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EDITOR’S NOTE

It is hard to believe that my interest in genetics began more than 50 years ago, when
I chose genetics, as opposed to a less demanding course, as a needed free elective at
Adelphi University. At the same time, one of my nursing instructors noted that I was
“too interested in the unusual.” In the 1960s, it was at New York University, influ-
enced by Dr. Martha Rogers and Inga Thornblad, where I really discovered that I was
a critical thinker and that even as a woman and a mother, the sky was the limit. Yet,
it was not until I began my doctoral work in the Department of Biological Sciences
at Illinois State University, when I had to repeat a genetics course because of all the
changes that had occurred since my undergraduate course, that I saw the potential
that genetics held for peoples health and how necessary that knowledge would be
for the health professions.

So I set my sights in that direction, switching my major to genetics, specifically
human and medical genetics, with a minor in biochemistry. That was in 1970. I
especially am grateful for the shared knowledge and professionalism of two of the
genetics faculty there, Dr. Herman Brockman and Dr. William (Bill) Daniel, who
were wonderful role models of scholarship and decency.

And if the potential was visible then, surely all of the applications available now
were only a dream. Over my career, however, understanding human genetic varia-
tion interacting with the environment, along with its implications, has led to exciting
applications not only in health and illness, but also in fields such as forensics and
law. Genetics and genomics have truly permeated all aspects of our lives, and even
young schoolchildren are conversant in the terminology and concepts, if not the
societal implications.

It hardly needs to be said that the increasing importance of genetics and genomics
translates to all fields of nursing, as well. By now, I hope that nurses are truly “think-
ing genetically” and looking at their clients with a “genetic eye.” To do otherwise
would be a failure to practice nursing in the way that it should be practiced by the
professional nurse.

I am now happily retired from active practice and am lucky enough to be able to
spend my time doing the things I love most, especially spending time with family
and friends. Throughout my past genetic evaluation and counseling practice, I met
so many wonderful people affected by genetic variation. I am grateful for the lessons
I learned from them.

I have had wonderful friends and colleagues in and out of nursing, and there
is not space to mention all of them; however, two long-time nursing friends and
colleagues deserve special mention: Dr. Jerry D. Durham and Dr. Wendy M. Nehring.



xiv Editor’s Note

I marvel at how thoroughly genetics is now integrated into our culture and soci-
ety. Being in the genetics field has always been an honor for me and my contributions
have been a labor of love.

And how many more amazing things in genetics there are to come ... the excite-
ment has just begun.

Felissa R. Lashley
Overland Park, Kansas



PREFACE

The practice of clinical genetics and genomics has infiltrated nearly every area of
health care. Currently there are over 3,000 genetic and genomic tests available to
health care providers to query a wide range of diagnostic and pharmacogenetic
needs, such as individual patient heredity and metabolic responses to drug treatment.
Today’s nurses not only participate in pedigree construction and risk identification,
but are increasingly responsible for referral to genomic medical services. The formal
academic process of bringing genetics into nursing began in 2000 and has since
resulted in the 2009 publication of the American Nurses Association (ANA) Con-
sensus Panel on Genetic/Genomic Nursing Competencies. These establish genomics
as a core competency for all registered nurses (RNs), regardless of academic prepara-
tion, clinical role, or practice specialty. The endorsement of these guidelines by most
professional nursing organizations leads to the hope that soon the study of genetics
in the undergraduate curriculum will be as ubiquitous and required as anatomy and
physiology are today.

Being able to assess clients and families with a “genetic eye” has become critical for
all nurses. Advances from genetic and genomic research have influenced all areas of
health care and all periods of the life cycle. Genetic factors are responsible in some
way for both indirect and direct disease causation,; for variation that determines pre-
disposition, susceptibility, and resistance to disease; and for response to treatment.
When we look into the future, we can see that the application of genetic knowledge,
including genetic screening and personalized drug therapy, will have a direct influ-
ence on health care.

Nurses must be able to “think genetically” to help individuals and families, in all
practice areas, that are affected in some way by genetic disease or are contemplating
genetic testing. Each person state of health and risk for developing diseases may be
based on genetic variation. This includes not only diseases thought of as genetic but
also more common disorders such as cancer and heart disease.

Becoming competent in the use of genetic content begins in undergraduate and
generic nursing education programs. It was with this in mind that Lashley’ Essen-
tials of Clinical Genetics in Nursing Practice was originally written. Given the rapid
progress of genetic and genomic science, the original work has been revised and
extensively updated as Lashley’s Essentials of Clinical Genetics in Nursing Practice,
Second Edition. Part I of the book discusses the place of genetics in health care and
the health care trends related to genetics. This is followed by a review of basic and
molecular biology, a discussion of human variation and diversity, and gene action
and types of inheritance. The topics of prevention of genetic disease, genetic test-
ing, and treatment are presented, including aspects of genetic counseling. Part II
applies these principles to areas of clinical nursing practice. Specific application
of genetics and genomics in regard to pharmacology, history taking and physical
assessment, maternal—child nursing, adult health and illness and medical-surgical
nursing, psychiatric mental health nursing, policies, and social and ethical issues are
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all discussed. The broad concepts are presented in a nursing context with selected
disease examples and case examples. Many key concepts, questions, and examples
from Dr. Lashley’s practice appear liberally throughout this new edition. Qualified
instructors may obtain access to ancillary materials, including PowerPoints
and a test bank, by contacting textbook@springerpub.com.

Within this book, the term normal is used as it is by most geneticists—to mean
free from the disorder or condition in question. Genetic terminology does not gen-
erally use apostrophes (e.g., Down syndrome instead of Down’s syndrome), and this
pattern has been followed.

The writing of this book in a manner that allows students to understand and
apply genetics is an important step toward early educational preparation. Thinking
inclusively about genetics in all types of disease conditions will help nurses pre-
serve the optimum function and health of patients. All nurses, as health care pro-
viders and as citizens, are charged with understanding advances in genetics and the
resultant implications on health care and social decisions. In the words of Florence
Nightingale (1859), “[TThe knowledge of nursing...of how to put the constitution in
such a state as that it will have no disease, or that it can recover from disease, takes a
higher place. It is recognized as the knowledge which everyone ought to have.” For
today’s nurses, this is genetics.

Christine E. Kasper
Tonya A. Schneidereith
Felissa R. Lashley

REFERENCE
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CHAPTER 1

Genomics in Health Care
Tonya A. Schneidereith and Christine E. Kasper

Since the inception and completion of the Human Genome Project (HGP), the field of
genetics has experienced unimaginable growth. The identification of approximately
30,000 human genes, coupled with advancements in molecular techniques, has cre-
ated an opportunity to delve deep into every part of the human life span. No longer
confined to the sciences and health care, discussions on genetics and the role of genes
in disease are part of everyday conversation. From television and mainstream media
to the grocery store and genetically modified foods, society is deluged with genetic
information. The chromosomal locations for known diseases can now be found with
the click of a mouse, making information accessible for everyone.

HUMAN GENOME PROJECT

Much of the detailed information now known about human genetics evolved from
the HGP Started in 1990, the HGP was a collaborative research program coordi-
nated through the National Human Genome Research Institute (NHGRI) at the
National Institutes of Health (NIH) and the Department of Energy (DOE). David
Smith directed the program at the DOE, and James Watson and Francis Collins
were the first and second directors at NIH, respectively. Although the primary focus
of research included gene sequencing and mapping of the human genome, a major
contribution of the HGP was the development of large-scale molecular technolo-
gies. These contributions, along with the development of computer technologies to
handle the enormous amount of sequencing data, have allowed for the continued,
rapid advancements in all areas of genetic research.

In April 2003, the full sequence of the human genome was published in Nature.
The complexity of the genome highlighted the discovery that only 1% to 2% of bases
encode proteins, meaning that the role of 98% of human DNA is unknown. The total
number of identified genes that code for proteins is approximately 30,000, fewer
than what was originally expected. Some of the other unexpected findings included
“the more complex architecture of human proteins compared to their homologs in
worms and flies, the profoundly important lessons that could be learned from the
human repeat sequences, and the discovery of apparent horizontal transfer from
bacterial species” (Collins, 2001, p. 643).
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The HGP also led to the establishment of the ethical, legal, and social implications
(ELSI) programs of genetic research. The ELSI programs fund research in four main
categories: genomics research; genomic health care; broader societal issues; and legal,
regulatory, and public policy. To date, the major impact from ELSI research includes
policies related to the conduct of genomics research, mostly involving informed con-
sent. The future role of the ELSI program includes frequent reassessment of research
priorities due to this constantly emerging science and protection of researcher auton-
omy and independence in a field filled with policy implications.

INCREASING GENETIC LITERACY

Educators have recognized the importance of an informed public that is able to
understand genetic risk and predisposition. Historically, aspects of genetics were
taught in middle/high school and primarily included the basics of Mendelian inheri-
tance. None of the complexities involved in disease were taught, leading students to
believe that genetics followed only the primary inheritance patterns. The American
Society for Human Genetics recognized these limitations and suggested a curriculum
for K-12 education, increasingly focused on improving genetic literacy.

In today’s health care, there is an expectation that providers are capable of under-
standing and translating findings from genetic screening and testing into language
that is easily understood. This requires incorporation and comprehension of genetic
content in both undergraduate and graduate education that is commensurate with
the rapidly expanding gains toward understanding genetic risk and predisposition.

Knowledge and Competencies

Many of the challenges and applications of new genetic information are still unknown,
but health professionals in all areas of practice will encounter clients with disorders
that have either a known genetic etiology or genetic component. Preparation of the
provider will aid in recognition of the role of genomics in many conditions and the
application of gene-based diagnostic tests and therapies. This includes a breadth of
genetic and genomic knowledge regarding testing and assessment of risk, as well as
the ability to interpret results and provide education and counseling.

However, staying current with genetic and genomic knowledge is, in itself, a
seemingly insurmountable challenge for educators. A study of over 7,700 practicing
nurses revealed knowledge deficits in genetics and genomics, while more than 50%
of the group identified genetics in their curriculum (Calzone, Jenkins, Culp, Caskey,
& Badzek, 2014). This suggests an inadequacy in genetic curricula and inappropri-
ate academic preparation for both students and educators. Making academic prepa-
ration a priority is essential for future nurses.

The NHGRI and the National Cancer Institute (NCI) collaborated on a series of
articles to help nurse educators focus on genetics and genomics (Mjoseth, 2012).
Additionally, in 2006, an esteemed consensus panel comprising nurses from national
organizations (NHGRI, American Nurses Association [ANA], Centers for Disease
Control and Prevention [CDC], Health Resources and Services Administration
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[HRSA], American Nurses Credentialing Center [ANCC], Sigma Theta Tau Inter-
national, etc.), universities, and nurses’ associations (Society of Pediatric Nurses,
National Association of Hispanic Nurses, National Alaska Native American Indian
Nurses Association, etc.) established essential competencies and curriculum guide-
lines. These guidelines were updated to include outcome indicators in the second
edition, published in 2009 as the Essentials of Genetic and Genomic Nursing: Com-
petencies, Curricula Guidelines, and Outcome Indicators (Jenkins, 2008). This docu-
ment identifies essential competencies including;

» Professional responsibilities

e Demonstrating understanding of genetics as applied to health prevention
and screening

e Ability to obtain three-generation family health history and construct a
pedigree

e Critically analyzing history for risk factors
Applying/integrating genetic and genomic knowledge

Identification of those who may benefit from genetic services

v v Yy

Referral activities

» Provision of education, care, and support

Although the importance of these competencies is irrefutable, their implementation
in nursing education is still inadequate. The Essentials, along with integration of
genetics in core science courses, provide the very basic components to best prepare
future nurses to provide safe, cost-effective care that will improve health outcomes.

NURSING ROLES IN A GENOMIC ERA

Traditionally, nurses were expected to interview clients, obtain an accurate history
over three generations, and identify risk based on pedigree. However, the informa-
tion gained from the HGP has added layers of complexity, including the idea of relat-
edness. As previously determined through a three-generation pedigree, inheritance
and risk were measured through identity by descent (IBD). However, IBD does not
account for molecular variability, including meiotic recombination, thereby making
it an imprecise way to establish inheritance risk. The availability of molecular testing
and analysis of genome-wide single-nucleotide polymorphism (SNP) data allows for
more accurate diagnosis, limiting the value of the traditional pedigree. Will nurses
forego the pedigree for whole-genome analysis (WGA)? Does this mean that teach-
ing the art of eliciting a pedigree has become obsolete? Regardless, nurses should be
prepared to explain and interpret correctly the purpose, implications, and results of
genetic tests.

The role of the nurse will vary depending on the disorder, the needs of the client
and family, and the nurse’s expertise, role, education, and job description. Nurses
will treat adults with genetic diseases of childhood who present with common
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health problems and people with traditional adult-onset disorders, such as hemo-
chromatosis and Huntington disease. Technological advances have increased life
expectancy for many chronic diseases, including sickle cell disease and cystic fibro-
sis. This will lead to greater knowledge of the effects of illness across the life span.
Different mutational changes within a gene may produce different phenotypic out-
comes with varying responses to treatment and prognosis. Persons with specific
genotypic mutations already are known to have preferential responses to certain
medications or therapeutic approaches. Large-scale genome-wide association stud-
ies (GWAS) are shedding insight into the role of SNPs in complex diseases such as
cancer, chronic obstructive pulmonary disease, diabetes mellitus, and heart disease.
Additionally, access to whole-genome sequencing may be available within the next
decade, making the idea of personalized medicine in diagnosis and treatment of
disease a real possibility.

