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What isacdl?

Cellsarethe basic building blocks of al living things. The human body is composed
of trillions of cells. They provide structure for the body, take in nutrients from food,
convert those nutrients into energy, and carry out specialized functions. Cells also
contain the body’ s hereditary material and can make copies of themselves.

Cells have many parts, each with a different function. Some of these parts, called
organelles, are specialized structuresthat perform certain tasks within the cell. Human
cells contain the following major parts, listed in alphabetical order:

Cytoplasm (illustration on page 5)
The cytoplasm isfluid inside the cell that surrounds the organelles.
Endoplasmic reticulum (ER) (illustration on page 6)

This organelle helps process molecules created by the cell and transport them
to their specific destinations either inside or outside the cell.

Golgi apparatus (illustration on page 6)

The golgi apparatus packages molecul es processed by the endoplasmic reticulum
to be transported out of the cell.

L ysosomes and per oxisomes (illustration on page 6)

These organellesaretherecycling center of the cell. They digest foreign bacteria
that invade the cell, rid the cell of toxic substances, and recycle worn-out cell
components.

Mitochondria (illustration on page 7)

Mitochondriaare complex organellesthat convert energy from food into aform
that the cell can use. They have their own genetic material, separate from the
DNA in the nucleus, and can make copies of themselves.

Nucleus (illustration on page 7)

The nucleus serves as the cell’ s command center, sending directions to the cell
to grow, mature, divide, or die. It also houses DNA (deoxyribonucleic acid),
the cell’ shereditary material. The nucleusis surrounded by amembrane called
the nuclear envelope, which protects the DNA and separates the nucleus from
the rest of the cell.
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Plasma membrane (illustration on page 7)

The plasma membrane is the outer lining of the cell. It separates the cell from
its environment and allows materials to enter and leave the cell.

Ribosomes (illustration on page 8)

Ribosomes are organelles that process the cell’ s genetic instructions to create
proteins. These organelles can float freely in the cytoplasm or be connected to
the endoplasmic reticulum (see above).

For moreinformation about cells:

The NCBI Science Primer (http://www.nchi.nlm.nih.gov/About/primer/genetics
cell.html) offers additional information about the structure and function of cellsunder
the headings “What isa Cell”?’ and “Cell Structures. The Basics.”

[llustrations: Major parts of a cell
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5. Mational Library of Medicine

The cytoplasm surrounds the cell's nucleus and organelles.
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Endoplasmic reticulum (ER)

U5, Mational Library of Medicine

The endoplasmic reticulum isinvolved in molecule processing and transport.

Golgi apparatus
U5, Mational Library of Medicine

The Golgi apparatusisinvolved in packaging mol chI&sfor export from the cell.

Lysosomes and peroxisomes
5. Mational Library of hMedicine

Lysosomes and peroxisomes destroy toxic substances and recycle worn-out cell parts.
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Mitochondria
U5, Mational Library of Medicine

Mitochondria provide the cell's energy.
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The nucleus contains most of the cell's genetic material.
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Plasma membrane

5. Mational Library of Medicine

The plasma membrane is the outer covering around the cell.
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Ribosomes

U5, Mational Library of Medicine

Ribosomes use the cell's genetic instructions to make proteins.
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What is DNA?

DNA, or deoxyribonucleic acid, is the hereditary material in humans and amost all
other organisms. Nearly every cell in aperson’sbody hasthe same DNA. Most DNA
Islocated in the cell nucleus (whereit is called nuclear DNA), but a small amount
of DNA can also befound inthe mitochondria(whereitiscalled mitochondrial DNA
or mtDNA).

Theinformationin DNA isstored as acode made up of four chemical bases: adenine
(A), guanine (G), cytosine (C), and thymine (T). Human DNA consists of about 3
billion bases, and more than 99 percent of those bases arethe samein all people. The
order, or sequence, of these bases determines the information available for building
and maintaining an organism, similar to the way in which letters of the al phabet
appear in a certain order to form words and sentences.

DNA bases pair up with each other, A with T and C with G, to form units called base
pairs. Each baseis also attached to a sugar molecule and a phosphate molecule.
Together, abase, sugar, and phosphate are called a nucleotide. Nucleotides are
arranged in two long strands that form a spiral called adouble helix. The structure
of the double helix issomewhat like aladder, with the base pairsforming theladder’ s
rungs and the sugar and phosphate molecules forming the vertical sidepieces of the
ladder.

An important property of DNA isthat it can replicate, or make copies of itself. Each
strand of DNA in the double helix can serve as a pattern for duplicating the sequence
of bases. Thisis critical when cells divide because each new cell needsto have an
exact copy of the DNA present in the old cell.
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.5, Mational Librany of Medicine
DNA isadouble helix formed by base pairs attached to a sugar-phosphate backbone.

For moreinformation about DNA:

For additional information about the structure of DNA, please refer to the NCBI
Science Primer (http://www.ncbi.nih.gov/About/primer/genetics_genome.html),
under the heading “ The Physical Structure of the Human Genome.”
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What is a gene?

A geneisthe basic physical and functional unit of heredity. Genes, which are made
up of DNA, act as instructions to make molecules called proteins. In humans, genes
vary insizefrom afew hundred DNA basesto morethan 2 million bases. The Human
Genome Project has estimated that humans have between 30,000 and 40,000 genes.

Every person has two copies of each gene, one inherited from each parent. Most
genes are the samein all people, but a small number of genes (less than 1 percent of
thetotal) are dightly different between people. Alleles are forms of the same gene
with small differencesin their sequence of DNA bases. These small differences
contribute to each person’s unique physical features.
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LS. Mational Librany of Medicine
Genes are made up of DNA. Each chromosome contains many genes.

For moreinformation about genes:

Genetics Home Reference provides consumer-friendly gene summaries
(http://ghr.nlm.nih.gov/ghr/genesBy Symbol) that include an explanation of each
gene's normal function and how mutations in the gene cause particular genetic
conditions.

The National Institute of General Medical Sciences offers additional information
about DNA and genesin its publication Genetic Basics (http://www.nigms.nih.gov/
news/science_ed/geneticsy). Pleaserefer to the publication'sintroduction, “ A Science
Called Genetics.”

For more information about genes, please also refer to “What is a Genome?’ in the
NCBI Science Primer (http://www.ncbi.nlm.nih.gov/About/primer/genetics
genome.html).

page 11


http://ghr.nlm.nih.gov/ghr/genesBySymbol
http://www.nigms.nih.gov/news/science_ed/genetics/
http://www.ncbi.nlm.nih.gov/About/primer/genetics_genome.html
http://ghr.nlm.nih.gov/

Genetics Home Reference - http://ghr.nim.nih.gov/
Handbook
The Basics: Genes and How They Work

What is a chromosome?

In the nucleus of each cell, the DNA moleculeis packaged into thread-like structures
called chromosomes. Each chromosome is made up of DNA tightly coiled many
times around proteins called histones that support its structure.

Chromosomes are not visible in the cell’ s nucleus—not even under a
microscope—when the cell is not dividing. However, the DNA that makes up
chromosomes becomes more tightly packed during cell division and is then visible
under amicroscope. Most of what researchers know about chromosomeswas|earned
by observing chromosomes during cell division.

Each chromosome has a constriction point called the centromere, which divides the
chromosomeinto two sections, or “arms.” The short arm of the chromosomeislabeled
the “p arm.” Thelong arm of the chromosome is labeled the “q arm.” The location
of the centromere on each chromosome givesthe chromosome its characteristic shape,
and can be used to help describe the location of specific genes.

p arm
Centromere
g arm

gé -

Chromos

.5, Mational Librany of Medicine

DNA and histone proteins are packaged into structures called chromosomes.
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For moreinformation about chromosomes;

Genetics Home Reference provides information about each human chromosome
(http://ghr.nlm.nih.gov/ghr/chromosomes) written in lay language.

The NCBI Science Primer (http://www.ncbi.nlm.nih.gov/About/primer/genetics
genome.html) includes a discussion of the DNA that makes up chromosomes under
the heading “ Structural Genes, Junk DNA and Regulatory Sequences.”

The U.S. Department of Energy Office of Science offersalist of Chromosome FAQs
(http://mww.ornl.gov/sci/techresources/Human_Genome/posters/chromosome/
fags.shtml).
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How many chromosomes do people have?

In humans, each cell normally contains 23 pairs of chromosomes, for atotal of 46.
Twenty-two of these pairs, called autosomes, |ook the samein both malesand females.
The 23rd pair, the sex chromosomes, differ between males and females. Females
have two copies of the X chromosome, while males have one X and one Y
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autosomes sex chromosomes

The 22 autosomes are numbered by size. The other two chromosomes, X and Y, are
the sex chromosomes.

For moreinformation about the 23 pairs of human chromosomes:

Genetics Home Reference provides information about each human chromosome
(http://ghr.nlm.nih.gov/ghr/chromosomes) written in lay language.
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How do geneticists indicate the location of a gene?

Geneticists use a standardized way of describing the location of a particular gene on
achromosome. A gene'slocation is often written as a position:

17q12

It can also be written as arange, if lessis known about the exact location:

17q12-q21

These combinations of numbers and letters provide a gene's “address’ on a
chromosome. The address is made up of severa parts:

The chromosome on which the gene can be found. The first number or
letter used to describe a gene's location represents the chromosome.
Chromosomes 1 through 22 (the autosomes) are designated by their
chromosome number. The sex chromosomes are designated by X or Y.

Thearm of the chromosome. Each chromosomeisdivided into two sections,
or arms, based on the location of a narrowing (constriction) called the
centromere. By convention, the shorter armis called p, and the longer arm
is called g. The chromosome arm is the second part of the gene's address.
For example, 5q isthelong arm of chromosome 5, and Xp isthe short arm
of the X chromosome.

The position of the gene on the p or g arm. The position of ageneis based
on a standard pattern of light and dark bands that appear when the
chromosomeis stained in acertain way. The position isusually designated
by two digits (representing a region and a band), which are sometimes
followed by adecimal point and one or more additional digits (representing
sub-bandswithin alight or dark area). The number indicating gene position
increases with distance from the centromere. For example: 14921 represents
the long arm of chromosome 14 at position 21. 14921 is closer to the
centromere than 14922.

Sometimes, the abbreviations* cen” or “ter” are aso used to describe agene'slocation.
“Cen” indicates that the gene is very close to the centromere. For example, 16pcen
refers to the short arm of chromosome 16 near the centromere. “Ter” stands for
terminus, which indicates that the geneis very close to the end of the p or g arm. For
example, 14qter refersto tip of the long arm of chromosome 14. (“Tel” isaso
sometimes used to describe agene'slocation. “Tel” stands for telomeres, which are
at the ends of each chromosome. The abbreviations “tel” and “ter” refer to the same

location.)
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Chromosomal location of a gene
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U5, Hational Librany of Medicine

The CFTR geneislocated on the long arm of chromosome 7 at position 7g31.2.
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What are proteins and what do they do?

Proteinsarelarge, complex moleculesthat play many critical rolesin the body. They
do most of thework in cellsand are required for the structure, function, and regul ation
of the body’ stissues and organs.

Proteins are made up of hundreds or thousands of smaller units called amino acids,
which are attached to one another in long chains. There are 20 different types of

amino acids that can be combined to make a protein. The sequence of amino acids
determines each protein’s unique 3-dimensional structure and its specific function.

Proteins can be described according to their large range of functionsin the body,
listed in alphabetical order:

Function Description Examples

Antibody Antibodies bind to specific foreign particles, Immunoglobulin G
such as viruses and bacteria, to help protect  (1gG)
the body. (illustration on page 18)

Enzyme Enzymes carry out almost al of thethousands Phenylalanine
of chemical reactions that take placein cells. hydroxylase
They also assist with the formation of new  (illusiration on page 19)
molecules by reading the genetic information
stored in DNA.

