be difficult to see its relation-
ship to its parent gene. Nonfunctional copies of previously functional genes
are called pseudogenes.

Analysis of genomes shows that many gene copies are found lying next
to each other, linked head to tail in an arrangement called a “tandem repeat.”
This may occur because of errors of the normal recombination machinery
that is responsible for DNA repair and crossing over during meiosis. Tan-
dem repeats are susceptible to amplification, which is the further increase
in the number of copies. This can occur during crossing over. Normal cross-
ing over pairs up identical segments on homologous chromosomes, and then
exchanges them. If the chromosomes each have a tandem repeat, the
crossover machinery may line up incorrectly, leaving one homologue with
three gene copies and one with only one. Repeating this process over ensu-
ing generations can lead to dozens of extra gene copies.

Duplication of much larger portions of a genome is also possible, includ-
ing whole chromosomes (called chromosomal aberrations) and even the
entire genome (called polyploidy). In each case, the number of copies of a
gene increases. Such copies are usually removed by natural selection, but it
is sometimes advantageous to have several gene copies, particularly for those
genes that code for ribosomal RNAs. These are present in dozens or even
hundreds of copies, allowing rapid production of new ribosomes during cell
growth.

While gene duplication is a rare event in the short term, it is frequent
enough in the long term to have been a central feature in the evolution of
the genome of eukaryotic organisms. As with alleles, gene duplication frees
up a gene copy to accumulate mutations with less selective penalty. Over
time, such a gene may change its function slightly, or even acquire a new
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prevent translation of the gene, such as an insertion or deletion that stops
translation at the beginning of the gene sequence. Pseudogenes also arise
from mutation in a gene’s promoter region. The promoter is the site at the
beginning of the gene that attracts the enzyme called RNA polymerase.
Without a functional promoter, the gene cannot be transcribed effectively,
and so cannot lead to protein production.

Retroposition is a very common source of pseudogenes. Pseudogenes
have been discovered because their sequences are similar to functional genes.
In humans, pseudogenes are known to exist for topoisomerase (a gene that
cuts DNA to prevent twisting), ferritin (an iron storage protein), two dif-
ferent forms of actin, and many other genes.

Transposable genetic elements are DNA segments that move around in the
genome. Many biologists consider them to be a form of “selfish DNA,” a
kind of genetic parasite that serves no useful function for the host, but
remains in the genome because it is efficient at getting itself copied. They
can be present in large numbers of copies. In humans, more than a million
copies of a single element, called Alu, account for about ten percent of the
entire genome.

Insertion of a transposable element can disrupt a gene, creating a
pseudogene. When a transposable element moves, it occasionally also takes
a gene with it, placing it in a new position under the control of different
regulatory elements. Alternatively, it may move an enhancer, thus affecting
both the gene whose enhancer was removed and the gene (if any) it is now
placed closer to. Some transposable elements themselves contain enhancers,
further increasing the chances of altering gene expression when they are
inserted in a new location.

The coding portions of eukaryotic genes, termed “exons,” are interrupted
by noncoding regions, termed “introns.” The evolutionary role of introns
has been controversial since their discovery in 1977. Some scientists pro-
pose they are just another form of “junk DNA,” and may be the relics of
transposable elements or other forms of selfish DNA. Others suggest they
may have played a central role in protein evolution.

The argument about the evolutionary importance of introns turns on
exactly how they divide up the genes in which they are found. Proteins,
which are encoded by genes, are not random strings of amino acids, but
rather highly organized three-dimensional shapes, with different functions
served by discrete parts, known as domains. A protein may contain half a
dozen domains; one may bind a signaling molecule from outside the cell,
another embeds the protein in a membrane, another binds an internal pro-
tein, and so on. It is often the case that each domain in a protein is folded
up from a discrete segment of the amino acid chain.

Just as the domain’s amino acids occur in sequence in the protein, the
nucleotides that code for them occur in sequence in the gene. Those who
propose that introns play a vital role in protein evolution suggest that exons
correspond to the protein’s domains, and that introns serve to divide the
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gene into these useful little bits of code. In this view, exons serve as “mod-
ules,” or useful gene segments, that can be shuffled (via gene duplication
and transposable elements, for instance) to create genes for new proteins
with novel functions. For instance, a module for a membrane-embedding
domain could be linked to a module for an oxygen-binding domain, allow-
ing oxygen to be stored on a membrane, or a hormone-binding domain
might be joined to a promoter-binding domain, allowing a hormone to con-
trol gene transcription.

The validity of this model of protein evolution depends on whether a
gene’s exons do indeed correspond to its protein’s domains, and whether
introns do actually separate domain-coding regions. So far the evidence is
mixed, with some genes clearly divided this way, but many others showing
complex or conflicting structures.

Because of this, scientists do not yet agree on the importance of exon
shuffling in protein evolution. While it likely has occurred, it is unknown
how widespread it may be. Also at issue is whether introns themselves arose
early or late in life’s evolution. If early, it may have been central to the devel-
opment of all forms of life. The absence of introns in bacteria would then
presumably be due to a streamlining of their genome by natural selection.
If introns arose late, they were probably confined to eukaryotes and were
therefore only important in their evolution.

While there is much that remains controversial, there is little disagree-
ment about the importance of a related use of exons that occurs continually
in many tissues. This is called alternative splicing. In this case, particular
exons may be omitted, or they may be reassembled differently from tssue
to tissue, creating tissue-specific variants, called isoforms, of the same pro-
tein. SEE ALSO ALTERNATIVE SPLICING; BroiNrFormaTics; CHROMOSOMAL
ABERRATIONS; DEVELOPMENT, GENETIC CONTROL OF; (GENE; (GENE FAMILIES;
GeNETIC CopE; HEMOGLOBINOPATHIES; IMMUNE SysTEM (GENETICS; MUTA-
TION; PoryrLOIDY; PsEuDOGENES; RNA PROCESSING; TRANSPOSABLE
GEeNETIC ELEMENTS.
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When someone asks, “What color are your eyes?” he should really be ask-
ing “What color are your irises?” because it is the iris that contains the pig-
ment that determines the color of your eyes. Despite the fascination eye
color holds for us, the genes responsible for it in humans are not well-known
and are more complex than most people think.
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of menstrual cycles in puberty. Specific hormones produced during the men-
strual cycle around day thirteen or fourteen trigger the continuation of meio-
sis in one egg each month. Meiosis is suspended for the second time in the
middle of meiosis Il around three hours prior to ovulation, and does not
resume unless fertilization occurs.

During ovulation this egg, enclosed in two layers of protective mate-
rial, is released from the ovary. The outer layer, the cumulus oophorus,
is comprised of cells called cumulus cells, and the inner layer, the zona
pellucida, is comprised of a jellylike coating made of protein and sugar.
Once released from the ovary, the egg is swept into the fallopian tube. It
is receptive to fertilization for only about one day. The sperm must reach
the egg during this time, usually in the fallopian tubes, or fertilization
will be impossible.

During sexual intercourse, millions of sperm are deposited into the
vagina. They travel through the cervix and uterus to the fallopian tubes.
Sperm can live within a woman’s body for up to three days. Each sperm
contain three distinct parts, the head, mid-piece, and tail. Each of these parts
has a distinct purpose. The head of the sperm is composed of the nucleus
(containing the chromosomes), an acrosome cap (containing enzymes cru-
cial in fertilization), and an outer membrane. The mid-piece contains
energy-producing mitochondria, and the tail is the mechanism for move-
ment. Despite the ingenious design, fewer than 1 percent of the sperm
released in an ejaculation ever make it to the egg. Factors inhibiting the suc-
cess of sperm include abnormal formation and premature death from expo-
sure to acidic vaginal secretions. Sperm can also be blocked by excess mucus
covering the cervix, or they may travel to the fallopian tube that does not
contain the egg. Fortunately, only one sperm is required to fertilize the egg.

In order to fertilize an egg, sperm must undergo the poorly understood
process of capacitation. Capacitation involves changes to the acrosome, trig-
gered by the cervical mucus, to prepare it to release the enzymes necessary
to break through the zona pellucida. Upon reaching the surface of the zona
pellucida, the sperm releases enzymes to break through. Once through the
zona pellucida, the head of the sperm fuses to the egg’s membrane, the tail
of the sperm stops moving, and the egg engulfs the contents of the sperm.

It is crucial that only one sperm enters the egg. If an extra sperm passes
through, a lethal condition known as polyspermy (many sperm) will occur.
On the rare occasion this occurs, the fetus will be miscarried as a result of
the extra set of chromosomes. To prevent this in most instances, a substance
is released from the egg that changes the zona pellucida once it has been
penetrated, blocking entry of any other sperm. Sperm penetration triggers
the completion of the second meiotic division in the egg. With this divi-
sion, the chromosomes of the sperm and egg come together in their own
nucleus. The cell now officially becomes a zygote, the first cell of a new
individual.

In some instances, an ovary releases more than one egg at one time, or both
ovaries release an egg simultaneously. Each egg has the potential to be fer-
tilized, resulting in multiple pregnancies. Since each conception originates

meiosis cell division
that forms eggs or
sperm

enzymes proteins that
control a reaction in a
cell
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Founder Effect

locus site on a chromo-
some (plural, loci)

haplotype set of alleles
or markers on a short
chromosome segment

Linkage disequilibrium mapping is a powerful method for fine-mapping
disease genes in founder populations. Linkage disequilibrium refers to the
physical association between harmless but traceable marker alleles and a dis-
case allele on a chromosome. The close proximity of the markers can help
pinpoint the disease locus. Founder populations are particularly useful for
linkage disequilibrium mapping since regions in linkage disequilibrium often
span greater chromosomal distances than in general populations; that is, the
disease gene will often be found with a larger set of common markers in a
founder population than in a larger, more diverse population. This is
expected because in founder populations, all chromosomes carrying a spe-
cific disease allele may be descended from a single ancestral chromosome,
thus the disease allele will be in linkage disequilibrium with alleles at nearby
markers. In a larger, more diverse population, the disease allele may have
arisen on several different chromosomes, therefore the linkage disequilib-
rium, even for very close markers, may not be as great.

One example of linkage disequilibrium mapping in founder populations
is the identification of a region containing the diastrophic dysplasia gene in
eighteen families from Finland. This condition causes bent or abnormal
bone growth. The region to which the disease gene was localized was nar-
rowed substantially because scientists were able to take advantage of the
extensive linkage disequilibrium around this gene in the affected individu-
als, all of whom shared a series of alleles surrounding the disease gene.

A related method for mapping disease genes that is well-suited for
founder populations is haplotype analysis. A haplotype is defined as the set
of alleles that are inherited as a group from one parent. A haplotype forms
an identifiable pattern that can be used to track inheritance of all the genes
within it. There are only a small number of haplotypes among the founders.
Recombination tends to break up haplotypes over time, with the alleles that
are closest together remaining together the longest.

A haplotype that is constantly inherited with a disease can be analyzed
to narrow the region in which the gene should be sought. This means that
researchers can look for shared regions or segments of chromosomes among
affected individuals to help identify the location of a disease gene. For exam-
ple, genetic researchers were able to demonstrate that the majority of cases
of idiopathic torsion dystonia (a neurological disease) in Ashkenazic Jews
were due to a single mutation from a common ancestor, because the affected
individuals shared common alleles (a consistent haplotype) on either side of
the mutation.

Another advantage of genetic studies in founder populations is that good
clinical and genealogical recordkeeping is often available. Many genetic stud-
ies have been successful in Finland because of the population history of this
region. For instance, the current Finnish population is believed to have come
from a small group of individuals who settled in the southwest part of the
country about 2,000 years ago. Since the initial immigration, the popula-
tion has continued to be relatively isolated, with little migration into it.

Genealogical records are available through church parishes and often
go back six to twelve generations, allowing scientists to develop accurate and
detailed family histories linking individuals together. Despite these advan-
tages, for common diseases such as asthma, scientists must consider that



Fragile X Syndrome

genes that cause asthma in Hutterites may or may not be relevant to other
groups with asthma. Thus the scientist must weigh the advantages of per-
forming genetic studies in small, historically isolated populations with the
potential disadvantage of being unable to eventually generalize the studies’
results. SEE ALSO GeNeTic Drirr; HarDY-WEINBERG  EQUILIBRIUM;
INBREEDING; LINKAGE AND REcoMmBINATION; MAarpiNG; PopuLaTiON BoT-
TLENECK; PopuLaTiON GENETICS; TAY-SAcHS DiISEASE.
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Fragile X syndrome is one of the most common causes of inherited mental
retardation. Individuals with fragile X syndrome can exhibit moderate to
severe mental retardation. Additional characteristics may include autistic-
like behavior, hyperactivity, mitral valve prolapse (a heart valve defect), a
large head circumference, a long face with a prominent forehead and jaw,
protruding ears, flat feet, hyper-extensive joints (“double-jointedness”), and,
in males, enlarged testicles. Fragile X syndrome is not restricted to any eth-
nic group. It was the first of the so-called triplet repeat diseases to be dis-
covered, and study of it has led to a growing understanding of DNA
instability and its role in disease.

The first family with fragile X syndrome was described by J. Purdon Mar-
tin and Julia Bell in 1943. This family had eleven severely retarded males,
and the inheritance pattern of the mental retardation appeared to be X-
linked. X-linked traits are inherited on the X chromosome and are more
common in males, who have only one X chromosome, than in females, who
have two.

In 1969, in a different family, Herbert Lubs observed a constriction near
the end of the long, or q, arm of the X chromosome in four mentally retarded
males and two of their mentally normal female relatives. This constriction
made the X chromosome appear to be broken. Hence the name “fragile X.”

For years, little attention was paid to Lubs’s finding. Renewed interest
in the observation emerged in the late 1970s, when additional families were
identified with mental retardation and the same chromosome abnormality,
or fragile site. Moreover, in 1977 Grant Sutherland discovered that the abil-
ity to detect this fragile site was dependent on the chemicals used to study
patients’ chromosomes. Sutherland’s crucial observation helped develop the












Fruit Fly: Drosophila

Sturtevant, and Hermann Muller, made some of the most important dis-
coveries in genetics through their work with Drosophila. Among these were
the genetic explanation of sex linkage (the location of a gene on a sex chro-
mosome); proof that genes are contained on chromosomes; and the demon-
stration that genes are arranged on a chromosome in a linear order with
fixed, measurable distances between them, the principle that underlies
genetic mapping.

Like other good model organisms, Drosophila is easy to rear in the lab-
oratory. It has a short life cycle, lasting about two weeks, and produces many
offspring. Each female can lay hundreds of eggs. These traits make it ideal
for isolating mutants and carrying out many genetic crosses rapidly.

Mutants are the cornerstone of genetic analysis. To find a mutation
one must be able to recognize an observable physical trait, or phenotype,
such as a change in anatomical structure or behavior. At first glance, watch-
ing a tiny fruit fly landing on a rotting banana, one may be hard pressed
to imagine that anyone could spot an anatomical variant, much less begin
to study such a complex subject as behavior. Observed through a low-pow-
ered microscope, however, Drosophila is a sculptural masterpiece of bristles,
segments, colors, and mosaic patterns. By studying Drosophila mutants, sci-
entists have devised ways to genetically dissect the cellular bases of these
phenotypes, as well as such startlingly complex behaviors as learning, mem-
ory, and even sleep.

A feature of a model organism that aids geneticists is a small genome
size and a small number of chromosomes, since the less DNA there is to
sort through, the easier it is to find genes. Drosophila’s genome, containing
about 180 million base pairs, is approximately one-twentieth the size of the
human genome. There are four pairs of chromosomes: the X and Y sex chro-
mosomes, and autosomes 2, 3, and 4. The complete nucleotide sequence
of the gene-rich portion of the genome was determined in 2000. The
genome is estimated to encode approximately 13,000 genes.

Drosophila molecular geneticists make wide use of transposons. These
are short segments of DNA that, when injected into a cell, can insert them-
selves into the chromosomal DNA at random positions. Using recombinant
DNA methods, a researcher can splice any gene into a transposon, which
can then serve as a vector for introducing the gene into a fly.

Alternatively, transposon insertion can be used to cause mutations in
genes. While much of the chromosomal DNA consists of sequences that
code for non-protein elements, such as introns and “spacer” sequences
between genes, a transposon may become inserted directly into a protein-
coding sequence. This usually alters the amino acid sequence of the protein
encoded by a gene, rendering the gene product dysfunctional. Even with-
out knowing which gene was mutated, or where in the genome it is located,
a researcher can make use of the transposon insertion as a “molecular tag”
to rapidly identify the gene. Since the sequence of the transposon is known,
a DNA probe can be designed to detect it (and therefore find the gene which
it has mutated) by molecular hybridization methods.

An unusual phenomenon of the chromosomes in certain of Drosophila’s
tissues provides a powerful tool for determining the positions of individual
genes. The chromosomes in the fruit fly’s salivary gland cells replicate

phenotype observable
characteristics of an
organism

autosomes chromo-
somes that are not sex
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Gene

In prokaryotes, this RNA product is ready to use for protein synthesis,
and is called messenger RNA (mRINA). After the mRINA of a gene is formed,
it is used by the cell in protein synthesis (translation) at the ribosomes.

Thus, the prokaryotic gene consists of an RNA binding site (called the
“promoter”), a transcription initiation site, the coding region, and a termi-
nation signal. The initiation site should not be confused with the start sig-
nal for protein synthesis, nor the termination site with the stop signal in
protein synthesis. Each of the translation signals is within the coding region,
or “open reading frame,” of the gene.

In eukaryotic cells, genes are more complex. It was discovered in 1977 that
eukaryotic genes are functionally separated into coding segments called
exons, which are interrupted by noncoding sequences of DNA called introns.
The entire region between the initiation and termination sites is transcribed,
including the introns, to form the primary transcript. This must then be
processed by special enzymes that cut out the introns and splice together
the exons to form an mRNA. The mRNA is then exported from the nucleus
for translation.

The existence of introns allows for the creation of multiple proteins
from one gene, by the use or exclusion of different exons. Such alternative
splicing gives rise to protein “isoforms,” highly similar but slightly differ-
ent proteins, with functions that vary as well. Isoforms are typically tissue-
specific. For example, the muscle enzyme creatine kinase exists in one form
in the heart, and another form in the skeletal muscles (such as the biceps),
which have different ends formed through use of different exons. Even
though it codes for two or more proteins, most scientists call such a DNA
sequence a single gene.

Eukaryotic genes also contain a sequence close to the termination site
called the polyadenylation signal. After transcription, this sequence prompts
a special enzyme, called poly-A polymerase, to cut the RNA chain and begin
adding multiple adenine nucleotides, as many as 250, to the primary tran-
script. This poly-A tail helps transport the RNA out of the nucleus, stabi-
lizes it in the cytoplasm, and promotes efficient transcription at the ribosome.

Thus, the eukaryotic gene consists of an RINA binding site (promoter),
a transcription initiation site, the coding region including exons and introns,
the polyadenylation signal, and a termination site.

Genes for RNAs are transcribed in the same way, but the RNA formed
is not translated into protein. Details vary among different types, but most
RNA-coding genes do not contain introns. Transcripts of the ribosomal
RNA genes must be cut apart to form a number of smaller functional RNA
molecules.

The complexity of any living cell is due to the well-orchestrated interac-
tions of its proteins. Just as an orchestra cannot have every instrument play
at once, a cell cannot have all its proteins function at once. One method of
regulating protein function is to control when the protein is made, which

translation synthesis of
protein using mMRNA
code
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Gene and Environment

totally controlled by genetic or environmental factors, most are influenced
by a complex combination of the two. Genes and environmental factors may
work independently, or they may interact with one another to cause the

phenotype.

Human phenotypes are often classified as either simple (or Mendelian) or
complex. A “simple” or Mendelian phenotype is one that demonstrates a
recognizable inheritance pattern (such as autosomal dominant or recessive,
or X-linked). A Mendelian phenotype is caused by a particular genetic vari-
ant, or allele, of a gene. The expression of Mendelian phenotypes may vary
by age, but, in general, the effect of a single gene is sufficient to cause the

phenotype.

In contrast, “complex” phenotypes do not adhere to simple Mendelian
laws, and they are influenced by several factors (either genetic or envi-
ronmental) acting independently or together. In complex phenotypes, alle-
les of particular genes increase the probability that the phenotype will
develop, but do not determine with certainty whether a person will have
the phenotype. They are neither necessary nor sufficient to cause the phe-
notype. Genes that act in this fashion are called susceptibility genes. The
complex interaction of susceptibility genes with other genetic and envi-
ronmental risk factors determines whether or not a person will develop a
complex phenotype.

Phenylketonuria (PKU) is a classic example of gene-environment interaction.
PKU was originally described as an autosomal recessive metabolic disease, in
which people with two defective copies of the phenylalanine hydroxylase gene
are unable to convert phenylalanine into tyrosine. This inability leads to an
accumulation of phenylalanine in the blood, causing problems with nerve and
brain development that result in mental retardation.

The treatment of PKU by removing foods containing phenylalanine from
the diet (and thus reducing the accumulation of phenylalanine) demonstrated
that mutations in the phenylalanine hydroxylase gene cause mental retarda-
tion only in the presence of dietary phenylalanine. Since phenylalanine is very
common in the diet, this gene-environment interaction was not detected at
first. PKU serves as an illustration that phenotypes that are apparently
Mendelian in nature may have complex interactions with other genes and with
the environment. Removing the exposure to dietary phenylalanine prevents
mental retardation, and phenylalanine does not cause mental retardation in
the absence of mutations in the phenylalanine hydroxylase gene. Therefore,
both factors are needed to cause mental retardation due to PKU.

The identification of the gene-environment interaction in PKU has
led to the effective treatment of this genetc disorder. Individuals who
carry mutations in the phenylalanine hydroxylase gene, if placed on a low-
phenylalanine diet, generally do not develop the symptoms of PKU. To
identify individuals at risk of PKU, newborns are screened for elevated

phenylalanine levels in the blood. Those infants with positive screening
tests are then evaluated further. Those with PKU (about 1 in 10,000 live

allele a particular form
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Gene Discovery

(4) Increased by either, with joint effects being additive or multiplicative;

(5) Reduced by the genotype and not affected by the environmental fac-
tor alone, but increased in the presence of both; or

(6) Reduced by the genotype, increased by the environmental factor, and
increased by the presence of both.

These models are simple and consider the effect of only one gene and
one environmental factor. Interactions are likely to be much more com-
plex, involving multiple genes, multiple environmental factors, genetic het-
erogeneity, and heterogeneity of exposure. However, finding statistical
interaction between two factors is just the first step in unraveling a com-
plex phenotype. Once statistical interactions are identified, other labora-
tory studies may be performed to establish what biological interactions, if
any, exist.