Consideration of the family unit is important for nurses. Identification of a genetic
disorder in one member can allow others in the family to receive appropriate pre-
ventive measures, detection, and diagnosis or treatment and to choose reproductive
and life options concordant with their personal beliefs. Also, there is a toll on the
community and society. Although mortality from infectious disease and malnutrition
has declined in the United States, the proportion due to disorders with a genetic
component has increased, assuming a greater relative importance. Furthermore,
nurses must be aware of potential increases in health disparities, especially among
the poor and disadvantaged from various ethnic backgrounds, as the demand for
genetic services continues to grow.

Nurses are in an ideal position to apply principles of health promotion, mainte-
nance, and disease prevention. Coupling an understanding of cultural differences,
technical skills, family dynamics, growth and development, and other professional
skills with the person and family unit threatened by a genetic disorder, nurses can
ensure an appropriate outcome.

For those interested in learning more about genetics, the International Society of
Nurses in Genetics (ISONG; www.isong.org) offers various certifications for nurses
related to genetics, depending on their education and experience. Additional certifi-
cations are available through the American Board of Medical Genetics.

SUMMARY

Nurses are uniquely positioned to assess, treat, and educate individuals and their
families on the presence, absence, or future possibility of disease. As members of the
profession, it is the responsibility of the nurse to remain up to date on testing and
therapies related to genetics and disease.

To paraphrase Francis Collins, the payoff of the HGP for health care professionals
is a better ability to diagnose, treat, and prevent disease. Understanding the
role of genetics and genomics throughout the life span, increasing genetic liter-
acy, and applying new technologies in diagnosis and treatment is a great place
to start.
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KEY POINTS

» Health care and society are increasingly influenced by genetics and
genomics.

» Many genetic disorders that appear to follow Mendelian patterns of inheri-
tance and were ascribed to a single mutant gene are now known to be more
complex than formerly thought.

» The influence of genetic testing for screening and diagnosis has a greater
weight now than once prior to the HGP,

» Genetic disorders may appear in any phase of the life span.

» Nurses will encounter clients/patients with genetically influenced disorders in
every area of clinical nursing practice.

» Nurses play many roles in caring for persons and families affected by geneti-
cally influenced disorders.

» Nurses, as well as educators, should have basic genetic and genomic knowl-
edge, competencies, and literacy.

» Personalized medicine may be a reality within the next decade.
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CHAPTER 2

Basic Concepts in
Molecular Biology

Wendy L. Kimber

This chapter introduces the fundamental concepts in molecular biology that under-
lie the principles of genetics and inheritance. It begins with a discussion of the
way that genetic material is organized into genes and chromosomes and the mech-
anisms by which these are transmitted to the next generation. This is followed by
an explanation of the molecular nature of genes and the processes of DNA replica-
tion and gene expression. The flow of information from DNA to RNA to protein is
described along with the consequences of mutations on this system. Finally, a brief
survey of current genetic technologies is presented, including the burgeoning field
of genomics. This chapter provides the foundational concepts on which subsequent
chapters are built.

CHROMOSOMES

The term chromosome is derived from the Greek words for color (chroma) and body
(soma) as chromosomes were first observed as colored threads inside the nucleus of
stained cells by scientists in the 1800s. These thread-like structures are present in
the nucleus of all cells and are the basic units of heredity that are passed from parents
to their offspring.

Chromosomes are composed of a single molecule (double strand) of DNA, which
is wrapped around histone proteins (Figure 2.1). The association of DNA with his-
tone proteins is known as chromatin. Chromosomes exist in the cell in one of two
forms, condensed (closed) or relaxed (open). For most of the time, the DNA in chro-
mosomes is only loosely wound around histone proteins so that the genes on the
chromosomes are accessible to the transcriptional machinery of the cell. In this form,
chromosomes exist as long slender threads that are not visible under a light micro-
scope. Only when a cell is getting ready to divide does the DNA become compacted
to take on the characteristic shape and form of a chromosome.

Before a cell divides it makes a duplicate copy of each chromosome; both chromo-
some copies remain temporarily stuck together, with each individual chromosome
referred to as a chromatid (Figure 2.2). During cell division the DNA of both chroma-
tids are wound tightly around histone proteins so that it forms a short tight bundle.




10 1: The Basics

Chromosome

Chromatin fiber

Histones

“Beads on a string”
DNA wound on
nucleosomes

Double helix

FIGURE 2.1. The association of DNA and histone proteins to form chromatin.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85280

This makes it easier for the cell to move the chromosomes around the cell, and is
analogous to taking multiple lengths of yarn and winding them up into individual
balls for ease of handling. In this condensed form, chromosomes are visible under
the light microscope, and each individual chromosome can be identified on the basis
of its size and the pattern of bands created when the chromosomes are stained with
Giemsa (G banding). During the time that chromosomes are in this condensed form,
the DNA is so tightly wound around the histones that transcription cannot take
place. For this reason, as soon as nuclear division is complete, the chromosomes
rapidly decondense so that the DNA is accessible once more and can be used by the
cell to direct the production of proteins.

In the condensed state, certain features of a chromosome become visible. A con-
striction in the chromosome identifies the chromosome centromere, which holds the
two chromatids together. During nuclear division (mitosis or meiosis), spindle fibers
attach to specialized regions of the centromere known as kinetochores to move the
chromosomes around the cell. The ends of each chromosome are called telomeres,
which are made up of short DNA sequences that are repeated over many times and
do not code for proteins. Telomeres have a protective function for the chromosome,
and shortening of telomeres has been linked to aging and cancer.

Humans have 23 pairs of different chromosomes in a somatic (nonsex) cell, with
one of each pair being inherited from each parent. Twenty-two of these chromosome
pairs do not play a role in sex determination and are referred to as autosomes. The
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FIGURE 2.2. The structure of a duplicated chromosome.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85281

remaining pair are called the sex chromosomes or X and Y chromosomes, because
these determine the sex of an individual. In humans, sex is determined by the pres-
ence or absence of the Y sex chromosome, with females having two X chromosomes
and males having one X and one Y chromosome. In the absence of a Y chromosome,
embryonic development proceeds along the default female pathway. In the presence
of a’Y chromosome, development is switched to that of male by a transcription factor
that is encoded by the sex-determining region Y (SRY) gene, which is found only on
the Y chromosome. Because somatic cells contain two copies of each chromosome
type, they are referred to being diploid, and their chromosome number is denoted as
2n. Gametes, which are cells specialized for fertilization (sperm and oocytes), have
only one of each chromosome and are said to be haploid and are given the n desig-
nation. The fusion of haploid male and female gametes during fertilization restores
the diploid number of chromosomes (46) to the zygote, with one maternally derived
chromosome and one paternally derived chromosome for each pair.

CELL DIVISION
Cell Cycle

Cells preparing to divide progress through a series of phases, which collectively are
known as the cell cycle (Figure 2.3). The cell cycle could be considered the “life
cycle” of the cell; however, only cells that have been given “permission” to divide
complete the cell cycle, and nondividing cells remain in the first phase of the cell
cycle indefinitely, which is referred to as the resting phase or G,.
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FIGURE 2.3. The four phases of the cell cycle.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85276

The first phase of the cell cycle, called the gap 1 (G)) phase, occurs immediately
following cell division. When the parental cell divides in half to create two daughter
cells, these are initially half the size of the parental cell with only half the number
of organelles. The first task for this newly created cell is to increase its size and syn-
thesize additional organelles. Therefore, the G, phase is considered to be a period
of growth. Once a cell has reached its full size and capacity it does not automati-
cally proceed to cell division. There are strict controls on which cells are allowed
to divide, and division is only permitted if there is a need for more cells for the
purposes of growth, repair, or regeneration. Therefore, there are a host of cell cycle
controls that prevent a cell from leaving G, and proceeding with division. These are
enforced by proteins, such as cyclins, that enforce cell cycle checkpoints, the main-
tenance of G, state, and prevent cells from leaving G, and progressing through the
cell cycle. Mutation of one or more of these genes results in loss of cell cycle control,
and cells progress through the cell cycle and divide in an uncontrolled way, leading
to cancer. The mitotic index is a measurement of cell proliferation that measures the
ratio of mitotic (dividing) cells to nondividing cells within a population. An elevated
mitotic index can be indicative of the presence of cancerous cells that have lost cell
cycle control.

When cell division is required, a chemical signal will be received by the cell,
which leads to the removal of G, checkpoint controls, and the cell then enters the
second phase of the cell cycle, the S phase. During this phase of the cell cycle, DNA
synthesis occurs, and all of the chromosomes are replicated, leading to a doubling of
the DNA content of a cell. There is no checkpoint at the end of the S phase; rather,
cells proceed directly into the gap 2 (G,) phase, which is another period of growth.
During the G, phase, the cell prepares for nuclear and cell division, by synthesiz-
ing the proteins that will be required to drive this process. The gap phases of the
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cell cycle (G, and G,) were named by early researchers studying the cell cycle by
observing visible changes under the microscope. In contrast to S and M phases, the
processes taking place during G, and G, do not create any visible changes in cellular
morphology, leading scientists to name them “gap” phases to reflect what they incor-
rectly thought of as periods of inactivity in the cell.

At the end of the G, phase there is another cell cycle checkpoint, and cells can
only progress to the next phase of the cell cycle when their DNA has been checked
and found to be undamaged. If any DNA damage is found, it must be repaired before
cells can proceed any further. Cells that pass the G, checkpoint proceed into the
M phase, which is where nuclear division and eventually cytokinesis (cell division)
takes place. The G, S, and G, phases are known collectively as interphase, to reflect
that these are the phases leading up to nuclear and cell division.

The ploidy status, which is the number of sets of chromosomes of a cell, is deter-
mined by the method of nuclear division that is used to create the two nuclei during
the M phase of the cell cycle, as a precursor to cytokinesis. Nuclear division occurs
during the M phase of the cell cycle by one of two methods, mitosis or meiosis,
depending on the function of the cell.

Mitosis

Somatic cells do not participate in reproduction and are therefore diploid, having
two copies of each chromosome, referred to as homologous chromosomes. During
the S phase of the cell cycle, a somatic cell makes a copy of all of its chromosomes;
this double complement of chromosomes must become organized into two separate
nuclei, each containing a complete set of chromosomes, before cell division can
occur. Somatic cells achieve this through the process of mitosis, a method of nuclear
division which, in humans, separates a set of 46 chromosomes into each of two
nuclei. Mitosis is followed by cell division to generate two diploid daughter cells that
have maintained the chromosome number of 46. This method of nuclear division is
used by all dividing cells except gametes, for the purpose of growth, regeneration,
and repair, and generates daughter cells that are genetically identical to the original
parental cell. Organisms that reproduce asexually also divide by mitosis, leading to
offspring that are identical, genetic clones of the parent.

Mitosis begins with all of the chromosomes being in their duplicated state, hav-
ing been replicated during the S phase. Both of the chromosome duplicates, known
as sister chromatids, remain fastened together at the centromere. The goal of mitosis
is to pull apart these chromosome copies and move them into separate nuclei. Mito-
sis is divided into five stages, the first of which is prophase (Figure 2.4). During this
phase, the chromosomes condense to become shorter and thicker in preparation for
being moved around the cell. At the beginning of prophase, stained chromosomes
are barely visible as thin threads; however, by the end of prophase the chromo-
somes have condensed to such an extent that they are then visible as the shapes
that we commonly associate with chromosomes. The end of prophase is marked
by the disappearance of the nuclear membrane to allow access of the spindle fibers
to each chromosome. Metaphase is the most characteristic stage of mitosis, as this
is the phase where spindle fibers move the chromosomes so that they are lined up
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FIGURE 2.4. The four phases of mitosis, which achieves nuclear division in somatic cells.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85204

along the center of the cell (metaphase plate). This stage of the cell cycle is used for
preparing karyotypes (images of individual chromosomes for the purpose of iden-
tifying abnormalities in chromosome number or structure). When preparing cells
for karyotyping, they are treated with a chemical inhibitor, which prevents the cells
from leaving metaphase. This ensures that the chromosomes are in their most con-
densed state and therefore most highly visible under a light microscope. Before the
cell proceeds to the next phase of mitosis, a cell cycle checkpoint is encountered,
which ensures that all spindle fibers are attached to the chromosome centromeres.
This is very important because errors at this point could lead to incorrect separation
of duplicated chromosomes (nondisjunction), leading to conditions of aneuploidy
(abnormal chromosome number). (For a more detailed description of aneuploidy,
see Chapter 4.) Once this cell checkpoint has been verified, cells enter anaphase,
which is when the spindle fibers abruptly shorten, pulling duplicated chromosomes
apart and toward opposite poles of the cell. When adequate separation of the chro-
mosome pairs has been achieved, the nuclear membranes quickly re-form around
each complete set of chromosomes in the last phase of mitosis known as telophase.
At this stage the chromosomes rapidly decondense, allowing access to the DNA for
the resumption of transcription. For a very brief period, the cell has two nuclei;
however, as soon as telophase is complete, the cell quickly divides its cell contents
in half to form two cells. At this point, the cell cycle is complete and each newly
created daughter cell enters the G, phase.
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Meiosis

Gametes, which are cells specialized for reproduction (sperm and eggs), do not use
mitosis for nuclear division because a haploid nucleus must be generated during
cell division. In order to generate two haploid nuclei with only one of each chro-
mosome type, the nucleus must divide using meiosis. Meiosis is a form of nuclear
division that includes two rounds, resulting in the formation of four haploid cells.
The first nuclear division, meiosis I, separates each pair of homologous chromo-
somes to generate two haploid nuclei, and for this reason is referred to as a reduc-
tive division. Although the first round of meiosis has generated two haploid nuclei,
each chromosome is still in the duplicated state with the two sister chromatids
connected at the centromere. The second round of meiotic nuclear division, meiosis
11, is similar to mitosis in that it functions to separate duplicated sister chromatids,
creating haploid nuclei, each with a set of unduplicated chromosomes; this is an
equational division. Both meiosis “I” and “II” are divided into the same four stages
of prophase, metaphase, anaphase, and telophase as mitosis (Figure 2.5). A phase is

Interphase
1 Diploid cell
46 Chromosomes (2n) > >
(23 pairs)
DNA replication
Prophase | » Metaphase | % Anaphase | > Telophase |
Prophase Il % Metaphasell # Anaphasell Telophase I

FIGURE 2.5. The four phases of meiosis, which create haploid nuclei during nuclear division of germ cells.