Messenger Messenger proteins, such assometypesof  Growth hormone
hormones, transmit signals to coordinate (illustration on page 20)
biological processes between different cells,
tissues, and organs.

Structural These proteins provide structure and support  Actin

component for cells. On alarger scale, they also allow the (illustration on page21)
body to move.

Transport/storage  These proteinsbind and carry atomsand small Ferritin

molecule molecules within cells and throughout the (illustration on page 22)

body.

For moreinformation about proteinsand their functions:

Information about proteins and what they do is available from the National Institute
of General Medical Sciences publication Genetic Basics (http://www.nigms.nih.gov/
news/science_ed/genetics). Refer to the section “From Genesto Proteins’ in Chapter
1 (How Genes Work).
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Additional discussion of therole of proteins can be found in the NCBI Science Primer
(http://www.nchi.nlm.nih.gov/About/primer/genetics_genome.html) under the heading
“Proteins.”

[llustrations: Proteins

Immunoglobulin G (lgG)

Foreign particle
binding site

Foreign particle
binding site

.5, Matianal Librany of Medicine

Immunoglobulin G isatype of antibody that circulates in the blood and recognizes
foreign particles that might be harmful.
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Phenylalanine hydroxylase

Single phenylalanine
hydroxylase subunit

Phenylalanine hydroxylase
protein consisting of 4 subunits

.5, Matianal Librany of Medicine

The functional phenylaanine hydroxylase enzyme is made up of four identical
subunits. The enzyme converts the amino acid phenylalanine to another amino acid,
tyrosine.
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Growth hormone

Growth hormone

Growth hormone bound
to receptor

.5, Matianal Librany of Medicine

Growth hormone isamessenger protein made by the pituitary gland. It regul ates cell
growth by binding to a protein called a growth hormone receptor.
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Actin

Single actin subunit

Actin filament consisting
of multiple subunits

.5, Matianal Librany of Medicine

Actin filaments, which are structural proteins made up of multiple subunits, help
muscles contract and cells maintain their shape.
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Ferritin

Single ferritin subunit

Ferritin protein consisting
of 24 subunits

Cross section

.5, Matianal Librany of Medicine

Ferritin, a protein made up of 24 identical subunits, isinvolved iniron storage.
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How does a gene make a protein?

Most genes contain the information needed to make functional molecules called
proteins. (A few genes produce other moleculesthat help the cell assemble proteins.)
Thejourney from gene to protein is complex and tightly controlled within each cell.
It consists of two major steps: transcription and trandlation. Together, transcription
and trandation are known as gene expression.

During the process of transcription, the information stored in agene's DNA is
transferred to a similar molecule called RNA (ribonucleic acid) in the cell nucleus.
Both RNA and DNA are made up of achain of nucleotide bases, but they have dightly
different chemical properties. The type of RNA that contains the information for
making aproteiniscalled messenger RNA (MRNA) becauseit carriestheinformation,
or message, from the DNA out of the nucleus into the cytoplasm.

Tranglation, the second step in getting from a gene to a protein, takes place in the
cytoplasm. The mRNA interactswith a specialized complex called aribosome, which
"reads’ the sequence of MRNA bases. Each sequence of three bases, called a codon,
usually codes for one particular amino acid. (Amino acids are the building blocks of
proteins.) A type of RNA called transfer RNA (tRNA) assembles the protein, one
amino acid at atime. Protein assembly continues until the ribosome encounters a
“stop” codon (a sequence of three bases that does not code for an amino acid).

The flow of information from DNA to RNA to proteinsis one of the fundamental
principles of molecular biology. It is so important that it is sometimes called the
“central dogma.”
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Through the processes of transcription and trandlation, information from genesis
used to make proteins.
For moreinformation about making proteins:

For amore detailed description of transcription and tranglation, please refer to the
section “From Genes to Proteins. Start to Finish” in the NCBI Science Primer
(http://www.ncbi.nlm.nih.gov/About/primer/genetics_genome.html).
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Can genes be turned on and off in cells?

Y es, each cell expresses, or turnson, only afraction of itsgenes. Therest of the genes
arerepressed, or turned off. The process of turning geneson and off isknown as gene
regulation. Gene regulation makes abrain cell look and act different from aliver cell
or amusclecell. It also allows cellsto react quickly to changesin their environments
andisanimportant part of normal development. Although we know that the regulation
of genesiscritical for life, this complex processis not yet fully understood.

Gene regulation can occur at any point during gene expression, but most commonly
occurs at the level of transcription (when the information in agene'sDNA is
transferred to mRNA). Signals from the environment or from other cells activate
proteins called transcription factors. These proteins bind to regulatory regions of a
gene and increase or decrease the level of transcription. By controlling the level of
transcription, this process can determine the amount of protein product that is made
by agene at any given time.

For moreinformation about generegulation:

More information about gene regulation can be found in the NCBI Science Primer
(http://www.nchi.nlm.nih.gov/About/primer/genetics_genome.html). Please refer to
the sections “ Gene Switching: Turning Genes On and Off,” “Controlling
Transcription,” and “ Controlling Tranglation.”

The National Institute of General Medical Science publication Genetic Basics
(http://www.nigms.nih.gov/news/science_ed/genetics/) also offers a discussion of
gene regulation. Refer to the section “Controlling Genes’ in Chapter 1 (How Genes
Work).
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How do cdls divide?

There are two types of cell division: mitosis and meiosis. Most of the time when
people refer to “cell division,” they mean mitosis, the process of making new body
cells. Meiosisisthe type of cell division that creates egg and sperm cells.

Mitosisis afundamental processfor life. During mitosis, a cell duplicates all of its
contents, including its chromosomes, and splits to form two identical daughter cells.
Because this processis so critical, the steps of mitosis are carefully controlled by a
number of genes. When mitosisis not regulated correctly, health problems such as
cancer can resullt.

The other type of cell division, meiosis, ensures that humans have the same number
of chromosomes in each generation. It is atwo-step process that reduces the
chromosome number by half—from 46 to 23—to form sperm and egg cells. When
the sperm and egg cells unite at conception, each contributes 23 chromosomes so the
resulting embryo will have the usual 46. Melosisalso allows genetic variation through
aprocess of DNA shuffling while the cells are dividing.

Mitosis /_,__\Farent cell Meiosis /'\ Farent cell

J I DMA replicates

@ ~
@' g {::s:'*"
_:/ ™\ 2 daughter @ ' @

{/f ) ( —\CTHS dd:ﬁﬁ:'er
® @ QO @

Mitosis and meiosis, the two types of cell division.
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For moreinformation about cell division:

For a detailed summary of mitosis and meiosis, please refer to the section “Making
New Cdlsand Cell Types’ inthe NCBI Science Primer (http://www.ncbi.nim.nih.gov/
About/primer/genetics_cell.html).
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How do genes control the growth and division of cells?

A variety of genes areinvolved in the control of cell growth and division. The cell
cycleisthecell’ sway of replicating itself in an organized, step-by-step fashion. Tight
regulation of this process ensuresthat adividing cell’s DNA is copied properly, any
errorsin the DNA are repaired, and each daughter cell receives afull set of
chromosomes. The cycle has checkpoints (al so called restriction points), which allow
certain genes to check for mistakes and halt the cycle for repairs if something goes
wrong.

If acell hasan error inits DNA that cannot be repaired, it may undergo programmed
cell death (apoptosis) (illustration on page 29). Apoptosis is a common process
throughout life that helps the body get rid of cellsit doesn’'t need. Cellsthat undergo
apoptosis break apart and are recycled by atype of white blood cell called a
macrophage (illustration on page 29). Apoptosis protects the body by removing
genetically damaged cellsthat could lead to cancer, and it plays an important rolein
the development of the embryo and the maintenance of adult tissues.

Cancer resultsfrom adisruption of the normal regulation of the cell cycle. When the
cycle proceeds without control, cells can divide without order and accumulate genetic
defects that can lead to a cancerous tumor (illustration on page 30).

For moreinformation about cell growth and division:
The National Institutes of Health's Apoptosis Interest Group (http://www.nih.gov/
sigs/aig/Aboutapo.html) provides an introduction to programmed cell death.

The National Cancer Institute offers several publications that explain the growth of
cancerous tumors. These include What Y ou Need To Know About Cancer—An
Overview (http://www.cancer.gov/cancerinfo/wyntk/overview) and Understanding
Cancer (http://press2.nci.nih.gov/sciencebehind/cancer/cancer0l1.htm).
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[llustrations: Control of cell growth and division

Apoptosis

Healthy cell

Genetic arrors
result from injury

All errors
o repair repaired
arrors
Soma arrors
remain
Additional
injury to cell

Cell unable to
repair errors

+]
. o Cell programs
= O itself to die via

b -%" 5 o apoptosis

A damaged cell may undergo apoptosisif it is unable to repair genetic errors.

Final stage of apoptosis White blood cell

Apoptotic cell

.5, Mational Library of Medicine

When a cell undergoes apoptosis, white blood cells called macrophages consume
cell debris.
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Genetic mutation and cancer development

Healthy cell

Injury to cell

Genetic errors
accumulate

Unhealthy cells rapidly
multiply and become
disorganized cancer cells

.5, Mational Librany of Medicine

Cancer results when cells accumulate genetic errors and multiply without control.
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Mutations and Genetic Disorders
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What is a gene mutation and how do mutations occur?

A gene mutation is a permanent change in the DNA sequence that makes up a gene.
Mutations range in size from one DNA base to alarge segment of a chromosome.

Gene mutations occur in two ways: they can be inherited from a parent or acquired
during a person’ s lifetime. Mutations that are passed from parent to child are called
hereditary mutations or germline mutations (because they are present in the egg and
sperm cells, which are also called germ cells). Thistype of mutation is present
throughout a person’slifein virtually every cell in the body.

Acquired (or sporadic) mutations, on the other hand, occur in the DNA of individual
cells at some time during a person’ s life. These changes can be caused by
environmental factors such as ultraviolet radiation from the sun, or can occur if a
mistake is made as DNA copiesitself during cell division. Acquired mutationsin
somatic cells (cells other than sperm and egg cells) cannot be passed on to the next
generation. If amutation occursin an egg or sperm cell during a person’slife,
however, there is a chance that the person’s children will inherit the mutation.

For moreinformation about mutations:

The National Cancer Institute offers a discussion of hereditary mutations
(http://press2.nci.nih.gov/sciencebehi nd/genetesting/genetesting12.htm) and
information about acquired mutations (http://press2.nci.nih.gov/sciencebehind/
genetesting/genetesting13.htm).

For additional information about gene mutations, please refer to the following
resources from the University of Utah Genetic Science Learning Center:

What isaM utation? (http://gsl c.genetics.utah.edu/units/disorders/mutations/)

How do Mutations Occur? (http://gsl c.genetics.utah.edu/units/disorders/
sloozeworm/)
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How can gene mutations cause disorders?

To function correctly, each cell depends on thousands of proteinsto do their jobsin
the right places at the right times. Sometimes, gene mutations prevent one or more
of these proteinsfrom working properly. By changing agene’ sinstructionsfor making
aprotein, a mutation can cause the protein to malfunction or to be missing entirely.
When a mutation alters a protein that plays a critical role in the body, a medical
condition can result. A condition caused by mutations in one or more genesis called
agenetic disorder.

It isimportant to note that genes themsel ves do not cause disease—genetic disorders
are caused by mutations that make a gene function improperly. For example, when
people say that someone has “the cystic fibrosis gene,” they are usually referring to
amutated version of the CFTR gene, which causesthe disease. All people, including
those without cystic fibrosis, have a version of the CFTR gene.