The level of cholesterol in the bloodstream is an example of a trait
that is caused by a complex set of genetic and environmental factors. In
families with familial hypercholesterolemia (FHC), elevated cholesterol
levels are inherited in a Mendelian, autosomal dominant pattern. How-
ever, only about 4 percent of all individuals in the top 5 percent of cho-
lesterol levels in the population carry the gene responsible for FHC. Other
genetic and environmental risk factors clearly influence cholesterol levels.
For example, in people with and without FHC, consumption of choles-
terol in the diet independently modifies cholesterol levels. Other factors
such as exercise and medication use likely interact with dietary intake to
determine blood levels of cholesterol. Other genetic factors may also be
involved.

With the exception of a relatively small number of phenotypes that are
completely genetically determined, almost all human phenotypes represent
a combination of environmental and genetic factors. Understanding the ways
in which genes and environment work together to impact human health is
one of the great challenges in the study of complex phenotypes. SEE ALSO
ALZHEIMER’S DISEASE; CARDIOVASCULAR Disgasg; CoMpLEX Trarts; Dia-
BETES; INHERITANCE PATTERNS; METABOLIC DISEASE; STATISTICS.
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Gene discovery is the process of identifying genes that contribute to the
development of a trait or phenotype. Researchers often try to discover the
genes that are involved in specific diseases. They also try to find the genes
that contribute to many other traits.

phenotype observable
characteristics of an
organism






Gene Discovery

In the candidate gene approach, genes are
selected based on their known or predicted biological function and on their
hypothesized relation to the disease or trait. These genes are subject to muta-
tion analysis to determine whether they are really involved. The problem
with the candidate gene approach is that it relies on assumptions about the
molecular mechanisms underlying the development of a trait. However, dis-
eases are usually studied because little is known about their causes, so ini-
tial ideas about these “molecular mechanisms” often prove to be wrong.

In addition, the candidate gene approach can be very time consuming,
and it has been successful only infrequently. Chromosomal abnormalities,
such as deletions, inversions, or translocations, in individuals exhibiting a
trait, as well as animal models mimicking the trait, are especially important
for a candidate gene approach, since they provide clues to the genetic basis
of the trait.

A genomic screen is a systematic survey in
which polymorphic DNA markers, evenly spaced along all the chromo-
somes, are used to determine if a marker is inherited along with the trait,
indicating genetic linkage. This is performed taking the DNA from each
individual in the study and identifying the type of marker each has on his
chromosomes. These data are then analyzed using statistical programs to
see if the marker and the trait that is being studied travel together through
families significantly more often than would be expected just by chance. If
a DNA marker is found to be linked with a trait, it suggests that the marker
and the gene responsible for the trait are rarely separated by crossing over
and are therefore near each other on a region of a chromosome. Further
fine mapping of this region with more closely spaced markers can narrow
the region where the gene of interest lies.

Genomic screening does not require prior biological understanding of
the pathophysiology of a disease. It requires large sets of data from families
containing multiple members who are affected with the trait, and it tends
to be the more expensive of the two approaches.

Genomic screening usually leads to the identification of one or several
loci, or relatively large areas in the genome, that are linked with a trait but
that contain many different genes. The genes in such regions need to be
prioritized.

Genes are considered to be good candidates when their putative func-
tions fit with the known or predicted pathway of the disease. If any known
gene in the linkage region appears to be a good candidate gene, it is sub-
jected to mutation analysis to determine if there is a potentially disease-
causing mutation that segregates only with the affected individuals.

Both the gene candidate and the genetic screen approach require col-
lecting data from a large number of families. Recruiting and medically eval-
uating affected and unaffected individuals for participation in a genetic study,
and collecting their DNA samples, is a long and complicated phase of gene
discovery.

Once one or more loci have been identified through a genomic screen as
g g
possibly containing a gene of interest, additional techniques are needed to
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Gene Expression: Overview of Control

It is thought that a combination of several genetic predisposition fac-
tors interact with environmental factors to trigger complex diseases, and that
it is not a single gene but multiple genes that contribute to such traits, and
the identification of each of these genes is correspondingly more difficult.

Complex traits can constitute various other challenges for researchers.
Genetic heterogeneity is where alleles at more than one locus trigger the
same phenotype, or mutations in the same gene cause different phenotypes.
Reduced penetrance is where a predisposing genotype does not necessarily
cause the phenotype to manifest itself. Phenocopy is where a trait looks
identical but has a different cause than the one being studied.

To address these challenges, scientists use association studies, which are
based on the principle that if a particular allele and trait occur simultane-
ously at a statistically significant frequency, the allele is likely to be involved
in the development of the trait. (Linkage studies, by contrast, are based on
finding DNA markers and traits that are linked within families.)

Alzheimer’s disease is one example of a complex trait. Three genes have
been found to contribute to the rare, early forms of the disease. Genetic
screens have found that a fourth locus is linked to the common, late-onset
form of the disease. Association studies have revealed that one allele of this
fourth locus increases a patient’s risk of developing Alzheimer’s in a dose-
dependent fashion, where the risk posed by having two alleles is greater than
the risk posed by having just one. SEE ALsO ALzHEIMER’s DisEase; Broin-
FORMATICS; CLONING GENEs; ComprLEx Trarts; Cystic FiBrosis; DNA
Lisraries; HumaN (GENOME PrROJECT; INTERNET; LINKAGE AND RECOMBINA-
TION; MENDELIAN (GENETICS; TWINS.
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The chromosomes of an organism contain genes that encode all of the RNA
and protein molecules required to construct that organism. Gene expres-
sion is the process through which information in a gene is used to produce
the final gene product: an RNA molecule or a protein.

Each cell in a multicellular organism such as a human contains the same
genes as every other cell. Nonetheless, there are hundreds of distinct types
of cells in the human body, each expressing a unique set of genes. Indeed,
it is this unique constellation of expressed genes that makes each cell type
distinct.

Cells may also change the genes they express over time, and they are
constantly adjusting the amount of protein made in response to changing
conditions. How does a cell express some, but not all, of the genes in its
genome? How does it react to environmental changes to adjust the level of
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Gene Expression: Overview of Control

Alternative
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For a gene to be transcribed, RNA polymerase must first find the gene. This
is made more difficult by the tight packing required to fit the entire genome
within the nucleus. The cell uses this packing to its advantage, though, to pre-

vent access to and expression of genes in some chromosomal regions.

Regions that are tightly condensed are called heterochromatin and can
be distinguished from more open regions (euchromatin) by their dense stain-
ing, when viewed under a microscope. In females, an entire X chromosome
in each cell is kept condensed throughout life, to avoid a “double dose” of
these genes (recall that females have two X chromosomes, while males have
only one). This random X inactivation leads to mosaicism, in which some
female cells express genes from one chromosome, while others express genes

from the other.

Even within an active chromosome, some regions may be temporarily
inactivated. Inactive heterochromatin can be converted to active euchro-
matin, and vice versa, by chemical modification of the histone proteins to
which the DNA is attached in the chromosome. Negatively charged DINA
is chemically attracted to the positively charged histones. By adding or
removing chemical groups to the histones, this attraction can be modulated.
A weaker attraction, as would occur by adding negatively charged groups to
the histones, tends to open up the chromatin, favoring gene expression. A
stronger attraction keeps it more condensed.

To understand transcriptional regulation, consider the structure of a typi-
cal eukaryotic gene, shown in Figure 3. The promoter of a gene is the bind-
ing site for a group of general transcription factors and for RNA
polymerase. Transcription begins when a complex of proteins called TFIID
binds to a promoter. The sequential binding of other general transcription
factors and RINA polymerase follows. A protein tail tethers the RNA poly-
merase to the general transcription complex. When the general transcrip-
tion factor TFIIH phosphorylates this tail, the RNA polymerase is released
and moves along the DNA to begin transcription.

Figure 2. Alternative
MRNA splicing leads to
isoforms, or related
proteins.

RNA polymerase
enzyme complex that
creates RNA from DNA
template

chromatin complex of
DNA, histones, and
other proteins, making
up chromosomes

transcription factors
proteins that increase
the rate of gene tran-
scription






Gene Expression: Overview of Control
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Some eukaryotic gene regulatory proteins work individually, but most act
within a complex of proteins. Furthermore, a single gene regulatory protein
may participate in multiple types of regulatory complexes. For example, a
protein might function in a complex that activates the transcription of one
gene and in a complex that represses transcription of another gene.

A gene that must be turned on at different times and in different tissues
during development might have gene regulatory proteins clustered at mul-
tiple sites along its regulatory region. These complexes can then regulate
the expression of the gene in a variety of developmental processes. The rate
of RINA synthesis initiation will depend on the combination of regulatory
proteins bound to the control regions of the gene. 'Thus, we can think of
the regulatory region of the gene as an information processor, like a com-
puter, that integrates input from all the regulatory proteins present and
determines an appropriate level of RNA synthesis.

During development, cells become different from one another because they
synthesize and accumulate different proteins. Most of these differences come
from changes in gene expression. Specialized cell types result from differ-
ent genes being turned on or off in a coordinated manner. When a cell
becomes a specific cell type, it continues in this role through many subse-
quent cell generations. This implies that cells remember the changes in gene
expression involved in the choice of cell type. How is this achieved? One
way is through the euchromatin-heterochromatin conversion, which can be
faithfully inherited through cell division. Another way is for an important
regulatory protein to activate its own expression as well as the expression of
other genes. "This gene, once expressed, will maintain its own expression.

As described above, it is usually a combination of gene regulatory pro-
teins, rather than a single protein, that determines when and where gene
expression occurs. Certain proteins can be more important than others,
though. If all the other factors required for expression of a group of genes
are present, a single gene regulatory protein can switch a cell from one devel-
opmental pathway to another.

For example, forced expression of the MyoD protein in fibroblasts will
cause these cells to form into muscle fibers. In an extreme example, homeotic

Figure 4. A regulatory
element contacting the
promoter by looping out
the intervening DNA.
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Gene Families

and affect gene expression through a network of intracellular signaling cas-
cades. Other hormones, such as testosterone, pass through the cell mem-
brane and bind to regulatory proteins in the cell that directly regulate
transcription.

When the control of gene expression fails, there can be serious conse-
quences, such as death, birth defects, and cancer. Birth defects can result
when the regulation of one or more genes important for development is
lost. This often occurs because of a mutation, but it can also occur if the
embryo or fetus is exposed to certain chemicals, such as alcohol. Mutations
in the receptor for fibroblast growth factor, for instance, cause dwarfism.
Cancer occurs when the regulation of genes that control growth and cell
division, programmed cell death (apoptosis), and cell migration are lost. SEE
ALSO ALTERNATIVE SPLICING; BirTH DEFECTS; DEVELOPMENT, (GENETIC
ConTroL OF; GENE; HorMONAL REGULATION; POST-TRANSLATIONAL CON-
TROL; PROTEINS; RNA PROCESSING; S1GNAL TRANSDUCTION; T RANSCRIPTION;
"TRANSCRIPTION FACTORS.
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Gene families are groups of DNA segments that have evolved by common
descent through duplication and divergence. They are multiple DNA seg-
ments that have evolved from one common ancestral DNA segment that
has been copied and changed over millions of years.

The members of a gene family may include expressed genes as well as
nonexpressed sequences. Such nonexpressed sequences include promoters,
operators, transposable genetic elements, and pseudogenes, which are genes
that are no longer functionally expressed.

Pseudogenes resemble other family members in their linear sequence of
nucleotides. However, they usually either lack the signals that would allow
them to be expressed or have significant deletions or rearrangements that
prevent successful transcription or translation.

One well-studied gene family is that of the globins, shown in both Fig-
ures 1 and 2. The globin family contains many pseudogenes as well as many
functional genes, including the genes coding for hemoglobins («, B, v, ).

Gene families vary enormously in size and number, ranging, in the
human genome, from just a few copies of very closely related sequences to
more than a half-million copies of Alu sequences, which are transposable

genome the total
genetic material in a
cell or organism
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One controversy about gene families involves whether they have arisen
primarily by polyploidy or via tandem gene duplications. Polyploidy means
that full genomes in an organism are duplicated either by mitosis or meio-
sis without cytokinesis or by matings between organisms with unequal num-
bers of chromosomes. This is followed by full copying of both parents’ full
genomes so each haploid set of chromosomes is now diploid. In tandem
duplication, one or more copies of a gene lie on the same chromosome adja-
cent to one another. Polyploidy has been invoked to explain the evolution
of complex new functions in taxa. Researchers give five reasons. Polyploids:

(1) have “higher levels of heterozygosity than do their diploid parents”;
(2) “exhibit less inbreeding depression than do their diploid parents”;

(3) “are polyphyletic . . . [which] . . . incorporates genetic diversity from
multiple progenitor populations” and, thus, they have higher genetic
diversity “than expected by models of polyploid formation involving a
single origin”;

(4) have genome rearrangements that are common; and

(5) are like duplicated genes, freed from intense selection pressure, which
allows frequent evolution of new functions (Soltis and Soltis 2000, p.
310).

Austin Hughes has been the major critic of the often invoked polyploid
hypothesis for origin of major animal groups because of the major subst-
tutional load that would be involved and molecular phylogenetic evidence
against it (1999, pp. 205-212). However, the results of most molecular evo-
lutionary studies are more consistent with the gradualist view that new func-
tions are generated primarily by tandem gene duplication and divergence of
both sequence and function, spread over a long time. SEE ALsO DEvELOP-
MENT, GENETIC CONTROL OF; EvoLuTIiON OF (GENES; PoLypPLOIDY; PSEUDO-
GENES; TRANSPOSABLE (GENETIC ELEMENTS.

Jobn R. Jungck

Figure 2. Representations
of the two clusters of
genes that code for
human globin, the protein
portion of hemoglobin.
Adapted from <http://
www.irn.pdx.edu/
~newmanl/GlobinGene
Evolution.GIF>.
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ences in reproductive fitness is known as natural selection. Gene flow between
isolated populations slows down their genetic drift from each other and
reduces the power of natural selection to promote divergence between them.
When there is a great deal of gene flow between populations, they tend to be
similar; in this way, gene flow has a homogenizing effect. The opposite also
tends to be true: If there is little or no gene flow between populations, the
genetic characteristics of each population are more likely to be different.

Gene flow does not just occur between two populations. When a series
of populations exists over a large area, gene flow may serve to keep even the
most distant populations similar to one another. This can occur even if they
do not exchange individuals or gametes as long as the alleles from one pop-
ulation eventually flow into the other population through a series of migra-
tions or gamete movements. Similarly, other types of separation can also be
overcome by this type of graded gene exchange. For instance, Great Danes
and Chihuahuas cannot breed directly because of size incompatibility. But
gene flow in both directions, through intermediate-sized dogs, keeps these
two breeds from becoming separate species.

It is very difficult to assess gene flow directly, so population geneticists
have devised a way to estimate gene flow by comparing allele frequencies.
By determining allele frequencies in two different populations, the amount
of gene flow between them, usually expressed as the number of migrants
exchanged per generation, can be estimated. SEE ALso GEeNETIC DRIFT;
Harpy-WEINBERG EqQUiLiBRIUM; PopPuLaTION (GENETICS.
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Gene targeting is a method for modifying the structure of a specific gene
without removing it from its natural environment in the chromosome in a
living cell. 'This process involves the construction of a piece of DNA, known
as a gene targeting vector, which is then introduced into the cell where it
replaces or modifies the normal chromosomal gene through the process of
homologous recombination.

Homologous recombination is a process that occurs within the chromo-
some and which allows one piece of DNA to be exchanged for another
piece. It is a cellular mechanism that is probably part of the normal process
cells use to repair breaks in their chromosomes. Homologous recombina-
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For reasons that are not yet fully understood, the rate of homologous
recombination in mouse embryonic stem (ES) cells is substantially higher
than that of most other cells. Once a clone of ES cells with the correct tar-
geting event has been identified, these cells can be used to introduced into
the mouse via the process of blastocyst injection, which allows the study of
gene function in the bodies of living, intact animals. Until very recently mice
were the only organisms in which it has been possible to introduce targeted
mutations into the germ line. The development of nuclear transfer (mov-
ing the nucleus from one cell to another), however, has allowed gene tar-
geting to be done in other mammalian species, such as sheep and pigs.

As well as murating or knocking out specific genes, gene targeting allows
the introduction of novel pieces of DINA into a specific chromosomal loca-
tion (this is often termed a “knock-in”). This allows researchers to examine
the function of a gene in a variety of ways. For example, it is possible to
examine where in the animal the gene is normally expressed by insertion
(knock-in) of a fluorescent protein (such as green fluorescent protein, GFP)
into the gene so that the cells expressing the gene begin to glow. In addi-
tion to changing single genes it is also possible to remove or alter large
pieces of chromosomes.

Technologies also now exist that allow genes to be removed not just in
a whole animal, as described above, but in a subset of cells or in a particu-
lar tissue. This can be achieved by modifying the vector to include target
sites (termed loxP sites) for an enzyme called Cre recombinase. When the
Cre enzyme is present in a mouse cell in which the target gene is surrounded
by loxP sites, it will cut this gene out of the chromosome. This allows the
function of this gene, which may be required for the mouse to normally
develop, to be analyzed in a particular cell type or tissue where only the Cre
recombinase is expressed.

It is hoped that gene targeting may eventually become useful in treating
some human genetic disorders such as hemophilia and Duchenne muscular
dystrophy. Treating human disease by the types of genetic approaches men-
tioned above is termed “gene therapy.” This could, in principle, be achieved
by replacing the defective gene with a normal copy of the gene in the affected
cells of an individual undergoing treatment. In order to make this potential
treatment effective it will be necessary to develop technologies that increase
the frequency with which targeting occurs. "This is currently the subject of
much research.

The development of nuclear transfer technology also has opened up the
possible alternative method of using homologous recombination for gene
therapy based on cell transfer. Gene targeting would be used to replace the
defective genes in selected somatic cells in culture, and their nuclei could
then be transferred into stem cells. The stem cells can then be differenti-
ated into the affected cell type (for example, into bone marrow cells for
hemophilia) and these cells could then be transplanted to patients. SEE ALSO
EmBryoNic STEM CeLLs; (GENE; (GENE THERAPY; MARKER SYSTEMS.

Seth G. N. Grant and Douglas §. C. Strathdee
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precursor a substance
from which another is
made

ex vivo outside a living
organism

vectors carriers

When a cell with a recombinant adenovirus in it divides, only one of the
two resulting cells contains the virus and the therapeutic gene it bears. The
treatment of some diseases requires gene transfer to a stem cell, a cell that
actively divides to create many new cells. For example, white blood cells live
for only a short time, and must be constantly replenished by the division of
precursor cells called hematopoietic stem cells. Gene therapy to treat an
immune disease affecting white blood cells would thus require targeting
these rapidly dividing cells. Researchers use a different kind of virus to
accomplish this: retroviruses, so called because they contain RNA (a differ-
ent kind of genetic material) rather than DNA.

When a retrovirus infects a cell, it converts its RINA to DNA and inserts
it into the chromosome of the target cell. As the cell subsequently copies
its own DNA during cell division, it copies the viral DNA as well, so that
all of the progeny cells contain the retroviral DNA. At some later time, the
viral DNA can liberate itself from the chromosome, direct the manufacture
of many new viruses, and go on to repeat its life cycle. Recombinant retro-
viruses are engineered so that they can enter the target cell’s chromosome,
but become trapped there, unable to liberate themselves and continue their
life cycle. Because all progeny cells still carry the recombinant retrovirus,
they will also carry the therapeutic gene.

This is a great advantage over adenoviruses as a tool for gene delivery
to dividing cells, but retroviruses have some drawbacks as well. They can
only infect cells that are dividing quickly, and in most cases this infection
must be carried out in the laboratory. Cells must be removed from the
patient, infected with the recombinant retrovirus, grown for several weeks
in the lab, and then reintroduced to the patient’s body. This process, called
ex vivo gene transfer, is extremely expensive and labor intensive. Nonethe-
less, this form of gene therapy has been used in one of the most successful
clinical applications to date, the treatment of two patients with severe com-
bined immune deficiency (SCID) caused by a defect in the adenosine deam-
inase gene.

Before treatment, these patients had essentially no immune system at
all, and would have been required to live as “bubble children,” completely
isolated in a sterile environment. While their treatment did not completely
cure their genetic disorder, it restored their immune systems enough to allow
them to leave their sterile isolation chambers and live essentially normal
lives. Many other viruses are being engineered for application to gene deliv-
ery, including adeno-associated virus, herpes simplex virus, and even exten-
sively modified forms of the human immunodeficiency virus (HIV), to name
just a few.

Many researchers are also exploring nonviral methods for gene delivery.
One of the most successful of these methods consists of coating the thera-
peutic DNA with specialized fat molecules called lipids. The resulting small
fatty drops called vesicles can then be injected or inhaled to deliver the DINA
to the target tissue. Many different lipid formulations have been tested and
different formulations work better in different tissues. These approaches have
the great advantage that they do not stimulate the serious immune response
that some viral vectors do. However, in general, these nonviral methods are
not as efficient as viruses at transferring DINA to the target cells. No clearly
superior method for gene delivery has yet emerged, and scientists are still
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actively developing both viral and nonviral methods. It is likely that many
different methods will eventually be used, with each method specifically tai-
lored to work best in a specific tissue or organ of the body.

One of the most challenging problems in gene therapy is to achieve long-
lasting expression of the therapeutic gene, also called the transgene. Often
the virus used to deliver the transgene causes the patient’s body to produce
an immune response that destroys the very cells that have been treated. This
is especially true when an adenovirus is used to deliver genes. The human
body raises a potent immune response to prevent or limit infections by ade-
novirus, completely clearing it from the body within several weeks. This
immune response is frequently directed at proteins made by the adenovirus
itself.

To combat this problem, researchers have deleted more and more of
the virus’s own genetic material. These modifications make the viruses safer
and less likely to raise an immune response, but also make them more and
more difficult to grow in the quantities necessary for use in the clinic. Expres-
sion of therapeutic transgenes can also be lost when the regulatory sequences
that control a gene and turn it on and off (called promoters and enhancers)
are shut down. Although inflammation has been found to play a role in this
process, it is not well understood, and much additional research remains to
be done.

There are many conditions that must be met in order to allow gene ther-
apy to be possible. First, the details of the disease process must be under-
stood. Of course, scientists must know exactly what gene is defective, but
also when and at what level that gene would normally be expressed, how it
functions, and what the regenerative possibilities are for the affected tissue.
Not all diseases can be treated by gene therapy. It must be clear that replace-
ment of the defective gene would benefit the patient. For example, a muta-
tion that leads to a birth defect might be impossible to treat, because
irreversible damage will have already occurred by the time the patient is
identified. Similarly, diseases that cause death of brain cells are not well
suited to gene therapy: Although gene therapy might be able to halt further
progression of disease, existing damage cannot be reversed because brain
cells cannot regenerate. Additionally, the cells to which DNA needs to be
delivered must be accessible. Finally, great caution is warranted as gene ther-
apy is pursued, as the body’s response to high doses of viral vectors can be
unpredictable. On September 12, 1999, Jesse Gelsinger, an eighteen-year-
old participant in a clinical trial in Philadelphia, became unexpectedly ill and
died from side effects of liver administration of adenovirus. This tragedy
illustrates the importance of careful attention to safety regulations and exten-
sive experiments in animal model systems before moving to human clinical
trials.