4 Haploid daughter cells
23 Chromosomes(n)

Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85196
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TABLE 2.1 A Comparison of Mitosis and Meiosis

Mitosis Meiosis

Used for growth, repair, or regeneration | Used for gamete formation

Occurs in somatic cells Occurs in germ cells in testes and ovary to
form gametes

Involves one round of cell division Involves two rounds of cell division

Results in two diploid daughter cells Results in four haploid daughter cells
Daughter cell chromosome number is Daughter cell chromosome number is half of
the same as parent cell (2n, diploid) parent cell (n, haploid)

Daughter cells are normally genetically | Daughter cells are genetically unique
identical

identified as being from meiosis I or II by the use of the Roman numeral I or II. For
example, metaphase I indicates that this is metaphase from meiosis I and metaphase
II indicates metaphase of meiosis II; the absence of a number indicates that this is
a phase of mitosis (e.g., metaphase). A comparison of mitosis and meiosis is shown
in Table 2.1.

Meiosis begins, like mitosis, when the chromosomes are in their duplicated
state. In prophase I, the chromosomes begin to condense and become visible as thin
threads, as in prophase of mitosis. However, during prophase I, a process unique
to meiosis occurs in which homologous chromosomes find each other and pair up
in a zippering-like process known as synapsis. The synapsed chromosome pair is
known as a bivalent, although it actually represents four chromosome copies and is
sometimes referred to as a tetrad. Once the chromosomes are paired up, the chromo-
somes continue to condense, becoming visibly shorter and thicker, as well as more
closely associated with each other due to the formation of the synaptonemal complex
between the chromosomes; this protein complex is thought to mediate synapsis.
During this period when the chromosomes are so intimately associated, chromatids
on opposite chromosomes (referred to as nonsister chromatids) swap segments in
the process of crossing over (Figure 2.6). In humans, crossovers occur on average
at two points on each chromosome during meiosis, and the frequency and location
of crossing over have been used to map genes (Box 2.1). A physical connection
occurs between chromosomes during crossing over and is called a chiasma (plural
chiasmata) because it resembles the Greek letter chi (y). Crossing over is a signif-
icant genetic event as it is an important source of genetic variation during sexual
reproduction, leading to new combinations of alleles on chromosomes. Prophase I,
like prophase of mitosis, ends with the breakdown of the nuclear membrane and the
attachment of the spindle fibers to the centromeres of each tetrad.
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FIGURE 2.6. Crossing over during prophase I of meiosis creates new combinations of alleles on chromosomes.
Source: http://www.genome.gov/Glossary/resources/crossing_over.pdf
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Metaphase I of meiosis is characterized by the unique way that the chromosomes
are lined up along the metaphase plate. In metaphase of mitosis and meiosis II, chro-
mosomes are lined up along the middle of the cell in a single file; however, in meta-
phase I of meiosis I, the chromosomes remain paired up in a tetrad, and are lined up
in two rows of chromosomes along the metaphase plate. The way that the tetrads are
aligned on the metaphase plate is random with respect to the maternal chromosome
and paternal chromosomes. This introduces another source of genetic variation, as
a random mix of maternal and paternal homologous chromosomes will segregate to
different nuclei with only one chromosome of each pair existing in a given gamete.
It is a matter of chance as to whether, for example, a chromosome number 1, which
was originally from the mother, and a chromosome number 2, which was originally
from the father, end up in the same gamete or not, or whether, by chance, all mater-
nally derived chromosomes end up in the same gamete, a concept that is described
by Mendels Law of Independent Assortment.

The phases of anaphase I and telophase I are very similar to mitosis; however, in
this case anaphase is identified by the shortening of spindle fibers to pull apart the
tetrads and move duplicated chromosomes consisting of two sister chromatids to
opposite poles, in contrast to anaphase of mitosis where single chromatids are sep-
arated. In telophase I, the nuclear membrane quickly re-forms around each dupli-
cated chromosome and the cell immediately begins to divide. The end result is two
haploid cells with only one of each chromosome type.

Cells completing meiosis I go immediately into meiosis II as there is no need for
DNA replication to occur. Although the cells are now haploid, each chromosome
is still in the duplicated state and the sister chromatids need to be separated from
each other. The stages of meiosis II follow more closely those of mitosis, and differs
only in that the cell is now haploid. During prophase 1I, the chromosomes shorten
and thicken, the nuclear membrane disappears, and the spindle fibers attach to the
centromeres. Metaphase II is characterized by the alignment of a haploid number of
chromosomes along the metaphase plate. In human cells, this means that there will
only be 23 chromosomes aligned on the metaphase plate. The sister chromatids are
separated during anaphase II and the nuclear membrane re-forms around each set of
chromosomes during telophase II. Cytokinesis completes the process, with the end
result being the generation of four haploid cells.

Gametogenesis

Diploid germ cells divide using meiosis to produce haploid gametes. In males, this
process is called spermatogenesis and begins with the division of diploid spermatogo-
nia in the seminiferous tubules of the testes. In humans, spermatogenesis begins at
puberty and continues throughout the lifetime of the male, with cells moving contin-
uously through all of the stages of meiosis. In contrast, the process of female gamete
formation, oogenesis, is discontinuous, with cells arrested at two points in this pro-
cess. Oogenesis takes place in the oogonial cells in the ovary during the first 6 months
of embryonic development. Meiosis is not completed at this time and instead is
arrested at the prophase stage of meiosis I in primary oocytes, which remain in this
state indefinitely. At the onset of puberty in human females, one oocyte per month
is released from the ovary during ovulation. Ovulation triggers the completion of
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meiosis I in an oocyte, which then goes on to complete meiosis I and enter meiosis
II. This cell becomes arrested for the second time at metaphase 11 of meiosis 1. The
oocyte remains arrested at this stage unless it encounters sperm and fertilization
occurs. Sperm entry during fertilization stimulates the oocyte to complete meiosis 1I,
prior to fusion of the pronuclei containing the maternal and paternal chromosomes.

Cell division during spermatogenesis is symmetrical, with meiosis I generating
two equally sized cells, which each divide by meiosis II to generate a total of four
equally sized spermatids. In contrast, cell division during oogenesis is asymmetric,
with each cell division generating one cell that contains the majority of the cell con-
tents and a much smaller cell, called a polar body, containing a nucleus and very little
cytoplasm. The end result of oogenesis is the creation of one large ovum containing
a large amount of cytoplasm and cellular contents, as well as three small polar bodies
that do not participate in reproduction. During the process of sperm maturation,
spermiogenesis, spermatids actively eliminate most of the cytoplasm from the cell.
Therefore, at fertilization, the ovum contributes most of the cellular contents includ-
ing mitochondria, and sperm contributes the haploid male pronuclei. The inheritance
of mitochondria from the mother is an interesting genetic phenomenon because mito-
chondria also contain DNA. Mitochondria are the sites of energy production in the
cell, and have a genome of 16,500 base pairs of DNA containing 37 genes. It is now
known that some genetic disorders result from mutations in mitochondrial DNA,
which are discussed further in Chapter 4.

CHROMOSOMES AND INHERITANCE

Genes are arranged in a linear fashion along a chromosome, and are always found
at the same position on the same chromosome, with this position being referred to
as its locus (plural: loci). There is one copy of each gene at a given locus; however,
somatic cells are diploid, having two of each chromosome: one maternal and one
paternal in origin. Therefore, there are two copies of each gene per cell: one gene
copy inherited from the mother and one from the father. The exceptions are the X
and Y chromosomes of the male. The Y chromosome has a much lower number of
genes than the X chromosome, with around 50 genes compared to the approxi-
mately 800 genes on the X chromosome. In addition, some genes are unique to the
Y chromosome, such as SRY, and function in male development. For this reason,
a gene on the X chromosome often does not have a corresponding copy on the Y
chromosome.

A single gene contains the information for making a specific polypeptide and is
the hereditary determinant of a trait. Different versions of the same gene often exist,
usually differing by one or a few base pairs, which produce the same protein but
with slightly differing activities. Different versions of the same gene are called alleles,
and lead to variations in a given trait. For any given gene, if both alleles are identi-
cal, an individual is said to be homozygous. If an individual has two different alleles
(versions) of the same gene, he or she is said to be heterozygous for that gene. The
term genotype is used to describe the genetic makeup of a person when discussing
combinations of specific gene alleles, and phenotype refers to an observable trait that
is a result of a genotype. A trait or characteristic is considered dominant if the trait




20 I: The Basics

encoded by the allele is apparent when one copy of the allele is paired with a differ-
ent allele of the same gene. A trait is considered to be recessive when the phenotype
for that allele is seen only in individuals with two copies (homozygous) of that allele.
In males, only one recessive allele is needed to express a recessive phenotype if the
gene is located on the X chromosome with no corresponding allele on the Y chro-
mosome. These traits are called X-linked recessive traits. Genes on the X chromo-
some of the male are often referred to as hemizygous, when a second allele on the Y
chromosome is absent. In order to avoid a double dosage of X-linked gene products
in females, a process known as X-inactivation silences gene expression from one of
the X chromosomes in each somatic cell. A situation of codominance occurs when
both alleles are expressed, as in the case of the AB blood group. A summary of these
genetic terms is presented in Box 2.2.

To explain patterns of inheritance more simply, geneticists often use capital letters
to represent alleles for dominant traits and lowercase letters to represent recessive
ones. Thus, a person who is heterozygous for a given allele pair can be represented as
Aa, one who is homozygous for two dominant alleles as AA, and one who is homo-
zygous for two recessive alleles as aa. For autosomal recessive traits, the homozygote
(AA) and the heterozygote (Aa) may be indistinguishable on the basis of phenotypic
appearance, but they may be distinguishable biochemically because they may make
different amounts or types of a gene product. This information can often be used
in carrier screening for recessive disorders to determine genetic risk and for genetic
counseling. When geneticists discuss a particular gene pair or disorder, normality is
usually assumed for the rest of the person’s genome, and the term normal is often
used unless stated otherwise.

BOX 2.2

Common Genetic Terms
Term Definition
Alleles Alternative forms of the same gene at a given locus
. When traits encoded by both alleles of a heterozygote
Codominant . o
are expressed (observed) in an individual
. A trait encoded by one allele that is expressed even
Dominant
when other alleles of that gene are present
Genotype Combination of alleles for a specific gene
Hemizygous Having only one copy of a particular gene
Heterozygous Having two different alleles of the same gene
Homozygous Having two identical alleles for a given gene
Observable expression of a specific trait or
Phenotype o
characteristic
. A trait that is apparent or expressed only when two
Recessive ‘ . L
recessive alleles are present or if one copy is missing
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Standards for both gene and chromosome nomenclature are set by international com-
mittees. To describe known genes at a specific locus, genes are designated by uppercase
Latin letters, sometimes in combinations with Arabic numbers, and they are italicized
or underlined. Alleles of genes are preceded by an asterisk. Some genes have many
possible alleles. This can lead to slightly different variants of the same basic gene prod-
uct. For any given gene, any individual would have only two alleles present in somatic
cells—one on each corresponding chromosome. Thus, in referring to the gene for the
ABO blood groups, ABO*Al, ABO*0, and ABO*B are examples of the formal ways for
identifying the different alleles at the ABO locus. As an example, a genotype for different
alleles of the adenosine deaminase gene may be written as ADA*1/ADA*2 or ADA*1/*2
to depict the two alleles that are present. Further shorthand is used to describe more
precisely mutations and allelic variants. These describe the position of the mutation,
sometimes by codon or by the site. For example, a cystic fibrosis mutation, deletion of
amino acid number 508, phenylalanine, is written as PHE508DEL or AF508.

GENES AND DNA

Genes are the basic units of heredity. A gene can be defined as a segment of DNA that
encodes the amino acid sequence of a polypeptide. A polypeptide is a chain of amino
acids connected to one another; one or more polypeptides make up a protein. There
are about 20,000 to 25,000 genes in a person’s genome (total genetic complement or
makeup). The vast majority of genes are located in the cell nucleus, but there are also
37 genes in the mitochondrial genome of cells, which are mostly concerned with
adenosine triphosphate (ATP) or energy production.