For moreinformation about mutations and genetic disorders:
The National Cancer Institute provides additional information about how gene
mutations can trigger disease. Please refer to the following Web pages:
Gene Mutations and Disease (http://press2.nci.nih.gov/sciencebehind/
genetesting/genetesting09.htm)
Altered DNA, Altered Protein (http://press2.nci.nih.gov/sciencebehind/
genetesting/genetestingl1.htm)

The University of Utah Genetic Science Learning Center also offers a discussion
titted How Do Mutations Cause Genetic Disorders? (http://gsl c.genetics.utah.edu/
units/disorders/proteinrole/)
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Do all gene mutations cause disorders?

No; only asmall percentage of mutations cause genetic disorders—most have no
impact on health. For example, some mutations alter a gene's DNA base sequence
but don’t change the function of the protein made by the gene.

Often, gene mutations that could cause a genetic disorder are repaired by certain
enzymes before the gene is expressed (makes a protein). Each cell has a number of
pathways through which enzymes recognize and repair mistakesin DNA. Because
DNA can be damaged or mutated in many ways, the process of DNA repair isan
important way in which the body protects itself from disease.

A very small percentage of all mutations actually have a positive effect. These
mutations lead to new versions of proteins that help an organism and its future
generations better adapt to changes in their environment. For example, a beneficial
mutation could result in a protein that protects the organism from a new strain of
bacteria.

For mor einfor mation about DNA repair and thehealth effectsof genemutations:

The University of Utah Genetic Science L earning Center's page about genetic disorders
(http://gdl c.geneti cs.utah.edu/units/disorders/whataregd/) explainswhy some mutations
cause disordersbut othersdo not. (Pleaserefer to the questionsin thefar right column.)

Additional information about DNA repair isavailablefrom the NCBI Science Primer
(http://www.nchi.nlm.nih.gov/About/primer/genetics_cell.html). Scroll down the
page to the heading “DNA Repair Mechanisms.”
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What kinds of gene mutations are possible?

The DNA sequence of a gene can be altered in anumber of ways. Gene mutations
have varying effects on health, depending on wherethey occur and whether they alter
the function of essential proteins. The types of mutations include:

Missense mutation (illustration on page 36)

This type of mutation is achange in one DNA base pair that resultsin the
substitution of one amino acid for another in the protein made by a gene.

Nonsense mutation (illustration on page 37)

A nonsense mutation is also a change in one DNA base pair. Instead of
substituting one amino acid for another, however, the altered DNA sequence
prematurely signals the cell to stop building a protein. This type of mutation
results in a shortened protein that may function improperly or not at all.

Insertion (illustration on page 37)

An insertion changes the number of DNA bases in a gene by adding a piece of
DNA. Asaresult, the protein made by the gene may not function properly.

Deletion (illustration on page 38)

A deletion changes the number of DNA bases in a gene by removing a piece
of DNA. The deleted DNA may alter the function of the resulting protein.

Duplication (illustration on page 38)

A duplication consists of apiece of DNA that isabnormally copied one or more
times. Thistype of mutation may alter the function of the resulting protein.

Frameshift mutation (illustration on page 39)

This type of mutation occurs when the addition or loss of DNA bases changes
agene'sreading frame. A reading frame consists of groups of 3 bases that each
code for one amino acid. A frameshift mutation shifts the grouping of these
bases and changes the code for amino acids. The resulting protein is usually
nonfunctional. Insertions, deletions, and duplications can all be frameshift
mutations.
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Repeat expansion (illustration on page 39)

Nucleotide repeats are short DNA sequencesthat are repeated a number of times
inarow. For example, atrinucleotide repeat is made up of 3-base-pair sequences,
and atetranucleotide repeat is made up of 4-base-pair sequences. A repeat
expansion is a mutation that increases the number of times that the short DNA
sequence is repeated. This type of mutation can cause the resulting protein to
function improperly.

For moreinformation about the types of gene mutations:

The National Human Genome Research Institute offersa Talking Glossary of Genetic
Terms (http://www.genome.gov/10002096). This resource includes definitions,
diagrams, and detailed audio descriptions of several of the gene mutations listed

above.
Illustrations: Types of gene mutations

Missense mutation

Original DMA code for an amino acid sequence.

oA—CATCATCATCATCATCATCAT
bases

=< His H His H His H His H His H His H His }--

Amino acid Replacement of a
single nucleotide.

|

"CATCATCATCHMTCATEATEAT

b
r

=< His H His H His H H His H His H His |-

\ Incorrect amino acid, which may
produce a malfunctioning protein.

In this example, the nucleotide adenine is replaced by cytosine in the genetic code,
introducing an incorrect amino acid into the protein sequence.
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Nonsense mutation

Qriginal DMA code for an amino acid sequence.

o—CAGCAGCAGCAGCAGCAGCAG
bases
=< GIn H GIn H GIn H &In H GIn H GIn H GIn }-

Amino acid Replacement of a

single nucleotide,

~4 GIn H GIn H GIn HIEH

Protein .\ Incorract segence causes
shortening of protein.

U.5. Mational Library of Medicine

In this example, the nucleotide cytosine is replaced by thymine in the DNA code,
signaling the cell to shorten the protein.

Insertion mutation

Original DMA code for an amino acid sequence.

oa—CATCATCATCATCATCATCAT
bases

-4 His H His H His H His H His H His H His }J-

Amino acid Insertion of a
single nucleotide.

"|||||||||l||||||||||||
CATCATCATACATCATCATCA

b
r

~--4 His H His H His Thr Ser Ser Ser

Incorrect amino acid sequence, which
may produce a malfunctioning protein.

5. Mational Library of Medicine

In this example, one nucleotide (adenine) is added in the DNA code, changing the
amino acid sequence that follows.
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Deletion mutation

Qriginal DMA code for an amino acid sequence.

5
| | | L L

TR ST BT BT ICAT BT

e T Il
DNA—C
bases

=< His H His H His H His H His H His H His }--

Amino acid
Deletion of a
(/-'A single nucleotide.

L
r

WATCATOATETOATCATOATE

-4 His H His H His Leu lle lle lle

Incorrect amino acid sequence, which
may produce a malfunctioning protein.

U.5. Mational Library of Medicine

In this example, one nucleotide (adenine) is deleted from the DNA code, changing
the amino acid sequence that follows.

Duplication mutation

—_———

’
5
5
,

Chromosome —|

A section of DNA
is duplicated.

L

e

.5, National Library of Medicine

A section of DNA is accidentally duplicated when a chromosome is copied.
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Frameshift mutation

Qriginal DMA code for an amino acid sequence.

M—CATTCACACGTACTCATGCTAT
bases
== His H Ser H His H Val H Leu H Met H Leu }-

Amino acid

lle His Thr Tyr Ser Cys Tyr

Frameshift of one DNA base results
in abnermal amino acid sequence.

.5, Mational Library of Medicine

A frameshift mutation changes the amino acid sequence from the site of the mutation.

Repeat expansion mutation

Original DMA code for an amino acid sequence.

a—CATTCACAGGTAATCATGCTA
bases
-4 His H Ser H GIn H val H lle H Met H Leu }J-

Amino acid
s

™,
—— v
I | | | I

4 {CAG).
CATTCACAGCAGCAGATGCTA

e
|

sl Repeated trinucleotide
o
v

b
r

~-- His H Ser H GiIn Gln [ Met H Leu

Repeated trinucleotide adds a string
of glutamines (Gln) to the protein.

5. Mational Library of Medicine

In this example, arepeated trinucl eotide sequence (CAG) adds a series of the amino
acid glutamine to the resulting protein.
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Can changes in chromosomes cause disorders?

Y es, changes that affect entire chromosomes or segments of chromosomes can cause
problems with growth, development, and function of the body's systems. These
changes can affect many genes along the chromosome and alter the proteins made
by those genes. Conditions caused by a change in the number or structure of
chromosomes are known as chromosomal disorders.

Human cellsnormally contain 23 pairs of chromosomes, for atotal of 46 chromosomes
ineach cell. A changein the number of chromosomes|eadsto achromosomal disorder.
These changes can occur during the formation of reproductive cells (eggs and sperm)
or in early fetal development. A gain or loss of chromosomes from the normal 46 is
called aneuploidy.

The most common form of aneuploidy is trisomy, or the presence of an extra
chromosomein each cell. “Tri-" is Greek for “three”; people with trisomy have three
copies of a particular chromosome in each cell instead of the normal two copies.
Down syndromeis an example of acondition caused by trisomy—peoplewith Down
syndrome typically have three copies of chromosome 21 in each cell, for atotal of
47 chromosomes per cell.

Monosomy, or the loss of one chromosome from each cell, is another kind of
aneuploidy. “Mono-" is Greek for “one”; people with monosomy have one copy of
aparticular chromosome in each cell instead of the normal two copies. Turner
syndrome is a condition caused by monosomy. Women with Turner syndrome are
often missing one copy of the X chromosome in every cell, for atotal of 45
chromosomes per cell.

Chromosomal disorders can also be caused by changes in chromosome structure.
These changes are caused by the breakage and reunion of chromosome segments
when an egg or sperm cell isformed or in early fetal development. Pieces of DNA
can be rearranged within one chromosome, or transferred between two or more
chromosomes. The effects of structural changes depend on their size and location.
Many different structural changes are possible; some cause medical problems, while
others may have no effect on a person’s health.

Many cancer cellsalso have changesin their chromosome number or structure. These
changes most often occur in somatic cells (cells other than eggs and sperm) during
aperson’s lifetime.
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For moreinformation about chromosomal disorders:

The National Human Genome Research Institute provides alist of questions and
answers about chromosome abnormalities (http://www.genome.gov/11508982),
including a glossary of related terms.

Chromosome Deletion Outreach offers a fact sheet on this topic titled Introduction
to Chromosome Abnormalities (http://www.chromodisorder.org/intro.htm).

Georgetown University's Human Genome Education Model Project |1 providesafact
sheet about chromosomal disorders and their causes (http://gucchd.georgetown.edu/
hugem/fs12.htm).

The Genetics and Public Policy center also offers an overview of chromosomal
mutations (http://www.dnapolicy.org/genetics/geneti csAndDi sease.j html#chromo).

Genetics Home Reference provides clear, user-friendly information about
chromosomal disorders, including Down syndrome (http://ghr.nm.nih.gov/condition=
downsyndrome) and Turner syndrome (http://ghr.nlm.nih.gov/condition=
turnersyndrome).
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What are complex or multifactorial disorders?

Researchers are learning that nearly all conditions and diseases have a genetic
component. Some disorders, such assicklecell anemiaand cysticfibrosis, are caused
by mutationsin a single gene. The causes of many other disorders, however, are
much more complex. Common medical problems such as heart disease, diabetes, and
obesity do not have asingle genetic cause—they arelikely associated with the effects
of multiple genesin combination with lifestyle and environmental factors. Conditions
caused by many contributing factors are called complex or multifactorial disorders.

Although complex disorders often cluster in families, they do not have a clear-cut
pattern of inheritance. Thismakesit difficult to determine aperson’ srisk of inheriting
or passing on these disorders. Complex disorders are also difficult to study and treat
because the specific factors that cause most of these disorders have not yet been
identified. By 2010, however, researchers predict they will have found the major
contributing genes for many common complex disorders.

For moreinformation about complex disorders:

The University of Utah Genetic Science Learning Center providesinformation about
multifactorial disorders (http://gslc.genetics.utah.edu/units/disorders/whataregd/
multi.cfm) and a brief discussion of the complex basis of cancer.