Duchenne and other recessive muscular dystrophies
are well suited in many ways for gene therapy. These are loss-of-function
recessive genetic diseases caused by mutations in the dystrophin gene or in
genes for other structural muscle proteins. The normal levels of these pro-
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such a disorder is sickle cell disease. Patients suffering from this disease have
a defective hemoglobin protein in their red blood cells. This defective pro-
tein can cause their red blood cells to be misshapen, clogging their blood
vessels and causing extremely painful and dangerous blood clots. Most of
our genes make an RINA transcript, which is then used as a blueprint to
make protein. In sickle cell disease, the transcript of the mutant gene needs
to be destroyed or repaired in order to prevent the synthesis of mutant
hemoglobin.

The molecular repair of these transcripts is possible using special RNA
molecules called ribozymes. There are several different kinds of ribozymes:
some that destroy their targets, and others that modify and repair their tar-
get transcripts. The repair approach was tested in the laboratory on cells
containing the sickle cell mutation, and was quite successful, repairing a sig-
nificant fraction of the mutant transcripts. While patients cannot yet be
treated using this technique, the approach illustrates how biologically dam-
aging molecules can be inactivated. Similar approaches are being developed
to treat HIV-AIDS infections, and these may one day be used along with
other antiviral therapies to treat this dreaded disease.

Very different strategies of gene therapy are used to treat cancer.
When treating diseases such as muscular dystrophy, researchers try to deliver
genes without detection by the patient’s immune system. When treating
cancer, the object is often precisely the opposite: to stimulate a patient’s
immune reaction to the tumor tissue and improve its ability to fight the dis-
ease. For this reason, tumor tissue is often transformed by the new gene to
produce specific activators of the immune system, such as interleukins or
GM-CSF (granulocyte monocyte colony stimulating factor).

Usually, cancer cells are not recognized by the immune system because
they are in many ways identical to the patient’s normal cells. These stimu-
lating factors activate the immune system and help it recognize and attack
the tumor tissue. In another approach, called “suicide therapy,” a gene such
as the herpes simplex virus thymidine kinase gene (HSV-TK) is transferred
to the tumor. This gene normally does not occur in the human body, and
it is not metabolically active. After several rounds of gene therapy have built
up high levels of TK activity in the tumor, a drug called ganciclovir is given
to the patient. This drug is inactive in normal cells, but the TK gene con-
verts it into a potent toxin, killing the tumor cells. Even nearby tumor cells
that do not have the TK gene can be killed by a phenomenon called the
“bystander effect.” This approach not only kills tumor cells directly, but also
activates the immune system to further attack the tumor.

Anticancer gene therapy is a powerful adjunct to other more traditional
forms of cancer treatment. Its advantages are that it can be beneficial even
if only a portion of the tumor cells receive the transferred gene, there is no
need for long-term gene expression, and it works with the immune system,
rather than trying to defeat it. Anticancer gene therapy is already in signif-
icant use in the clinic, and is likely to become even more commonplace in
the near future.

In summary, gene therapy covers several related areas of research and
clinical treatment, all using the genetic material DNA as a drug. Gene ther-
apy is currently being used, along with other techniques, to treat cancer.

ribozymes RNA-based
catalysts
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from a particular family, and ultimately from the population, forever. How-
ever, this also raises controversy. Some people view this type of therapy as
unnatural, and liken it to “playing God.” Others have concerns about the
technical aspects. They worry that the genetic change propagated by germ
line gene therapy may actually be deleterious and harmful, with the poten-
tial for unforeseen negative effects on future generations.

Somatic cells are nonreproductive. Somatic cell therapy is viewed as a
more conservative, safer approach because it affects only the targeted cells
in the patient, and is not passed on to future generations. In other words,
the therapeutic effect ends with the individual who receives the therapy.
However, this type of therapy presents unique problems of its own. Often
the effects of somatic cell therapy are short-lived. Because the cells of most
tissues ultimately die and are replaced by new cells, repeated treatments over
the course of the individual’s life span are required to maintain the thera-
peutic effect. Transporting the gene to the target cells or tissue is also prob-
lematic. Regardless of these difficulties, however, somatic cell gene therapy
is appropriate and acceptable for many disorders, including cystic fibrosis,
muscular dystrophy, cancer, and certain infectious diseases. Clinicians can
even perform this therapy in utero, potentially correcting or treating a life-
threatening disorder that may significantly impair a baby’s health or devel-
opment if not treated before birth.

Scientific and ethical discussions about gene therapy began many years ago,
but it was not until 1990 that the first approved human gene therapy clin-
ical trial was inidated. This clinical trial was conducted on a rare autoim-
mune disorder called severe combined immune deficiency. This therapy was
considered successful because it greatly improved the health and well-being
of the few individuals who were treated during the trial. However, the suc-
cess of the therapy was tentative, because along with the gene therapy the
patients also continued receiving their traditional drug therapy. This made
it difficult to determine the true effectiveness of the gene therapy on its own,
as distinct from the effects of the more traditional therapy.

Measuring the success of treatment is just one challenge of gene ther-
apy. Research is fraught with practical and ethical challenges. As with clin-
ical trials for drugs, the purpose of human gene therapy clinical trials is to
determine if the therapy is safe, what dose is effective, how the therapy
should be administered, and if the therapy works. Diseases are chosen for
research based on the severity of the disorder (the more severe the disor-
der, the more likely it is that it will be a good candidate for experimenta-
tion), the feasibility of treatment, and predicted success of treatment based
on animal models. This sounds reasonable. However, imagine you or your
child has a serious condition for which no other treatment is available. How
objective would your decision be about participating in the research?

A hallmark of ethical medical research is informed consent. The informed
consent process educates potential research subjects about the purpose of the
gene therapy clinical trial, its risks and benefits, and what is involved in par-
ticipation. The process should provide enough information for the potential
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about the issues revolving around germ line gene therapy and gene therapy
for trait enhancement must continue as science advances to fully appreciate
the appropriateness of these newer therapies and to lead to ethical guide-
lines for advances in gene therapy research.

There was extensive media coverage and public excitement about the
promise of gene therapy as the first clinical trials commenced in 1990. In
fact, many individuals and families with genetic disorders expected an immi-
nent cure for their diseases. Unfortunately, there are as yet few successes to
report, even though hundreds of somatic cell gene therapy clinical trials for
many different diseases have been attempted. The early hype of gene ther-
apy might have been avoided with more open and honest communication
about gene therapy and its expectations between the researchers, physicians,
patients, and the public. The death of the participant in 1999 and deficien-
cies in the protocol (study design) used for that trial underscore the need
for continued public discourse on gene therapy.

The promise of gene therapy has not diminished, even though its full
therapeutic potential is not yet known. Scientists, physicians, patients, and
families continue to look forward to many future successes for gene therapy.
With the completion of the Human Genome Project and the accelerated dis-
covery of human disease genes, the potential number of diseases for which
gene therapy could be beneficial continues to increase. With further research
into the technical aspects of gene therapy and continued public debate about
the ethical issues involved in such treatments, it is hoped gene therapies will
become standard, effective treatments in the next few decades. SEE aALso Cys-
TIC F1BROSIS; EuGENIcs; (GENE THERAPY; GROWTH DISORDERS; MUSCULAR
DystroPHY; PRENATAL DiagNoOsIs; SEVERE CoMBINED IMMUNE DEFICIENCY.
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The sequence of nucleotides in DNA determines the sequence of amino
acids found in all proteins. Since there are only four nucleotide “letters” in
the DNA alphabet (A, C, G, T, which stand for adenine, cytosine, guanine,
and thymine), but there are 20 different amino acids in the protein alpha-
bet, it is clear that more than one nucleotide must be used to specify an
amino acid. Even two nucleotides read at a time would not give sufficient
combinations (4 X 4 = 16) to encode all 20 amino acids plus start and stop
signals. Therefore it would require a minimum of three DNA nucleotides

nucleotides the build-
ing blocks of RNA or
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EXCEPTIONS TO THE UNIVERSAL GENETIC CODE
Organism Normal codon Usual meaning New meaning
Mammalian AGA, AGG Arginine Stop codon
mitochondria AUA Isoleucine Methicnine
UGA Stop codon Tryptophan
Drosophila AGA, AGG Arginine Serine
mitochondria AUA Isoleucine Methionine
UGA Stop codon Tryptophan
Yeast AUA Isoleucine Methionine
mitochondria UGA Stop codon Tryptophan
CUA, CUC, CUG, CUU Leucine Threonine
Higher plant UGA Stop codon Tryptophan
mitochondria CGG Arginine Tryptophan
Protozoan nuclei UAA, UAG Stop codons Glutamine
Mycoplasma capricolum UGA Stop codon Tryptophan
bacteria

In examining the exceptions to the universal genetic code in Table 2,
you can see that there are only a few changes, most notably the use of a
standard “stop” codon to encode an amino acid. For example, UGA nor-
mally is a stop codon. But in the mitochondria of the fruit fly Drosophila
melanogaster, it encodes the amino acid tryptophan.

A few additional exceptions to the universal genetic code have also been
identified. These include the nuclear genome of a few protozoan species and
also in the bacterium Mycoplasma capricolum. These exceptions, however, do
not imply multiple evolutionary origins of life. What is most striking is that
the “exceptional” meanings of most of the codons are identical across all the
organisms in which they are found, not different. Had there been multiple
origins, we would expect to see drastically different genetic codes in these
exceptional organisms. SEE ALsO Crick, Francrs; Escherictia corr (E. coLr
BACTERIUM); INUCLEOTIDE; READING FRrRamE; RIBOSOME; TRANSCRIPTION;
TRANSLATION.
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Over the last half-century, our understanding of genetic disorders has
increased spectacularly. When facts about inherited disorders first came to
light, health professionals began to inform families about probable inheri-
tance patterns and recurrence risks (the likelihood that offspring or other
relatives might also inherit the disease).

Table 2.
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child. On the other hand, a family member who was spared a genetic dis-
order that other family members developed frequently suffered “survivor
guilt.” Health-care providers also noted that family members at risk for
developing a late-onset disorder live with intense anxiety about the future
and often needed support and counseling. Finally, counseling was seen to
be of potential help for family members who incorrectly inferred that they
were at risk for having a child with a genetic disorder. Attempts to meet
these varied needs and help give people a sense of control over their situa-
tion resulted in the emergence of a model of genetic education and support
that came to be called genetic counseling.

In time, genetic counseling evolved into a profession. Since the early 1970s
genetic counselors have been members of health-care teams providing com-
prehensive and consistent medical genetic services, while also tending to the
social and emotional welfare of the patients and their families. In the United
States, the first master’s degree training program for genetic counseling was
established in 1971. Since then the profession has grown tremendously.
There are now more than 2,500 genetic counselors in the United States and
25 genetic counseling training programs. Many industrialized countries have
adopted the United States’s model of training for genetic counselors, and

master’s-level training programs now exist in Canada, Australia, Great
Britain, and South Africa.

As the profession grows, the definition of genetic counseling also con-
tinues to evolve. Genetic counseling is currently defined as “a communica-
tion process, which helps an individual and/or family in a variety of ways.”
For instance, genetic counselors help patients and their families to com-
prehend the medical facts, including the diagnosis, probable course of the
disorder, and available treatment options. Genetic counselors also help edu-
cate their clients about the way heredity contributes to the disorder and the
risk of recurrence in relatives, and to understand the options available for
dealing with this risk of recurrence.

Genetic counselors also teach their clients the medical facts relating to
a disorder, enabling them to make informed, independent decisions. They
understand that only if their clients possess the necessary facts about avail-
able medical care and genetic testing can their decisions be free of coercion.
Finally, genetic counselors provide information helpful in accessing local
and national support resources.

A key aspect of the genetic counselor’s work is educational: helping
clients to comprehend the genetic implications of their disorder. In addi-
tion, the diagnosis of a genetic disorder in an individual often leads to iden-
tification of other family members who may be at risk for having or passing
on a genetic disorder, so genetic counselors often work with entire families.
For instance, if the genetic tests of a female patient with two sisters disclose
that she has a genetic change (mutation) in the BRCALI gene, then her two
sisters are at risk for carrying this same genetic change, which can cause
breast cancer. Once the patient has been notified and has given her per-
mission, these sisters would then be contacted and given the chance to learn
about their own risk of carrying a disease-causing gene.
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Genetic counseling has become a vital part of medical genetics. With
the knowledge gained from the past and the tools to help patients choose
their paths, genetic counseling will continue to be invaluable in the rapidly
growing field of human genetics. SEE ALso Eugenics; GENETIC COUNSELOR;
GENETIC TESTING; INHERITANCE PATTERNS; PRENATAL DI1aGgNosis.
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Genetic counselors are health professionals trained in genetics, genetic dis-
orders, genetic testing, molecular biology, psychology and psychosocial
issues, and the ethical and legal issues of genetic medicine. Most genetic
counselors have a master’s degree from a genetic counseling training pro-
gram. The very first class of genetic counselors was graduated from Sarah
Lawrence College in 1971. There are about 2,000 genetic counselors in the
United States. Most are women under the age of forty, but the field is becom-
ing more diverse.

Genetic counselors are board-certified by the American Board of
Genetic Counseling. Board eligibility or certification is required for employ-
ment in many positions, and some states are beginning to license genetic
counselors. While salaries vary significantly by geographic location, years of
experience, and work setting, according to a Professional Status Survey con-
ducted by the National Society of Genetic Counselors, Inc. (NSGC) in 2000
the mean salary for a full-time master’s-level genetic counselor was $46,436.
The NSGC, incorporated in 1979, is the only professional society dedicated
solely to the field of genetic counseling. Its mission is “to promote the
genetic counseling profession as a recognized and integral part of health
care delivery, education, research, and public policy.”

The role of the genetic counselor has evolved greatly since 1971. Ini-
tially, genetic counselors worked almost exclusively in the clinical setting
under physician supervision, seeing clients who had been diagnosed as hav-
ing a genetic disorder, were at risk for developing a genetic disorder, or were
at risk for having a child with a genetic disorder. They would assess genetic
risk, provide information, discuss available testing options, and provide






Genetic Discrimination

human genetics should proceed under the assumption of potential harm and
should therefore keep confidential all information that they collect or gen-
erate as part of any family study they conduct.

The Rehabilitation Act of 1973 was the first law to prohibit employment
discrimination by federally funded agencies and institutions based on phys-
ical disability. The 1992 reauthorization of this legislation defines an “indi-
vidual with a disability” as any person who “is regarded as having
impairment.” Such a definition is broad enough to include an asympto-
matic gene carrier who is perceived as being “sick” by an employer or
insurer. For example, carriers of the trait for sickle cell disease may be
“regarded” as having the disease, even if they show no symptoms of it. In
some cases, such individuals have been denied health insurance because they
were inappropriately viewed as having a preexisting condition, that is, as
actually having the disease, rather than simply carrying the gene for it.

The 1990 Americans with Disabilities Act (ADA) significantly broad-
ened the scope of the 1973 legislation by prohibiting discrimination against
disabled individuals in most areas of employment and with regard to access
to public transportation. While the ADA’s definition of disability excludes
people with a “characteristic predisposition to illness or disease,” some pro-
fessionals believe that the legislation allots sufficient protection against
genetic discrimination in the workplace.

Nonetheless, there is disagreement about whether people with a genetic
predisposition to disease are adequately protected under the ADA. How-
ever, a recent ruling by the Equal Employment Opportunity Commission
has interpreted the ADA to include the protection of individuals from
employer discrimination based on genetic test results. The debate has not
yet been fully resolved. For instance, there is still the potential for employ-
ers to institute genetic screening programs prior to offering employment.
Thus, the municipal, state, and federal judiciaries will be called on to define
the extent of the ADA legislation in their respective precincts in future cases.

Although the ADA prohibits employer discrimination, this law, along
with the majority of state laws, does not adequately protect those with
genetic disorders, whether symptomatic or asymptomatic, against discrimi-
nation by insurers. Thus, even though employers are prohibited from dis-
criminating against workers with genetic disorders, the employment
opportunities for such persons may still be limited. This is because employ-
ers could refuse to hire such individuals on the grounds that their insurance
premiums would be too high.

Several states have attempted to address this problem by passing laws
protecting individuals from genetic discrimination by health insurers. How-
ever, these laws generally fail to offer comprehensive protection to all peo-
ple at risk for genetic discrimination. Depending on the way an individual
law is worded, healthy gene carriers; people who are predisposed to certain
genetic disorders such as cancer; and people who are at a high risk of devel-
oping a genetic disorder due to family medical history, rather than because
of a detected gene mutation may all be excluded from the protection the
law is intended to provide. For instance, Section 514 of the federal Employee
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Genetic Drift

Different forms of a gene are called alleles. Individual members of a pop-
ulation have different alleles. Together, all the alleles for all the genes in a
population constitute the “gene pool” of the population. Through repro-
duction, individuals pass their genes on to the next generation. If consider-
ing only the effect of genetic drift, the larger the population is, the more
stable the frequency of different alleles in the gene pool will be over time.
In small populations allele frequencies are likely to change rapidly and dra-
matically over very few generations, or “drift,” because of chance events.
This rapid change can occur in small populations because each individual’s
alleles represent a large fraction of the gene pool, and if an individual did
not reproduce it could have a much larger effect than in the case of an indi-
vidual in a large population not reproducing. Also, alleles that are found
infrequently are more likely to be lost due to random chance.

After many generations, if only genetic drift is operating, populations
(even large populations) will eventually contain only one allele of a partic-
ular gene, becoming “monomorphic,” or fixed for this allele.

Many types of random events that can affect the likelihood of alleles being
passed to future generations can be imagined. An adult may fail to mate dur-
ing mating season due to unusually adverse weather; a pregnant mother may
discover a rich food source and produce unusually strong or numerous off-
spring; all the offspring of one parent may be consumed by predators. Many
other scenarios are possible.

To see how such events affect allele frequencies, imagine a population
that contains four individuals of an organism that reproduces once and dies.
Let us examine how allele frequencies change for a gene that has two alle-
les, A and a. As with other genes, each individual has two alleles, one inher-
ited from each parent. Imagine that three of the individuals are aa genotype,
and one is Aa genotype. Thus, of the population’s eight copies of the gene,
one is A, and seven are a. Now imagine that because of random chance, the
Aa individual does not reproduce. Therefore, only aa offspring are produced
and the A allele is lost to the population. The A allele goes from a frequency
of one-eighth to zero through the process of genetic drift.

A large reduction in population size can lead to a situation known as a
genetic bottleneck. After a genetic bottleneck the population is likely to have
different allele frequencies. When only a very small number of individuals
are left after a population decline, the population will have only the alleles
present in these few individuals. This is known as the “founder effect.” The
founder effect can be viewed as an extreme case of a genetic bottleneck. If
a population decline affects all individuals in the population without respect
to the alleles they carry, genetic drift will have an effect on all genes.

Genetic drift has important implications for evolution and the process
of speciation. When a small group of individuals becomes isolated from the
majority of individuals of a species, the small group will genetically drift
from the rest of the species. Because genetic drift is random and the smaller
group will drift more rapidly than the larger group, it is possible that, given
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Genetic Testing

Prenatal (before birth) genetic testing refers to testing the fetus for a poten-
tial genetic condition. The pregnant woman is considered the patient and
makes decisions regarding prenatal testing. There are a variety of circum-
stances under which a woman might be offered prenatal genetic testing. The
parents of the fetus may have a genetic disorder, or they may be what is
known as carriers. An abnormality or birth defect may be detected on ultra-
sound that could indicate a genetic condition. The fetus may be identified
to be at increased risk for a chromosome abnormality, such as Down syn-
drome, or a birth defect, such as spina bifida, based on the result of a mater-
nal serum screening test performed on the mother. This is a test that looks
at several proteins made by the fetus that are found in a woman’s blood-
stream while she is pregnant. Or, the mother might be at increased risk for
having a baby with a chromosome abnormality because of her age. While
all women are at risk for having a baby with a chromosome abnormality,
women who are age thirty-five or older are offered prenatal chromosome
testing because the chance their fetus has a chromosome abnormality is equal
to or higher than the chance she will have a miscarriage due to the sam-
pling procedure.

As with most genetic testing, prenatal genetic testing should occur in
conjunction with genetic counseling. The genetic counselor provides sup-
portive, nondirective counseling and information. Nondirective counseling
means that while the counselor will try to facilitate decisions regarding test-
ing and future pregnancy management, she will not make specific recom-
mendations. Because the decision to undergo testing is personal and must
take into account differences in beliefs, life circumstances, and the risk of
the procedure, the decisions regarding testing and pregnancy management
must be made by the patient. This encounter is also likely to include infor-
mation about risk of the fetus being affected, the disorder in question, and
available testing options.

Most genetic tests are performed on tissue or a blood sample. For obvi-
ous reasons, obtaining a sample from a fetus is not the same as obtaining
one from a child or adult. Prenatal testing procedures are invasive, and there
is a risk of miscarriage with every procedure. For this reason, specially
trained physicians perform these tests. Prenatal testing can be accomplished
using three different methods: amniocentesis, chorionic villus sampling, and
percutaneous umbilical blood sampling. These tests differ in the type of
fetal tissue studied, the timing of the testing during pregnancy, and in their
risks and benefits.

Amniocentesis is the most common, and it carries the lowest risk of mis-
carriage (about one in two hundred pregnancies). It is typically performed
between sixteen and eighteen weeks into the pregnancy and involves col-
lecting a small amount of amniotic fluid that contains cells of the develop-
ing fetus, which can be used for testing. Chorionic villus sampling is
performed earlier than amniocentesis, typically between ten and twelve
weeks of pregnancy, but about one in one hundred pregnancies are miscar-
ried as a result of this procedure. It involves obtaining a small sample of
chorionic villi (fingerlike projections of the chorion, a membrane that will
later develop into the placenta), which should contain cells of the fetus. Per-
cutaneous umbilical blood sampling, typically performed after eighteen
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Genetic Testing

orders very early detection and initiation of treatment will prevent health
problems, often mental retardation. All newborn infants are tested for a vari-
ety of genetic disorders. Each state determines for itself for what disorders
to test their newborns. Disorders are chosen based on severity, incidence,
ease and accuracy of testing, cost, and benefit of early diagnosis. All states
test newborns for phenylketonuria (PKU), a metabolic disorder that is
almost never evident at birth. Individuals with PKU are missing an enzyme
called phenylalanine hydroxylase, which results in the buildup of pheny-
lalanine. If left untreated, severe mental retardaton develops. However,
infants with PKU who are placed on a diet low in phenylalanine immedi-
ately after birth are expected to develop normally, making PKU an excel-
lent candidate for newborn screening.