Not all of the DNA within a cell encodes proteins, and less than 5% of the DNA
in the genome corresponds to the coding sequence of proteins. The large amount of
noncoding DNA was once referred to as “junk” DNA; however, there is now a grow-
ing body of evidence that many regulatory elements are located within these noncod-
ing regions, which control gene expression and can contribute to the disease state.

The Structure of DNA

DNA is a nucleic acid that comprises subunits called nucleotides. All nucleotides
have the same three components: a nitrogenous base, a five-carbon sugar, and a
phosphate group. In DNA there are four different nucleotides, which differ only in
the nitrogenous base component. The nucleotides adenine (A) and guanine (G) are
double-ring purine bases, and cytosine (C) and thymine (T) are single ring pyrimi-
dine bases. The five carbons in the DNA sugar molecule are numbered from right to
left, starting with the carbon atom closest to the oxygen atom. This carbon is des-
ignated as the 1’ carbon, the second carbon the 2’ carbon, and so on. In DNA, the
five-carbon sugar is a deoxyribose sugar that is differentiated from ribose sugars by
the presence of a hydrogen (H) functional group on the 2’ carbon.

Nucleotides are joined together by a condensation reaction that links the hydroxyl
(OH) group of the 3’ carbon atom of one nucleotide to the phosphate group of the 5’
carbon of another nucleotide via a phosphodiester bond. Many nucleotides are joined
together in this fashion to make a strand of DNA. The 5 carbon of the first nucleotide
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in the strand is said to be “free” because it does not participate in a phosphodiester
bond and so the designation of 5" is used to denote the beginning of a strand of DNA.
Likewise, the 3’ carbon on the last nucleotide of a strand of DNA is free and the des-
ignation of 3" is used to denote the last nucleotide on a strand of DNA. A molecule
of DNA consists of two strands of DNA that are held together by hydrogen bonding
between the nitrogenous bases. The strands run in opposite directions (antiparallel)
with the 5" end of one DNA strand pairing with the 3’ end of another strand. The
pairing between the nitrogen bases on opposite strands is very specific, with guanine
always forming three hydrogen bonds with a cytosine (G:C) and adenine forming two
hydrogen bonds with thymine (A:T); this is referred to as complementary base pairing
(Figure 2.7). The two strands of DNA take on the secondary structure of a double
helix. This may be visualized as a flexible ladder in which the sides are the phosphate
and sugar groups, and the rungs of the ladder are the bases from each strand that form
hydrogen bonds with the complementary bases on the opposite strand. This flexible
ladder is then twisted into the double helix of the DNA molecule.

Base pairs

FIGURE 2.7. The double helical structure of a molecule of DNA.

Source: http://www.genome.gov/Glossary/resources/base_pair.pdf
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DNA Replication

When a cell divides, both daughter cells must receive a complete set of chromo-
somes. Therefore, before meiosis or mitosis and cell division can occur, a cell must
synthesize an entire new copy of its DNA. This occurs during the S phase of the cell
cycle (Figure 2.3). Due to the specificity of nucleotide base pairing, each existing
strand of DNA can serve as the template for the synthesis of a new strand of DNA.

In order for the DNA to be replicated, the double-stranded DNA must unwind or
relax to separate the individual strands. This is achieved by the action of a helicase
enzyme. Once the strands are separated, another enzyme, DNA polymerase, synthe-
sizes a new strand of DNA by lining up nucleotides on the existing strand according
to the base pairing rules (adenine pairing with thymine and guanine with cytosine;
Figure 2.8). DNA replication is said to be semiconservation because at the comple-
tion of DNA synthesis, two double-stranded molecules of DNA are created, each
consisting of one original strand and one newly synthesized strand of DNA.

It is important that DNA replication is highly accurate; otherwise, mutations
would frequently occur. After replication is complete, a type of “proofreading” for
mutations occurs, and repair takes place if needed. Despite several repair mecha-
nisms, sometimes errors persist and the mutations that are created are passed down
to the daughter cells.

The Structure of RNA

Within a cell there is a second type of nucleic acid, RNA, which plays an important
role in gene expression. Like DNA, RNA is made up of nucleotide subunits contain-
ing a five-carbon sugar, a nitrogenous base, and a phosphate group. The difference
between a DNA nucleotide and an RNA nucleotide is that in RNA the carbon sugar
is a ribose sugar with a hydroxyl (OH) group on the 2’ carbon atom. All but one
of the nitrogenous bases found in DNA are also found in RNA, with the excep-
tion of thymine. A strand of DNA contains adenine, thymine, cytosine, and guanine

DNA
polymerase

DNA ¥
polymerase

FIGURE 2.8. Synthesis of DNA by DNA polymerase using existing strands of DNA as templates.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85151
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bases, whereas RNA contains adenine, guanine, cytosine, and then uracil in place
of thymine.

As in DNA, RNA nucleotides are joined together via phosphodiester bonds
between the 5" and 3’ carbon atoms by a condensation reaction; however, RNA
synthesis occurs from just a single strand of DNA and generates a single-stranded
product. Strands of RNA do not form a double helix, although a single strand of RNA
may fold back on itself to form a hairpin structure.

GENE EXPRESSION

A gene is a stretch of DNA nucleotides that encodes the information for making a
specific protein, a concept that is described by the one gene—one polypeptide hypoth-
esis. The order of nucleotides in a gene corresponds to the order of amino acids in a
polypeptide. The process by which information encoded by DNA is used to synthe-
size a protein is referred to as gene expression, which is a multistep process that takes
place in multiple locations within the cell.

Genes are located on chromosomes within the cell’s nucleus, and do not leave
the nucleus under normal conditions. However, the protein-making machinery of
the cell, the ribosome, is located in the cytoplasm or on the rough endoplasmic
reticulum outside of the nucleus. The information for making a protein must be
conveyed to the ribosomes, and this is achieved by making an RNA copy of the
DNA sequence. The RNA copy of a gene, called messenger RNA (nRNA), leaves
the nucleus and travels to the ribosomes to be used as the template for protein
synthesis. The process of copying the information in a gene into RNA is called
transcription and the process of reading the mRNA to make a protein is translation.
Therefore, the flow of genetic information within the cell is from DNA to RNA to
protein, which is commonly referred to as the central dogma of molecular biol-
ogy (Figure 2.9). The central dogma applies to all cells and organisms with a few
exceptions such as retroviruses. The genome of retroviruses takes the form of RNA
instead of DNA, and when a retrovirus infects a cell, it transcribes its own RNA into
DNA through the activity of a unique enzyme, reverse transcriptase. The retroviral
DNA is then transcribed back into RNA, which is then translated by the host cell to
produce retroviral proteins.

Transcription

In order for the information in a gene to be copied into RNA, the double helix must
first be unwound. Unlike DNA replication, only a short stretch of DNA correspond-
ing to the gene being expressed needs to be copied, and so the DNA double helix
is unwound only in that local region. Once unwound, one of the strands of DNA,
the template or sense strand, is used as a template for the synthesis of an RNA copy
known as a transcript. The enzyme RNA polymerase assembles RNA nucleotides
on the sense strand following the base pairing rules; however, in the case of RNA
there is no thymine, and adenine pairs, instead, with uracil (Figure 2.10). The end
product of transcription is a single-stranded RNA copy of a gene.



2: Basic Concepts in Molecular Biology 25

Transcription Translation i
DNA — RNA ———ee————)  Protein

FIGURE 2.9. The flow of genetic information in a cell.

In eukaryotes, the RNA produced by transcription, known as the primary tran-
script, undergoes modification before leaving the nucleus. One of these modifications
is the removal of intronic sequences. Introns are DNA sequences within a gene that do
not code for amino acids in the final gene product. In eukaryotes, the protein coding
sequences of genes are called exons and are frequently interrupted with one or more
noncoding intron sequences. It is estimated that 94% of genes in the human genome
are interrupted with intronic sequences. These noncoding sequences are initially
incorporated into the primary transcript during transcription but are removed by the
process of RNA splicing, which cuts out the introns and rejoins the exons together
forming an mRNA product that is considerably smaller than the DNA sequence
from which it was transcribed (Figure 2.11). It used to be thought that introns were
“junk” DNA or just DNA “fillers” but there is a growing body of evidence that introns
contain important regulatory elements. The mRNA transcript is processed further
by the addition of a 5" cap structure that protects the mRNA transcript, facilitates
RNA splicing, and promotes translation efficiency; in addition, a run of multiple ade-
nosine monophosphates on the 3" end of the primary transcript is used to generate
a poly (A) tail. The poly (A) tail protects the RNA from degradation by nucleases
and is also important for nuclear transport and translation of the RNA. Once fully
processed, the RNA is referred to as the mature mRNA transcript, which leaves the
nucleus to be translated by the ribosome.
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FIGURE 2.10. Transcription of the DNA sequence of a gene into RNA by RNA polymerase.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85249
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Gene
—+Exon Exon Exon Exon
Intron Intron Intron
DNA
Exon Exon Exon Exon
Intron Intron - Intron
RNA 5 uTR 3 UTR!

e

mRNA —
5 UTR 3" UTR

FIGURE 2.11. The relationship between the nucleotide sequences in the DNA of a gene, the primary RNA
transcript, and the resulting mature mRNA transcript.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85163

THE GENETIC CODE

The position or sequence of the nucleotide bases in DNA ultimately determines the
identity and position of the amino acids in the resulting polypeptide chain, and is
referred to as the genetic code. The genetic information in a gene is copied into RNA,
and three nucleotides in the mRNA correspond to one amino acid in the resulting
polypeptide, with each set of three nucleotides referred to as a codon. There is some
redundancy in the genetic code as there are 20 different amino acids encoded by a
total of 61 codons, with multiple codons encoding the same amino acid. In addition,
there are three codons that do not code for an amino acid, called stop codons; these
act like punctuation marks indicating to the ribosome to stop translation whenever
these codons are encountered. Furthermore, the codon AUG encodes a methionine
amino acid and is always found at the beginning of an mRNA sequence. The genetic
code of all mRNA sequences has been determined and is shown in Figure 2.12. One
of the most remarkable features of the genetic code is that it is universal, with all
organisms, almost without exception, using the same codons for the same amino
acids. This phenomenon led to the development of the field of genetic engineering,
which exploits this property by transferring genes between species to produce novel
proteins. An important example of this is the production of recombinant human
insulin in the bacteria Escherichia coli. By transferring the human insulin gene into
bacteria, scientists are able to produce large quantities of high-purity human insulin
from bacterial cultures, a process which was one of the first successes of the now
highly lucrative biotechnology industry.

The genetic code is nonoverlapping, and the mRNA sequence CACUUUAGA is
read as codons CAC UUU AGA, which can be translated using the genetic code table
(Figure 2.12) to the amino acids histidine, phenylalanine, and arginine, respectively.
A shorthand way of referring to a specific amino acid is to use either a specified
group of three letters or a single letter to denote a specific amino acid. In this system,
for example, histidine may be referred to as His or H, arginine as Arg or R, and
phenylalanine as Phe or E
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2nd position
po1s?tlion U C A G poi:l?on
Phe Ser Tyr CyS U Ala: Alanine
U Phe | Ser | Tyr | Cys | C | A Adinie
Leu | Ser | stop | stop | A :” ::";ff‘a”jd
Leu | Ser | stop | Trp | G | cromen
Leu Pro H|S Arg U GlIn: Glutamine
Leu PI’O H|S Arg C Glu: Glutamic acid
C|lev | B0 | din | &G | A | oo
Leu Pro GIn Arg G lle: Isoleucine
lle | Thr | Asn | Ser | U | [ om
A lle Thr | Asn | Ser | C Met: Methionine
”e Thr LyS Arg A Phe: Phenylalanine
Met Thr LyS Arg G Pro: Proline
Ser: Serine
Val Ala ASp Gly U Thr: Threonine
G Val Ala Asp Gly C Trp: Tryptophan
Val Ala Glu Gl A Tyr: Tyrosine
val A|a G|u G|y G Val: Valine
Amino Acids

FIGURE 2.12. The genetic code table showing the amino acids encoded by codons in mRNA.
Adapted from http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85173

There are three major classes of RNA involved in protein synthesis: messenger RNA
(mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA). The RNA that receives
information from DNA and serves as a template for protein synthesis is mRNA. Ribo-
somal RNA is one of the structural components of ribosomes—the RNA—protein mol-
ecule that is the site of protein synthesis. Transfer RNA serves as a molecular “adaptor”
that acts as an intermediary between the codon on the mRNA and its corresponding
amino acid. Transfer RNA molecules are cloverleaf-shaped, with two functionally
important areas. One end of the tRNA structure is the anticodon, a three-nucleotide
region that recognizes and binds with the complementary codon on mRNA. At the
opposite end of the cloverleaf is a region that binds the amino acid encoded by the
complement of the anticodon. Each tRNA can only bind a single amino acid that cor-
responds to the mRNA codon bound by the tRNA codon (Figure 2.13). The relation-
ship between nucleotide sequences in DNA, mRNA codons, the anticodon in tRNA,
and the translation into an amino acid is shown in Figure 2.14.

Translation

Translation is the last major stage in the flow of information from DNA to protein,
and describes the mechanism by which the information in mRNA is used to assem-
ble amino acids to synthesize a polypeptide.