Additional information about complex disorders (http://gucchd.georgetown.edu/
hugem/fs13.htm) is available from Georgetown University's Human Genome
Education Model Project I1.

If you would like information about a specific complex disorder such as diabetes or
obesity, the National Institutes of Health offers a searchable list of health topics
(http://health.nih.gov/) that will lead you to fact sheets and other reliable medical
information. In addition, the Centers for Disease Control and Prevention provides a
detailed list of diseases and conditions (http://www.cdc.gov/node.do/id/
0900f3ec8000e035) that links to additional information.
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What information about a genetic condition can statistics

provide?

Statistical data can provide general information about how common a condition is,
how many people have the condition, or how likely it is that a person will develop
the condition. Statistics are not personalized, however—they offer estimates based
on groups of people. By taking into account aperson'sfamily history, medical history,
and other factors, a genetics professional can help interpret what statistics mean for

aparticular patient.

Some statistical terms are commonly used when describing genetic conditions and

other disorders. These terms include:

Statistical term Description Examples
Incidence  Theincidence of a gene mutation or a About 1 in 200,000 peoplein
genetic disorder is the number of people  the United Statesare born with

who are born with the mutation or disorder
in aspecified group per year. Incidenceis

often written in the form “ 1 in [a number]”
or as atotal number of live births.

Prevdlence  The prevalence of agene mutation or a
genetic disorder is the total number of
people of any age who have the mutation
or disorder in a specified group at agiven
time. This includes both newly diagnosed
and pre-existing cases. Prevalence is often
written in the form “1 in [anumber]” or as
atotal number of people who have a
condition.

Mortality Mortality is the number of deaths from a
particular disorder occurring in a specified
group per year. Mortality isusually
expressed as atotal number of deaths.

page 43

syndrome A each year. An
estimated 15,000 infants with
syndrome B were born last
year worldwide.

Approximately 1 in 100,000
peoplein the United States
have syndrome A at the
present time. About 100,000
children worldwide currently
have syndrome B.

An estimated 12,000 people
worldwide died from
syndrome C in 2002.


http://ghr.nlm.nih.gov/

Genetics Home Reference - http://ghr.nim.nih.gov/
Handbook
Mutations and Genetic Disorders

Statistical term Description Examples

Lifetimerisk Lifetimerisk isthe averagerisk of Approximately 1 percent of
developing a particular disorder at some  people in the United States
point during alifetime. Lifetimerisk isoften develop disorder D during
written asapercentageor as“lin[a their lifetimes. The lifetime
number].” It isimportant to remember that risk of developing disorder D
the risk per year or per decade is much is1in 100.
lower than the lifetime risk. In addition,
other factors may increase or decrease a
person'srisk as compared with the average.

For moreinformation about interpreting statistics:

The National Alliance of Breast Cancer Organizations (NABCO) offers afact sheet
titted Comments on Putting Cancer Statistics in Context (http://www.nabco.org/
Index.php/index.php/138). This resource lists the uses and limitations of cancer
statistics. Although the fact sheet focuses on cancer, information about interpreting
medical statistics can also apply to other disorders.
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How are genetic conditions and genes named?

Naming genetic conditions

Genetic conditions are not named in one standard way (unlike genes, which are given
an official name and symbol by aformal committee). Doctorswho treat familieswith
aparticular disorder are often the first to propose a name for the condition. Expert
working groups may later revise the name to improve its usefulness. Naming is
important because it allows accurate and effective communication about particular
conditions, which will ultimately help researchers find new approachesto treatment.

Disorder names are often derived from one or a combination of sources:

» Thebasic genetic or biochemical defect that causes the condition (for
example, apha-1 antitrypsin deficiency);

* Oneor more major signs or symptoms of the disorder (for example, sickle
cell anemia);

* The parts of the body affected by the condition (for example,
retinoblastoma);

« Thename of aphysician or researcher, often the first person to describe
the disorder (for example, Marfan syndrome, which was named after Dr.
Antoine Bernard-Jean Marfan);

* A geographic area(for example, familial Mediterranean fever, which occurs
mainly in populations bordering the Mediterranean Sea); or

*  Thename of apatient or family with the condition (for example,
amyotrophic lateral sclerosis, whichisalso called Lou Gehrig disease after
afamous baseball player who had the condition).

Disorders named after a specific person or place are called eponyms. Thereis debate
asto whether the possessive form (e.g., Alzheimer’ s disease) or the nonpossessive
form (Alzheimer disease) of eponymsispreferred. Asarule, medical geneticists use
the nonpossessive form, and this form may become the standard for doctorsin all
fields of medicine. Genetics Home Reference uses the nonpossessive form of eponyms.

Genetics Home Reference consults with expertsin the field of medical geneticsto
provide the current, most accurate name for each disorder. Alternate names are
included as synonymes.

Naming genes

The HUGO Gene Nomenclature Committee (http://www.gene.ucl.ac.uk/
nomenclature/) (HGNC) designates an official name and symbol (an abbreviation of
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the name) for each known human gene. Some official gene names include additional
information in parentheses, such asrelated genetic conditions, subtypes of acondition,
or inheritance pattern. The HGNC is a non-profit organization funded by the U.K.
Medical Research Council and the U.S. National Institutes of Health. The Committee
has named more than 13,000 of the estimated 30,000 to 40,000 genes in the human
genome.

During the research process, genes often acquire several alternate names and symbols.
Different researchers investigating the same gene may each give the gene adifferent
name, which can cause confusion. The HGNC assigns a unique name and symbol to
each human gene, which allows effective organization of genesin large databanks,
aiding the advancement of research. To access the HGNC's guidelines for naming
human genes, click on “Guidelines’ from the HGNC home page
(http://www.gene.ucl.ac.uk/nomenclature/).

Genetics Home Reference describes genes using the HGNC' s official gene names
and gene symbols. Genetics Home Reference frequently presents the symbol and
name separated with acolon (for example, FGFR4: fibroblast growth factor receptor
4).
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Chapter 3

Inheriting Genetic Conditions
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What doesit mean if adisorder seemsto runinmy family?

A particular disorder might be described as “running in afamily” if more than one
person in the family has the condition. Some disorders that affect multiple family
members are caused by gene mutations, which can be inherited (passed down from
parent to child). Other conditions that appear to run in families are not inherited.
Instead, environmental factors such as dietary habits or acombination of genetic and
environmental factors are responsible for these disorders.

It is not always easy to determine whether a condition in afamily isinherited. A
genetics professional can use aperson'sfamily history (arecord of health information
about aperson'simmediate and extended family) to help determine whether adisorder
has a genetic component.
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Condition affecting members of a family
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Some disorders are seen in more than one generation of afamily.

For general information about disordersthat run in families:

Genetics Home Reference provides consumer-friendly summaries of genetic conditions
(http://ghr.nim.nih.gov/ghr/conditionsByName). Each summary includes a brief
description of the condition, an explanation of its genetic cause, and information
about the condition's frequency and pattern of inheritance.
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The National Human Genome Research Institute fact sheet Frequently Asked
Questions About Genetics (http://www.genome.gov/10001191) offers a general
description of genetic disorders. Please refer to the first two questions, “What are
genetic disorders?’ and “How do | find more information about a specific disorder
or learn whether a particular disease has a genetic component?’

The Department of Energy offers afact sheet called Genetic Disease

Information—Pronto! (http://www.ornl.gov/TechResources’/Human Genome/
medicine/assist.html)
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What are the different ways in which a genetic condition
can be inherited?

Some genetic conditions are caused by mutations in asingle gene. These conditions
are usually inherited in one of severa straightforward patterns, depending on the
geneinvolved:

Inheritance Description Examples

pattern

Autosomal Only one mutated copy of the geneisneeded for Huntington disease,
dominant aperson to be affected by an autosomal dominant neurofibromatosis 1

disorder. Each affected person usually has one
affected parent (illustration on page 53).

Autosomal Two copies of the gene must be mutated fora  cystic fibrosis, sickle
recessive person to be affected by an autosomal recessive cell anemia

disorder. An affected person usually has unaffected

parents who each carry a single copy of the

mutated gene (and are referred to as carriers)

(illustration on page 54).

X-linked X-linked dominant disorders are caused by X-linked
dominant mutations in genes on the X chromosome. Only a hypophosphatemia
few disorders have this inheritance pattern.
Females are more frequently affected than males,
and the chance of passing on an X-linked dominant
disorder differs between men
(illustration on page 55) and women
(illustration on page 56).

X-linked X-linked recessive disorders are also caused by  hemophilia A,
recessive mutations in genes on the X chromosome. Males Duchenne muscular

are more frequently affected than females, and the dystrophy
chance of passing on the disorder differs between

men (illustration on page 57) and women

(illustration on page 58).
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Inheritance Description Examples
pattern

Mitochondrial Thistype of inheritance, aso known as maternal Leber's hereditary
inheritance, applies to genes in mitochondrial optic neuropathy
DNA. (Mitochondria, which are structuresineach (LHON)
cell that convert molecules into energy, each
contain a small amount of DNA.) Because only
egg cells contribute mitochondriato the developing
embryo, only females can pass on mitochondrial
conditions to their children
(illustration on page 59).

Many other disorders are caused by a combination of the effects of multiple genes
or by interactions between genes and the environment. Such disorders are more
difficult to analyze because their genetic causes are often unclear, and they do not
follow the patterns of inheritance described above. Examples of conditions caused
by multiple genes or gene/environment interactions include heart disease, diabetes,
schizophrenia, and certain types of cancer. For more information, please see "What
are complex or multifactorial disorders?' on page 42.

Disorders caused by changes in the number or structure of chromosomes do not
follow the straightforward patterns of inheritance listed above. To read about how
chromosomal conditions occur, please see "Are chromosomal disorders inherited?’
on page 64.

Other genetic factors can a so influence how adisorder isinherited: "What are genomic
imprinting and uniparental disomy?' on page 62
For moreinformation about inheritance patterns:

The Genetics and Public Policy Center provides an introduction to hereditary
mutations (http://www.dnapolicy.org/genetics/geneticsAndDi sease.j html#hered),
including their patterns of inheritance.
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[llustrations: I nheritance patterns

Autosomal dominant
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In thisexample, aman with an autosomal dominant disorder hastwo affected children
and two unaffected children.

page 53


http://ghr.nlm.nih.gov/

Genetics Home Reference - http://ghr.nim.nih.gov/
Handbook
Inheriting Genetic Conditions

Autosomal recessive
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In this example, two unaffected parents each carry one copy of a gene mutation for
an autosomal recessive disorder. They have one affected child and three unaffected
children, two of which carry one copy of the gene mutation.
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X-linked dominant, affected father
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In this example, a man with an X-linked dominant condition has two affected
daughters and two unaffected sons.
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X-linked dominant, affected mother
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In this example, awoman with an X-linked dominant condition has an affected
daughter, an affected son, an unaffected daughter, and an unaffected son.
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X-linked recessive, affected father
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In this example, a man with an X-linked recessive condition has two unaffected
daughters who each carry one copy of the gene mutation, and two unaffected sons
who do not have the mutation.
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A-linked recessive, carrier mother
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In this example, an unaffected woman carries one copy of a gene mutation for an
X-linked recessive disorder. She has an affected son, an unaffected daughter who

carries one copy of the mutation, and two unaffected children who do not have the
mutation.
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Mitochondrial
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In one family, awoman with a mitochondrial disorder and her unaffected husband
have only affected children. In another family, aman with amitochondrial condition
and his unaffected wife have no affected children.
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If agenetic disorder runsin my family, what are the
chances that my children will have the condition?