Genetic testing of individuals who are exhibiting symptoms of a genetic dis-
order is relatively straightforward. Testing is necessary to either make or
confirm a diagnosis, which may improve treatment and establish risk esti-
mates for other family members.

A concern related to symptomatic testing is the duty to recontact the
patient in the future if more information becomes available. Often, symp-
tomatic individuals, usually children, present with a variety of symptoms for
which no diagnosis can be made clinically and for which there is no genetic
test. However, with the completion of the Human Genome Project and the
wealth of research being conducted, new genes are discovered regularly,
which may result in new testing possibilities. Most physicians inform their
patients that more information may be available in the future and ask their
patients to contact the clinic periodically to inquire about such updates. It
is unclear whether this is sufficient to fulfill the physicians’ obligation; how-
ever, no clear standards exist on this issue.

Another common testing situation is carrier testing for autosomal recessive
disorders. Autosomal recessive disorders are caused by the inheritance of
two nonfunctioning genes, one from each carrier parent. The parents are
referred to as carriers because they carry only one nonfunctioning gene and
are, therefore, not affected by the disorder. Every individual is thought to
be an unaffected carrier of some autosomal recessive disorder. This is only
a problem, however, if two individuals who both carry the same recessive
disorder conceive a child together. Under this circumstance, the child would
have a one in four (25%) chance of inheriting a nonworking copy from each
parent, thereby inheriting the disorder.

There are hundreds of genetic tests available, but it is not practical to
perform every available test on each person. Carrier testing is typically
offered only to those individuals who are at increased risk based on family
history or ethnic background. While family history bears an obvious corre-
lation, ethnic background is important because those who descend from the
same group of ancestors are more likely to carry the same genetic changes.
For example, individuals of Ashkenazi Jewish descent have about a one in
thirty chance of being a carrier for a condition called Tay-Sachs disease,












Genetic Testing: Ethical Issues

mation will help in some way, such as in life or reproductive planning.
Although it can be difficult to compare the value of the information to the
possible risks associated with conducting the genetic test, it should be care-
fully and explicitly considered.

Testing in children raises a different set of risks and issues. Adults are able
to choose for themselves about genetic testing after hearing the relative
advantages and risks. Children, however, must rely on their parents to decide
for them. On the one hand, deciding to test children to diagnose a disease
seems appropriate in most situations, particularly when a treatment can be
provided. On the other hand, there is disagreement about testing children
for disorders with adult onset and for which there is no intervention. In this
situation, respect for the child’s own decision (autonomy) and preserving
privacy are ethical arguments for waiting to offer the genetic test. Upon
reaching adulthood, individuals may then choose whether to learn their own
genetic information.

Genetic testing requires additional considerations when done in the pre-
natal setting. In this case, parents are deciding to obtain genetic informa-
tion about a third party, the developing fetus. In cases where there is no
available medical therapy for a diagnosed genetic condition, the availability
of limited options results in tough ethical choices for parents. The options
may range from continuing the pregnancy, preparing for a child with spe-
cial medical needs, or terminating the pregnancy. To make these decisions,
prospective parents need clear information regarding the meaning of test
results. Issues to consider include the predictive value of the test, the likely
severity and age of onset of the predicted disorder, and the probability that
the genetic alteration detected will actually result in a disorder.

Presymptomatic genetic testing when no treatment is available stands in
contrast to genetic testing done for the diagnosis of a current disorder. Hunt-
ington’s disease (HD) is an example of a genetic disorder in which clinical
manifestations begin in adulthood. Although some symptoms can be man-
aged with medications, no treatment is yet available to alter the gradual loss
of muscle control, psychiatric changes, and progressive dementia.

HD is an autosomal dominant disorder, which means that an individ-
ual with only one abnormal copy of the HD gene will develop the disease,
and the children of affected individuals have a 50 percent chance of inher-
iting the genetic mutation. The gene abnormality occurs when a polymor-
phic CAG repeat sequence is expanded beyond the normal number of 10
to 29 copies. Diagnosis of HD is almost 100 percent sure when the num-
ber of CAG repeats is in the range of 36 to 121.

Individuals at risk for HD may want to undergo genetic testing to end
the uncertainty of not knowing whether they will be affected. This knowl-
edge may allow for career and life planning. However, concerns that
presymptomatic diagnosis of HD would lead to serious psychological dis-
tress or suicide led to the development of testing guidelines. The standard
was established that all individuals who sought HD testing should receive
pretest counseling to explain the test, assess their psychological status, and
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Genetic Testing: Ethical Issues

member’s genetic test results in necessary implications for other family
members. Note that it is not clear whether the individual desiring testing
has decisive rights, or if those rights belong to those family members who
do not desire such testing.

Susceptibility testing is another area that raises possible ethical issues for
patients and clinicians. Recall that susceptibility implies that the genetic test
does not provide the final answer regarding disease, but rather that additional
factors are involved. For example, cardiovascular disease is a major source of
morbidity and mortality. Polymorphic variants in the apolipoprotein E gene
(APOE) have been found to be associated with variations in blood levels of
lipids, lipoproteins, and apolipoproteins, which may in turn influence risk for
heart disease. Clinicians and patients may wish to learn which APOE vari-
ants they have, to help determine their susceptibility to cardiovascular dis-
ease and the likelihood that altering their lifestyle risk factors or using
pharmaceutical therapy might help prevent cardiovascular disease.

When deciding to test for APOE gene variants, however, there are
additional consequences that must be considered, particularly the fact that
the gene may play multiple roles in health and disease (pleiotropy). Stud-
ies have shown that one version of APOE, the e4 allele, is associated with
an increased risk of Alzheimer’s disease. When deciding to undertake genetic
testing for the intended immediate medical benefit of understanding car-
diovascular disease risk, the individual should therefore also consider the
possibility of learning potentially unwanted additional information.

Several support mechanisms exist for dealing with the complex decisions
and ethical issues arising from the medical application of genetic testing. In
the past, much genetic testing has been carried out by medical specialists
with disease-specific expertise who have an understanding of the medical,
psychosocial, and family implications of diagnoses of particular genetic dis-
eases. (Genetic support groups have also been established for education and
mutual support among patients and families with genetic disorders. An orga-
nization called the Genetic Alliance provides a referral source to connect
individuals with appropriate support groups and information about genetic
disorders.

Typically, the best resource for an integrated approach to support for
patients and families is a genetic counselor. Genetic counselors provide fac-
tual education abour genetic disease inheritance, how to understand risk and
medical probabilities, and the range of options for care. They also provide
counseling to help patients and families to clarify and articulate their own
values and motivations in order to make the most appropriate decisions.
These may be decisions about whether to undergo a genetic test or how
they may act on receiving the results of a test. SEE ALsO BrReasT CANCER;
GENETIC COUNSELING; GENETIC COUNSELOR; (GENETIC DISCRIMINATION;
GeneTIC TEsTING; HumMaN (GENOME ProjecT; INHERITANCE PATTERNS;
PLeroTROPY; PRENATAL DI1agNoOSIS.

Carol L. F'reund and feremy Sugarman
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Genetically Modified Foods

vitamin precursor), frost- and salt-tolerant tomatoes, delayed-ripening
pineapples and bananas, canola with a healthier oil profile, and cotton and
trees altered to make it easier to process fabric and paper. Some transgenic
combinations are strange. Macintosh apples that have been given a gene
from a Cecropia moth that encodes an antimicrobial protein, for example,
are resistant to a bacterial infection called fire blight.

Whether a new variety of crop plant presents a hazard to human health
depends upon the nature of the trait, not how the plant received that trait.
For example, the U.S. Department of Agriculture found that a variety of
potato obtained through conventional breeding was very toxic, and so it was
never developed as a food. However, a potato developed through genetic
modification at about the same time did not contain the toxin and was appar-
ently safe to eat. This is why U.S. government regulatory agencies do not
evaluate crops on how they were developed, but on their effects on the diges-
tive tracts of animals.

Even after government agencies approve the marketing of a GM crop,
consumer acceptance is crucial to its success. The FlavrSavr tomato, for
example, was introduced in the 1980s. It ripened later, while in the super-
market, which extended its shelf life while providing an attractive prod-
uct. However, the developers had focused only on this characteristic, and
the tomatoes just did not taste very good. Consumer objection to GM
foods also contributed to the FlavrSavr’s failure. However, a high-solids
GM tomato sold in England before the anti-GM movement began was
popular with consumers, largely because it was priced lower than other
tomatoes.

The first step in developing a transgenic plant is to identify a trait in one
type of organism that would make a useful characteristic if transferred to
the experimental plant. The components of an experiment to create a trans-
genic plant are the gene of interest, a piece of “vector” DNA that delivers
the gene of interest, and a recipient plant cell. Donor genes are often derived
from bacteria, and are chosen because they are expected to confer a useful
characteristic, such as resistance to a pest or pesticide.

To begin, the donor DNA and vector DNA are cut with the same
restriction enzyme. This creates hanging ends that are the same sequence
on both of the DNA molecules. Some of the pieces of donor DNA are then
joined with vector DNA, forming a recombinant DNA molecule. The vec-
tor then introduces the donor DNA into the recipient plant cell, and a new
plant is grown.

For plants that have two seed leaves (dicots), a naturally occurring ring
of DNA called a Ti plasmid is a commonly used vector. Dicots include sun-
flowers, tomatoes, cucumbers, squash, beans, tomatoes, potatoes, beets, and
soybeans. For monocots, which have one seed leaf, T plasmids do not work
as gene vectors. Instead, donor DNA is usually delivered as part of a dis-
abled virus, or sent in with a jolt of electricity (electroporation) or with a
“gene gun” (particle bombardment). The monocots include the major cere-
als (corn, wheat, rice, oats, millet, barley, and sorghum).
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Genetically Modified Foods

of crops rather than their origin, a consumer would not know that a fruit
or vegetable has been genetically modified unless it is so labeled. Some peo-
ple argue that these practices prevent consumers from having a choice of
whether or not to use a genetically modified food. SEE ALSO AGRICULTURAL
BiotecaNOLOGY; ANTISENSE INUCLEOTIDES; PrANT (GENETIC ENGINEER;
PrioN; ResTricTION ENzZYMES; TRANSGENIC ORGANISMS: ETHICAL ISSUES;
TrANSGENIC PLANTS.
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Fletcher, Liz. “GM Crops Are No Panacea for Poverty.” Nature Biotechnology 19, no.
9 (September 2001): 797-798.

Hileman, Bette. “Engineered Corn Poses Small Risk.” Chemical and Engineering News
79, no. 38 (September 17, 2001): 11.
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Genetics is the scientific study of the structure, function, and transmission
of genes in living things. The field of genetics includes many disciplines and
uses many different techniques. Historically, genetic scientists (geneticists)
investigated patterns of inheritance in whole organisms by observing the
distribution and segregation of physical characteristics across several gener-
ations of breeding. This type of genetic research, called classical or
Mendelian genetics, is still conducted today and remains invaluable for iden-
tifying and describing inheritance patterns and traits. The development of
modern molecular biology and biochemistry has facilitated the growth of a
different but complementary branch of genetic research, known as molec-
ular genetics. This branch focuses on understanding the detailed molecular
mechanisms that govern the transmission of genetic material from one gen-
eration to the next.

The observable characteristics that describe any organism (for exam-
ple, height or eye color in humans, or flower size and color in plants) can
be broadly grouped into two categories: those that are acquired because
of environmental effects, and those that are inherited. Genetics is con-
cerned with this second category—that is, inherited characteristics. Gre-
gor Mendel, an Augustinian monk of the mid-nineteenth century, observed
that characteristics such as shape and color in peas were passed from par-
ent to offspring regardless of the environment the plants grew in. He
meticulously counted and documented thousands of crosses between dif-
ferent pea varieties to deduce the principles that governed this inheritance.
In the end, his work was so influential and vital to the development of
genetics that the term “Mendelian” genetics is now a synonym for classi-
cal genetics.

Several key concepts put forward by Mendel have been expanded, as the
science of genetics has grown. It is now known that genetic information is
passed on as a series of discrete units known as genes, each of which is asso-
ciated with specific traits. Furthermore, most organisms (including humans)
get two copies of their genetic information, one from each parent. This
means that most living things have two copies of each gene, and that these
two copies are not necessarily the same, since they came from different par-
ents. When an organism reproduces, it passes only one of its two copies to
an offspring. Importantly, copies of different genes separate (segregate)












Genome

does not code for any gene products. Homo sapiens have between 31,000 and
70,000 genes; mice have 24,780; Caenorbabditis elegans (a roundworm) has
more than 19,099; fruit flies have 13,601; and yeast approximately 6,000. A
ratio of gene number to C value indicates that lower organisms have both
smaller genes and lower numbers of nongene base pairs between adjacent
genes. Higher eukaryotes have a larger number of intragenic inserts
(introns), greater intergenic distances, and more abundant repeated
sequences.

In higher eukaryotes, only a small portion of the genome is organized
into genes. For example, in humans less than 2 percent of the genome spec-
ifies protein products. Another portion (about 20 percent in humans) is pre-
sent as gene fragments, pseudogenes (sequences that resemble genes but are
not expressed as proteins), and surrounding stretches of nucleotides. The
vast majority of nucleotides (approximately 75 percent in humans) consti-
tute extragenic sequences. Two forms of extragenic sequences are promi-
nent: unique sequences and repetitive sequences.

For repetitive sequences, two types of organization occur: short tandem
repeats (called satellite sequences) and widely distributed, interspersed
repeats. Satellites are recurrent short sequences present in essential chro-
mosomal structures such as centromeres and telomeres. Interspersed
repeats are generated from transposons, which are nucleotide sequences that
can replicate themselves and become distributed throughout the genome.
An example of interspersed repeats that occurs in humans is a sequence of
a few hundred nucleotides called Alu, which occurs approximately a million
times. In higher plants, satellites and interspersed sequences constitute the
bulk of the genome.

Ploidy reflects the reproductive mechanisms of an organism. Animals com-
monly have both a maternal and a paternal parent. Through meiosis, the
former forms a haploid gamete called an ovum (or egg); the latter forms a
haploid gamete called a sperm. During fertilization, the egg and sperm unite
to form a diploid zygote that matures to an adult organism. Thus, the
genome of adult animals is diploid, while the genome of their gametes is

haploid.

Plants exhibit an alternation of generations; sporophytes (the mature,
visible plant) are diploid; through meiosis, they produce spores that germi-
nate into gametophytes; the gametophytes are haploid and produce gametes
that fuse to reestablish the diploid state. Fungi also exhibit an alternation of
generations. They commonly exist as multinucleate tubes of cytoplasm
called hyphae. The individual nuclei are most often haploid (though may be
diploid in the lower fungi).

Hyphae of different members of a fungal species sometimes fuse; in this
circumstance (called heterokaryosis) the genome becomes the sum of the
two (dikaryotic) haploid complements. Unicellular protistan organisms, a
group that includes protozoans and most algae, exhibit many variations. For
example, the ciliates (such as paramecia) have diploid micronuclei and poly-
ploid macronuclei; the former are the basis of inheritance; the latter estab-
lish the genetic character of an existing organism.
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The genomes of closely related prokaryotes often have different orga-
nizations. These differences arise from rearrangements (such as inversions)
between repeated elements, IS elements, and transposons and from the “hor-
izontal transfer” of nucleotide sequences bhetween cells. The latter phe-
nomenon is mediated most commonly by conjugative plasmids, which are
nonessential, autonomous accessory genetic elements that can acquire genes
(such as antibiotic resistance genes) and then move them from a donor
organism to a recipient. The dynamic character of genomic organization in
prokaryotes is often designated as “genomic plasticity.”

A series of repeated elements exist in the chromosomes of prokaryotes.
In some instances the repeats are redundant copies of essential, long
nucleotide sequences, as is seen in ribosomal RNA loci. Other repeats are
small and have known functions (as in the Chi sequences in E. co/i that facil-
itate genetic crossing over) or unknown functions (as in the REP [repeated
extragenic palindromic| sequences in E. coli).

Viral genomes are composed of single-stranded or double-stranded DNA
or RNA. Single-stranded RNAs are either positive (capable of being imme-
diately translated into protein) or negative. Double-stranded RINA genomes
are most often segmented, with each segment being a single gene, while the
other genomes are single circular or linear molecules. The Retroviridae have
single-stranded RINA genomes that are converted by an enzyme (reverse
transcriptase) into double-stranded DNA that becomes incorporated into
the genome of the host.

The smallest known virus, containing 5,386 bases, is a member of the
Microviridae, which infects bacteria and is designated £X174. The largest
viral genomes occur in Poxviridae, which can possess as many as 309 kbp.

Viruses are extraordinarily efficient in using the coding capacity of
their genomes. The virus known as X174 contains ten genes, and the end
of one gene commonly overlaps with the beginning of the following gene.
In addition, two smaller genes are nested within larger genes (this com-
paction being achieved by having the two genes expressed in alternate
“reading frames”). As a consequence of this efficiency, only 36 bases are
not translated into an amino acid sequence. At the opposite extreme, the
various pox viruses share more than 100 similar genes and may have an
equal number of unique genes. SEE ALsO ArcHAEa; CeLL, EurarvoTic;
CeLL CycLg; ConjueaTiON; EuBACTERIA; EvoLuTiON OF (GENES; (SENE;
Genomics; Human GeNoME Project; PorymMorpPHISMS; PoLyYPLOIDY;
REaDING FrRAME; REVERSE TRANSCRIPTASE; TRANSPOSABLE (GENETIC ELE-
MENTS; VIRUS.
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Latin Name Common Name Genome Size
Eukaryotes (haploid genome)
Oryza sativa Rice 420,000 Kb
Homo sapiens Human 3,200,000 Kb
Arabidopsis thaliana Mustard cress 115,428 Kb
Drosophila melanogaster Fruit fly 137,000 Kb
Caenorhabditis elegans Roundworm 97,000 Kb
Saccharomyces cerevisiae Yeast 12,069 Kb
Eubacteria
Haemophilus influenzae - 1,830 Kb
Escherichia coli Human colon bacterium 4,639 Kb
Helicobacter pylori Stomach ulcer bacterium 1,667 Kb
Mycobacterium Tuberculosis 4,411 Kb
Yersinia pestis Plague 4,653 Kb
Archaea
Halobacterium Salt-tolerant archaean 2,014 Kb
Methanobactenum Methane-producing archaean 1,751 Kb
thermoautotrophicum
Kb=one thousand base pairs

Of what value is the knowledge of these genomes? How are they being
used within the scientific community? The first fully sequenced genomes
included the fruit fly, a worm, and a number of bacteria and yeast. One of
the first analyses performed was to simply compare the sequences between
organisms, in order to identify what is shared in common and what is dif-
ferent. This allows the very specific comparison of organisms that will enable
the refining of phylogenic relationships. This kind of information is also
very valuable for asking questions about how organisms have evolved, how
they adapt to different circumstances, and what gene products contribute to
their survival in various environmental conditions.

Genomics has brought us to the threshold of a new era in controlling infec-
tious diseases. These studies will likely lead to the development of new dis-
ease prevention and treatment strategies for plants, animals, and humans
alike. For instance, understanding pathogen genes, their expression, and
their interaction will lead to new antibiotics, antiviral agents, and “designer”
immunizations. These new DNA-based immunizations are by-products of
genomic research and will undoubtedly eventually replace the traditional
vaccines made from whole, inactivated microorganisms. This is highly rel-
evant to domesticated animals, where viruses still kill billions of dollars worth
of livestock every year.

Understanding the genomes of plants and animals has additional bene-
fits. Gene mapping should allow us to understand the basis for disease resis-
tance, disease susceptibility, weight gain, and determinants of nutritional
value. The use of genomic information provides the opportunity to select
optimal environments for the healthy growth of plants and animals, to
develop disease-resistant strains, and to achieve improved nutritional value
such as with the “golden” rice. Success in these species may well provide
important insights needed to improve the health of humans.

The Human Genome Project reached a major milestone in 2001, with two
separate publications of working drafts of the human genome. Although

Size comparison of
selected completed
genomes. Most of these
organisms are of
economic, medical, or
scientific importance.
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Fundamental to the myriad of genomic research efforts in operation around
the world is the mapping and sequencing of whole genomes. The entire
genomes of more than seventy organisms had been completed by early 2002,
including the working drafts of the human genome, first published in 2001.
The successful completion of the sequencing of these genomes was made
possible in part by companies developing and utilizing new technologies and
processes to increase the speed and accuracy of mapping and sequencing.
This effort has also spawned entire new fields that aim, in various ways, to
capitalize on genomics and identify disease-causing genes and new thera-
peutic strategies.

The advent of the global Human Genome Project in 1989 provided sig-
nificant, additional incentive for the development of a variety of new
genomics-based companies. These companies can be loosely divided into
seven major types: large-scale sequencing companies, gene mining compa-
nies, functional genomics companies, population-based genomics compa-
nies, bioinformatics companies, established pharmaceutical companies, and
new biopharmaceutical companies. These are general distinctions and are
not absolute, since many companies are blending and using a variety of these
technologies with overlapping applications.

Early stages of the human genome project involved the physical mapping
and subsequent sequencing of genes and intervening segments. A number
of companies were founded specifically to identify genes, sequence them,
and determine their function as a means to lead to new diagnostics and phar-
maceuticals. These companies include Incyte, Human Genome Sciences,
and Celera Genomics. This group of companies has contributed to public
and private databases millions of bases of sequence data not only for the
human genome, but for many microorganisms as well.

Now that the sequence data is available and placed in the public domain,
companies have been created to “mine” the data, that is, to analyze the
genomic sequences to identify genes, their function, and their relationships
to health and disease processes. Companies pioneering in this area included
Sequana and Millennium Pharmaceuticals (although Sequana did not survive

genomes the total
genetic material in cells
or organisms

bioinformatics use of
information technology
to analyze biological
data









Genotype and Phenotype

Alleles are variant
forms of a gene.

A [CGCGATATTTCGT|

B [CGCGATATCTCGT] &

These alleles may differ by
a single base.

The sequence change
may have no effect on
the protein, may cause
a change in structure or
function, or may prevent
it from being formed.

Alleles differ in their DNA
sequence, and may lead
to production of alternative
forms of the protein they
encode.

polymorphisms occur-
ring in several forms

mutations changes in
DNA sequences

A genotype could represent a single DNA nucleotide, at a specific loca-
tion on a chromosome. It could also be a sequence repeated multiple times,
a large duplication, or a deletion. Most variation in genotypes does not cause
any difference in the proteins being produced by the cell, because genes,
which code for proteins, occupy only about 2 percent of the total genome.
However, when a specific genotype does affect the composition or expres-
sion of a protein, disease or changes in physical appearance can result. The
physical effect of a particular genotype is known as its phenotype, or trait.