Following transcription and RNA processing, the mature mRNA leaves the
nucleus and enters the cytoplasm, where it binds to a ribosome. Ribosomes are
large protein and RNA complexes that are responsible for synthesizing cellular
polypeptides. They exist as two subunits, the small (40S) and large (60S) subunits
in eukaryotic cells. During the initiation phase of translation, the small ribosomal
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FIGURE 2.13. The structure of tRNA and its interaction with a codon on mRNA.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85264

subunit binds to the incoming mRNA just upstream of the AUG start site. An ini-
tiator tRNA carrying a modified methionine amino acid binds to the AUG start site
and the large ribosomal subunit then attaches, “sandwiching” the mRNA between
the two ribosomal subunits. In the elongation phase of translation, the mRNA
passes through the ribosome, and tRNA molecules carrying the amino acids speci-
fied by the mRNA codons enter the ribosome and bind to the corresponding mRNA
codon (Figure 2.15). As the tRNAs line up bound to the mRNA codons, polypep-
tide bonds are formed between the adjacent amino acids that they carry. Once an
amino acid is added to the growing polypeptide chain, the tRNA releases the amino
acid and exits the ribosome. Therefore, as RNA is pulled through the ribosome,

DNA template 3...AAA TGA CTG...5
mRNA 5..UUU ACU GAC..3
tRNA anticodon 3..AAA UGA CUG...5

Polypeptide chain  NH,...phe thr asp...COOH

FIGURE 2.14. Relationship among the nucleotide base sequence of DNA, mRNA, tRNA, and amino acids in the
resulting polypeptide. A, adenine; asp, aspartic acid; C, cytosine; phe, phenylalanine; T, thymine; thr, threonine;
U, uracil.
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Cell

FIGURE 2.15. Translation of mRNA by a ribosome. Transfer RNA molecules (shown in blue) bind to the mRNA
codons, bringing with them the appropriate amino acids.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85252

a polypeptide chain is synthesized due to delivery of the amino acids by tRNAs.
When a termination codon is encountered, such as UAA, UAG, or UGA, translation
is terminated by the entry of release factors into the ribosome, which causes the
ribosomal subunits to disassociate from each other and fall off the mRNA, releasing
the newly synthesized polypeptide.

After release, most polypeptides undergo some form of post-translational modi-
fication to generate a mature, fully functional protein. These modifications include
folding of the polypeptide chain to generate secondary or tertiary structures or com-
bination with other polypeptides (quaternary structure). Biochemical groups such
as phosphates, carbohydrates, or lipids may be added to the protein, and in some
cases enzymatic removal of a number of amino acids needs to take place in order to
activate the protein, as in the case of insulin.

GENE ACTION AND EXPRESSION

Although the same genes are present in every somatic cell of a given individual, they
are not all being actively transcribed and translated (expressed) in all cells at the same
time. Genes are selectively expressed depending on whether there is a need for that
particular gene product. For example, the genes that determine the various chains
that make up the hemoglobin molecule are present in brain cells, but hemoglobin is
not produced because the hemoglobin genes are not expressed. Some genes, known
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as housekeeping genes, are expressed in virtually all cells all of the time because these
genes produce proteins that mediate essential cellular processes common to all cells,
such as ATP synthesis.

MUTATIONS

A mutation is defined as a change in a DNA sequence. These changes commonly
arise due to errors in DNA replication during cell division, infection by viruses,
exposure to chemicals called mutagens, or exposure to ionizing radiation. Mutations
can arise de novo (spontaneously) or they may be inherited. A mutation that occurs
in a somatic cell affects only the descendants of that mutant somatic cell and is not
inherited. If a mutation occurs early in the division of the zygote, it is present in a
larger number of cells than if it appears later in development. If a mutation occurred
before zygotic division into twins, both twins would harbor the mutation; however,
if it occurred after zygotic twin division, the twins would have different versions of
the gene or chromosome. When a mutation occurs in the germline, the mutation
will be transmitted to all the cells of the offspring, both germ and somatic, and is
inherited.

Mutations can involve changes in large amounts of genetic material (macro), as
in the case of chromosomal abnormalities, or they may involve very tiny amounts
(micro), such as the alteration of one or just a few DNA bases (Figure 2.16).
Micromutations can involve the deletion, insertion, or substitution of one or a few
DNA bases. Macromutations affect large regions of chromosomes, which may be
deleted, duplicated, inverted, substituted, or translocated. The word mutation has a
negative connotation; however, mutations can be detrimental, neutral, or beneficial.
Mutations only affect a phenotype when the resulting protein functions abnormally;
in fact, mutations are an important source of genetic variation.

Chromosome mutations are macromutations that delete, add, or rearrange large
portions of one or more chromosomes. In most cases, chromosome mutations arise
due to breaks in the chromosomes, which can occur spontaneously or as a result
of chemical damage. The chromosome ends rejoin with other broken ends; how-
ever, if this occurs between different chromosomes or even different portions of the
same chromosome, it can lead to changes in the chromosome structure. Deletions
occur when chromosomes are broken in more than one place and a portion of the
chromosome is lost when the ends rejoin. An inversion occurs when two broken
ends on the same chromosomes rejoin with the intervening segment being rotated
180 degrees. No chromosomal material is lost in this case; however, the breakpoints
may span genes, which become disrupted. When broken ends rejoin with ends on
different chromosomes, portions of chromosomal material are relocated to other
chromosomes. Sometimes a portion from one chromosome gets moved to another,
as in chromosomal substitution mutations, and in other cases chromosomes may
swap segments, as in translocations. A duplication is a chromosomal mutation that
does not usually occur through rejoining of chromosomal ends, but rather through
mistakes in meiosis. If chromosomes do not equally swap segments during crossing
over of meiosis, it is possible for one chromosome to end up with two copies of a
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FIGURE 2.16. The spectrum of micro- and macromutations.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85206

chromosomal segment and the other chromosome to lack the same region. Alter-
natively, duplications may occur due to mistakes in chromosome replication prior
to meiosis.

Micromutations usually affect a single gene, with changes in the DNA sequence
resulting in changes in the amino acid composition of the resulting protein. One of
the most common types of micromutations is point mutations, sometimes referred
to as base substitutions. These are changes in a single nucleotide of a gene. There
are four categories of point mutations based on their effect on amino acid sequence:

1. Missense mutations are single nucleotide changes that change a codon so that
it encodes a different amino acid (Figure 2.17).

2. Silent mutations are changes in DNA sequence that do not result in a change
in amino acid sequence. This is possible because multiple codons encode
the same amino acid, and these codons usually vary by the nucleotide in the
third position of the codon. If a point mutation changes a codon to one that
encodes the same amino acid, there is a change in genotype that is not accom-
panied by a change in phenotype.

3. Nonsense mutations arise when a change in one of the nucleotides of a codon
changes the sequence to that of a stop codon. This results in premature termi-
nation of protein synthesis and produces a shortened protein (Figure 2.17).
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FIGURE 2.17. The effect of missense and nonsense mutations on the amino acid sequence of a polypeptide.

Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85225

Frameshift mutations occur due to the insertion or deletion of a single nucle-
otide. This has a devastating effect on the resulting amino acid sequence as
it throws off the reading frame, which is the group of three nucleotides that
make up the codons in the mRNA. All of the codons downstream of where
the frameshift mutation occurs are altered and now encode different amino
acids, which completely changes the composition of the resulting protein. For
this reason, frameshift mutations have a greater effect when they occur toward
the 5" end of a gene than when they occur at the 3" end (Figure 2.18).

Alteration of the gene product may have different consequences, including the
following:

>
>

It may be clinically apparent in either the heterozygous or homozygous state.
It might not be apparent unless the individual is exposed to a particular
extrinsic agent or a different environment (as in exposure to general anes-
thetics in persons with malignant hyperthermia, as discussed in Chapter 6).

It may be noticed only when individuals are being screened for variation in a
population survey.
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FIGURE 2.18. The effect of a frameshift mutation on the amino acid sequence of a polypeptide.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85168

» It may be noticed only when a specific variation is being looked for (as in
specific screening detection programs among populations for sickle cell trait
or when specific genetic diagnostic testing among individual family members
is done).

Sometimes mutations are described in terms of function. A loss-of-function muta-
tion is said to occur when it results in defective, absent, or deficient protein. Muta-
tions that result in a completely nonfunctional protein are called null mutations.
Some mutations enhance the function of the resulting protein, often by increasing
the quantity of the protein or conferring a new function on the protein, and are
referred to as gain-of-function mutations. Mutant alleles may also code for a protein
that interferes with the protein expressed by the nonmutated allele, often by binding
to it and preventing it from carrying out its normal function. These are dominant
negative mutations, and often are more deleterious to the cell than a null mutation
where no functional protein is produced from a mutant allele.

Some DNA changes affect gene expression without alteration of the DNA sequence.
Such alterations are referred to as epigenetic modifications, and the field of epigenetics
studies the effect of these modifications on gene expression. There are three major
epigenetic mechanisms: (a) addition or removal of methyl groups to histone pro-
teins; (b) reversible methylation of DNA; and (c) regulation of gene expression by
short noncoding RNA molecules called microRNAs. All of these modifications are
heritable and affect gene expression.
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MOLECULAR TECHNIQUES AND TOOLS
FOR DETECTION AND DIAGNOSIS OF
GENETIC DISEASES

Genomics

In 2001, the sequence of the human genome was published and marked the beginning
of a revolution in the way that genetic information is analyzed. This venture, known
as the Human Genome Project, was a combined effort between a publicly funded inter-
national collaboration and a privately funded venture. At a cost of around $1 billion,
it took 13 years to complete and spurred huge advances in DNA technology (National
Human Genome Research Institute, 2014). These advances in our ability to analyze
the genetic code have created a new approach to genetic analysis, known as “omics.”

Advances in our ability to sequence and analyze whole genomes (whole-genome
sequencing) have progressed at a rapid pace led by next-generation sequencing tech-
nologies utilizing state-of-the-art fluorescent imaging techniques. It is now possible
to sequence an entire genome in 2 to 3 days at a cost of around $5,000 (Wetterstrand,
2014). Intense effort is under way to reduce this cost further, and a prize of $10 million
has been offered to any research group that is able to sequence the genome of 100
people in 10 days with high reliability, for a cost of just $10,000 per genome. The
goal is to eventually reduce the cost of DNA sequencing to a level of around $1,000
so that it would be feasible to sequence the genome of an individual and include this
information as part of his or her medical record. This personalized genome could then
be scanned for the presence of genetic sequences that would directly impact health,
particularly those that would indicate predispositions to preventable disorders.

The widespread availability of human whole-genome sequences has led to the
development of many different fields of genomics research that use this information
in different ways (Table 2.2). The HapMap project is a database of common genetic
variants (haplotypes) in the human genome. By collecting and comparing genetic
variations in different populations, it has been possible to identify disease genes and
genetic factors contributing to complex traits. This type of approach is known as a
genome-wide association study (GWAS), and has for the most part replaced genetic
linkage studies. Individuals can vary in their response to certain medications depend-
ing on the gene variants that they carry, and the field of pharmacogenomics studies
how different genetic variations affect a patient’s response to medications. The era of
genomic medicine is fast approaching when an individual’s genetic information will be
used for both diagnostic and therapeutic purposes as part of his or her clinical care.

Human genetic disorders can arise not only through changes in DNA sequence,
but also through changes in levels or timing of gene expression. The field of tran-
scriptomics analyzes gene expression of cells or tissues on a global level, thus creat-
ing an expression profile. This enables scientists to identify normal gene expression
patterns, and detect changes from this norm that arise during disease develop-
ment. Development of the technique of DNA microarray analysis has facilitated the
comparison of gene expression profiles and allows the detection and analysis of
thousands of genes simultaneously. A microarray consists of a solid surface such as a
glass slide or silicon wafer on which single-stranded DNA molecules for thousands
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TABLE 2.2. Definition of Fields of “Omics” Research

“Omics” Definition
Epigenomics The study of the effect of epigenetic changes on gene expression
Genomics The study of all of an individual’s genes (genome) including

their interaction with other genes and the environment

Metagenomics The study of genomes from a mixed population such as
environmental samples

Pharmacogenomics The study of how variations in a gene’s sequence affect
responses to medication

Proteomics The analysis of all of the proteins of a cell, tissue, or organism

Toxicogenomics The analysis of the effects of toxic chemicals on gene and
protein activity

Transcriptomics Also known as expression profiling, and refers to the analysis of
all mRNA transcripts in a population of cells or tissue

Note: The suffix “-ome” is derived from the Greek word for all or every, and was originally
used in the word genome to describe all of the DNA of an individual, including all of its
genes.

of genes are spotted and immobilized (Figure 2.19). A single microarray slide can
hold the entire human genome, and each gene is identified by its location coordi-
nates. Tissue or cell samples to be compared are processed by extracting mRNA from
each sample and labeling the mRNA with a fluorescent tag. The fluorescently labeled
sample is then applied to a microarray slide and incubated to allow hybridization
(binding) to the immobilized target DNA. The fluorescent signal is measured from
each sample and compared so that differences in gene expression can be determined,
and gene expression profiles can be developed for each sample. This technique has
been very useful in classifying different types of cancers based on their expression
profile; this information can then be used to design treatment strategies targeted
to each specific type of cancer. For more information on microarray analysis, see
National Human Genome Research Institute (2011).