When a genetic disorder is diagnosed in afamily, family members often want to
know the likelihood that they or their children will develop the condition. This can
be difficult to predict in some cases because many factorsinfluence a person's chances.
One important factor is how the condition isinherited. For example:

A person affected by an autosomal dominant disorder has a 50-percent
chance of passing the mutated geneto each child. Thereisal so a50-percent
chance that a child will not inherit the mutated gene

(illustration on page 53).

For an autosomal recessive disorder, two unaffected peoplewho each carry
one copy of the mutated gene (carriers) have a 25-percent chance with each
pregnancy of having achild affected by the disorder. Thereisa 75-percent
chance with each pregnancy that a child will be unaffected

(illustration on page 54).

The chance of passing on an X-linked dominant condition differs between
men and women because men have one X and one Y chromosome, while
women have two X chromosomes. A man passeson hisY chromosometo
all of hissonsand his X chromosome to all of his daughters. Therefore,
the sons of aman with an X-linked dominant disorder will not be affected,
and his daughters will al inherit the condition (illustration on page 55).
A woman passes on one or the other of her X chromosomes to each child.
Therefore, awoman with an X-linked dominant disorder has a 50-percent
chance of having an affected daughter or son with each pregnancy
(illustration on page 56).

Because of the difference in sex chromosomes, the probability of passing
on an X-linked recessive disorder also differs between men and women.
The sons of aman with an X-linked recessive disorder will not be affected,
and his daughters will carry one copy of the mutated gene

(illustration on page 57). With each pregnancy, a woman who carries an
X-linked recessive disorder has a 50-percent chance of having sons who
are affected and a 50-percent chance of having daughters who carry one
copy of the mutated gene (illustration on page 58).

It isimportant to note that the chance of passing on agenetic condition appliesequally
to each pregnancy. For example, if a couple has a child with an autosomal recessive
disorder, the chance of having another child with the disorder is still 25 percent (or
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1in 4). Having one child with a disorder does not “protect” future children from
inheriting the condition. Conversely, having a child without the condition does not
mean that future children will definitely be affected.

Although the chances of inheriting a genetic condition appear straightforward, in
some cases factors such as a person's family history and the results of genetic testing
can modify those chances. In addition, some people with a disease-causing mutation
never develop any health problems or may experience only mild symptoms of the
disorder. If adiseasethat runsin afamily does not have aclear-cut inheritance pattern,
predicting the likelihood that a person will develop the condition can be particularly
difficult.

Because estimating the chance of developing or passing on agenetic disorder can be
complex, genetics professionals can help peopl e understand these chances and make
informed decisions about their health.

For moreinformation about passing on a genetic disorder in a family:

The National Library of Medicine MedlinePlusweb site offersinformation about the
chance of developing a genetic disorder on the basis of itsinheritance pattern. Scroll
down to the section “ Statistical Chances of Inheriting aTrait” for each of thefollowing
inheritance patterns:

Autosomal dominant (http://www.nlm.nih.gov/medlineplus/ency/article/
002049.htm)

Autosomal recessive (http://www.nlm.nih.gov/medlineplus/ency/article/
002052.htm)

X-linked dominant (http://www.nlm.nih.gov/medlineplus/ency/article/
002050.htm)

X-linked recessive (http://www.nlm.nih.gov/medlineplus/ency/article/
002051.htm)
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What are genomic imprinting and uniparental disomy?

Genomic imprinting and uniparental disomy are factors that influence how some
genetic conditions are inherited.

Genomic imprinting
People inherit two copies of their genes—one from their mother and one from their
father. Usually both copies of each gene are active, or “turned on,” in cells. In some
cases, however, only one of the two copies is normally turned on. Which copy is
active depends on the parent of origin: some genes are normally active only when

they are inherited from a person’ s father; others are active only when inherited from
aperson’s mother. This phenomenon is known as genomic imprinting.

In genes that undergo genomic imprinting, the parent of origin is often marked, or
“stamped,” on the gene during the formation of egg and sperm cells. This stamping
process, called methylation, is a chemical reaction that attaches small molecules
called methyl groups to certain segments of DNA. These molecules identify which
copy of agene was inherited from the mother and which was inherited from the
father. The addition and removal of methyl groups can be used to control the activity
of genes.

Only asmall percentage of all human genes undergo genomic imprinting. Researchers
are not yet certain why some genes are imprinted and others are not. They do know
that imprinted genes tend to cluster together in the same regions of chromosomes.
Two major clusters of imprinted genes have been identified in humans, one on the
short (p) arm of chromosome 11 (at position 11p15) and another on thelong () arm
of chromosome 15 (in the region 15qg11 to 15g13).

Uniparental disomy

Uniparental disomy (UPD) occurs when a person receives two copies of a
chromosome, or part of achromosome, from one parent and no copiesfrom the other
parent. UPD can occur as arandom event during the formation of egg or sperm cells
or may happen in early fetal development.

In many cases, UPD likely has no effect on health or development. Because most
genes are not imprinted, it doesn’'t matter if a person inherits both copies from one
parent instead of one copy from each parent. In some cases, however, it does make
adifference whether a gene isinherited from a person’s mother or father. A person
with UPD may lack any active copies of essential genes that undergo genomic
imprinting. Thisloss of gene function can lead to delayed devel opment, mental
retardation, or other medical problems.
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Several genetic disorders can result from UPD or adisruption of normal genomic
imprinting. The most well-known conditions include Prader-Willi syndrome, which
Is characterized by uncontrolled eating and obesity, and Angelman syndrome, which
causes mental retardation and impaired speech. Both of these disorders can be caused
by UPD or other errorsin imprinting involving genes on thelong arm of chromosome
15. Other conditions, such as Beckwith-Wiedemann syndrome (a disorder
characterized by accelerated growth and an increased risk of cancerous tumors), are
associated with abnormalities of imprinted genes on the short arm of chromosome
11.

For moreinformation about genomic imprinting and UPD:

The University of British Columbia sweb site about chromosomal mosaicism provides
an explanation of UPD and genomic imprinting (http://www.medgen.ubc.ca/
wrobinson/mosai ¢/upd.htm), including diagrams illustrating how UPD can occur.

A fact sheet (http://gucchd.georgetown.edu/hugem/fs16.htm)from Georgetown
University’s Human Genome Education Model Project 11 offers abrief discussion
of UPD, genomic imprinting, and other forms of nontraditional inheritance.

Genetics Home Reference provides clear, user-friendly information about Prader-Willi
syndrome (http://ghr.nlm.nih.gov/condition=praderwillisyndrome) and Angelman
syndrome (http://ghr.nlm.nih.gov/condition=angel mansyndrome).
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Are chromosomal disorders inherited?

Although it is possible to inherit some types of chromosomal abnormalities, most
chromosomal disorders are not passed from one generation to the next.

Some chromosomal conditions are caused by changesin the number of chromosomes.
These changes are not inherited, but occur as random events during the formation of
reproductive cells (eggs and sperm). An error in cell division called nondisjunction
resultsin reproductive cellswith an abnormal number of chromosomes. For example,
areproductive cell may accidentally gain or lose one copy of achromosome. If one
of these atypical reproductive cells contributes to the genetic makeup of a child, the
child will have an extra or missing chromosome in each of the body’s cells.

Changes in chromosome structure can also cause chromosomal disorders. Some
changes in chromosome structure can be inherited, while others occur as random
accidents during the formation of reproductive cellsor in early fetal development.
Because the inheritance of these changes can be complex, people concerned about
thistype of chromosomal abnormality may want to talk with a genetics professional.

Some cancer cellsalso have changesin the number or structure of their chromosomes.
Because these changes occur in somatic cells (cells other than eggs and sperm), they
cannot be passed from one generation to the next.

For moreinformation about how chromosomal changes occur:

Aspart of itsfact sheet on chromosome abnormalities, the National Human Genome
Research Institute provides a discussion of how chromosome abnormalities happen
(http://www.genome.gov/11508982#6).

The University of British Columbia sweb site about chromosomal maosaicism explains
chromosomal changes, including a detailed description of how trisomy (the presence
of an extra chromosome in each cell) happens.

Changesto the Chromosomes (http://www.medgen.ubc.ca/wrobinson/mosai ¢/
changes.htm)

How Does Trisomy Arise? (http://www.medgen.ubc.ca/wrobinson/mosaic/
tri_how.htm)

The Chromosome Deletion Outreach fact sheet Introduction to Chromosome
Abnormalities (http://www.chromodisorder.org/intro.htm) explains how structural
changes occur.
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Why are some genetic conditions more common in
particular ethnic groups?

Some genetic disorders are morelikely to occur among peoplewho trace their ancestry
to aparticular geographic area. Peoplein an ethnic group often share certain versions
of their genes, which have been passed down from common ancestors. If one of these
shared genes contains a disease-causing mutation, a particular genetic disorder may
be more frequently seen in the group.

Examples of genetic conditions that are more common in particular ethnic groups
aresickle cell anemia, whichismore common in peopleof African, African-American,
or Mediterranean heritage; and Tay-Sachs disease, which is more likely to occur
among people of Ashkenazi (eastern and central European) Jewish or French Canadian
ancestry. It isimportant to note, however, that these disorders can occur in any ethnic

group.
For moreinformation about genetic disordersthat are more common in certain
groups:

The National Institute of General Medical Sciences (NIGMS) fact sheet Genes &
Populations (http://www.nigms.nih.gov/news/science_ed/genepop/fag.html) offers
additional discussion on thistopic. Scroll down to the question “Why do researchers
sometimes study ethnic and racial groups?’
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Wheat is a genetic consultation?

A genetic consultation is a health service that provides information and support to
people who have, or may be at risk for, genetic disorders. During a consultation, a
genetics professiona meets with an individual or family to discuss genetic risks or
to diagnose, confirm, or rule out a genetic condition.

Genetics professionalsinclude medical geneticists (doctorswho specializein genetics)
and genetic counselors (certified healthcare workers with experience in medical
geneticsand counseling). Other healthcare professional s such as nurses, psychologists,
and social workerstrained in genetics can also provide genetic consultations.

Consultations usually take place in adoctor’s office, hospital, genetics center, or
other type of medical center. These meetings are most often in-person visits with
individuals or families, but they are occasionally conducted in agroup or over the
telephone.

For moreinformation about genetic consultations:
MedlinePlus offers alist of links to information about genetic counseling
(http://www.nlm.nih.gov/medlinepl us/geneticcounseling.html).

GeneTests (http://www.genetests.org/) offers additional information about genetic
consultations. Choose “ Educational Materials’ at thetop of the GeneT ests home page
and scroll down to the question “What is a Genetic Consultation?’
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Why might someone have a genetic consultation?

Individuals or families who are concerned about an inherited condition may benefit
from a genetic consultation. The reasons that a person might be referred to agenetic
counselor, medical geneticist, or other genetics professional include:

* A personal or family history of a genetic condition, birth defect,
chromosomal disorder, or hereditary cancer.

«  Two or more pregnancy losses (miscarriages), a stillbirth, or a baby who
died.

* A child with aknown inherited disorder, abirth defect, mental retardation,
or developmental delay.

A woman who is pregnant or plans to become pregnant at or after age 35.
(Some chromosomal disorders occur more frequently in children born to
older women.)

« Abnormal test results that suggest a genetic or chromosomal condition.

* Anincreased risk of developing or passing on a particular genetic disorder
on the basis of a person’s ethnic background.

 Peoplerelated by blood (for example, cousins) who plan to have children
together. (A child whose parents are related may be at an increased risk of
inheriting certain genetic disorders.)

A genetic consultation is also an important part of the decision-making process for
genetic testing. A visit with a genetics professional may be helpful even if testing is
not available for a specific condition, however.

For moreinformation about thereasonsfor having a genetic consultation:

GeneTests (http://www.genetests.org/) provides adetailed list of common reasons
for agenetic consultation. Click on“Educational Materials’ at thetop of the GeneTests
home page and scroll down to the question “Who Should Have a Genetics
Consultation?’