An individual genotype is composed of two distinct parts, the inherited
sequences from the maternal and paternal genomes. Therefore, for every
genotype, there are two copies of the sequence. For genes, we refer to these
individual sequence copies on each chromosome that make up a genotype
as the two alleles. Alleles may be identical or different, and various combi-
nations of alleles can create a range of phenotypes.

A DNA change within a gene may or may not alter the protein that is
encoded by the gene. If the change contributes to normal genetic variabil-
ity and is found in more than 1 percent of the population being studied, the
variation is called a polymorphism. Variations in a gene that modify, seri-
ously disrupt, or prevent the functioning the encoded protein are called
mutations. The effect of a mutation can range from harmless to harmful
depending on the type of mutation.



Genotype and Phenotype

One type of sequence variation is the substitution of one nucleotide for
another, which can thus affect the three base-pair unit (codon) that codes
for a specific amino acid. In some cases, where the substitution does not
change the amino acid, the result is a neutral or silent mutation. A substi-
tution that alters the coding sequence, and thus substitutes a different amino
acid, is called a missense mutation. This type of mutation can have a bene-
ficial effect whereby there is a positive gain of function for the protein, it
can also have a drastically negative effect and result in loss of function or
the gain of a new function that is deleterious to the organism. By far the
most severe change is a nucleotide substitution that creates a stop codon
where one should not be. This phenomenon, called a nonsense mutation,
will prevent the full formation of the protein. A nonsense mutation can com-
pletely abolish the function of the protein, which can be lethal to the organ-
ism if the protein is essential for sustaining a key biological process.

Differences in phenotype can result from differences in genotype. Two indi-
viduals may have different bases at a particular location in the coding region
of a gene. While this will result in different codons in that part of the
sequence, the two different codons may code for the same amino acid, which
will in turn result in the same protein. Thus it can be said that the two indi-
viduals have different genotypes in their DNA, but that their phenotypes
are identical. This example illustrates the first factor one must look for in
predicting phenotypes: how the genotype affects the translation of DNA.

The second factor is the inheritance pattern of the genotype. If each
parent transmits an identical gene sequence, A, to a child, then the geno-
type of the offspring will be AA. This is called a homozygous genotype.
However, if the child inherits a different allele, a, from one of the parents,
then its resulting genotype, Aa, contains two different sequences. Such geno-

types are called heterozygous.

An Aa genotype can result in the same phenotype as either an AA or aa
genotype, if one of the alleles acts in a dominant fashion. If the A allele is
dominant over the a allele, then the phenotype of a heterozygous (Aa) indi-
vidual will be the same as the phenotype of a homozygous dominant (AA)
individual.

Huntington’s disease, a nervous system disorder, follows a dominant
inheritance pattern. The presence of one mutated Huntington gene will
result in the conditions of the disease. Even if a patient has one normal
Huntington gene on another chromosome, one mutated copy is enough to
produce Huntington’s disease. Thus, the Huntington allele is said to be
dominant over the normal allele.

Another type of inheritance pattern is called recessive. Here, two copies
of the mutant allele, a, must be inherited (resulting in genotype aa) to cause
a change in phenotype. This is exemplified by cystic fibrosis, a recessive dis-
order marked by digestive and respiratory problems. In this case a het-
erozygous individual (genotype Aa) who carries one copy of the faulty gene
will not display clinical symptoms, because the normal gene is dominant
over the CFTR gene. The normal gene is able to express the protein that
epithelial cells need for transporting chloride. If two parents are

nucleotide the building
block of RNA or DNA

homozygous containing
two identical copies of a
particular gene

heterozygous character-
ized by possession of

two different forms (alle-
les) of a particular gene

epithelial cells one of
four tissue types found
in the body, character-
ized by thin sheets and
usually serving a protec-
tive or secretory function






Growth Disorders

IMmmuNE  SystEM  (GGENETICS; INHERITANCE PATTERNS; MuTATION;
PLEIOTROPY; POLYMORPHISMS.

Foelle van der Walt and Feffery M. Vance

Growth, which usually refers to skeletal growth since it determines final
adult height, is an extremely complex process. As such, it is susceptible to a
wide range of genetic and physiologic disturbances. Indeed, growth is
adversely affected by many if not most chronic diseases of childhood,
through many different mechanisms.

Skeletal growth depends on hormonal signals for regulation. It also
requires the production of adequate amounts of cartilage, because most bone
forms within a model or template made from cartilage. Primary disorders
of growth, that is, disorders in which growth is intrinsically affected, there-
fore fall into two major categories: disorders of the endocrine (hormone)
system and disorders of the growing skeleton itself (skeletal dysplasias).
Many of the former and most of the latter are genetic disorders.

Growth hormone (GH) is produced by the pituitary gland at the base of the
brain and is a major regulator of growth. Deficiency of the hormone is the
prototype of the inherited endocrine disorders of growth. Although normal
in size at birth, infants with GH deficiency exhibit severe postnatal growth
deficiency while maintaining normal body proportions. If untreated, chil-
dren typically have a “baby-doll” facial appearance and a high-pitched voice
that persists after puberty.

Isolated GH deficiency most often results from deletion of all or part
of the GH gene. Humans carry two copies of the GH gene, but having just
one good copy is usually sufficient to prevent GH deficiency. Thus, this dis-
order is inherited as an autosomal recessive trait. Rarely, point mutations
of this gene can lead to a dominantly inherited form of GH deficiency, in
which the product of the mutant GH allele is thought to interact with and
prevent secretion of the product of the normal GH allele.

GH deficiency also results from mutations of genes that encode tran-
scription factors, such as PIT1, PROP1, and POU2F1, which are neces-
sary for development of the pituitary gland and of the cells that produce
pituitary hormones. Patients usually have small pituitary glands and exhibit
deficiencies of several pituitary hormones, including gonadotropins (FSH,
LH), prolactin, and thyroid-stimulating hormone (T'SH) in addition to GH.
Multiple pituitary hormone deficiency of this type is inherited in an auto-
somal recessive fashion.

At their target cells, hormones exert their efforts by binding to recep-
tors. The clinical manifestations of GH deficiency can also result from
mutations of the GH receptor, in the autosomal recessive Laron syndrome.
There are also a number of birth-defect syndromes in which hypopitu-
itarism (reduced pituitary output) results in the abnormal development of

point mutations gains,
losses, or changes of
one to several
nucleotides in DNA

allele a particular form
of a gene

transcription factors
proteins that increase
the rate of gene tran-
scription












Hardy-Weinberg Equilibrium

The Hardy-Weinberg equilibrium is the statement that allele frequencies
in a population remain constant over time, in the absence of forces to change
them. Its name derives from Godfrey Hardy, an English mathematician, and
Wilhelm Weinberg, a German physician, who independently formulated it
in the early twentieth century. The statement and the set of assumptions
and mathematical tools that accompany it are used by population geneticists
to analyze the occurrence of, and reasons for, changes in allele frequency.
Evolution in a population is often defined as a change in allele frequency
over time. The Hardy-Weinberg equilibrium, therefore, can be used to test
whether evolution is occurring in populations.

A population is a set of interbreeding individuals all belonging to the same
species. In most sexually reproducing species, including humans, each organ-
ism contains two copies of virtually every gene—one inherited from each
parent. Any particular gene may occur in slightly different forms, called alle-
les. An organism with two identical alleles is called homozygous for that gene,
and one with two different alleles is called heterozygous. During the forma-
tion of gametes, the two alleles separate into different gametes. Mating unites
egg and sperm, so that the offspring obtains two alleles for each gene.

The two alleles for a gene typically have different effects on the phe-
notype, or characteristics, of the organism. For many genes, one allele will
control the phenotype if it is present in either one or two copies; this allele,
which is often represented by a single, uppercase letter—DB, for example—
is said to be dominant. The other allele will only exert a visible effect if
the dominant allele is not present; it is said to be recessive and is often
represented by a lowercase letter—», for example. The genotype of an
organism specifies both alleles for a particular gene and is often symbol-
ized by pairs of letters, such as BB, Bb, or bb, with each letter represent-
ing an allele.

It is important to understand that “dominant” does not mean an allele
is more common in the population—lethal dominant alleles are very rare,
for instance. Nor does dominant necessarily mean an allele will spread
through the population. Likewise, “recessive” does not necessarily mean an
allele will become less common. Indeed, the Hardy-Weinberg equilibrium
shows conditions under which allele frequencies remain unaltered over gen-
erations.

Before examining the mathematical model underlying the Hardy-Weinberg
equilibrium, let us look at the assumptions under which it operates:

1. Organisms reproduce sexually.
2. Mating is random.

3. Population size is very large.
4

. Migration in or out is negligible.

allele a particular form
of a gene

gametes reproductive
cells, such as sperm or

eges












Hemoglobinopathies

Each person possesses two copies of the beta globin gene, on separate
homologous chromosomes. In most people, the two copies are identical. A
person with two identical gene copies is said to be homozygous.

[n some people, the two beta copies are not identical. These people,
who have two different alleles of the beta globin gene, are said to be het-

erozygous. The beta globin allele that leads to sickle cell disease is called
the hemoglobin S (HbS) allele.

People who have inherited one HbA and one HbS allele are heterozy-
gous for the beta chain gene. They are said to have the sickle cell trait, but
not sickle cell disease. As long as they have one HbA allele, these individu-
als produce sufficient HbA to remain healthy, and they usually do not have
any medical problems, or they experience only very mild symptoms. When
both alleles must be abnormal to cause a disease, the condition is said to be
recessive. Sickle cell disease is a recessive condition.

Sickle cell disease can occur when two individuals who have the sickle
cell trait (they are called carriers) have children. Recall that the two beta
chain alleles occur on different chromosomes. These homologous chromo-
somes separate during gamete formation, so that each gamete has a fifty-
fifty chance of possessing an HbS allele. There is a one-in-four chance that
a child conceived by two carriers will inherit a recessive, abnormal allele
from each parent, and therefore be homozygous for the abnormal allele
and develop sickle cell disease.

Homozygous forms of hemoglobinopathy can be very serious. Some
cause so much damage that the fetus dies before birth, while others require
lifelong treatment.

Sickle cell disease is the most prevalent genetically based disease in the
United States. Approximately 1 in 12 Americans of African descent are car-
riers, having one allele coding for HbS and one gene for HbA. About 1 in
375 Americans of African descent are homozygous for HbS and have the
active disease. High occurrence of the HbS allele also occurs in people who

live, or whose ancestors lived, in certain parts of Asia, the Mediterranean,
and the Middle East.

The alpha chain gene is found on chromosome 11. Each gene is made
up of a very long strand of nucleotides. In sickle cell disease, there is a change
in only one nucleotide in the sequence that codes for the beta chain: A
thymine is substituted for an adenine.

Genes code for proteins. Because of that change in one nucleotide, a
slightly different protein is produced. HbS differs from HbA by only one
amino acid: Glutamic acid in HbA is replaced by valine in the sixth posi-
tion on the beta chain. The substitution does not affect the hemoglobin
molecule’s ability to bind with oxygen. HbS can carry oxygen just as effec-
tively as HbA. However, glutamic acid is a hydrophilic (“water-loving”)
amino acid, whereas valine is hydrophobic (“water-hating”). The valine
occurs on the outside of the beta chain. The hydrophobic portions of HbS
molecules are attracted to each other. When the concentration of oxygen is
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Hemophilia

risky procedures and can cause death, they are more likely to be successful
when performed on young and relatively healthy children.

Being homozygous for either sickle cell disease or thalassemia can result in
serious illness, but being heterozygous for either condition may actually be
beneficial under certain circumstances. Both diseases occur primarily in peo-
ple who live, or whose ancestors lived, in parts of the world where malaria
occurs.

Malaria is spread by a mosquito, but it is caused by plasmodia, single-
celled organisms that, during an infection, reproduce inside red blood cells.
Before the development of modern sanitation and medicine, malaria was a
common cause of death. But people who had either the sickle cell trait or
thalassemia minor—people who were heterozygous for either condition—

were much more likely to survive an infection than were people homozy-
gous for HbA.

This “heterozygote advantage” meant that these individuals tended to
live longer, have children and pass their genes on to the next generation.
While some of their children died from thalassemia or sickle cell disease,
about half of them were heterozygous and benefited from the heterozygote
advantage. This survival advantage explains the high prevalence of these alle-
les in these populations.

Today, especially in developed countries, there are effective methods
for preventing and treating malaria. Nevertheless, the genes for sickle cell
disease and thalassemia still exist and are passed down to children who will
never be exposed to malaria. It is likely that these genes will very slowly be
lost from the gene pool. SEE ALsO GENOTYPE AND PHENOTYPE; HETEROZY-
GOTE ADVANTAGE; INHERITANCE PATTERNS; MUTATION; POPULATION SCREEN-
ING; PROTEINS; TRANSPLANTATION.

Sue Wallace
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Hemophilia A and hemophilia B are genetic disorders in the blood-clotting
system, characterized by bleeding into joints and soft tissues, and by exces-
sive bleeding into any site experiencing trauma or undergoing surgery.
Hemophilia A and B are clinically indistinguishable. Both have the same
type of bleeding manifestations, and both affect males almost exclusively.






Hemophilia

philia. Obligate carriers—individuals who are definitely carriers—include
daughters of men with hemophilia and women who have a maternal family
history of hemophilia and one or more affected sons or grandsons.

In general, such carrier females do not bleed excessively, as their other
X chromosome, with a gene for normal FVIII (or FIX) production, results
in intermediate levels of FVIII (or FIX). However, carrier females have a
fifty-fifty chance of passing their X chromosome that bears the hemophilia
gene to each child they might have. A son would have an equal chance of
being normal or having hemophilia. A girl would have an equal chance of
being normal or being a carrier, like her mother.

Hundreds of defects in the FVIII gene have been shown to cause hemo-
philia A. These include deletions of varying sizes in the gene, stop codons,
frameshift mutations, and point mutations. Inversion of the gene is the most
common mutation. The same types of defects are found in the FIX gene.
This makes population screening for hemophilia impractical: There are too
many possible mutations to screen for. However, affected members of a
given family will all have the same defect.

[t is useful to determine (by gene analysis) which defect is present in the
FVIII or FIX gene of a particular family with hemophilia, so that one can
look for this defect in possible carrier females. Identification of carrier
females permits genetic counseling and decision making, on the part of par-
ents, regarding childbearing.

A number of different techniques are available for carrier detection. Link-
age analysis using DNA polymorphisms to track defective FVIII or FIX
genes is possible in large families. Use of intragenic polymorphisms in both
the FVIII and FIX genes allows precise detection of carrier females in most
families studied. In persons with hemophilia A, the FVIII gene inversion
can be tested for by Southern blotting.

If the gene defect in the family is not known, the inversion mutation in
an affected male is generally sought first, as this mutation accounts for at
least 20 percent of all cases of hemophilia A, and the test is relatively sim-
ple to perform. Although more time-consuming, point-mutation screening
also can be done, using a variety of methods. For researchers working on
the FVIII or FIX genes, there are sites on the Internet that are valuable
resources, as they contain regularly updated listings of all reported muta-
tions in each of these genes, and other useful information.

Because of a high mutation rate, approximately one-third of infants
found to have hemophilia A or B have no family history of the disorder, the
condition having occurred spontaneously. However, hemophilia is geneti-
cally transmitted to future generations.

There are different degrees of severity of hemophilia A and B. Clinical sever-
ity usually correlates with the individual’s circulating FVIII or FIX level

stop codons RNA triplet
that halts protein syn-
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Hemophilia

(determined by doing an FVIII or FIX assay on a venous blood sample).
The severity is generally the same in all affected members of a family.

Normal values for FVIII and FIX can range between 50 and 150 per-
cent of the mean value, while severely affected individuals generally have
levels of less than or equal to 1 percent, moderately affected persons 1 to 5
percent, and mildly affected persons 5 to 35 percent. Severely affected indi-
viduals often have spontaneous joint and muscle hemorrhages, whereas
mildly affected persons bleed only with trauma or surgery.

Treatment for bleeding episodes consists of replacing the missing clotting
factor by intravenous infusion of FVIII (or FIX). There are both human
plasma-derived FVIII and FIX concentrates and recombinant DINA-derived
FVIII and FIX concentrates. The useful life for both proteins (FVIII and
FIX) once infused is relatively short (on average, half is degraded within
twelve hours for FVIII and within eighteen hours for FIX). Thus for seri-
ous bleeding episodes or surgery, frequent repeat dosing (or continuous infu-
sion) is often necessary.

Prophylaxis is also used, particularly in persons with severe hemophilia
A or B. This consists of giving FVIII three umes weekly, and FIX twice
weekly (in view of its longer half-life, once infused). The aim of prophylaxis
(which is often begun between age one and three) is to prevent joint bleed-
ing (and the resulting increase in joint destruction and disability).

Persons with mild hemophilia A can often be treated with the synthetic
agent DDAVP (1-deamino-8-D-arginine vasopressin). This analogue of the
naturally occurring antidiuretic hormone vasopressin results in a rapid
release of whatever FVIII (and another large plasma glycoprotein, von
Willebrand factor) is in the individual’s body storage sites. Thus, following
intravenously administered DDAVP, FVIII (and von Willebrand factor)
increase (two- to tenfold), but then fall back to baseline within approximately
twelve to fifteen hours. This drug comes in several formulations, for intra-
venous, subcutaneous, and intranasal use.

It is hoped that gene therapy for persons with severe hemophilia may
eventually become a realistic option. In early 2002 there were several
ongoing phase-one trials (very early research studies) in human subjects
with severe hemophilia, using different vectors and different techniques.
However, formidable challenges remain. SEE ALsO BrorTiNg; Diskask,
GEeNETICS OF; GENETIC COUNSELING; INHERITANCE PATTERNS; MUTATION;
TrANSPOSABLE GENETIC ELEMENTS; X CHROMOSOME.
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Heterozygote Advantage

designed study of interracial crosses in Hawaii, Newton Morton and his col-
leagues found no significant beneficial effects among the offspring of an inter-
racial cross when compared to offspring whose parents were from the same
racial group. Other studies have found some beneficial effects of outbreed-
ing but, in general, these studies tended to be flawed and are thus unreliable.

In a small number of cases, humans do show a heterozygote advantage,
in which the fitness of the heterozygote is superior to either homozygote.
The best known example is the B-hemoglobin locus and its relationship to
sickle cell disease. Adult hemoglobin is composed of four polypeptides: two
a chains and two B chains, coded for by different genes. The B chain is a
sequence of 146 amino acids, with glutamic acid in position 6. This normal
hemoglobin is referred to as type A. In sickle cell disease, a mutation causes
glutamic acid to be replaced by valine at position 6 and is referred to as
hemoglobin S. Individuals who are homozygous for the S allele (SS) have
sickle cell disease. Untreated, this condition is lethal, and affected individ-
uals do not survive to be old enough to have offspring.

If there were no selective advantage to the recessive allele, we would
expect it to slowly be removed from the gene pool, and the frequency of indi-
viduals with sickle cell disease should approximate the mutation rate of the
normal A allele to the S allele, which is extremely rare. The disease, how-
ever, is relatively common in western and central Africa, where the frequency
of S allele can be over 15 percent. The reason for this high frequency is due
to the heterozygote AS being resistant to the malarial parasite Plasmodium
falciparum. Thus in areas where malaria is common, AS individuals, who pos-
sess one sickling allele, have an advantage over AA individuals, who possess
none. Copies of the S allele are lost from the gene pool when they occur in
individuals affected with sickle cell disease since they do not reproduce, but
more copies are created in the offspring of AS individuals since they are resis-
tant to a severe parasitic disease, namely malaria. This advantage compen-
sates for the loss of individuals with sickle cell disease, and therefore keeps
the S gene at a relatively high frequency in western and central African pop-
ulations. Other hemoglobin abnormalities, including hemoglobin C and E,
also seem to have the same effect as sickle cell disease, though the effect is
not as pronounced.

Thalassemia is another hemoglobin disorder that causes severe anemia.
There are two types, o and B, which are due to mutations at the « and S
hemoglobin loci respectively. The disease has its highest frequency in areas
bordered by the Mediterranean Sea, especially Sardinia, Greece, Cyprus,
and Israel. Similar to sickle cell disease, the disorder is fatal at an early age
and the heterozygotes are resistant to malaria.

The same is true for a deficiency of the enzyme glucose-6-phosphate
dehydrogenase (G6PD) deficiency, which has a similar geographic distrib-
ution as thalassemia. The disease is X-linked, thus affecting boys. Its per-
sistence in this case is due to heterozygous females being resistant to malaria.
Other proposed cases of heterozygote superiority in humans are more spec-
ulative, and have not been confirmed by repeated studies. SEE ALs0 HarDY-
WEINBERG EqQuiLiBRIUM; HEMOGLOBINOPATHIES; INHERITANCE PATTERNS;
PoruraTiON GENETICS.
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When the immune system recruits T cells to fight an infection, the 'T" cells
start producing many proteins. Along with the normal cellular protein prod-
ucts, a T cell carrying an HIV provirus also produces HIV proteins. The
first HIV proteins made are called Tat and Rev. Tat encourages the cellu-
lar machinery to copy HIV’s proviral DNA into RNA molecules. These RNA
molecules are then processed in the nucleus to become templates for several
of the HIV proteins, some of whose functions are not well understood.

Rev, on the other hand, ushers the HIV’s RNA molecules from the
nucleus, where they are being reproduced, into the host cell’s cytoplasm.
Early in HIV reproduction, with only a few RINA molecules from which to
make protein, a small quantity of Rev is made. Therefore, most of the RNA
molecules remain in the nucleus long enough to get processed. As time
passes, however, and Tat continues to instigate RNA production, more Rev
is made. A higher amount of Rev protein increases the speed with which
RNA molecules are ejected from the nucleus. These RNA molecules, which
have undergone little or no processing, become templates to make differ-
ent HIV proteins. The newer proteins are made in long chains that require
trimming before they become functional. One of the proteins in the chain
is the protease, the protein that trims. Other proteins include those that
make up the protein shell, the reverse transcriptase, and integrase.

After the newly created proteins are processed to the right size, they
form new virions by first assembling into a shell, then drawing in two
unprocessed RNA molecules and filling up the remaining space with inte-
grase, protease, and replicase. The new virions bud from the host-cell mem-
brane, appropriating some of that membrane to form an outer coat in the
process. The mature virus particles are now ready to infect other cells.