The field of epigenomics studies the effect of epigenetic modifications on gene
expression. Epigenetic changes are reversible modifications of a cell’s histones or DNA
that alter gene expression without changing the DNA sequence. Techniques to iden-
tify these modifications, such as chromatin immunoprecipitation or DNA methylation
assays, are used in conjunction with microarray analysis to determine the effect of
these epigenetic modifications on resulting gene expression profiles. Toxicogenomics,
likewise, uses a combination of genomic technologies to identify and characterize the
effects of toxic chemicals on DNA structure and gene expression (www.ctdbase.org).
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FIGURE 2.19. Workflow diagram of microarray analysis. RNA is extracted from the samples to be compared
and is labeled with a fluorescent dye. (In this example, the RNA is labeled with biotin, which is then bound by
antibiotin antibodies carrying a fluorescent tag.) The labeled RNA is applied to the slide and the amount of bound
fluorescence is read by a microarray scanner. Computer software compares the intensity of the fluorescence for
each gene in both samples and uses this to determine relative expression levels for each gene.

Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85200

The study of proteomics, which is the large-scale characterization of the entire
protein complement of a cell or organism, gives a broader picture of protein modifi-
cations and mechanisms involved in protein function, and allows the study of entire
complex systems. This is important because transcriptome analysis has limitations
as mRNA is not always translated into protein. Furthermore, there are many protein
modifications that take place post-translationally, which can affect protein function;
therefore, analysis at the protein level yields the most comprehensive picture of gene
expression within a cell or tissue.

Metagenomics is an approach that sequences DNA from entire communities of
microbes present in an environmental sample in order to identify all of the microbial
members of that community. This is a powerful technique for analysis of microbial
populations as many microbes cannot be cultivated by conventional laboratory tech-
niques and therefore cannot be identified. This technique allows identification of
microbes directly from the environmental sample and is being used to characterize
all of the microorganisms in both healthy and diseased humans as part of the Human
Biome Project.

Polymerase Chain Reaction

Another technique that has had a far-reaching impact in the medical field is the poly-
merase chain reaction (PCR). This technique is powerful because it can specifically
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amplify a chosen DNA segment rapidly and exponentially from a very small starting
sample.

The PCR process mimics the method of DNA replication used by a cell. Heat
is used to denature (unwind) the DNA of the sample to be amplified (template),
which is then cooled to a temperature that permits two short pieces of DNA,
approximately 18 to 20 base pairs, called primers to hybridize (bind) to comple-
mentary sequences on the template (sample) DNA (Figure 2.20). The sequences
of these primers have been selected so that the primers contain sequences that
are complementary to regions flanking the stretch of DNA to be amplified. The
temperature of the reaction is then raised to that at which a heat stable form of
DNA polymerase, called Taq polymerase, is active, which then binds to the primers
and synthesizes a new strand of DNA using the base pairing rules and the existing
strand as a template. The temperature of the reaction is then raised again to 95°C,
which causes the DNA to denature once more. This is then repeated for around
30 cycles, and the result is exponential amplification of the template DNA with as
much as 1 billion copies of target sequence produced in just a few hours.

The power of PCR lies in two of its properties. The first is that it can amplify DNA
from extremely small starting samples such as a single nucleated cell. Thus, DNA can
be obtained from scant sources such as a single hair, dried blood spots, saliva traces, or
decayed DNA. This technique has revolutionized the field of forensics, where minute
quantities of crime science DNA can be amplified to give unlimited faithful copies in
sufficient quantities for meaningful analysis. In the medical field, PCR allows amplifi-
cation of DNA from small samples such as single cells, which has facilitated techniques
such as the genetic analysis of single cells from preimplantation embryos (Figure 2.20).
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FIGURE 2.20. Amplification of DNA by the polymerase chain reaction.
Source: http://www.genome.gov/dmd/img.cfm?node=Photos/Graphics&id=85227
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In addition, the need for a relatively small starting sample has meant that samples can
be collected in noninvasive ways such as cheek swabs. The second property of PCR
that defines its usefulness is the specificity of the reaction. Amplification of the tem-
plate will only occur if there is an exact match between the primer sequence and the
template. Therefore, the presence of amplified DNA can be diagnostic for the presence
of a specific DNA sequence. This property has been exploited for the detection of dif-
ferent genetic mutations, and also for the detection of infectious agents.

An additional application of PCR technology is the ability to generate a genetic fin-
gerprint. The technique of DNA profiling uses PCR to amplify sections of the genome
containing short sequences of DNA known as short tandem repeats (STRs) that are
repeated many times in the genome. These DNA sequences do not encode proteins
and are highly variable between individuals. Each STR can have as many as 20 dif-
ferent alleles (repeat lengths) with hundreds of different STRs being present in the
genome. By analyzing just a small subset of the STRs, it is possible to uniquely iden-
tify an individual. This technique has revolutionized the field of forensic science, and
because STRs are inherited, has found widespread application in the determination
of paternity.

Other techniques for DNA analysis, such as the use of restriction enzymes that
cut DNA at specific sequences for restriction fragment length polymorphism (RFLP)
analysis or the identification of gene locations by linkage mapping, have mostly been
superseded by DNA sequence analysis and PCR-based techniques. Although these
techniques still have some limited applications, the ability to detect specific DNA
sequences by PCR-based technology or by direct sequencing is usually much faster
and more cost-effective.

KEY POINTS

» Genes are the basic units of heredity.

» Prior to cell division, replicated chromosomes are divided by mitosis in
somatic cells, and by meiosis in germ cells.

» Mitosis gives rise to genetically identical diploid cells, whereas meiosis gener-
ates haploid cells that are genetically unique.

Mutations create different alleles of a gene, which can cause variations in traits.

A molecule of DNA consists of two strands of nucleotides held together by
hydrogen bonds in a double helix conformation.

» DNA replication is semiconservative with an existing strand of DNA serving
as the template for the synthesis of a new strand.

The flow of genetic information within a cell is from DNA to RNA to protein.
The DNA sequence of a gene is copied into mRNA during transcription.

The codons on mRNA determine the sequence of amino acids in a polypep-
tide when translated by a ribosome.

» Changes in DNA sequence usually result in changes in the amino acid com-
position of the resulting polypeptide.
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» The field of genomics allows direct analysis of DNA sequences and gene
expression, and has had a great impact on the field of genetics.

» PCRisapowerful technique that allows the amplification of DNA from minute
amounts with great specificity, and is the basis for many diagnostic tests.
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CHAPTER 3

Human Diversity and Variation

Emma L. Kurnat-Thoma

WE ARE NOT ALL
GENETICALLY IDENTICAL

CASE EXAMPLE 1

Ellen and Mary are next-door neighbors in Kansas City, Missouri. Both of them
have had appointments with the same woman’s health nurse practitioner for
preconception counseling. Ellen, who is of Ashkenazi Jewish descent, has been
asked to consider genetic testing to determine whether she might be a carrier
for Tay—Sachs disease, as well as certain other conditions, but not -thalassemia.
Tay—Sachs disease is an autosomal recessive neurodegenerative disorder. Mary,
who is of Greek descent, has been asked to consider genetic testing to determine
whether she might be a carrier for B-thalassemia, but not Tay—Sachs disease.
[-thalassemia is an autosomal recessive disorder resulting in deficient or absent
synthesis of the B hemoglobin chains. After reading this chapter, you should be
able to answer why the recommended testing was considered appropriate for
each woman.
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CASE EXAMPLE 2

Joan recently experienced a pulmonary embolism and must receive warfarin
anticoagulation to prevent life-threatening clot formation. Genetic variation
in two genes responsible for the metabolism of the drug accounts for up to
50% of patients’ clinical response to warfarin. The nurse is reviewing a clinical
test report for Joan that identifies her as having a VKORC1-1639 G>A single-
nucleotide polymorphism (SNP) genotype AA, for which the Food and Drug
Administration recommends a reduced warfarin starting dose. After reading
this chapter, you will understand what this means and why SNP genotype
should be considered before starting warfarin.

GENETIC INDIVIDUALITY

Each individual has a unique genetic constitution that makes him or her genetically
and biochemically distinct from all other individuals (except for monozygous twins,
triplets, and other identical multiples). No individuals, with the exceptions men-
tioned, have the exact same genotype or phenotype. Even identical twins can show
epigenetic differences. Because a person’s genetic constitution and environmental
interactions are unique, each person has his or her own relative state of health and
is not at equivalent risk for developing a given disease. A person’s genetic makeup
plays a pivotal role in the maintenance of homeostasis and in susceptibility and
resistance to disease.

Most genes in humans are shared by all members of the human species. Differ-
ences have more to do with variation in frequency of certain alleles than in whether
the gene is present or absent. The differing sequences (alleles) that result in genetic
variation across individuals are called polymorphisms when they are maintained in a
population with a frequency of at least 1%. Historically, genetic variation in humans
was assessed by studying variation in proteins. For example, the ABO and Rh blood
groups and the human leukocyte antigen (HLA) system are some of the best-known
and classical examples of human genetic variation. Understanding genetic variation
in these systems resulted in the ability to perform compatible blood product trans-
fusions and tissue transplants between patients. Other classic examples of genetic
variation include diseases characterized by microscopically observable alterations in
chromosome number or shape (e.g., trisomies, monosomies, aneuploidies, translo-
cations, and microdeletions).

Prior to the Human Genome Project, genetic variation in populations and/or fam-
ilies was evaluated by mapping genes to the chromosomes where they were located;
once a gene was located on a chromosome, gene function was identified (e.g., how
the cystic fibrosis gene was identified in 1989). Knowledge from recent federal and
international scientific initiatives, such as the Human Genome Project (completed
in 2003), the HapMap (Phase 3 completed in 2009), and the 1000 Genomes Proj-
ect (Phase 3 completed in 2014), is fueling new understanding of human health.

www.Ebook777.com



http://www.ebook777.com

3: Human Diversity and Variation 43

Through advanced genotyping technologies that are also cost-effective, these
initiatives have provided millions of newly identified sites of genetic variation, and are
driving innovative approaches to detecting, diagnosing, and treating human disease.
Knowledge of genetic variation in individuals and populations lays the foundations
for understanding diagnostic genetic testing, performing forensic analysis in legal
investigations, and determining variable risks/outcomes in disease development and
therapeutic treatments Chapter 6, “The Application of Genomics to Pharmacology,”
will review how individuals’ genetic differences can impact their responses to drugs.

VARIATIONS AND POLYMORPHISMS IN PROTEINS
Blood Group Systems

Immunogenetics is the study of the genetics of the immune system, and encom-
passes all the cells and mechanisms the body uses to determine “self” from “non-
self” (e.g., to fight invading pathogens, foreign substances, etc.). The field came into
being in 1900 when Dr. Karl Landsteiner first discovered that fatal hemolytic reac-
tions after blood transfusions were caused by incompatible cell-surface antigens on
red blood cells, known as the ABO blood group system. Presently, the ABO blood
group system is one of 35 blood group systems, with hundreds of antigens recog-
nized to be clinically significant in transfusion medicine (International Society of
Blood Transfusions, 2014). However, the best characterized and most important are
the ABO and Rhesus (Rh) systems. Compatibilities between the ABO and Rh blood
group systems are crucial for successful blood transfusions and tissue graft trans-
plantations. Incompatibilities in these systems between mothers and their develop-
ing fetuses can also have severe, even life-threatening consequences.

ABO System

The ABO system is the most clinically important blood group system. There are two
major antigens found on the surface of red blood cells: A and B. These two antigens
correspond to four blood group types: A (individual has the A antigen), B (individual
has the B antigen), AB (individual has both the A and B antigens), and O (individual
carries neither the A nor B antigen). In plasma, individuals with A antigen have anti-B
antibodies, and individuals with B antigen have anti-A antibodies. The ABO locus is
on chromosome 9; while A and B alleles are codominant, O is recessive. The A and B
alleles code for glycosyltransferases, which are enzymes that add carbohydrate sugar
precursors to form the A and B glycoprotein antigens. The O allele does not produce
an enzyme. The A and B antigens are not confined to the red blood cell but are widely
distributed throughout the body. There are various subtypes and polymorphisms of
the A, B, and O alleles, and are beyond the scope of this chapter. The relationships
between blood group phenotypes and genotypes are shown in Table 3.1, and exam-
ples of the inheritance of the ABO and Rh blood groups are illustrated in Figure 3.1.
Persons with blood group O are universal blood transfusion donors, and are some-
times said to have a “null” phenotype. Persons with blood group AB are universal
blood transfusion recipients because they have no antibodies in their plasma. Fre-
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TABLE 3.1 ABO Blood Group System Relationships

?;EzioGt;glelf Genotype(s) Aiet(ilgglf(l:) Antibodies in Plasma
A AO, AA A Anti-B

B BO, BB B Anti-A

AB AB A B None

© 00 Anti-A and Anti-B

quency of the ABO blood group varies across ethnic and geographic groups and has
been used in population genetics to study human diversity, migration, and selection.
The ABO blood group has also been associated with various diseases. For example,
the A antigen is linked to slightly increased risk of gastric cancer.