The National Women’ s Health Information Center offers a fact sheet about genetic
counseling (http://www.4woman.gov/editor/jul99/jul 99.htm). Scroll down to the
question “Why might | want to consult a genetic counselor?’
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What happens during a genetic consultation?

A genetic consultation providesinformation, offers support, and addresses a patient’s
specific questions and concerns. To help determine whether acondition hasagenetic
component, a genetics professional asks about a person’s medical history and takes
adetailed family history (arecord of health information about a person's immediate
and extended family). The genetics professional may also perform a physical
examination and recommend appropriate tests.

If aperson is diagnosed with a genetic condition, the genetics professional provides
information about the diagnosis, how the condition isinherited, the chance of passing
the condition to future generations, and the options for testing and treatment.

During a consultation, a genetics professional will:
* Interpret and communicate complex medical information.

»  Help each person makeinformed, independent decisions about their health
care and reproductive options.

* Respect each person’sindividual beliefs, traditions, and feelings.
A genetics professional will NOT:

e Téell aperson which decision to make.

* Adviseacouple not to have children.

*  Recommend that awoman continue or end a pregnancy.

« Tell someone whether to undergo testing for a genetic disorder.

For moreinformation about what to expect during a genetic consultation:

A detailed list of topicsthat are discussed during a genetics consultation is available
from GeneTests (http://www.genetests.org/). Click on “Educational Materias’ at the
top of the GeneTests home page and scroll down to the question “What is a Genetic
Consultation?’

The National Society of Genetic Counselors offersinformation about what to expect
from a genetic counseling session as part of its FAQs About Genetic Counselors and
the NSGC (http://www.nsgc.org/about/fag_about.asp). Scroll down to question 5,
“Thisismy first visit to a genetic counselor. What can | expect from this visit?’
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How can | find a genetics professional in my area?

To find agenetics professional in your community, you may wish to ask your doctor
for areferral. If you have health insurance, you can also contact your insurance
company to find amedical geneticist or genetic counselor in your areawho participates
in your plan.

Several resourcesfor locating agenetics professional in your community are available

online;

GeneTests (http://www.genetests.org/) provides alist of genetics clinics
around the United States and internationally. Y ou can access the list by
clicking on “Clinic Directory” at the top of the GeneTests home page.
Clinics can be chosen by state or country, by service, and/or by specialty.
State maps can help you locate a clinic in your area.

The National Society of Genetic Counselors offers a searchable
drectory of geneticcounsd arsintheUnited States (hitp/Avwww.nsgc.orgresouradink.as).
Y ou can search by location, name, area of practice/specialization, and/or
ZIP Code.

The National Cancer Institute provides a

Cancer Genetics ServicesDirectory (http://cancer.gov/search/genetics services),
which lists professionals who provide services related to cancer genetics.
Y ou can search by type of cancer or syndrome, location, and/or provider

name.
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What is genetic testing?

Genetic testing is atype of medical test that identifies changes in chromosomes,
genes, or proteins. Most of thetime, testing isused to find changesthat are associated
with inherited disorders. The results of a genetic test can confirm or rule out a
suspected genetic condition or help determine a person's chance of developing or
passing on agenetic disorder. Severa hundred genetic tests are currently in use, and
more are being devel oped.

Genetic testing is voluntary. Because testing has both benefits and limitations, the
decision about whether to betested isapersonal and complex one. A genetic counselor
can help by providing information about the pros and cons of the test and discussing
the social and emotional aspects of testing.

For general information about genetic testing:
MedlinePlus offers alist of links to information about genetic testing
(http://www.nlm.nih.gov/medlineplus/genetictesting.html).

The National Human Genome Research Institute provides an overview of thistopic
as part of its Frequently Asked Questions About Genetics (http://www.genome.gov/
10001191#3).

The Genetics and Public Policy Center also offers information about genetic testing
(http://www.dnapolicy.org/genetics/testing.jhtml).

page 72


http://www.nlm.nih.gov/medlineplus/genetictesting.html
http://www.genome.gov/10001191#3
http://www.dnapolicy.org/genetics/testing.jhtml
http://ghr.nlm.nih.gov/

Genetics Home Reference - http://ghr.nim.nih.gov/
Handbook
Genetic Testing

What are the uses of genetic testing?

Genetic testing can provide information about a person's genes and chromosomes
throughout life. Available types of testing include:

Newborn screening

Newborn screening is used just after birth to identify genetic disordersthat can
betreated early in life. The routine testing of infants for certain disordersisthe
most widespread use of genetic testing—millions of babies aretested each year
in the United States. All states currently test infants for phenylketonuria (a
genetic disorder that causes mental retardation if left untreated) and
hypothyroidism (adisorder of the thyroid gland). Some states al so test for other
genetic disorders.

Diagnostic testing

Diagnostic testing is used to diagnose or rule out a particular genetic or
chromosomal condition. It is usually offered to people who have signs of a
particular disorder. This type of testing can be performed at any time during a
person'slife, but is not available for all genetic conditions. The results of a
diagnostic test can influence a person's choices about health care and the
management of symptoms.

Carrier testing

Carrier testing isused to identify peoplewho carry one copy of agene mutation
that, when present in two copies, causes a genetic disorder. Thistype of testing
is offered to individuals who have afamily history of a genetic disorder and to
people in ethnic groups with an increased risk of specific genetic conditions. If
both parents are tested, the test can provide information about a couple's risk
of having a child with a genetic condition.

Prenatal testing

Prenatal testing is used to detect changes in afetus's genes or chromosomes
before birth. Thistype of testing is offered to couples with an increased risk of
having a baby with a genetic or chromosomal disorder. In some cases, prenatal
testing can lessen a couple's uncertainty or help them make decisions about a
pregnancy. It cannot identify all possible inherited disorders and birth defects,
however.
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Predictive and presymptomatic testing

Thesetypes of testing are used to detect gene mutations associated with disorders
that appear later in life. Predictive testing can identify mutations that increase
aperson'srisk of developing disorderswith agenetic basis, such as certain types
of cancer. Presymptomati c testing can determine whether a person will develop
agenetic disorder, such as Huntington disease (an inherited brain disorder that
appearsduring mid-life), before any symptoms appear. Theresults of predictive
and presymptomatic testing can hel p people make decisions about medical care.

Forensic testing

Forensic testing uses DNA sequencesto identify anindividual for legal purposes.
Unlike the tests described above, forensic testing is not used to detect gene
mutations associated with disease. Thistype of testing can identify crime or
catastrophe victims, rule out or implicate acrime suspect, or establish biological
rel ationships between people (for example, paternity).

For moreinformation about the uses of genetic testing:

Information about the types of genetic testing is available from GeneTests
(http://www.genetests.org/). Click on “ Educational Materials’ at the top of the
GeneTests home page and scroll down to “Uses of Genetic Testing.”

The National Newborn Screening and Genetics Resource Center
(http://genes-r-us.uthscsa.edu/) offers detailed information about newborn screening.

For information about forensic DNA testing, refer to the fact sheet DNA Forensics
(http://www.ornl.gov/TechResources’Human_Genome/elsi/forensics.html) from the
U.S. Department of Energy Office of Science.
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How is genetic testing done?

Once a person decides to proceed with genetic testing, a medical geneticist, genetic
counselor, primary care doctor, or specialist can order the test. Genetic testing is
often done as part of a genetic consultation.

Genetic tests are performed on a sample of blood, hair, skin, amniotic fluid (thefluid
that surrounds a fetus during pregnancy), or other tissue. For example, a procedure
called abuccal smear uses a small brush or cotton swab to collect a sample of cells
from the inside surface of the cheek. The sample is sent to a laboratory where
technicians ook for specific changes in chromosomes, DNA, or proteins, depending
on the suspected disorder. Thelaboratory reportsthetest resultsinwriting to aperson's
doctor or genetic counselor.

Newborn screening tests are done on asmall blood sample, which istaken by pricking
the baby's hedl. Unlike other types of genetic testing, aparent will usually only receive
theresult if itis positive. If thetest result is positive, additional testing is needed to
determine whether the baby has a genetic disorder.

Before aperson hasagenetic test, it isimportant that he or she understandsthe testing
procedure, the benefits and limitations of the test, and the possible consequences of
the test results. The process of educating a person about the test and obtaining
permission is called informed consent.

For moreinformation about genetic testing procedures:

GeneTests (http://www.genetests.org/) explains the testing process and informed
consent. Click on “Educational Materials’ at the top of the GeneTests home page
and scroll down to “Ordering Genetic Testing.”

For information about how newborn screening tests are performed, refer to Genetic
Testing of Newborn Infants (http://gd c.genetics.utah.edu/units/newborn/samples.cfm)
from the University of Utah Genetic Science Learning Center.
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What is the cost of genetic testing, and how long does it
take to get the results?

The cost of genetic testing can range from under $100 to more than $2,000, depending
on the nature and complexity of the test. The cost increases if more than onetest is
necessary or if multiplefamily members must be tested to obtain ameaningful result.
For newborn screening, costs vary by state. Some states cover part of the total cost,
but most charge afee of $15 to $60 per infant.

From the date that a sample is taken, it may take a few weeks to several months to
receivethetest results. Resultsfor prenatal testing are usually available more quickly
because time is an important consideration in making decisions about a pregnancy.
The doctor or genetic counselor who orders a particular test can provide specific
information about the cost and time frame associated with that test.

For moreinformation about the costs and turnaround time for genetic tests:

GeneTests (http://www.genetests.org/) provides alist of factors that influence the
turnaround time and costs of genetic testing. Click on “Educational Materials’ at the
top of the GeneTests home page and scroll down to “Ordering Genetic Testing.” In
thissection, “Turn-Around Time” and “ Cost” are found under the heading “ Choosing
aLaboratory.”
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Will health insurance cover the costs of genetic testing?

In many cases, health insurance plans will cover the costs of genetic testing when it
Is recommended by a person's doctor. Health insurance providers have different
policies about which tests are covered, however. A person interested in submitting
the costs of testing may wish to contact his or her insurance company beforehand to
ask about coverage.

Some people may choose not to use their insurance to pay for testing because the
results of a genetic test can affect a person's health insurance coverage. Instead, they
may opt to pay out-of-pocket for the test. People considering genetic testing may
want to find out more about their state's privacy protection laws before they ask their
Insurance company to cover the costs. (Refer to "What is genetic discrimination?"
on page 81 for more information.)
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What are the benefits of genetic testing?

Genetic testing has potential benefits whether the results are positive or negative for
agene mutation. Test results can provide a sense of relief from uncertainty and help
people make informed decisions about managing their health care. For example, a
negative result can eliminate the need for unnecessary checkups and screening tests
INn some cases. A positive result can direct a person toward available prevention,
monitoring, and treatment options. Some test results can also help people make
decisions about having children. Newborn screening can identify genetic disorders
early in life so treatment can be started as early as possible.

For moreinformation about the benefits of genetic testing:

The National Cancer Institute provides a brief discussion of the benefits of genetic
testing (http://press2.nci.nih.gov/sciencebehi nd/genetesting/genetesting30.htm).

Additional information on thistopic is available in the fact sheet Gene Testing
(http://www.ornl.gov/TechResources/Human _Genome/medicine/genetest.html#
procon) from the U.S. Department of Energy Office of Science.
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What are the risks and limitations of genetic testing?

The physical risks associated with most genetic tests are very small, particularly for
those tests that require only ablood sample or buccal smear (a procedure that samples
cells from the inside surface of the cheek). The procedures used for prenatal testing
carry asmall but real risk of losing the pregnancy (miscarriage) because they require
asample of amniotic fluid or tissue from around the fetus.