One of the most disastrous effects of HIV infection is the loss of the immune
system’s CD4 T cells. These cells are responsible for recognizing foreign
invaders to a person’s body and initiating antibody production to ward off
the infection. Without them, people are susceptible to a variety of diseases.
HIV destroys the T cells slowly, sometimes taking a decade to destroy a
person’s immunity. However, in all the time before an HIV-infected indi-
vidual shows any symptoms, the virus has been reproducing rapidly. The
lymph tissue, the resting place for CD4 T cells, macrophages, and dendritic
cells, becomes increasingly full of HIV, and viral particles are also released
into the bloodstream.

HIV’s main target is the population of CD4 T cells within a host’s body.
HIV kills them in one of three ways. It kills them directly by reproducing
within them, then breaking them upon exit; it kills them indirectly by caus-
ing the cells to “commit suicide” by inducing apoptosis; or it kills them
indirectly by triggering other immune cells to recognize the infected T cell
and kill it as part of the immune system’s normal function.

As infected T cells die, the immune system generates more to take their
place. As new T cells become infected, they are either actively killed or
induced to commit suicide. Meanwhile, the HIV virus is not completely
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hidden from the immune system. As with any infectious agent, HIV pre-
sents its proteins to the immune system, which develops antibodies against
it. This antibody production, however, is hampered by the fact that HIV
mutates rapidly, changing the proteins it displays to the immune system.
With each new protein, the immune system must generate new antibodies
to fight the infection. Thus, an HIV infection is a dramatic balance between
a replicating, ever changing virus and the replenishing stores of T cells that
are fighting it. Unfortunately, the immune system, without therapeutic inter-
vention, eventually loses the battle.

Once the CD4 T cells are depleted, the immune system can no longer
ward off the daily bombardment of pathogens that all human organisms
experience. Common infectious agents thus overwhelm the system, and HIV
patients become susceptible to a variety of “opportunistic” diseases that take
advantage of the body’s reduced ability to fight them off. AIDS docrors
report at least twenty-six different opportunistic diseases specific to HIV
infection. These include unusual fungal infections such as thrush. The
chickenpox virus may come out of dormancy, manifesting itself as the painful
disease known as shingles. An obscure form of pneumonia, called pneumo-
cystis pneumonia, is also common in AIDS patients. In addition, patients
can acquire cancers such as B-cell lymphoma, which is a cancer of the
immune system. Doctors generally consider patients with fewer than 200
CD4 T cells per cubic milliliter of blood as having AIDS. (In contrast, a
healthy person counts more than 1,000.)

Drugs that interfere with viral replication can slow down HIV disease. Early
trials relied on the administration of one drug at a time. While patients’
health improved and their T cell count rose, in time HIV mutated enough
to render the drugs ineffective. Since 1995, however, doctors have found
that rotating patients through three different drugs in very high doses sig-
nificantly improves the health of AIDS patients. Known as “highly active
antiretroviral therapy” (HAAR'T), this therapeutic approach also reduces the
amount of HIV circulating in the bloodstream to nearly undetectable lev-
els. People infected with HIV who are treated by HAART are now living
longer, healthier lives than ever before.

Drugs meant to knock out HIV target the acuvities of two HIV proteins,
the reverse transcriptase and the protease. HAAR'T requires drugs of both
types. Drugs called protease inhibitors prevent the viral protease from trim-
ming down the large proteins made late during infection. Without those
proteins, the viral shell cannot be assembled. In addition, the proteins that
reproduce HIV’s genetic information, the reverse transcriptase and the inte-
grase, are not functional.

Drugs that inhibit the reverse transcriptase prevent it from copying the
RNA into DNA. These drugs work early in the life cycle of HIV. Reverse
transcriptase inhibitors include azidothymidine (AZT), whose structure
resembles the DNA nucleotide thymine. When reverse transcriptase builds
DNA with AZT instead of thymine, the AZT caps the growing DNA mol-
ecule and halts DNA production, due to AZT’s slight difference in structure
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Hormonal Regulation

homeostasis mainte-
nance of steady state
within a living organism

NUCLEAR RECEPTOR PARTNERS FOR RXR

Receptor Hormone Function

retinoic acid receptor (RAR) all-trans retinoic acid regulates important aspects of
(vitamin A derivative) early embryonic development

thyroid hormone receptor (TR) triiodothyronine controls the body's basal

metabolic rate

vitamin D3 receptor (VDR) vitamin D3 regulates calcium homeostasis,
other functions

fatty acid receptor (PPAR) fatty acid and regulates fat metabolism and the
eicosanoid ligands the body's ability to utilize
insulin
bile acid receptor (FXR) bile acid regulates the transport of bile
acids and cholesterol out of
the cell
oxysterol receptor (LXR) oxysterol regulates the formation of bile

acids from cholesterol
benzoate receptor (BXR) unknown unknown

steroid and xenobiotic receptor (SXR) multiple compounds regulates degradative and
detoxification enzymes

constitutive androstane receptor (CAR) multiple compounds regulates degradative and
detoxification enzymes

reproduction and embryological development, the maintenance of home-
ostasis, and a variety of cyclical phenomena (e.g., reproductive cycles).
Because these varied processes require coordinated gene expression, they
are regulated by a large and diverse group of inter- and intracellular sig-
naling pathways.

The primary mediators of these pathways are a large group of chemi-
cal messengers, called hormones, produced by specialized cells in response
to physiological requirements. Many of these specialized cells are located
in endocrine glands. Some of the most well-known endocrine glands are
the pituitary (which produces many important hormones, such as ACTH),
the thyroid (which produces thyroid hormone to regulate metabolic rate),
the adrenals (which produce glucocorticoids to regulate blood sugar and
stress, and which also produce epinephrine, or adrenaline), the testes (which
produce testosterone), and the ovaries (which produce estrogens and pro-
gesterone).

Hormones may need to act at different distances from their source,
depending on the requirements of the organism, and they can be broadly
classified according to the distance across which they signal. Endocrine hor-
mones (e.g., adrenocorticotropic hormone) are produced by endocrine
glands (in this case the pituitary gland, located at the base of the brain) at
a distance from their site of action (in this case adrenal glands, sitting atop
the kidneys) and must be transported throughout the body via the circula-
tory system. Paracrine hormones, such as the prostaglandins that mediate
local inflammatory processes, are produced near their site of action.
Autocrine hormones, such as interleukins, act on the cells that produce them,
in this case the white blood cells of the immune system.
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Regardless of the distance across which a hormone acts, only those cells that
contain a specific receptor can respond to the corresponding hormonal sig-
nal. The expression of receptors only in the target cells ensures that these
(and only these) cells respond in the appropriate way to the hormone, despite
the possible presence of a large number of other hormones in the immedi-
ate surroundings.

In addition to the distance across which they act, hormones may be
further divided into two large groups based on where in the target cell the
hormone receptors are located. The first class consists of extracellular hor-
mones that act via specific cell-surface receptors. Most hormones of this
family are proteins (such as insulin, interferons, interleukins, and growth
factors), fatty acid derivatives (such as prostaglandins and leukotrienes), or
amino acid derivatives (such as serotonin and melatonin).

Extracellular hormones bind to specific receptors on the cell surface,
triggering a chain of events inside the cell. These events may include the
modification (e.g., phosphorylation or dephosphorylation) of one or
more “second messengers”—small molecules that act inside the cell to
continue the signaling cascade. In addition to any other short-term effects
they may have, virtually all hormonal signaling processes culminate in a
change in the expression of a set of target genes. Depending on the cell,
the transcription of these genes may be increased or decreased, or be
turned completely on or turned off, in response to the presence of the
hormone.

The other major class of hormonal signals consists of small, typically
fat-soluble molecules that are able to diffuse freely into cells. Once inside
the cell, the hormone binds to its receptor to directly regulate the expres-
sion of target genes. The hormone-receptor complex is a functional tran-
scription factor that in most cases leads to the expression of its target genes.
This modulation primarily occurs directly, via binding of the hormone-
receptor complex to target DNA sequences, although additional regulation
can occur indirectly, via interaction with other transcription factors.

Since the vast majority of these receptors are always in the nucleus, the
family is referred to as the “nuclear hormone receptor superfamily.” It is
also often also called the “steroid receptor superfamily,” because steroid
receptors were the first of this family to be identified. Steroid hormones
include testosterone, progesterone, and the estrogens. The discussion that
follows will focus on hormones that interact with nuclear receptors to
directly influence gene expression.

The nuclear receptors are a large group of related proteins that mediate many
of the effects of steroid hormones, thyroid hormone, vitamin D3, the vita-
min A derivative retinoic acid, and modified forms of cholesterol, such as
hydroxycholesterol and bile acids. The number of nuclear hormone recep-
tor genes varies widely among animals. Humans and other vertebrates have
about forty-nine receptor genes, whereas the nematode Cuenorbabditis ele-
gans, with only 959 cells in the adult worm, has more than 250 receptor genes.
This was a somewhat unexpected finding, and it led to the speculation that
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The androgen receptor is primarily responsible for male development
and secondary sexual characteristics, such as muscle mass. The major hor-
mone acting through this receptor is dihydrotestosterone (DHT). The
androgen receptor is also the major receptor targeted by so-called anabolic
steroids, which function by mimicking the activities of DHT on muscle
growth. Some predictable and unfortunate consequences of increasing the
circulating levels of testosterone-like molecules include atrophy of the testes
(since they sense high levels of testosterone and react by shutting down
their own production) and the development of female secondary sexual
characteristics, such as breasts, in men (because excess DHT is converted
to estradiol).

The largest and most diverse group of nuclear receptors contains those
that function as heterodimers, meaning they are composed of two different
parts. Each heterodimer is composed of one unique receptor protein and
one protein common to the whole group, called the 9-cis-retinoic acid recep-
tor (RXR). There are nine distinct hormone-regulated receptor-signaling
pathways wherein RXR is used as a common heterodimeric partner.

One of these is the retinoic acid receptor (RAR), which binds with all-
trans retinoic acid, a vitamin A derivative, to regulate many important aspects
of early embryonic development, including limb formation, central nervous
system patterning, growth and differentiation of many tissues, hematopoiesis,
and eye, brain, and craniofacial development. Since retinoic acid affects so
many important developmental processes, too much or too little retinoic acid
has profound effects on early development.

Another RXR partner is the steroid and xenobiotic receptor (SXR).
Steroid and xenobiotic ligands for SXR regulate the breakdown of foreign
chemicals by degradative enzymes in the liver and intestines, protecting the
body from toxic chemicals and bioactive dietary compounds. SXR is known
to directly regulate the transcription of genes such as CYP3A44, which medi-
ates the breakdown of 60 percent of clinically useful drugs, as well as the
transcription of the multidrug resistance protein MDR1, which transports
drugs out of the cell. Thus, SXR is a key mediator of the body’s defense
system against foreign chemicals, controlling both their metabolism and
clearance from the cell.

As noted above, nuclear receptor hormones generally act as transcription
factors to increase transcription of their target genes. They do this by
increasing the rate at which RNNA polymerase binds to the target gene’s
promoter. This occurs in several steps.

The binding of a hormone to the receptor triggers the assembly of
other proteins to form a “coactivator complex.” The hormone-receptor-
coactivator complex binds to a specific DNA sequence (called the hormone
response element, a type of transcriptional enhancer). This complex then
alters the local DNA structure by directly or indirectly chemically modify-
ing the histones. These modifications open up the DNA, increasing access
to the target genes and thereby allowing RNA polymerase and other (gen-
eral) transcription factors to reach the gene promoter region. Additionally,
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the hormone-receptor-coactivator complex can directly interact with gen-
eral transcription factors to help form a “preinitiation complex” of proteins
on the target gene promoter. RNA polymerase then interacts with this com-
plex, and the transcription of the gene into mRINA begins.

All hormone-regulated nuclear receptors activate transcription in this
manner. Some, such as the steroid receptors, exist in cells as cytoplasmic
complexes with “chaperone proteins,” such as HSP90, and are excluded from
the nucleus in the absence of the hormone. In the presence of hormone, the
complexes dissociate, and the receptors dimerize and are transported to the
nucleus, where they activate transcription.

Other receptors, such as the retinoic acid, thyroid hormone, or vitamin
D receptors, are always found in the nucleus and interact with their specific
target genes in the presence or absence of the hormone. When the hormone
is absent, the receptor interacts with “corepressor” proteins. The complex of
receptor and corepressor interacts with histone deacetylases, leading to local
chromatin condensation and silencing of the target gene. Hormone binding
leads to a change in the three-dimensional structure of the receptor, causing
dissociation of the corepressor complex and leading to the recruitment of the
coactivator complex, which enables the target gene to be transcribed.

Because the hormones that act through nuclear hormone receptors are
nearly all fat-soluble, they are readily absorbed into the body, freely trans-
ported, and stored and accumulated in fatty tissues. Steroids, retinoic acid,
thyroid hormone, and vitamin D3 are active at extremely low concentra-
tions, ranging from about 0.3 to 30 parts per billion, with 3 parts per bil-
lion considered a physiological concentration for retinoic acid and many
steroids. Since the hormones are present and act at such low concentrations,
it is critical that their levels be precisely regulated. Consequently, hormone
synthesis and degradation is regulated by the activity of specific biosynthetic
and catabolic enzymes.

It should also be noted that some chemicals in the environment and nat-
ural compounds found in the diet can affect the activity of hormone recep-
tors, particularly the estrogen receptor. Such interaction can potentially lead
to disturbances in hormone homeostasis and inappropriate regulation of tar-
get genes. These xenobiotic “endocrine disrupting chemicals” have the
potential to impact many body systems by inappropriately activating or inter-
tering with the activity of hormone receptors. As a result, endocrine dis-
ruption is a growing concern that is being studied intensively in many
laboratories around the world. SEe aALso CHAPERONES; RouNDWORM:
CAENORHABDITIS ELEGANS; SIGNAL TRANSDUCTION; TRANSCRIPTION FACTORS.

Bruce Blumberg

Chawla, A., et al. “Nuclear Receptors and Lipid Physiology: Opening the X Files.”
Science 294 (2001): 1866-1870.

Evans, R. M. “The Steroid and Thyroid Hormone Receptor Superfamily.” Science
240 (1988): 889-895.

Kliewer, S. A., J. M. Lehmann, and T. M. Willson. “Orphan Nuclear Receptors:
Shifting Endocrinology into Reverse.” Science 284 (1999): 757-760.



HPLC: High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is an advanced form of
liquid chromatography used in separating the complex mixture of molecules
encountered in chemical and biological systems, in order to understand bet-
ter the role of individual molecules. In liquid chromatography, a mixture of
molecules dissolved in a solution (mobile phase) is separated into its con-
stituent parts by passing through a column of tightly packed solid particles
(stationary phase). The separation occurs because each component in the
mixture interacts differently with the statonary phase. Molecules that inter-
act strongly with the stationary phase will move slowly through the column,
while the molecules that interact less strongly will move rapidly through the
column. This differential rate of migration facilitates the separation of the
molecules.

The advantages of HPLC over other forms of liquid chromatography
are several. It allows analysis to be done in a shorter time and achieves a
higher degree of resolution, that is, the separation of constituents is more
complete. In addition, it allows stationary columns to be reused a number
of times without requiring that they be regenerated, and the results of
analysis are more highly reproducible. A further advantage of HPLC is
that it permits both instrumentation and quantitation to be automated.

HPLC has four basic components: a solvent delivery system to provide
the driving force for the mobile phase; a means by which samples can be
introduced into the solvent; the column; and some type of detector. A
recorder is used to display the results and an integrator performs the cal-
culations.

The column used for a specific separation is based on the type of the
molecules to be analyzed. Various types of chromatographic modes can be
used for the separation of the molecules. For example, ion exchange
columns separate charged molecules such as amino acids, proteins, or
nucleotides. Size exclusion columns separate organic polymers such as  nucleotide the building
polyvinyls and silicones or biopolymers such as proteins, nucleic acids, or ~ Plock of RNA or DNA
sugars. Adsorption columns separate molecules based on their interaction
with the stationary phase. This mode is useful for the separation of vita-
mins, dyes, lipids, phenols, and antioxidants. Partition columns are used
to separate molecules based on the way that the solvent becomes parti-
tioned into stationary and mobile layers, and is useful in analyzing steroids,
aromatics, vitamins, and antibiotics. The molecules eluting from any one  eluting exiting
of these different types of column are then analyzed by various types of
detectors, measuring absorbance, fluorescence, or electrochemical or
radiochemical properties. Other types of detectors include mass spec-
troscopy and refractive index.

A recent advancement of HPLC has been the development of the
denaturing HPLC method (DHPLC). This procedure can separate
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into its two strands (a phenomenon called denaturing). Once denatured, the
strands can enter the mobile phase and move through the column.

Cooling the column causes the strands of the genes to rejoin, and the
DNAs reattach to the column. The temperature is manipulated to make the
strands constantly separate and rejoin, with the balance determined by the
strength of the attraction that exists between the strands. If the two genes
are exactly identical, they will spend more time in the stationary phase, and
elute from the column more slowly. If the genes differ even by a single
nucleotide, however, they will spend more time in the mobile phase, and
leave the column more quickly.

Y chromosome analysis is one of the most powerful molecular tools for
tracing human evolution. Polymorphisms in the human Y chromosome,
detected by DHPLC, can be used as markers for tracing human evolution.
This will eventually help to elucidate the patterns of human origins, migra-
tion, and mixture. The ability to rapidly and efficiently genotype SNPs by
use of DHPLC is also useful in medicine, through the identification of muta-
tions that result in susceptibility to certain diseases or that affect physical
responses to certain drugs. SEE ALs0O DINA; PoLyMERASE CHAIN REACTION;
PovrymorruIsSMS; Y CHROMOSOME.

Prema Rapuri

Bidlingmeyer, Brian A. Practical HPLC Methodology and Applications. New York: John
Wiley & Sons, 1992.

Underhill, Peter A., Peidong Shen, Alice A. Lin, et al. “Y Chromosome Sequence
Variation and the History of Human Populations.” Nature Genetics 26 (2000):
358-361.

In order to help treat human diseases, it is important to understand what
causes them to occur. Understanding what causes a disease is the first step
in understanding the entire abnormal course of disease. Sometimes it is fairly
easy to determine what causes a disease. For example, pneumonia is caused
by the Pneumococcus bacterium. However, in other cases it is not nearly as
easy to tell what is causing a disease, so scientists look for clues from a num-
ber of different sources.

One such clue is having a disease run in families, which suggests that a
disease might be caused by a gene or genes passed from parent to child, per-
haps over many different generations. The process of identifying these genes,
called disease gene discovery, is important because it helps scientists to
understand what is going wrong as a result of such diseases, called the dis-
ease pathogenesis. By understanding the disease process, it is possible to fig-
ure out where it is easiest to either stop or correct what is going wrong.
Variations or mutations within a gene may themselves act to cause the dis-
ease. Alternatively, they may modify the risk of developing the disease or
modify how it is expressed (i.e., what the symptoms are). Thus genes may
be important both directly and indirectly in causing disease.
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quency of multiple sclerosis in the natural parents of people with multiple
sclerosis is about 3 percent. Among the adoptive parents of people with mul-
tiple sclerosis, the frequency was much smaller and about the same as the
general population.

Yet another way to see if genes are important is to look at the occur-
rence of the disease in the brothers and sisters of someone who has the dis-
ease. If the rate at which brothers and sisters have the disease is much higher
than the rate in the overall population, then it is likely that genes are impor-
tant. Autism again is a good example. The rate at which autism is found in
the brothers and sisters of an affected person is about 3 in 100, which does
not seem very high. But the rate in the general population is only about one
in five hundred (0.2%). It is the comparison of these rates that is important,
not just the actual frequencies.

Each of these kinds of studies requires looking at a lot of people and
their families, and each will usually take several years to complete. How-
ever, such studies are very important, since there is no point in looking for
genes that affect a disease if we know that genes are not important. It is only
after this information is available and genes are known to be important that
the next step can be taken.

be found for genetic studies may differ a lot. For diseases caused by a muta-
tion in a single gene, families with many affected people can be found. Some-
times these families may have as many as twenty or thirty affected people,
over three or four generations. These types of families are usually quite rare,
and thus it can take a lot of work to find them. On the other hand, having
even a single large family can be enough to allow a gene to be found.

For diseases where genes may have only a moderate effect, smaller fam-
ilies, where only two or three people (usually brothers and sisters) are affected,
may be the only ones that can be found. Since such diseases tend to be more
common in the general population, it is easier to find these families than to
find the very large families. However, the smaller families cannot, by them-
selves, help much in finding the location of a disease gene. Therefore many
such families (usually hundreds) are needed. How the actual process of find-
ing the genes is done depends on the type of families that are studied.

One of the important aspects of finding the families is deciding how to
ask them to be part of the study. It is important that each person who par-
ticipates is told what he is going to have to do. In most cases, participants
will just be answering a lot of questions, giving permission to get medical
records about their disease, and giving a blood sample. Sometimes addi-
tional hospital tests might be needed. Before they can be studied, potential
subjects must be asked to participate and must give “informed consent,”
which simply means that they have been told what they will need to do,
what the risks (if any) are, and have agreed that this is fine with them. It is
one of the overriding rules of human genetic studies that each person must
volunteer for the study, that he gives informed consent, that he has the right
to refuse, without the refusal affecting his medical care, and that he can
withdraw from the study at any time.

Once the information and blood samples are col-
lected from the families, the process of finding the genes can begin. There
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Human Genome Project

The genome represents the entire complement of DNA in a cell. The
Human Genome Project is the determination of the entire nucleotide
sequence of all 3 billion+ bases of DINA within the nucleus of a human cell.
It is one of the greatest scientific undertakings in the history of mankind.
The first draft of the human genome sequence was completed in the year
2001 and published simultaneously in the British journal Nature and the
American journal Science.

The data obtained from sequencing the human genome promise to bring
unprecedented scientific rewards in the discovery of disease-causing genes,
in the design of new drugs, in understanding developmental processes and
cancer, and in determining the origin and evolution of the human race. The
Human Genome Project has also raised many social and ethical issues with
regard to the use of such information.

One could say that the Human Genome Project really began in 1953, when
James Watson and Francis Crick deduced the molecular structure of DINA,
the molecule of which the genome is made. (Watson and Crick were awarded
the Nobel Prize for this work in 1962.) Since that time, scientists have
wanted to know the complete sequence of a gene, and even dreamed that
some day it would be possible to determine the complete sequence of all of
the genes in any organism, including humans.

The original impetus for the Human Genome Project came almost a
decade earlier, however, from the U.S. Department of Energy (DOE)
shortly after World War II. The atomic bombs that were dropped on
Hiroshima and Nagasaki, Japan, left many survivors who had been exposed
to high levels of radiation. The survivors of the bomb were stigmatized in
Japan. They were considered poor marriage prospects, because of the poten-
tial for carrying mutations, and the rest of Japanese society often ostracized
them. In 1946 the famous geneticist and Nobel laureate Hermann J. Muller
wrote in the New York Times that “if they could foresee the results [muta-
tions among their descendants] 1,000 years from now . . . , they might con-
sider themselves more fortunate if the bomb had killed them.”