Rhesus (Rh) System

The Rh system is the second most clinically important blood group system because
of its role in blood transfusion incompatibilities. It was not until 1940 that Dr. Land-
steiner and Dr. Alexander Wiener discovered this system in experiments involv-
ing Rhesus monkeys. Since the initial discovery, this system has become complex
with identification of over 40 known antigens encoded by two highly polymor-
phic genes. The most common is the D/d antigen. If D is present, this confirms a
patient’s “Rh-positive” status; conversely, if no D antigen is present the individual is
“Rh-negative.” Two other allele pairs, C/c and E/e, are also found on the Rh protein

ABO system*
Parents AO x BO ABxOO AAxBB AAxBO ABxBB BBxOO
S \J ) \J ) )
Offspring genotype AB, AO, BO, 00  AO, BO AB AB, AO AB, BB BO
Theoretical proportion Ya Vo Va Va Yo Vo all Yo Vo Yo Vo all
for each pregnancy
Blood group phenotype AB, A B, O A, B AB AB, A AB, B B
Rh system
Parents Dd x dd Dd x dd Dd x Dd
Offspring DD Dd, dd DD, Dd, dd
Theoretical proportion all Y, V2 Ya, Vo, Va
for each pregnancy
Rh type Rh (+) Rh (+), Rh (<)  Rh (+), Rh (+), Rh (=)

*Not all possible combinations are shown.

FIGURE 3.1. Selected examples of blood group gene transmission.
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but are much less antigenic than D. The Rh antigen genes D/d, E/e, and C/c are
very closely linked on chromosome 1 and are inherited as a haplotype (e.g., cDe,
CDe, etc.). Figure 3.1 outlines this inheritance pattern. An Rh-negative (dd) woman
and an Rh-positive man are more likely to have an Rh-positive child if the father
is homozygous (DD) than if he is heterozygous (Dd). In the latter case, the chance
that the child would be Rh-positive at each pregnancy is 50% as opposed to 100%.
The frequency of Rh-positive, Rh-negative status varies widely based on ethnicity.
Approximately 85% of Caucasians are Rh-positive, compared to 92% for African
Americans and 99% for Asians.

The D Rh-antigen is highly immunogenic. Individuals without the D antigen pro-
duce anti-D antibodies if exposed, resulting in a hemolytic reaction. The significance
of the Rh-system lies in its application to maternal—fetal Rh incompatibility. When
the father is Rh-positive and the mother is Rh-negative, the Rh-positive fetus can
receive maternal anti-Rh antibodies across the placenta in utero or during delivery
and trigger hemolytic disease of the newborn (erythroblastosis fetalis). Hemolytic
disease of the newborn is most often seen during the second or later pregnancies,
after maternal sensitization to the D antigen develops. First pregnancies are often
unaffected unless the mother experienced previous lost pregnancies that sensitized
her immune system, later pregnancies can become progressively more severe as sen-
sitization increases.

Rh incompatibility between a mother and fetus has a range of symptoms rang-
ing from mild to fatal. In its mildest form, Rh incompatibility results in destruction
of red blood cells, leading to jaundice in the newborn. At its most severe, infants
may die in utero as a result of massive antibody-induced hemolytic anemia. Fac-
tors such as concurrent ABO incompatibility, volume of transplacental exposure,
and extent of maternal immune response determine reaction severity. Consequently,
determination of maternal Rh blood type is a standard requirement of prenatal care
(The American College of Obstetricians and Gynecologists, 2013). For Rh-negative
women, Rh immunoglobulin (i.e., RhoGAM) is administered at 28 weeks gestation
and 72 hours after delivery to reduce the incidence of antenatal alloimmunization
to about 0.1%. If the Rh of the father of the child is unknown and other conditions
indicate the possibility of incompatibility (e.g., mother Rh [-], second pregnancy),
Rh immunoglobulin should be administered.

Since the availability of Rh (D) immunoglobulin in 1968, the incidence of hemo-
lytic disease of the newborn has markedly decreased. However, not all women who
should be receiving Rh immunoglobulin are. Therefore, nurses need to be aware of
events that can cause sensitization requiring Rh immunoglobulin administration,
such as fetomaternal hemorrhage, spontaneous or induced abortion even in early
pregnancy, any previous blood transfusion that was (or might have been) Rh incom-
patible, amniocentesis, chorionic villus sampling, fetal blood sampling, fetoscopy,
abdominal trauma, and cesarean section.

The HLA System

A particular group of molecules located on the surfaces of most cells in the human
body is known as the major histocompatibility complex (MHC; class 1). MHC
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molecules (class II) also present protein fragments to immune cells when detect-
ing foreign substance(s), and triggers the body to mount an immune response. In
humans, these MHC molecules are called human leukocyte antigens (HLAs). Major
functions of the HLA system include acting as a marker of “self” and the presentation
of antigens to T-helper cells. There is a large group of over 220 MHC genes located
close together (within 4-Mb) on the short arm of chromosome 6, at 6p21.3. The
MHC genes are categorized into three classes (I, II, and III) based on structure and
function (World Health Organization Committee for HLA Nomenclature, 2014).
The most clinically important antigen groups are the class I loci—HLA-A, HLA-B,
HLA-C—and the class II loci—HLA-DR, HLA-DP, and HLA-DQ (Genetics Home
Reference, 2009). Roles of others continue to emerge. The HLA system is the most
polymorphic system known and expresses hundreds of different alleles. It provides
tremendous human variability and ensures resistance to a wide variety of pathogens.

The major class I genes—HILA-A, HLA-B, and HLA-C—encode for antigens that
are present on cell membranes of nucleated cells throughout the body. Class I antigens
present antigenic peptide to cytotoxic-T (CD8+) cells and determine the response
of natural killer cells. Class II locus antigens—HLA-DQ, HLA-DE, and HLA-DR—are
primarily expressed on the surfaces of immunocompetent cells (e.g., B-lymphocytes,
monocytes, endothelial cells, dendritic cells, activated T-lymphocytes, and macro-
phages) and present antigenic peptide to T-helper (CD4+) cells. The class III locus
encodes numerous serum proteins and membrane receptors that are important for
proper immune function, including complement components C2, Bf, C4A, C4B, as
well as products unrelated to the immune system such as steroid 21-hydroxylase, the
major heat shock protein, and tumor necrosis factors (TNFs).

Since letters are assigned to the HLA loci in the order of their discovery, they
do not reflect their order on the chromosome. The HLA genes are tightly linked
and are usually inherited together codominantly, with infrequent recombination
(less than 1%) occurring. Linkage disequilibrium occurs when two or more of the
alleles in the HLA system are inherited together in a haplotype more frequently
than would be expected by chance. In European populations, HLA-AI and HLA-B8
occur together with an observed frequency that far exceeds the expected frequency
from random assortment of alleles during meiotic recombination. The frequency of
individual HLA antigens varies according to different ethnic populations; for exam-
ple, HLA-A9 is present in 65% of Asian populations but only 17% of European Cau-
casian populations. HLA-B8 is common in White populations and rare in Asians.
There is also significant variation in the ethnic distribution of HLA haplotypes.

The largest single use for HLA typing is in tissue and organ transplantation, includ-
ing blood products. In some institutions, typing of the HLA-A, HLA-B, and HLA-C
loci is used to screen donors for platelet and leukocyte transfusions because of the
problem of sensitivity for those persons already having such multiple transfusions.

HLA and Disease Associations

Intense interest in the HLA system was originally generated because of the realization
of its role in successful tissue graft and organ transplantation. This interest expanded
to include the relationship among HLA antigens, haplotypes, and the development
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of certain diseases. It was recognized that individuals with specific HLA alleles and
haplotypes were much more likely to develop certain diseases. Some of the strongest
associations involve autoimmune diseases or disorders featuring an immunologic defect.

In genetics, scientists can study the expected frequency of disease prevalence
in groups of patients with and without certain genotypes and/or haplotypes, and
calculate an estimate for the strength of the association and a patient’s risk for
developing an illness. Relative risk refers to how much more frequently a specific
disease develops in individuals carrying a specific HLA antigen, compared to the
frequency of disease in individuals who do not carry it. It is important to remem-
ber that relative risk calculations produced from genetic association studies are
estimates and not an absolute prediction of risk. Not all individuals with a par-
ticular HLA genotype may develop a certain illness despite the strong association.
In addition to disease susceptibilities, genetic association studies can also iden-
tify protective genetic effects. For example HLA-B*53 is protective against severe
malaria in West Africa.

Two of the most striking HLA-disease associations are between HLA-B27 and
ankylosing spondylitis, an inflammatory joint disease often resulting in vertebral
fusion, and of HLA-DQB1*0602 and narcolepsy, a primary sleep disorder character-
ized by excessive daytime sleepiness and disturbances of rapid eye movement (REM)
sleep due to deficiency of the neuropeptide hypocretin. HLA-B27 is found in 90% to
95% of patients with idiopathic ankylosing spondylitis regardless of ethnic group. In
populations without the disorder, HLA-B27 is found in 6% to 8% of European and
North American Whites, 2% of Chinese and Black Americans, and 0.2% of Japanese
populations. It is estimated that a male with the B27 antigen has a relative risk of
developing the disorder that is 90 to 100 times greater than a male not possessing
this antigen. The chance for a person who has HLA-B27 to develop ankylosing spon-
dylitis is estimated at 5% to 20%. Thus, not all those with HLA-B27 develop anky-
losing spondylitis, although some may have subtle symptoms that never develop
into disease and are not detected. HLA-B27 is found in 75% of persons with Reiter
disease, and up to 90% of persons who develop arthritis after enteric infection due
to Shigella, Salmonella, and certain Yersinia species.

In narcolepsy, HLA DQB1*0602 is present in 90% to 100% of persons with narco-
lepsy and cataplexy (brief sudden episode of weakness in voluntary muscles triggered
by emotions such as laughing or anger). In contrast, HLA DQB1*0602 is present
in 12% to 38% of the general population. Hypocretin genes are located in the HLA
vicinity, although how they interact is not known. There has also been an association
between HIV-1 disease and various HLA genotypes. For example, both HLA-B27 and
HLA-B57 have been associated with slow progression, while certain HLA-B35 alleles
(HLA-B*3502, *3503, and *3504) have been associated with rapid progression.

VARIATIONS AND POLYMORPHISMS IN DNA

With the exception of identical multiples, humans resemble each other in 99.9% of
their DNA. This means that out of the total 3 billion base pairs in the human genome,
there are ~10 million polymorphisms that make us uniquely different from one
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another. Thus, the remaining 0.1% difference creates a unique “fingerprint” among
individuals and populations, and occurs within the coding (exonic) regions or non-
coding (intronic) regions. Polymorphisms occur with a frequency of approximately
1:300 base pairs and are more frequent outside of gene coding areas. Polymorphisms
may be single or multiple, and the more alternate alleles that exist in populations,
the more useful they are for genetic and medical applications (see genetic testing in
Chapter 5). Table 3.2 summarizes the most common types of human genetic varia-
tion. Genetic variation provides the basis of various DNA tests used for:

vV v vV VvV VY

Genetic testing for diagnosis of certain disease conditions
Prenatal diagnosis of genetic disease

Tissue typing for organ transplantation
Distinguishing between similar-appearing diseases at the molecular level
Determining carrier status for certain genetic disorders

Determining the microbial etiology of a person’s infectious disease, and
tracing variations in microbes to determine origins and patterns of spread

Determining genetic parentage and other family relationships in clinical
testing, criminal investigations, and legal disputes

Individual identification in legal and forensic cases, including disasters and
military personnel, and matching DNA in material at crime scenes or on vic-
tims with that of suspects on file in data banks

Defining population structure and performing research studies elucidating
the clinical impact of genetic sequence (functional studies)

TABLE 3.2. Selected DNA Variations

Variation Description

RFLPs

Single base pair changes in DNA sequence resulting in “cutting” at a
recognition site for a restriction enzyme. This produces increased or
decreased strand lengths for cut restriction fragments, and can be measured
in laboratory analysis. Used in classic genetic mapping experiments.

SNPs

Single-nucleotide changes in DNA. Patterns of SNPs are being used to look
at particular variation patterns across populations and ethnic groups. SNPs
may or may not be associated with disease, and are used in laboratory
research studies to elucidate a gene’s function (functional studies). SNP
applications are fueling genomic health care, or personalized medicine.

STRs

Short nucleotide repeats of two to five base pairs that are repeated a few
to several hundred times. Commonly used in forensic analyses.

VNTRs Short DNA sequences from 10 to 100 base pairs that are repeated in

tandem order a varying number of times. Used in forensic analyses.
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Restriction Fragment Length
Polymorphisms (RFLPs)

An early method of detecting DNA polymorphisms used bacterial restriction enzymes
(restriction endonucleases) to recognize short, specific nucleotide sequences and
make a “cut” in the DNA strand (Nussbaum, McInnes, & Willard, 2004). During
RFLP laboratory analysis, the presence or absence of polymorphisms (can also be
deletions or insertions) determines if “cuts” are made. When a particular polymor-
phism sequence is present and a “cut” occurs, one long strand of DNA is cut into
shorter fragments (i.e., a 1.3 kb segment becomes 1.1 kb and 200 bp). The variable
lengths of these restriction fragments can be separated and sorted by gel electro-
phoresis, transferred to a radioactive-isotope-labeled probe, and visualized by x-ray.
RFLP analysis was the method used to identify polymorphisms instrumental in
mapping the genes for cystic fibrosis and Huntington disease. While RFLP analysis
was essential to early genetics medical care and research, it is not used frequently
today. The enzyme can only detect two possible alleles (presence or absence of
polymorphism) at the restriction site sequence, so the amount of genetic diversity
that can be detected is limited. Since high-throughput genotyping has become so
cost-effective in the past decade, SNPs are more plentiful, informative, relevant, and
appropriate for use with genomic technologies.