Many of the risks associated with genetic testing involve the emotional, social, or
financial consequences of thetest results. People may feel angry, depressed, anxious,
or guilty about their results. In some cases, genetic testing creates tension within a
family because the results can reveal information about other family membersin
addition to the person who is tested. The possibility of genetic discrimination in
employment or insuranceis aso aconcern. (Refer to "What is genetic discrimination?
on page 81 for additional information.)

Genetic testing can provide only limited information about an inherited condition.
The test often can't determine if a person will show symptoms of a disorder, how
severe the symptomswill be, or whether the disorder will progress over time. Another
major limitation isthe lack of treatment strategies for many genetic disorders once
they are diagnosed.

A genetics professional can explain in detail the benefits, risks, and limitations of a
particular test. It isimportant that any person who is considering genetic testing
understand and weigh these factors before making a decision.

For moreinformation about therisksand limitations of genetic testing:

The National Cancer Institute providesabrief discussion of the limitations of genetic
testing:

Limitations of Gene Testing (http://press2.nci.nih.gov/sciencebehind/
genetesting/genetesting31.htm)

Major Limitations of Gene Testing (http://press2.nci.nih.gov/sciencebehind/
genetesting/genetesting32.htm)

Additional information about the risks and benefits of genetic testing can be found
in the publication Genomics and Its Impact on Science and Society: The Human
Genome Project and Beyond (http://www.ornl.gov/TechResources/Human_Genome/
publicat/primer2001/6.html) from the U.S. Department of Energy Office of Science.
Scroll down to the section “ Gene Testing.”
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GeneTests (http://www.genetests.org/) outlines points to consider for each type of
genetic testing. Click on “Educational Materials’ at the top of the GeneTests home
page and scroll down to “Uses of Genetic Testing.”
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What is genetic discrimination?

Genetic discrimination occurs when people are treated differently by their employer
or insurance company because they have a gene mutation that causes or increases
the risk of an inherited disorder. People who undergo genetic testing may be at risk
for genetic discrimination.

The results of a genetic test are normally included in a person's medical records.
When aperson appliesfor life, disability, or health insurance, theinsurance company
may ask to look at these records before making a decision about coverage. An
employer may also have the right to look at an employee's medical records. Asa
result, genetic test results could affect a person'sinsurance coverage or employment.
People making decisions about genetic testing should be aware that when test results
are placed in their medical records, the results might not be kept private.

Fear of discrimination isacommon concern among people considering genetic testing.
Several laws at the federal and state levels help protect people against genetic
discrimination; however, genetic testing is a fast-growing field and these laws don't
cover every situation.

For moreinformation about privacy and genetic discrimination:

The National Human Genome Research Institute provides a detailed discussion of
genetic discrimination and current laws that address this issue:

Genetic Discrimination in Health Insurance or Employment
(http://www.genome.gov/11510227)

Privacy and Discrimination in Genetics (http://www.genome.gov/10002077)

Policy and Legidation Database (http://www.genome.gov/PolicyEthics/
L egDatabase/pubsearch.cfm)

The Genetic Alliance offers links to resources and policy statements on genetic
discrimination (http://www.geneticalliance.org/geneticissues/discrimresources.html).

Additional information about policy and legislation related to genetic privacy
(http:/mww.ornl.gov/TechResourcesHuman_Genome/elsi/legidat.html) isavailable
from the U.S. Department of Energy Office of Science.
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How does genetic testing in aresearch setting differ from
clinical genetic testing?

The main differences between clinical genetic testing and research testing are the
purpose of thetest and who receivesthe results. The goals of research testing include
finding unknown genes, learning how genes work, and advancing our understanding
of genetic conditions. Theresults of testing done as part of aresearch study are usually
not available to patients or their healthcare providers. Clinical testing, on the other
hand, isdoneto find out about an inherited disorder in anindividual patient or family.
People receive the results of aclinical test and can use them to help them make
decisions about medical care or reproductive issues.

It isimportant for people considering genetic testing to know whether the test is
available on aclinical or research basis. Clinical and research testing both involve a
process of informed consent in which patients |earn about the testing procedure, the
risks and benefits of the test, and the potential consequences of testing.

For moreinfor mation about the differ encesbetween clinical and resear ch testing:

GeneT ests (http://www.genetests.org/) outlines the magor differences between clinical
testsand research tests. Click on “Educational Materials’ at the top of the GeneTests
home page and scroll down to the question “What is Genetic Testing?’

The Genetic Alliancefact sheet Informed Consent: Participation in Genetic Research
Studi es (http://www.geneti cal liance.org/geneti ci ssues/informedconsent.html) provides
information about informed consent and questions to ask genetic researchers.
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What is gene therapy?

Genetherapy isan experimental technique that uses genesto treat or prevent disease.
In the future, thistechnique may allow doctorsto treat a disorder by inserting agene
into apatient’ scellsinstead of using drugsor surgery. Researchersaretesting several
approaches to gene therapy, including:

* Replacing a mutated gene that causes disease with a healthy copy of the
gene.

* Inactivating, or “knocking out,” a mutated gene that is functioning
improperly.

* Introducing a new gene into the body to help fight a disease.

Although gene therapy is a promising treatment option for a number of diseases
(including inherited disorders, sometypes of cancer, and certain viral infections), the
technique remains risky and is still under study to make sure that it will be safe and
effective. Gene therapy is currently only being tested for the treatment of diseases
that have no other cures.

For general information about gene therapy:

MedlinePlus (from the National Library of Medicine) offersalist of linksto
information about genes and gene therapy (http://www.nlm.nih.gov/medlineplus/
genesandgenetherapy.html).

Thefact sheet Gene Therapy (http://www.ornl.gov/TechResourcessHuman_Genome/
medi cine/genetherapy.html) from the U.S. Department of Energy Office of Science
offers an overview of thistopic.
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How does gene therapy work?

Gene therapy is designed to introduce genetic material into cells to compensate for
abnormal genes or to make abeneficial protein. If amutated gene causes a necessary
protein to be faulty or missing, gene therapy may be able to introduce anormal copy
of the gene to restore the function of the protein.

A genethat isinserted directly into acell usually does not function. Instead, a carrier
called avector isgenetically engineered to deliver the gene. Certain viruses are often
used as vectors because they can deliver the new gene by infecting the cell. The
viruses are modified so they can't cause disease when used in people. Some types of
virus, such asretroviruses, integrate their genetic material (including the new gene)
into achromosome in the human cell. Other viruses, such as adenoviruses, introduce
their DNA into the nucleus of the cell, but the DNA is not integrated into a
chromosome.

The vector can be injected or given intravenously (by IV) directly into a specific
tissue in the body, where it istaken up by individual cells. Alternately, a sample of
the patient's cells can be removed and exposed to the vector in alaboratory setting.
The cells containing the vector are then returned to the patient. If the treatment is
successful, the new gene delivered by the vector will make a functioning protein.

Researchers must overcome many technical challenges before gene therapy will be
apractical approach to treating disease. For example, scientists must find better ways
to deliver genes and target them to particular cells. They must also ensure that new

genes are precisaly controlled by the body.
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For moreinformation about how genetherapy works:

The National Cancer Institute fact sheet Questions and Answers About Gene Therapy
(http://cis.nci.nih.gov/fact/7_18.htm) includes a discussion of the technical aspects
of genetherapy. In particular, refer to question 3, “How are genes transferred into
cells so that gene therapy can take place?’ and question 5, “What are the basic steps
involved in gene therapy?’

A short description and diagram of gene therapy is availablein the article
Fundamentals of Gene Therapy (http://www.fda.gov/fdac/features/2000/gene.html)
from the September-October 2000 issue of FDA Consumer magazine.
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|s gene therapy safe?

Gene therapy is under study to determine whether it could be used to treat disease.
Current research is evaluating the safety of gene therapy; future studies will test
whether it is an effective treatment option. Several studies have already shown that
this approach can have very serious health risks, such astoxicity, inflammation, and
cancer. Because the techniques are relatively new, some of the risks may be
unpredictable; however, medical researchers, institutions, and regulatory agencies
are working to ensure that gene therapy research is as safe as possible.

Comprehensive federal laws, regulations, and guidelines help protect people who
participate in research studies (called clinical trials). The U.S. Food and Drug
Administration (FDA) regulates all gene therapy products in the United States and
overseesresearch in this area. Researchers who wish to test an approach in aclinical
trial must first obtain permission from the FDA. The FDA has the authority to reject
or suspend clinical trials that are suspected of being unsafe for participants.

The National Institutes of Health (NIH) also plays an important role in ensuring the
safety of gene therapy research. NIH provides guidelines for investigators and
institutions (such as universities and hospitals) to follow when conducting clinical
trials with gene therapy. These guidelines state that clinical trials at institutions
receiving NIH funding for this type of research must be registered with the NIH
Office of Biotechnology Activities. The protocol, or plan, for each clinical trial is
then reviewed by the NIH Recombinant DNA Advisory Committee (RAC) to
determine whether it raises medical, ethical, or safety issues that warrant further
discussion at one of the RAC's public meetings.

An Institutional Review Board (IRB) and an Institutional Biosafety Committee (IBC)
must approve each gene therapy clinical trial before it can be carried out. AnIRB is
acommittee of scientific and medica advisorsand consumersthat reviewsall research
within an institution. An IBC is agroup that reviews and approves an institution's
potentially hazardous research studies. Multiple levels of evaluation and oversight
ensure that safety concerns are atop priority in the planning and carrying out of gene
therapy research.

For moreinformation about the safety and over sight of gene ther apy:

A discussion of the safety concerns surrounding gene therapy research is available
inthearticle Human Gene Therapy: Harsh Lessons, High Hopes (http://www.fda.gov/
fdac/features/2000/500_gene.html) from the September-October 2000 issue of FDA
Consumer magazine.
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Additional information about the FDA’ srolein overseeing the safety of genetherapy
research can be found in the fact sheet Human Gene Therapy and The Role of the
Food and Drug Administration. (http://www.fda.gov/cber/infosheets/genezn.htm)

The NIH provides several resources about itsrole in the safety of gene therapy
research:

Office of Biotechnology Activities (http://www4.od.nih.gov/obal)

Frequently Asked Questions. Recombinant DNA and Gene Transfer
(http://www4.od.nih.gov/obalRAC/RAC_FAQs.htm)
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What are the ethical issues surrounding gene therapy?

Because gene therapy involves making changesto the body’ s set of basicinstructions,
It raises many unique ethical concerns. The ethical questions surrounding gene therapy
include:

* How can“good” and “bad” uses of gene therapy be distinguished?

*  Who decides which traits are normal and which constitute a disability or
disorder?

»  Will the high costs of gene therapy make it available only to the wealthy?

»  Could the widespread use of gene therapy make society |ess accepting of
people who are different?

«  Should people be alowed to use gene therapy to enhance basic human
traits such as height, intelligence, or athletic ability?

Current gene therapy research has focused on treating individuals by targeting the
therapy to body cells such as bone marrow or blood cells. Thistype of gene therapy
cannot be passed on to a person’s children. Gene therapy could be targeted to egg
and sperm cells (germ cells), however, which would allow the inserted gene to be
passed on to future generations. This approach is known as germline gene therapy.

Theidea of germline gene therapy is controversial. While it could spare future
generations in afamily from having a particular genetic disorder, it might affect the
development of afetusin unexpected ways or have long-term side effects that are
not yet known. Because people who would be affected by germline gene therapy are
not yet born, they can’t choose whether to have the treatment. Because of these ethical
concerns, the U.S. Government does not allow federal funds to be used for research
on germline gene therapy in people.