Muller had firsthand experience with the devastating effects of radia-
tion, having studied the biological effects of radiation on the fruit fly
Drosophila melanogaster. He predicted similar results would follow from the
human exposure to radiation. As a consequence, the Atomic Energy Com-
mission of the DOE set up an Atomic Bomb Casualty Commission in 1947
to address the issue of potential mutations among the survivors. The prob-
lem they faced was how to experimentally determine such mutations. At that
time there were no suitable methods to study the problem. Indeed, it would
be many years before the appropriate technology was available.

During the 1970s molecular biologists developed techniques for the iso-
lation and cloning of individual genes. Paul Berg was the first to create a
recombinant DINA molecule in 1972, and within a few years gene cloning
became a standard tool of the molecular biologist. Using cloning techniques,
scientists could generate large quantities of a single gene, enabling researchers
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Table 1.

MODEL ORGANISMS SEQUENCED
Date sequenced® Species Total bases®
7/28/1995 Haemophilis influenzae (bacterium) 1,830,138
10/30/1995 Mycoplasma genitalium (bacterium) 580,073
5/29/1997 Saccharomyces cerevisiae (yeast) 12,069,247
9/5/1997 Escherichia coli (bacterium) 4,639,221
11/20/1997 Bacillus subtillis (bacterium) 4,214,814
12/31/1998 Caenorhabditis elegans (round worm) 97,283,371
99.167,964°
3/24/2000 Drosophila melanogaster (fruit fly) ~137,000,000
12/14/2000 Arabidopsis thaliana (mustard plant) ~115,400,000
1/26/2001 Oryza sativa (rice) ~430,000,000
2/15/2001 Homo sapiens (human) ~3,200,000,000
aFirst publication date.
PData excludes organelles or plasmids. These numbers should not be taken as absolute. Scientists are confirming the
sequences; several laboratories were involved in the sequencing of a particular organism and have slightly different
numbers; and there are some strain variations. Data were obtained from the (NCBI) Web site.
°The first number was originally published, and the second is a correction as of June 2000.

to study its structure and function. In 1977 Drs. Walter Gilbert and Fred
Sanger independently developed methods for the sequencing of DNA, for
which they received the 1980 Nobel Prize along with Berg. Sanger’s group
in England was the first to completely sequence a genome, identifying all
5,386 bases of the bacterial virus ¢y174.

Another technological breakthrough occurred in 1985, when the poly-
merase chain reaction method was developed by Dr. Kary Mullis and col-
leagues at Cetus Corp. This team devised a method whereby minute samples
of DNA can be multiplied a billion-fold for analysis. This technique, which
has many applications in diverse fields of biology, is one of the most impor-
tant scientific breakthroughs in gene analysis. Mullis received the Nobel
Prize for this work in 1993.

At this time, however, DNA sequencing was still done by hand. At best,
a researcher could manually sequence only a few hundred bases per day. To
be able to sequence the human genome, machines would be needed that
could sequence a million or more bases per day. In 1986 Leroy Hood devel-
oped the first generation of automated DNA sequencers, thereby dramati-
cally increasing the speed with which bases could be sequenced. Thus, by
the mid-1980s the stage was set.

With these new techniques, molecular biologists now felt that it might
be feasible to sequence the entire human genome. The first serious dis-
cussions came in June 1985, when Robert Sinsheimer, chancellor of the
University of California at Santa Cruz, called a meeting of leading sci-
entists to discuss the possibility of sequencing the human genome. Sin-
sheimer was inspired by the success of the Manhattan Project, which was
the concerted effort of many physicists to develop atomic weapons dur-
ing World War II. That project led to rapid development and a massive
influx of funding for physicists. Sinsheimer wanted a “Manhattan Pro-
ject” for molecular biology, to enhance and expand human genome
research.
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Meanwhile, the DOE continued to be interested in the problem of iden-
tifying mutations caused by radiation exposure. Led by associate director
Charles DeLisi, the DOE became a strong supporter of the genome-
mapping initiative, for it understood that sequencing the entire genome
would provide the best way to analyze such mutations. Thus the DOE became
the first federal agency to begin funding the Human Genome Project.

Mapping the human genome came to be called the “Holy Grail of Mol-
ecular Biology,” and many biologists were interested in the project. Most
notable among them was Nobel laureate Gilbert who, through his interest,
personality, and academic ties, developed enormous enthusiasm for the pro-
ject. The initial goals set out for the Human Genome Project were three-
fold: to develop genetic linkage maps; to create a physical map of ordered
clones of DNA sequences; and to develop the capacity for large-scale
sequencing, because faster and cheaper machines along with other great
leaps in technology would be needed to get the job done.

In 1988 the National Institutes of Health (NIH) set up an Office of the
Human Genome, and Watson agreed to head the project. It had an esti-
mated budget of approximately $3 billion, and 3 percent of the funding was
devoted to the study of the social and ethical issues that would arise from
the endeavor. A target date for completion of the project was set for Sep-
tember 30, 2005. By 1990 the Human Genome Project had received the
additional endorsement of the National Academy of Sciences, the National
Research Council, the DOE, the National Science Foundation, the U.S.
Department of Agriculture, and the Howard Hughes Medical Institute.
Sequencing of the human genome had now officially begun.

While sequencing the human genome was a primary goal, other
sequencing projects were just as important. Many scientists established
projects that sought to sequence several organisms of genetic, biochemi-
cal, or medical importance (see Table 1). These so-called model organ-
isms, with their smaller genomes, would be useful in testing sequencing
methodologies and for providing invaluable information that could be used
to identify corresponding genes in the human genome. Sequence databases
were established, and computer programs to search these databases were
written.

Dr. Craig Venter, a scientist at the NIH, felt that private companies could
sequence genomes faster than publicly funded laboratories. For this reason
he founded a biotechnology company called the Institute for Genomic
Research (TIGR). In 1995 TIGR published the first completely sequenced
genome, that of the bacterium Haemophilus influenzae. TIGR was soon joined
by other biotechnology companies that competed directly with the publicly
funded Human Genome Project.

Among these other biotech firms is Celera Genomics, founded in 1998
by Venter in conjunction with the Perkin-Elmer Corporation, manufac-
turer of the world’s fastest automatic DINA sequencers. Celera’s goal was
to privately sequence the human genome in direct competition with the
public efforts supported by the NIH and DOE and the governments of
several foreign countries. Using 300 Perkin-Elmer automatic DNA
sequencers along with one of the world’s most powerful supercomputers,
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The Human Genome Project has given rise to new fields of research. One
of these is genomics. This new field combines information science with
molecular biology. It is resulting in the “mining of the genome” for valu-
able sequence data.

An even more recent development is the field of proteomics, the study
of protein sequences. Research in this field is rapidly expanding, as protein
sequences can be predicted from the gene sequence. The folding of the pro-
teins (secondary and tertiary structures) can be predicted by computers, lead-
ing to a three-dimensional view of the protein encoded by a particular gene.
Proteomics will be the next big challenge for genetics research. Indeed, Cel-
era is already gearing up for massive protein sequencing.

From the very beginning of the Human Genome Project, many from both
the scientific and public sector have been concerned with ethical issues raised
by the research. These issues include preserving the confidentiality of an
individual’s DNA information and avoiding the stigmatization of individu-
als who carry certain genes. Some fear that insurers will deny coverage for
“preexisting” conditions to people carrying a gene that predisposes them to
particular diseases, or that employers might start demanding genetic test-
ing of job applicants.

There are also concerns that prenatal genetic testing could lead to
genetic manipulation or a decision to abort based on undesirable traits dis-
closed by the tests. In addition, some raise concerns that a full knowledge
of the human genome could raise profound psychological issues. For exam-
ple, individuals who know that they carry detrimental genes may find the
knowledge to be too great a burden to bear. All of these ethical issues will
ultimately have to be addressed by society as a whole. SEE ALSO AUTOMATED
SEQUENCER; BroINFORMATICS; CANCER; CLONING (GENES; (GENOME; (ENOMICS;
GeNowmics INDUusTRY; MoDEL ORrRGANISMS; MULLER, HERMANN; POLYMERASE

CuaiN RractioN; PorymorpHIsMs; REPETITIVE DINA ELEMENTS; SEQUENC-
ING DNA; WaTsoN, JaMEs; YEAST.
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dants is called a clone. Thus, the antibody made by one B cell clone differs
from that made by any other B cell clone. T cells develop along a slightly
different pathway but also contain a unique protein, called the T cell recep-
tor, which is coded for by a gene unique to that T cell clone.

Antibodies are proteins, and like all of the body’s proteins, must be
encoded by genes. However, the number of distinct antibodies each of us
makes (many millions) is vastly greater than the total number of genes in
our entire genome (30,000-70,000). How is all this diversity encoded? To
understand the answer, it is helpful to look at the structure of an anti-

body.

The antibody is formed from four polypeptides that link up in the shape
of a Y. There are two identical long heavy (H) chains and two identical short
light (L) chains. The tips of each branch of the Y form a pocket, and it is
here the antibody binds antigen. Thus, these twin pockets are called the
antigen-binding regions of the antibody.

By comparing the amino acid sequences of antibodies from different B
cell clones, several important features can be discovered. Light chains, for
instance, have a constant region, with amino acid sequences that differ lit-
tle from clone to clone, and a variable region, with sequences that differ
considerably. The constant region comes in two different forms, termed
“kappa” and “lambda.” The amino acid sequence of one kappa constant
sequence differs little or not at all from clone to clone; similarly, all lambda
constant sequences are essentially identical. The variable region does differ
considerably between clones. The heavy chain also has a constant region (of
which there are five forms) and a variable region.

The constant regions of all the chains are found toward the bottom of
the Y, while the variable regions are found toward the tip. Furthermore,
within each variable region, there are three hypervariable regions, whose
five to ten amino acids differ even more than the other portions of the vari-
able region. These hypervariable regions form the actual points of contact
between antibody and antigen.

Antibodies bind to
antigens on the surface
of foreign substances.

polypeptides chains of
amino acids
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infected cell

rearranged gene can mutate, making some members of the clone different
from others. The number of possible antibodies available through all these
processes is in the trillions.

As mentioned above, T cells help control the immune response and kill
infected cells. Infected cells are recognized because they chop up foreign
proteins from the invader and display the bits on their surface. These bits,
which are antigens, are held aloft by surface proteins, called MHC (major
histocompatibility complex) proteins. The MHC-antigen complex is recog-
nized by the T cell receptor, in cooperation with one or more other T cell
surface molecules.

When a T cell discovers a cell whose MHC proteins contain foreign
antigens, it marks the cell for destruction. The T cell receptor interacts with
antigens in much the same way as an antibody does, although the size of
the antigen it recognizes is smaller. T cell receptors come in as many diverse
forms as antibodies do, and, while the details differ, their diversity is gen-
erated in much the same way, with random recombination of gene segments.

The T cell-MHC interaction serves another, related function: It confirms
that the cell is part of the self that the immune system should be protect-
ing. Thus, MHC:s serve as self-recognition markers. When a T cell recog-
nizes foreign MHCs, as would occur in an organ transplant, it sets in motion
an immune attack to reject the foreign tissue. Indeed, “histocompatibility”
means compatibility of tissues, and these proteins control that process.

The T cell identifies an
infected cell by binding to
an antigen held within an
MHC molecule on the
surface.






Imprinting

There are two major classes of MHC proteins, called class I and II, with
different functions in antigen presentation. Class I contains three members,
each coded for by different genes, and class II contains four members. For
almost every gene, there are multiple alleles. The number of alleles per
gene ranges from a handful to more than 100. Since each person will inherit
and express a unique set of MHC alleles, once again we can see the com-
binatorial possibilities: There are millions of different combinations of MHC
alleles, and very few people are likely to have exactly the same set. This is
what makes organ transplants so difficult. Matching MHC types is the key
to success, but even close relatives may have different allele sets.
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Imprinting refers to the chemical modification of the DNA in some genes
that affects how or whether those genes are expressed. One particular kind
of DNA imprinting found in mammals is known as parental genomic imprint-
ing, in which the sex of the parent from whom a gene is inherited determines
how the gene is modified. While imprinting has been found in only about
fifty human genes to date, some estimates suggest it may occur in several
hundred more, in perhaps up to 1 percent of all genes. Imprinting defects
are responsible for several human diseases, including some forms of cancer.
Imprintng also occurs in other organisms, from yeast to plants to fruit flies.

Chromosomes, and the genes they contain, are inherited in pairs, with one
copy of each supplied from each parent. For most genes, both members of
the pair, called the maternal and paternal alleles, are used equally. Both are
expressed (read by the transcription machinery to make protein) in roughly
equal amounts.

In contrast, for most imprinted genes, only one allele is expressed, while
the other copy is silenced by imprinting. For some genes it is the maternal
copy, for others it is the paternal copy. This is an exception to the Mendelian
assumption that the two parents contribute equally to the phenotype con-
trolled by autosomal genes. For some genes, both alleles are expressed, but
one copy is expressed much more than the other. For some genes, the silenc-
ing occurs in some tissues but not others.

Imprinted genes should not be confused with sex-linked genes, which
are carried on the X or Y chromosome. Most imprinted alleles are located
on autosomes, but are “stamped” with the sex of the parent that contributed
them.

[mprinting should also not be confused with dominant and recessive
alleles, in which one allele always controls the phenotype at the expense of

alleles particular forms
of genes

phenotype observable
characteristics of an
organism

autosomes chromo-
somes that are not sex
determining (not X or Y)
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One of the best-studied imprinted genes is the one that encodes an
insulin-like growth factor called growth factor 2 (IGF2). In this gene, the
paternal copy is active, whereas the maternal copy is inactive. Imagine
that two parents have produced a female child. During egg formation in
the mother (or shortly after fertilization), the mother’s copy of the IGF2
gene is methylated, rendering it transcriptionally silent. The child uses
only the paternal allele to make the growth factor. However, when this
child makes her own eggs, neither copy of the gene will remain active,
because the alleles will have been “restamped” as coming from a female.
The active allele she used throughout life is passed on in an inactive form
to her children.

The protein encoded by the IGF2 gene is a growth factor, which stim-
ulates the growth of target cells. Failure to properly imprint the maternal
allele, or inheritance of two copies of the male allele, can have important
consequences. For example, the expression of two copies of the IGF2 gene
is associated with Beckwith-Wiedemann syndrome, a growth disorder,
accompanied by an increase in a type of cancer called Wilms tumor. Other
human cancers are also associated with improper imprinting (of other genes),
causing either too much or too little gene expression.

Inheritance of two copies of one parent’s chromosome (or part of it) is called
uniparental disomy, a type of chromosome aberration. Detection of uni-
parental disomy in individuals with genetic disorders was one of the first clues
that imprinting had important developmental and medical consequences.

Prader-Willi syndrome and Angelman syndrome can both be caused by
uniparental disomy of chromosome 15, which carries a maternally expressed,
paternally imprinted gene. Two maternal copies of the gene causes Prader-
Willi syndrome, which is marked by mild mental retardation, decreased
growth of the gonads, and obesity. Two paternal copies of this same gene
causes Angelman syndrome, marked by severe mental retardation, small head
size, seizures, inappropriate laughter, and distinctive facial features. (The gene
itself codes for a protein involved in degrading other proteins.) Imprinting
defects can also cause these syndromes in the absence of uniparental disomy,
since the result is the same: either zero or two copies of the gene are expressed.

The evolutionary reason for imprinting is not yet clear, although some sci-
entists propose that, at least in mammals, it arose from an evolutionary tug

Methylation of the
promoter region is
believed to be an
important silencing
region.

methylated a methyl
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Inbreeding

There are a series of controls that are run that detect if the labeling pat-
tern is due to the proper sequence of reactants. For example, if the cyto-
chemist leaves out the probe in the hybridization solution, there should be
no reaction. Similarly, if the cytochemist changes the sequence of the probe,
or uses a noncomplementary probe, there should be no reaction (unless that
new sequences reacts with another sequence in the cell). Tests of the detec-
tion system must also be run by leaving out one or more components to
learn if the reaction is dependent totally on the complete sequence of reac-
tants. SEE ALSO DNA; NucLeoTipg; RINA.
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Inbreeding is defined as mating between related individuals. It is also called
consanguinity, meaning “mixing of the blood.” Although some plants suc-
cessfully self-fertilize (the most extreme case of inbreeding), biological mech-
anisms are in place in many organisms, from fungi to humans, to encourage
cross-fertilization. In human populations, customs and laws in many countries
have been developed to prevent marriages between closely related individu-
als (e.g., siblings and first cousins). Despite these proscriptions, genetic coun-
selors are frequently presented with the question “If I marry my cousin, what
is the chance that we will have a baby who has a disease?” 'The answer is that
when two partners are related their chance to have a baby with a disease or
birth defect is higher than the background risk in the general population.

Many genetic diseases are recessive, meaning only people who inherit two
disease alleles develop the disease. All of us carry several single alleles for
genetic diseases. Since close relatives have more genes in common than unre-
lated individuals, there is an increased chance that parents who are closely
related will have the same disease alleles and thus have a child who is
homozygous for a recessive disease.

alleles particular forms
of genes












Information Systems Manager

and technical areas, this one involves interacting regularly with staff, other
units, upper management, and scientists, so that proficiency in oral and writ-
ten communication is essential. Although an information systems manager
is not usually required to have a deep understanding of the genetic sciences,
the ISM must be well acquainted with the information needs of the orga-
nization and must possess advanced technical knowledge.

The training needed for a career as an information systems manager
begins with formal education and training in computer programming, data-
base fundamentals, systems analysis and design, data communication, and
networking, all at the undergraduate level. A major, or at least a concen-
tration, in information systems management at either the bachelor’s or mas-
ter’s degree level will also provide a solid foundation for a position as an
ISM. Many information systems managers begin their career as systems ana-
lysts, programmers, or computer engineers, or were in other computer-
related positions. An in-depth understanding of computer technology and
applications will make the candidate attractive for many other careers as

well, since the projected outlook for all computer-related professions is con-
tinued growth through 2008.

The duties of an ISM can be quite diverse. They include setting up net-
works, including the installation of lines, hardware, and software; adminis-
tering servers; programming; and setting up intra- and internets. [ISMs may
even be called upon to do some Web page design. An information systems
manager is not an entry-level position, as the ISM has considerable admin-
istrative duties. The job requires hiring, training, assigning, and supervising
computer specialists so that each employee does his or her particular duty
toward meeting the organization’s goals. In addition, ISMs need strong bud-
geting skills and the ability to communicate with contractors, suppliers, and
financial groups, for they are involved in making decisions concerning equip-
ment purchases.

The majority of ISMs do most of their work from an office, but may
be called upon to go to the client’s site to set up networks, hardware, or
software. This may include doing their work in research laboratories, where
they may be exposed to hazards arising from the investigations being con-
ducted there. ISMs often work under stringent time and budgetary con-
traints. It is not unusual for ISMs to work more than forty hours per week.

The job can be rewarding when the organization makes progress in
meeting their goals. There is usually plenty of room for personal growth,
as many ISMs are advanced to higher managerial positions. ISMs typically
enjoy a good salary and a substantial benefits package. Salaries usually range
from $45,000 to $120,000 per year, with most earning between $50,000 and
$95,000. The amount earned depends on education, the amount of experi-
ence, and whether the job is in the public, academic, or private sector. Work-
ers in state government usually earn the least, with a median annual income
of $63,500, while workers in industrial settings earn the most, with a median
annual income of $87,500. seE aALsO BroinrorMATICS; COMPUTATIONAL
BioLocisT; STATISTICAL (GENETICIST.
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fact, the ancestry of mtDNA and cpDNA can be traced back to intracellu-
lar symbionts (termed “endosymbionts”).

Early in evolutionary history, an ancestor of the eukaryotes ingested an
ancestor of the aerobic a-proteobacteria. This bacterium avoided digestion and
became a permanent resident of the host cell, dividing within it and providing
it with energy from aerobic metabolism. Gradually, over millions of years, the
endosymbionts transferred most of their genes to the host nucleus, becoming
completely dependent on the host cells. The host cells, in turn, came to depend
on the symbiont for aerobic energy production.

Much later, an ancestor of the modern green algae and plants ingested
a cyanobacterium capable of photosynthesis. Gradually this endosymbiont
also lost most of its genes to the nucleus and became dependent on the host
cell, while providing the host with energy from photosynthesis. The result-
ing organelles are self-replicating, like the original symbiont.

Because mitochondria and chloroplasts originated as endosymbiotic bac-
teria, their genomes differ from the nuclear genome in several important

Multiple copies of the
mitochondrial genome
exist in each organelle,
which may bear different
alleles. Replication and
partitioning can create
mitochondria with only
one allele type.
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characterized by uniparental inheritance. During sexual reproduction, the
nuclear genes are inherited from both parents (biparental inheritance). In
contrast, the organelle genes are often inherited from only one parent. In
animals, this is usually the female parent (maternal inheritance). Mito-
chondrial genes are inherited maternally because the egg is much larger
than the sperm and contains tens of thousands of mtDNA molecules, while
the sperm contains only a hundred or so mtDNA molecules. As a result,
paternal genes are greatly outnumbered by the maternal genes and can be
lost during random replication or other chance events. In addition, in some
animals the mitochondrial or mtDNA molecules in the sperm are singled
out for degradation in the egg.

Organelle genes are inherited maternally in most plants. In some
conifers, mitochondrial genes are inherited maternally, whereas chloroplast
genes are inherited paternally. In other conifers, both organelle genomes
are inherited paternally. Some other plants (for example, the geranium) and
some fungi and protists show a mixed pattern of inheritance. In these organ-
isms, some offspring from a mating inherit organelle genes from only one
parent, some only from the other, and some from both parents.

Another way in which extranuclear inheritance differs from nuclear
genes is that organelles show vegetative segregation. During the mitotic divi-
sions that produce an adult eukaryote from a single cell, each daughter cell
receives one copy of each preexisting nuclear chromosome and gene. The
result is that if a cell is heterozygous (has two different versions or alleles
of a gene in the nucleus), all of the daughter cells are also heterozygous.

In contrast, different alleles of organelle genes segregate from each other
during mitosis. For example, a plant egg with a mixture of normal green
and mutant white chloroplasts develops into a plant with a mixture of cells,
some of which will contain all green chloroplasts, whereas others will con-
tain all white chloroplasts. This process is called vegetative segregation
because it was first discovered in plants, where green and mutant white
chloroplasts were observed to segregate during vegetative growth. However,
it is now known to occur in all eukaryotes.

Vegetative segregation is the result of two remarkable features of organelle
genes. One is random replication. Recall that an organelle contains many
copies of its DINA molecule. When mtDNA or cpDNA molecules are repli-
cated before cell division, individual molecules are randomly selected for repli-
cation until the total number of molecules has doubled. Consequently, some
molecules, and some alleles, are replicated more than others.