For moreinformation about the ethical issuesraised by genetherapy:

The National Cancer | nstitute fact sheet Questionsand Answers About Gene Therapy
(http://cis.nci.nih.gov/fact/7_18.htm) offersinformation on thistopic. Refer to
Question 12, “What are some of the social and ethical issues surrounding human
gene therapy?’ and Question 13, “What is being done to address these social and
ethical issues?’

Information about the ethics of germline gene therapy is provided in chapter 7 of the
publication Y our Genes, Y our Choices (http://www.ornl.gov/TechResources/Human _
Genome/publicat/genechoice/7_dr.html). Scroll down to the section “Germ-Line
Therapy.”
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The Genetics and Public Policy Center also outlines scientific issues and ethical
concernsregarding gene therapy (http://www.dnapolicy.org/genetics/transfer.jhtml).
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|s gene therapy available to treat my disorder?

Gene therapy is currently available only in aresearch setting. The U.S. Food and
Drug Administration (FDA) has not yet approved any gene therapy productsfor sale
in the United States.

Hundreds of research studies (clinical trials) are under way to test gene therapy asa
treatment for genetic conditions, cancer, and HIV/AIDS. If you are interested in
participating in aclinical trial, talk with your doctor or a genetics professional about
how to participate.

Y ou can also search for clinical trialsonline. Clinical Trials.gov
(http://clinicaltrials.gov/), aservice of the National Institutes of Health, provides easy
access to information on clinical trials. Y ou can search for specific trials or browse
by condition or trial sponsor. You may wish to refer to alist of gene therapy trials
(http://clinicaltrial s.gov/search/term=gene+therapy) that are accepting (or will accept)
patients.
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What is a genome?

A genomeisan organism’s complete set of DNA, including all of its genes. Each
genome contains all of the information needed to build and maintain that organism.
In humans, a copy of the entire genome—more than 3 billion DNA base pairs—is
contained in all cells that have a nucleus.

For moreinformation about genomes:

The U.S. Department of Energy Office of Science provides background information
about the human genome in its fact sheet The Science Behind the Human Genome
Project (http://www.ornl.gov/TechResourcessHuman_Genome/project/info.html).

The NCBI Science Primer (http://www.ncbi.nlm.nih.gov/About/primer/genetics _
genome.html) offers more detailed information about the structure and function of
the human genome under the heading “What |s a Genome?’
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What was the Human Genome Project and why hasit been
Important?

The Human Genome Project was an international research effort to determine the
sequence of the human genome and identify the genes that it contains. The Project
was coordinated by the National Institutes of Health and the U.S. Department of
Energy. Additional contributors included universities across the United States and
international partnersin the United Kingdom, France, Germany, Japan, and China.
The Human Genome Project formally began in 1990 and was completed in 2003, 2
years ahead of itsoriginal schedule.

The work of the Human Genome Project has allowed researchers to begin to
understand the blueprint for building a person. As researchers learn more about the
functions of genesand proteins, thisknowledge will have amajor impact inthefields
of medicine, biotechnology, and the life sciences.

For moreinformation about the Human Genome Pr oj ect:

The National Human Genome Research Institute offers afact sheet about the Human
Genome Project (http://www.genome.gov/10001772) and alist of frequently asked
questions (http://www.genome.gov/11006943).

A brief description of the Project and linksto many additional resourcesare available
from the Human Genome Project Information web site (http://www.ornl.gov/
TechResources’Human_Genome/home.html), a service of the U.S. Department of
Energy Office of Science.

The U.S. Department of Energy Office of Science also provides afact sheet called
Potential Benefits of Human Genome Project Research (http://www.ornl.gov/sci/
techresources’Human_Genome/project/benefits.shtml).
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What were the goals of the Human Genome Project?

Themain goals of the Human Genome Project were to provide acompl ete and accurate
sequence of the 3 billion DNA base pairs that make up the human genome and to
find all of the estimated 30,000 to 40,000 human genes. The Project also aimed to
sequence the genomes of several other organisms that are important to medical
research, such as the mouse and the fruit fly.

In addition to sequencing DNA, the Human Genome Project sought to develop new
tools to obtain and analyze the data and to make this information widely available.
Also, because advances in genetics have consequences for individual s and society,
the Human Genome Project committed to exploring the consequences of genomic
research through its Ethical, Legal, and Social Implications (ELSI) program.

For moreinformation about the Human Genome Project's goals:

The U.S. Department of Energy Office of Science offers an overview of the Human
Genome Project's 5-year goals (http://www.ornl.gov/TechResourcessHuman_Genome/
hg5yp/), including a table outlining the goals and when they were achieved.

The National Human Genome Research Institute provides a fact sheet about DNA
sequencing (http://www.genome.gov/10001177).
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What did the Human Genome Project accomplish?

In April 2003, researchers announced that the Human Genome Project had compl eted
ahigh-quality sequence of essentially the entire human genome. This sequence closed
the gaps from aworking draft of the genome, which was published in 2001. It also
identified the locations of many human genes and provided information about their
structure and organi zation. The Project made the sequence of the human genome and
tools to analyze the data freely available via the Internet.

In addition to the human genome, the Human Genome Project sequenced the genomes
of several other organisms, including brewers' yeast, the roundworm, and the fruit
fly. In 2002, researchers announced that they had also completed aworking draft of
the mouse genome. By studying the similarities and differences between human genes
and those of other organisms, researchers can discover the functions of particular
genes and identify which genes are critical for life.

The Project’'s Ethical, Legal, and Social Implications (ELSI) program became the
world's largest bioethics program and a model for other ELSI programs worldwide.
For additional information about ELSI and the program's accomplishments, please
refer to "What were some of the ethical, legal, and social implications addressed by
the Human Genome Project?' on page 97

For moreinfor mation about the accomplishmentsof the Human Genome Pr oj ect:

An overview of the Project's accomplishments is available in the National Human
Genome Research I nstitute pressrel ease I nternational Consortium Completes Human
Genome Project (http://www.genome.gov/11006929).

The U.S. Department of Energy Office of Science provideslinksto information about
the Project's activities as part of its fact sheet Human Genome Project Completion:
1990-2003 (http://mww.ornl.gov/TechResources/Human_Genome/project/50yr.html).

The complete sequence of the human genome and articles analyzing the sequence
were published in early 2003. The Human Genome Project Information web site
provides an index of these landmark scientific papers (http://www.ornl.gov/
TechResources/Human_Genome/proj ect/journa s/journals.html).
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What were some of the ethical, legal, and social
Implications addressed by the Human Genome Project?

The Ethical, Legal, and Socia Implications (ELSI) program was founded in 1990 as
an integral part of the Human Genome Project. The mission of the ELSI program
was to identify and address issues raised by genomic research that would affect
individuals, families, and society. A percentage of the Human Genome Project budget
at the National Institutes of Health and the U.S. Department of Energy was devoted
to ELSI research.

TheELSI program focused on the possible consequences of genomic research infour
main aress.

* Privacy and fairness in the use of genetic information, including the
potential for genetic discrimination in employment and insurance.

 Theintegration of new genetic technologies, such as genetic testing, into
the practice of clinical medicine.

»  Ethical issues surrounding the design and conduct of genetic research with
people, including the process of informed consent.

» Theeducation of healthcare professionals, policy makers, students, and
the public about genetics and the complex issues that result from genomic
research.

For moreinformation about the ELSI program:

Information about the ELSI program at the National Institutes of Health, including
program goals and activities, is available in the fact sheet Ethical, Legal and Social
Implications (EL SI) Research Program (http://www.genome.gov/10001618) from
the National Human Genome Research Institute. The About EL SI web page
(http://www.genome.gov/10001754) provides a more detailed discussion of the
program.

The U.S. Department of Energy Office of Science offerstwo fact sheets on the ELSI
program, each of which includes links to many additional resources:

Ethical, Legal, and Social Issues (http://www.ornl.gov/TechResourcesyHuman_
Genome/elsi/elsi.html)

Ethical, Legal, and Social |ssues Research (http://www.ornl.gov/
TechResources/Human_Genome/research/elsi.html)
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What are the next stepsin genomic research?

Discovering the sequence of the human genome was only the first step in
understanding how theinstructions coded in DNA lead to afunctioning human being.
The next stage of genomic research will begin to derive meaningful knowledge from
the DNA sequence. Research studies that build on the work of the Human Genome
Project are under way worldwide.

The objectives of continued genomic research include the following:

Determine the function of genes and the elements that regulate genes
throughout the genome.

Find variationsin the DNA sequence among people and determine their
significance. These variations may one day provide information about a
person's disease risk and response to certain medications.

Discover the 3-dimensional structures of proteins and identify their
functions.

Explore how DNA and proteins interact with one another and with the
environment to create complex living systems.

Develop and apply genome-based strategies for the early detection,
diagnosis, and treatment of disease.

Sequence the genomes of other organisms, such as the rat, cow, and
chimpanzee, in order to compare similar genes between species.

Develop new technologies to study genes and DNA on alarge scale and
store genomic data efficiently.

Continue to explore the ethical, legal, and social issues raised by genomic
research.

For moreinformation about the genomic resear ch following the Human Genome

Project:

The National Human Genome Research Institute supports research in many of the

areas described above. The Institute provides detailed information about its research
initiatives at NIH and nationwide (http://www.genome.gov/Research/). In addition,
the NIH Roadmap (http://nihroadmap.nih.gov/) outlines major initiativesin biomedical

research.

The U.S. Department of Energy's Genomes to Life program will use genomic data
and new technologies to obtain a fundamental understanding of living systems. The
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Genomesto Life web site (http://doegenomestolife.org/) offers information about
the program.

The U.S. Department of Energy Office of Science provides alook at the possible
benefits and applications of future research in the article Fast Forward to 2020: What
to Expect in Molecular Medicine (http://www.ornl.gov/hgmis/medicine/tnty.html).
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What is pharmacogenomics?

Pharmacogenomicsis the study of how genes affect a person’ s response to drugs.
Thisrelatively new field combines pharmacol ogy (the science of drugs) and genomics
(the study of genes and their functions) to develop effective, safe medications and
doses that will be tailored to a person’s genetic makeup.

Many drugs that are currently available are “one sizefitsal,” but they don't work
the same way for everyone. It can be difficult to predict who will benefit from a
medication, who will not respond at all, and who will experience negative side effects
(called adverse drug reactions). Adverse drug reactions are a significant cause of
hospitalizations and deaths in the United States. With the knowledge gained from
the Human Genome Project, researchers are learning how inherited differencesin
genes affect the body’ s response to medications. These genetic differences will be
used to predict whether a medication will be effective for a particular person and to
help prevent adverse drug reactions.

Thefield of pharmacogenomicsisstill initsinfancy. Itsuseiscurrently quite limited,
but new approaches are under study in clinical trials. In the future, pharmacogenomics
will allow the development of tailored drugsto treat awide range of health problems,
including cardiovascular disease, Alzheimer disease, cancer, HIV/AIDS, and asthma.

For moreinformation about phar macogenomics:

The U.S Department of Energy Office of Science offers afact sheet on
pharmacogenomics (http://www.ornl.gov/TechResources/Human _Genome/medicine/
pharma.html). This resource outlines the anticipated benefits of this approach and
lists barriers to progress.

The National Center for Biotechnology Information provides a discussion of this
topic as part of its Science Primer: One Size Does Not Fit All: The Promise of
Pharmacogenomics (http://www.nchi.nlm.nih.gov/About/primer/pharm.html).

A list of clinical trialsinvolving pharmacogenomics (http://clinicaltrial s.gov/search/
term=pharmacogenomics+OR+pharmacogenetics) isavailablefrom Clinical Trials.gov,
aservice of the National Institutes of Health.
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