The other feature is random partitioning. When an organelle divides,
the mtDNA or cpDNA molecules are partitioned (divided up) randomly
between the daughter organelles. The result is that heteroplasmic mito-
chondria or chloroplasts produce homoplasmic daughter organelles with a
certain probability in each generation. (An organelle is said to be hetero-
plasmic if it contains two or more forms of a particular gene. If all the gene
copies are identical, it is homoplasmic.) Moreover, when a cell divides, the
organelles are partitioned randomly between the two daughter cells, so that
a heteroplasmic cell can produce homoplasmic daughters. Over a large num-
ber of cell divisions, random replication and random partitioning result in
the complete replacement of heteroplasmic cells by homoplasmic cells.

eukaryote organism
with cells possessing a
nucleus






Inheritance Patterns

Enserink, Martin. “Evolutionary Biology: Thanks to a Parasite, Asexual Reproduc-
tion Catches On.” Science 275 (1997): 1743-1750.

Gray, Michael W., Gertraud Burger, and B. Franz Lang. “Mitochondrial Evolution.”
Science 283 (1999): 1476-1481.

Ochman, Howard, and Nancy A. Moran. “Genes Lost and Genes Found: Evolution
of Bacterial Pathogenesis and Symbiosis.” Science 292 (2001): 1096-1099.

Palmer, Jeffrey D. “Organelle Genomes: Going, Going, Gone!” Science 275 (1997):
790.

Wallace, Douglas C. “Mitochondrial Diseases in Man and Mouse.” Science 283 (1999):
1482—-1488.

Yaffe, Michael P. “The Machinery of Mitochondrial Inheritance and Behavior.” Sci-
ence 283 (1999): 1493-1497.

Inheritance patterns are the predictable patterns seen in the transmission of
genes from one generation to the next, and their expression in the organ-
ism that possesses them. (A gene is said to be expressed when it is read by
cellular mechanisms that result in the production of a protein.) While peo-
ple have long noted that offspring resemble parents, the formal description
of inheritance patterns began with Gregor Mendel, whose discoveries laid
the foundation for the modern understanding of genetic inheritance.

An organism’s observable characteristics, such as height, hair texture, skin
color, or ear shape, are known as the phenotype of that organism. The phe-
notype is determined partly by the environment and partly by the set of
genes that the organism inherited from its parents. Adult height, for instance,
is due partly to nutrition (an environmental influence), and partly to a set
of genes governing things such as rates of bone growth, sensitivity to spe-
cific hormones, and the like. Phenotype includes not only large-scale char-
acteristics such as height, but every expressed trait, including the types and
amounts of all the proteins produced in each cell in the body.

The set of genes an organism inherits is known as its genotype. GGenes
are carried on chromosomes in the cell nucleus. Animals and most other
multicellular organisms possess two sets of chromosomes in each cell, one
set inherited from the mother, and one from the father. Such an organism
is said to be diploid. In humans, the maternal and paternal sets each include
23 chromosomes, so humans have 46 chromosomes in each cell. Analysis
shows that the maternal and paternal chromosome sets are virtually identi-
cal, and they can be matched up to form 23 pairs. One pair, however, may
not be a pair at all. These are the sex chromosomes, so called because they
determine the sex of the organism. In humans, the female carries two iden-
tical sex chromosomes, called X chromosomes, while the male carries two
dissimilar chromosomes, one X and one Y. The other 22 pairs of chromo-
somes are called autosomes.

Members of each chromosome pair (except for X and Y) carry the same set
of genes, so that a diploid cell carries two copies of (almost) every gene, one
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way that produces the pigment melanin. Even with only one functioning
allele, the organism can still make enough melanin to obtain normal skin
pigmentation. Thus, the functional allele will appear to be dominant.

Alleles coding for defective protein can act in a dominant manner in
other situations, however. If the resulting protein is not properly regulated
by other cell components, it may perform actions that harm the cell. This
is called a toxic-gain-of-function mutation. Huntington’s disease is thought
to be due to a toxic-gain-of function mutation, although it is not yet clear
what the exact toxic mechanism is.

A defective protein can also have a dominant effect if its absence can-
not be compensated for by the other functioning allele (this is called a
dominant negative effect). This may occur when half the normal protein
level is insufficient for normal function (a condition called haploin-
sufficiency), or when the protein forms part of a multiprotein complex,
which is therefore defective in its entirety. Examples include a variety of
human collagen-structure disorders. Collagen is the most abundant and
important structural protein in the body, and is critical for bone forma-
tion and growth. Defects in one of the subunits cause a variety of domi-
nant disorders termed “osteogenesis imperfecta.”

Autosomal dominant inheritance is due to a dominant allele carried on one
of the autosomes. Autosomal dominant alleles need only be inherited from
one parent, either the mother or the father, in order to be expressed in the
phenotype. Because of this, any child has a 50 percent chance of inheriting
the allele and expressing the trait if one parent has it.

Many normal human traits are due to autosomal dominant alleles,
including the presence of dimples, a cleft chin, and a widow’s-peak hairline.
Note that dominant does not necessarily mean common. Dominant alleles
can be rare in a population, and do not spread simply because they are
dominant. This phenomenon is explained by the theory known as Hardy-
Weinberg equilibrium.

There are hundreds of medical conditions due to autosomal dominant
alleles, most of them very rare. They include neurodegenerative disorders
such as Huntington’s disease, a variety of deafness syndromes, and meta-
bolic disorders such as familial hypercholesterolemia (affecting blood cho-
lesterol levels) and variegate porphyria (affecting the oxygen-carrying
porphyrin molecule). Table 1 lists some other examples.

Because inheritance of a harmful dominant allele can be lethal, these
alleles tend to be quite rare in the population, and new mutations account
for many cases of these conditions. Exceptions include late-onset disorders
such as Huntington’s disease, in which parents may pass on the gene to off-
spring before developing the symptoms of the disease. Other exceptions arise
from incomplete penetrance, in which the allele is present, but (for reasons
usually unknown) it is not expressed. Genomic imprinting (see below) may
explain some cases of incomplete penetrance. Variable expressivity is also
possible, in which different individuals express the trait with different lev-
els of severity.

dominant controlling
the phenotype when one
allele is present

mutations changes in
DNA sequences
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Chromosome Location

Condition and Inheritance Pattern

Protein Affected

Symptoms and Comments

Gaucher Disease 1, recessive

Achondroplasia 4, dominant

Huntington's Disease 4, dominant

Juvenile Onset Diabetes 6, 11, 7, others

Hemochromatosis 6, recessive
Cystic Fibrosis 7, recessive
Friedreich's Ataxia 9, recessive

Albinism 11, recessive

Best Disease
Sickle Cell Disease

11, dominat
11, recessive

Phenylketonuria 12, recessive

Marfan Syndrome 15, dominant

Tay-Sachs Disease 15, recessive

Breast Cancer 17. 13

Myotonic Dystrophy 19, dominant

familial hypercholesterolemia 19, incomplete dominance

Severe Combined Immune
Deficiency ("Bubble Boy"
Disease)

20, recessive

Leber's Hereditary Optic
Neuropathy

mitochondria,
maternal inheritance

mitochondria,
maternal inheritance

Mitochondrial Encephalopathy,
Lactic Acidosis, and Stroke

(MELAS)
Adrenoleukodystrophy X
Duchenne Muscular Dystrophy X
Hemophilia A X
Rett Syndrome X

glycohydrolase glucocerebrosidase.
a lipid metabolism enzyme

fibroblast growth factor receptor 3
huntingtin, function unknown

IDDM1, IDDM2, GCK, other genes

HFE protein, involved in iron absorption
from the gut

cystic fibrosis transmembrane regulator,
an ion channel

frataxin, mitochondrial protein of
unknown function

tyorsinase

VMD?2 gene, protein function unknown
hemoglobin beta subunit, oxygen
transport protein in blood cells

phenylalanine hydroxylase, an amino
acid metabolism enzyme

fibrillin, a structural protein of
connective tissue

beta-hexosaminidase A, a lipid
metabolism enzyme

BRCA1, BRCA2 genes

dystrophia myotonica protein kinase, a
regulatory protein in muscle

low-density lipoprotein (LDL) receptor

adenosine deaminase, nucleotide
metabolism enzyme

respiratory complex proteins

transfer RNA

lignoceroyl-CoA ligase, in peroxisomes

dystrophin, muscle structural protein

Factor VI, part of the blood clotting
cascade

methyl CpG-binding protein 2, regulates
DNA transcription

Common among European Jews. Lipid accumulation
in liver, spleen, and bone marrow. Treat with
enzyme replacement

Causes dwarfism. Most cases are new mutations,
not inherited

Expansion of a three-nucleotide portion of the gene
causes late-onset neurodegeneration and death

Multiple susceptibility alleles are known for this
form of diabetes, a disorder of blood sugar
regulation. Treated with dietary control and insulin
injection

Defect leads to excess iron accumulation, liver
damage. Menstruation reduces iron in women.
Bloodletting used as a treatment

Sticky secretions in the lungs impairs breathing, and
in the pancreas impairs digestion. Enzyme
supplements help digestive problems

Loss of function of this protein in mitochondria
causes progressive loss of coordination and
heart disease

Lack of pigment in skin, hair, eyes; loss of visual
acuity

Gradual loss of visual acuity

Change in hemoglobin shape alters cell shape,
decreases oxygen-carrying ability, leads to joint
pain, anemia, and infections. Carriers are
resistant to malaria. About 8% of US black
population are carriers

Inability to breakdown the amino acid phenylalanine
causes mental retardation. Dietary avoidance
can minimize effects. Postnatal screening is
widely done

Scoliosis, nearsightedness, heart defects, and
other symptoms

Accumulation of the lipid GM2 ganglioside in
neurons leads to death in childhood

Susceptibility alleles for breast cancer are thought
to involve reduced ability to repair damaged DNA

Muscle weakness, wasting, impaired intelligence,
cataracts

Accumulation of cholesterol-carrying LDL in the
bloodstream leads to heart disease and heart
attack

Immature white blood cells die from accumulation
of metabolic products, leading to complete loss
of the immune response. Gene therapy has been
a limited success

degeneration of the central portion of the optic
nerve, loss of central vision

recurring, stroke-like episodes in which sudden
headaches are followed by vomiting and seizures;
musle weakness

Defect causes build-up of long-chain fatty acids.
Degeneration of the adrenal gland, loss of myelin
insulation in nerves. Featured in the film
"Lorenzo's Qil"

Lack of dystrophin leads to muscle breakdown,
weakness, and impaired breathing

Uncontrolled bleeding, can be treated with injections
or replacement protein

Most boys die before birth. Girls develop mental
retardation, mutism and movment disorder

Table 1.

Autosomal recessive inheritance is due to recessive alleles carried on auto-
somes. An individual possessing only one recessive allele is known as a car-
rier. An individual must inherit two recessive alleles, one from each parent,
in order to express the recessive trait. When two carrier parents have off-
spring, each offspring has a 25 percent chance of inheriting two alleles and
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expressing the trait. The two recessive alleles need not be precisely identi-
cal, as long as each is nonfunctional. An individual possessing two different
alleles with the same effect is known as a compound heterozygote. Com-
pound heterozygotes account for some cases of the neurologic disorder
known as Friedreich’s ataxia.

Medical conditions due to autosomal recessive traits also number in the
many hundreds. These include cystic fibrosis (affecting ion transport in the
lungs and pancreas), Tay-Sachs disease (affecting lipid metabolism and stor-
age, especially in the brain), and hemochromatosis (affecting iron metabo-
lism and storage in a variety of organs).

The number of people with such conditions is actually much higher than
that for autosomal dominant conditions. This is because inheritance of one
harmful recessive allele does not produce symptoms, and so the individual
can reproduce and pass the allele on to children easily. Thus, most harm-
ful recessive alleles are not deleted from a population’s gene pool as rapidly
as most dominant ones, and the likelihood of inheriting two copies is con-
sequently higher. Most humans harbor a small handful of known harmful
alleles; it is only when they mate with another who has the same set that
there is a chance of bearing children that express the disorder. Customs that
warn against marrying close relations have the effect of minimizing the like-
lihood of offspring with homozygous recessive conditions.

The two sex chromosomes differ in the genes they carry. The Y chromo-
some is very small, and appears to carry very few genes other than the SRY
gene that determines male sex. Many genes are carried on the X chromo-
some, however, and these are as essential for males as they are for females.
Genes carried on the X chromosome are said to be X-linked.

X-linked dominant alleles affect both males and females, although males
may be more severely affected since they inherit only a single X chromo-
some and thus lack a compensating normal allele. An example of a disorder
caused by an X-linked dominant allele is congenital generalized hypertri-
chosis, which causes dense hair growth on the face and other regions in both
sexes. X-linked dominant alleles can be inherited by both males and females,
but fathers cannot pass them on to sons.

X-linked recessive alleles affect males more often and more severely than
females. A male inherits his single X chromosome from his mother. Because
a male has only one X chromosome, he expresses every allele on it, includ-
ing harmful recessive ones. Examples of conditions due to recessive X-linked
alleles include Duchenne muscular dystrophy, one form of hemophilia, and
red-green colorblindness. These conditions are much more common in
males than in females. Female carriers have a 50 percent chance of giving
birth to a male child affected by the recessive allele. The genetic status of
the father with respect to X-linked conditions is not relevant in this case,
because he donates a Y chromosome to his male children.

Since females have two X chromosomes, they are less likely than males
to express harmful recessive X-linked traits. Female children have only a 25
percent chance of inheriting two recessive alleles from a carrier mother and
an affected father.
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Proteins are also involved in highly ordered metabolic pathways, and a
defect “upstream” can mask or prevent expression of other alleles “down-
stream.” "This condition is known as epistasis (“standing upon”), and the
upstream gene is said to be epistatic to the downstream one. For instance,
on blood cells, the well-known ABO markers are actually branched sugars
attached to proteins embedded in the surface of the cell. In order for the
cell to attach these sugars, it must first express a gene (called fucosyltrans-
ferase) that attaches one sugar group (fucose) that is common to all blood
types. Absence of functional fucosyltransferase prevents the expression of
the ABO alleles. SEE ALsO CoLor VisioN; CrossiNGg OVER; Disease, GENET-
ics oF; Eristasis; FErTILIZATION; GROWTH Disorpirs; HARDY-WEINBERG
EquiLisrium; HemoprHILIA; IMPRINTING; MEIOsIS; MENDELIAN (SENETICS;
MitocHONDRIAL Diseases; Mosaicism; MuscULAR DysTROPHY; PEDIGREE;
PrrioTROPY; TAY-SAcHS Diseasg; TRIPLET REPEAT DISEASE.
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The roles of genes and environment in the determination of intelligence
have been controversial for more than 100 years. Studies of the question
have often been marred by untested assumptions, poor design, and even
racism, faults that more modern studies have striven to avoid. Nonetheless,
examining the biology of intelligence is an enterprise that continues to be
fraught with difficulty, and there remains no real consensus even on how to
define the term.

Conventional measures of intelligence are obtained using standard tests,
called intelligence quotient tests or, more commonly, IQ tests. These tests
have been shown to be reliable and valid. Reliability means that they mea-
sure the same thing from person to person, whereas validity means that they
measure what they claim to measure. 1Q tests measure a person’s ability to
reason and to solve problems. These abilities are frequently called general
cognitive ability, or “g.”

Almost all genetic studies of the heritability of intelligence (how much
is due to genetics and how much is due to the environment) have been
obtained from IQ tests. To understand the studies, therefore, it is impor-
tant to understand what IQ tests measure, and how their use and interpre-
tation have changed over time.

The standard IQ-measurement approach to intelligence is among the
oldest of approaches and probably began in 1876, when Francis Galton inves-
tigated how much the similarity between twins changed as they developed

epistasis supression of
a characteristic of one
gene by the action of
another gene

heritability proportion
of variability due to
genes; ability to be
inherited
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The study of intelligence must take environmental effects into account.
The Flynn effect describes a phenomenon that indicates that I1Q has
increased about 3 points per decade over the last fifty years, with children
scoring higher than parents in each generation. This increase has been
linked to multiple environmental factors, including better nutrition,
increased schooling, higher educational attainment of parents, less child-
hood disease, more complex environmental stimulation, lower birth rates,
and a variety of other factors.
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Males and females have equivalent “g” scores. The question of racial
differences and IQ arose when a 10 point IQ difference between African
Americans and Americans of European descent was documented. Two
adoption studies indicate that the effect may be in part related to environ-
ment factors, including culture. Also, environmental differences similar to
those identified with the Flynn effect can be postulated. Studies of black
Caribbean children and English children raised in an orphanage in Eng-
land found that the black Caribbean children had higher IQs than the Eng-
lish children, with mixed racial children in between. A study comparing
black children adopted by white families and those who were adopted into
black families in the United States showed that black children raised by
whites had higher 1Q scores, again suggesting that the environment played
a role.

Many of the standard measures of 1Q, such as the WISC and the Stanford-
Binet, have changed their content over the years. Although they both still
report verbal, performance, and total scores, the Wechsler model now offers
scores for four additional factors (verbal comprehension, perceptual orga-
nization, processing speed, and freedom from distractibility). The Stanford-
Binet also yields additional scores, including abstract-visual reasoning,
quantitative reasoning, and short-term memory.

However, the majority of research into genetic and environmental vari-
ance in IQ has centered on the assumption that general cognitive ability is
the essence of intelligence. Newer tests that measure specific abilities have
not been included in genetic studies. These include, for example, tests that
measure creativity in a model for intelligence. The addition of new factors
in the Wechsler and Stanford-Binet IQ tests represents a trend toward a
broader approach to IQ, and away from the notion that IQ can be under-
stood by the single factor, “g.”

Genetic studies have traditionally used models that evaluate how much of
the variability in IQ is due to genes and how much is associated with envi-
ronment. These studies include family studies, twin studies, and adoption
studies.

General cognitive ability runs in families. For first-degree relatives (par-
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ents, children, brothers, sisters) living together, correlations of “g” for over
8,000 parent-offspring pairs averaged 0.43 (0.0 is no correlation, 1.0 is com-
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plete correlation). For more than 25,000 sibling pairs, “g” correlations
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averaged 0.47. Heritability estimates range from 40 to 80 percent, meaning
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that 40 to 80 percent of “g” is due to genes.

In twin studies of over 10,000 pairs of twins, monozygotic (genetically
identical) twins averaged an 0.85 correlation of “g,” whereas for dizygotic
(fraternal, like brothers or sisters) same-sex twins the “g” correlations were
0.60. These twin studies suggest that the heritability (genetic effect) accounts

«_

for about half of the variance in “g” scores.

Adoption studies also provide evidence for substantial heritability of “g.”
The “g” estimate for identical twins raised apart is similar to that of iden-
tical twins raised together, proving that for genetically identical individuals,
environmental differences did not affect “g.” "The Colorado Adoption Study
(CAP) of first-degree relatives who were adopted also indicated significant
heritability of “g.” Thus, classical genetic studies indicate that there is a sta-
tistically significant and substantial genetic influence on “g.”

Newer genetic research on general cognitive ability has focused on
developmental changes in IQ, multivariate relations (contributions of mul-
tiple factors) among cognitive abilities, and specific genes responsible for
the heritability of “g.” Developmental changes over time were first studied
by Galton in 1876. The CAP study was conducted over twenty-five years
and evaluated 245 children who had been separated from their parents at
birth and adopted by one month of age. This study, and others, showed that
the variance in “g” due to environment for an adopted child in his or her
adoptive family is largely unconnected with the shared adoptive family
upbringing, that is, a shared parent-sibling environment. For adoptive par-
ents and their adopted children, the parent-offspring correlations for heri-
tability were around zero. For adopted children and their biologic mothers
or for children raised with their biologic parents, heritability was the same,

increasing with age.

Recent studies indicate that heritability increases over time, with infant
measures of about 20 percent, childhood measures at 40 percent, and adult
measures reaching 60 percent. Why is there an age effect for the heritabil-
ity of “g”? Part of this could be due to different genes being expressed over
time, as the brain develops. The stability of the heritability measure corre-
lates with changes in brain development, with “maturity” of brain structure
achieved after adolescence. Also, it is likely that small gene effects early in
life become larger as children and adolescents select or create environments
that foster their strengths.

Muluvariate relations among cognitive abilites affect more than gen-
eral cognitive ability as measured by “g.” Current models of cognitive abil-
ities include specific components such as spatial and verbal abilities, speed
of processing, and memory abilities. Less is known about the heritabilities
of these specific cognitive skills. They also show substantial genetic influ-
ence, although this influence is less than what has been found for “g.” Mul-
tivariate genetic analyses indicate that the same genetic factors influence
different abilities. In other words, a specific gene found to be associated with
verbal ability may also be associated with spatial ability and other specific
cognitive abilities. Four studies have shown that genetic effects on measures
of school achievement are highly correlated with genetic effects on “g.” Also,
discrepancies between school achievement and “g,” as occurs with under-
achievers, are predominantly of environmental origin.
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The search for specific genes associated with IQ is proceeding at a rapid
pace with the completion of the Human Genome Project. While defects
in single genes, such as the fragile X gene, can cause mental retardation,
the heritability of general cognitive ability is most likely due to multiple
genes of small effect (called quantitative trait loci, or QTLs) rather than a
single gene of large effect. QTLs contribute additively and interchange-
ably to intelligence.

Genetic studies have identified QTLs associated with “g” on chromo-
somes 4 and 6. These studies involved both children with high “g” and chil-
dren with average “g.” QTLs on chromosome 6 have been identified and
shown to be active in the regions of the brain involved in learning and mem-
ory. The gene identified is for insulin-like growth factor 2 receptor, or
IGE2R, the exact function of which is still unknown. One allele (alternative
form) of IGR2R was found to be present 30 percent of the time in two
groups of children with high “g.” This was twice the frequency of its occur-
rence in two groups of children with average “g,” and these findings have
been successfully replicated in other studies. QTLs associated with “g” have
also been identified on chromosome 4. Future identification of QTLs will
allow geneticists to begin to answer questions about IQQ and development
and gene-environment interaction directly, rather than relying on less spe-
cific family, adoption, and twin studies.

In summary, intelligence measurements ranging from specific cognitive
abilities to “g” have a complex relationship. Genetic contributions are large,
and heritability increases with age. Heritability remains high for verbal abil-
ities during adulthood. Finally, the identification of QTLs associated with
“g” and with specific cognitive abilities is just beginning. SEE ALsO Benav-
10R; CoMPLEX TRAITS; EUuGENICS; FRAGILE X sYNDROME; (GENETIC DiscrIM-

INATION; QUANTITATIVE T RAITS; TWINS.
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Biologists often use two terms to describe alternative approaches for con-
ducting experiments. “In vitro” (Latin for “in glass”) refers to experiments
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