Minisatellite and Microsatellite Polymorphisms—
Variable Number of Tandem Repeats (VNTRs) and
Short Tandem Repeats (STRs)

Another class of polymorphism similar to RFLPs allowing for detection of greater
human diversity is minisatellites and microsatellites (Nussbaum, Mclnnes, &
Willard, 2004). Minisatellites and microsatellites are distinct areas of the genome
where the same DNA sequence repeats over and over. The terms are often used inter-
changeably to denote VNTRs and STRs. Minisatellites (VNTRs) are characterized by
longer repeating DNA segments (i.e., 10 to 100 bp) while microsatellites (STRs) are
characterized by shorter repeating DNA segments (i.e., 2, 3, 4, 5 bp). The number of
repeats occurring within minisatellite and microsatellite regions of the genome can
vary between individuals and is a significant type of human variation.

VNTRs are a type of polymorphism detected between two restriction sites. Indi-
viduals can have as few as 2 to 3 copies of repeating 10 to 100 bp DNA sequence
in a minisatellite region, while others could have more than 20 copies. VNTRs are
detected by a process similar to that described in the RFLP section above. A restric-
tion enzyme digest is performed, and cut fragments are separated by gel electro-
phoresis, transferred to a radioactive-isotope-labeled probe, and visualized by x-ray.
VNTRs are characterized by many alleles, as the number of repeats across individuals
at specific sites in the genome varies greatly.

Occurring in even greater frequency than VNTRs, STRs are also a type of poly-
morphism, but cannot be detected between two restriction sites. The polymerase
chain reaction (PCR) laboratory technique is used to amplify large quantities of a
specific segment of DNA that contain STRs. Individuals can have as many as several
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hundred repeats of 2, 3, 4, or 5bp sequence copies (i.e., TAC, TAC, TAC, etc.). STRs
occur widely throughout the genome and are extremely useful for gene mapping.

Both VNTRs and STRs are used for forensic applications including criminal inves-
tigations, genetic parenthood testing, and identification of deceased individuals fol-
lowing disasters and military conflicts. Since DNA is present in all tissues, it can be
isolated and accurately amplified with PCR from most samples (e.g., tissue, blood,
saliva, hair, semen, etc.), even if the sample is very small or has been stored for
several years. Because VNTRs and STRs have so many alleles, a combination of sev-
eral loci can be used to generate a highly specific DNA profile for an individual.
Since two persons could have the same DNA profile at one locus, multiple sets
of specific and highly variable regions are used to decrease the probability that a
randomly selected person in the population has the exact same genotype; for exam-
ple, estimated random match probability that two individuals have the exact same
number of allelic repeats for all loci in a Federal Bureau of Investigation (FBI) stan-
dardized panel (Combined DNA Index System—CODIS) of 13 STRs approaches 1
in 100 trillion (Federal Bureau of Investigation, 2014; Hill, 2012). The greater the
number of VNTRs or STR loci that are used in conducting forensic analyses, the
greater the odds are that the match is not coincidental, but more time and expense
is involved. Typically the 13 CODIS markers suffice for most general forensic match-
ing applications, but more can be used. The uniqueness of the DNA profile is often
referred to as a form of “fingerprinting” and serves as a powerful tool in criminal
investigations. Given sound sample collection techniques and carefully calibrated
laboratory conditions, DNA evidence using VNTRs and STRs provides solid proof of
innocence, guilt, or personal identity.

Single-Nucleotide Polymorphisms (SNPs)

Completion of the Human Genome and HapMap projects provided a detailed
map of the human genome and the extent of human genetic variation from single-
nucleotide polymorphisms (pronounced “snips”). SNPs are genetic polymorphisms
involving the variation of a single base pair at a given loci among individuals in a
population. The difference between SNPs and RFLPs is that more than two options
for SNPs are possible—SNPs can have any range of C, T, A, G, or deletion, at a given
loci—versus the specific presence/absence of a singular difference for RFLP. In the
following example, the third patient has a C-to-T base pair polymorphism in the
second position. In medical, research, and clinical literature, this C-to-T SNP substi-
tution could be indicated in several ways: C/T, C — T,or C>T.

Patient 1 sequence: TCCAGT
Patient 2 sequence: TCCAGT
Patient 3 sequence: TTCAGT
Patient 4 sequence: TCCAGT

There are different types of SNPs, and they can be located in exons and introns. SNPs
in exons are categorized as being synonymous or nonsynonymous. Synonymous
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SNPs are single-nucleotide alleles that do not result in an amino acid change.
Nonsynonymous SNPs are single-nucleotide alleles that do result in a different amino
acid being incorporated into a protein. Thus, the most clinically relevant SNPs are
those occurring in exons of genes that produce amino acid changes—the nonsynon-
ymous category. SNPs in critical locations of an exon can exert functional effects on
protein translation just like mutations do. Nonsynonymous SNPs mirror the cate-
gories of genetic mutations discussed in Chapter 2 and include the following types:
missense (a SNP results in an amino acid substitution); nonsense (a SNP results in
an amino acid being switched for a stop codon, causing a shortened protein); and
frameshift (a SNP is a single base indel that throws the reading frame off for all
downstream amino acids). While it seems counterintuitive for intronic sequence
variants to have an impact on protein coding, this can be the case for intronic SNPs
near splice sites or in gene flanking regions that regulate transcription (the 5" or 3’
untranslated regions). SNPs that are near a gene, or within several thousand base
pairs, can still have an impact on protein assembly. SNPs in introns at a great dis-
tance from any gene are called genomic or extragenic. Effects of extragenic SNPs may
impact the regulation of gene expression or other DNA functions such as replication.

SNPs have multiple ways of being identified, and significant inconsistency
exists in SNP documentation for clinical applications and scientific research
(Human Genome Variation Society, 2014). Thus, patient genetic test reports con-
taining SNP results can include any combination of the content discussed in this
paragraph. The Human Genome Variation Society (HGVS) provides some gen-
eral SNP nomenclature guidelines, the most important of which include either
(a) the use of a reference sequence number to denote a SNPs genomic position
(i.e., 159621049) or (b) a gene coding position (c.1043C>T). There is significant
debate in the field for which approach to use. Typically, SNPs are given an estab-
lished reference sequence number (rs#) in dbSNP, a federal database (www.ncbi
nlm/nih.gov/SNP) that catalogs millions of formally registered SNPs. Knowing the
SNP rs# or coding position is very useful because a clinician can go to dbSNP, enter
this information, and obtain the gene name, position in the gene where the SNP is
located, and what category of SNP it is. Different letters before a gene coding position
are used to describe the type of reference sequence being used: “c” for a coding DNA
sequence (e.g., ¢.1043C > T); “g” for a genomic sequence (e.g., g.15259C > T); “p”
for a protein sequence (e.g., p.Ser348Phe); “r” for an RNA sequence (e.g., 1.76a > u);
or “m” for a mitochondrial sequence (e.g., m.8993T > C). SNP insertions or dele-
tions are indicated by the shortened abbreviations “del” (e.g., ¢.205delC) or “ins”
(e.g., ¢.103insT). Readers are referred to the HGVS (www.hgvs.org/content/guide-
lines) for additional details beyond the content summarized here. Box 3.1 provides
an example of SNP naming and its clinical application.

As high-throughput technologies have drastically reduced DNA sequencing costs
in the past 10 years, use of SNPs in health care applications exploded. Currently,
SNPs are driving personalized medicine—an emerging health care specialty that uses
an individual’s genetic profile to make decisions about disease prevention, diagnosis,
and treatment. Similar to how knowledge of the ABO and Rh proteins transformed
transfusion medicine safety and treatments, knowledge of SNPs and gene sequences
are being harnessed to understand patients’ individual disease presentations, drug


http://www.ncbi.nlm/nih.gov/SNP
http://www.ncbi.nlm/nih.gov/SNP
http://www.hgvs.org/content/guidelines
http://www.hgvs.org/content/guidelines

Free ebooks ==> www.Ebook777.com

52 . The Basics

BOX 3.1

SNP Nomenclature—Key to Understanding a Patient’s SNP
Genotype in Clinical Settings

Since the completion of the Human Genome and HapMap Projects, the knowl-
edge of genetic sequence and SNP polymorphism sequence is changing health
care. Understanding information about human genetic variation and interpret-
ing a patient’s gene mutation report or SNP test result can be challenging if a
clinician does not understand the nomenclature.

Clinical Example: SNP Name Variations for VKORC1 rs9923231

The vitamin K epoxide reductase complex, subunit 1 (VKORC1I) gene encodes
a protein essential for blood clotting. The Food and Drug Administration cur-
rently recommends adjusted dosing for the anticoagulant warfarin (Coumadin)
that takes VKORC1 SNP genotype (and others) into account (see Chapter 6 for
a more detailed discussion). VKORC1 SNP 1rs9923231 is a G>A SNP located
on the short arm of chromosome 16 (16p11.2) in the promoter region of the
gene. This SNP alters efficacy of VKORCI transcription; the activity of the G
allele performs 44% more effectively than the A allele. These functional differ-
ences in gene expression lead to fewer copies of the VKORCI protein (which is
a rate limiting enzyme in the vitamin K cycle), and accounts for 15%-30% of
the clinical variability in a patient’s warfarin response. Individuals with the AA
genotype need reduced anticoagulant dosing because they are at highest risk
for warfarin-related adverse events such as life-threatening bleeding.

There are several names used in clinical reporting and in medical literature
for this SNP:

» 159923231. Reference sequence number
G3673A. G-to-A SNP at gene position 3673

c.-1639 G > A. G-to-A SNP in coding position —1639 (the negative sign
indicates promoter, before the start of coding)

» upstream -1639 G > A. G-to-A SNP, upstream of coding start site at
position -1639

It should be noted that because this SNP is located in a promoter, it does not
code for an amino acid switch. This is why there are no protein names in addi-
tion to the gene and coding names. SNPs that exert protein coding effects are
also named by their amino acid changes, similar to mutations (see Chapter 2).
A SNP causing a serine to proline amino acid switch at coding position 235
would be called Ser235Pro or S235P,

Clinical Translation: Where to Find Further Information to Understand SNPs

If, during your clinical practice, you become confused by a patient’s sequence
or mutation report, try the following:
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1. Identify the SNP by entering the rs# or coding sequence information
into dbSNP.

2. Identify whether it is a coding or noncoding exonic SNP, or intronic
SNP near important areas of the gene. Note the gene name if you do not
already know it.

3. Go to the Online Mendelian Inheritance in Man website (www.ncbi
nlm.nih.gov/omim) and enter the gene name. Read the brief gene sum-
mary and interpret implications of the patient’s SNP in the context of
normal gene function and clinical phenotype.

4. Optional. Verify SNP allele frequency for ethnic populations of interest
(see hapmap.ncbi.nlm.nih.gov). Under “Project Data,” select an option
including Phase 3 data. Insert rs number into search box to locate the
SNP of interest. Under “Details,” scroll the mouse over or select the blue/
red icon for genotyped SNP allele frequency data. Allele frequencies
will be shown for ethnic subpopulations including: Caucasian (CEPH
= Utah), African (Southwest United States, Kenya, or Nigeria), Chinese
(Denver or Beijing), Japanese, Mexican (Los Angeles), Gujarati Indian,
and others.

5. Optional. Verify relevant pharmacogenetic implications for the SNP (see
www.pharmgkb.org).

responses (see Chapter 6), and other phenotypes of interest. Although each per-
son’s SNP pattern is unique (except for monozygotic multiples), most SNPs are not
responsible for causing disease. But SNPs can be located near a gene associated
with a disease of interest, similar to the previous HLA disease association exam-
ples in this chapter. SNPs can also contribute to disease development if the person
carries a higher risk SNP allele and is exposed to a particular environment or toxin
(e.g., higher risk genotype plus smoking). Recent research in this field uses genomic
sequence generated by the Human Genome Project to correlate SNPs in linkage
disequilibrium with diseases, drug responses, environmental exposures, and clinical
phenotypes. Greater understanding of genetic contributions to multifactorial dis-
eases (e.g., diabetes mellitus, cancer, addictions, depression) is leading to the devel-
opment of novel therapies, identification of target genes responsible for diseases,
and quantification of disease risks, given specific lifestyle choices (e.g., nutrition,
smoking, alcohol use, etc.).

Mitochondrial DNA Variants

Mitochondria are the complex energy-producing “power plants” of cells in the body.
While much smaller than the human nuclear genome, mitochondria have their own
genomes, which contain just over 16,000 nucleotides and 37 genes. However each
mitochondrion has on average five full mitochondrial genomes and most cells can
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have over 1,000 mitochondria. Thus, mutations and polymorphic variants may not
produce an effect if there are only several variations in a single cell’s mitochondria for
the same individual. Variation from mutations and polymorphisms in a single cell of
an individual’s mitochondrial genome is known as heteroplasmy, and occurs in 90%
to 100% of individuals. Disease occurrence is dependent on the proportion of nor-
mal mitochondrial DNA to mitochondrial DNA with variants and mutations in the
cells of various tissue types (tissues with higher energy requirements are usually the
most affected). Cellular mitosis in dividing cells/tissues can affect this proportion.
Research continues to elucidate the role of mitochondrial polymorphic variation in
disease development. Recent findings differentiate benign and harmful heteroplas-
mies, and identify mechanisms used by the body (albeit inefficient) to reduce harm-
ful ones. Research is ongoing to link mitochondrial polymorphism heteroplasmies
to diseases of mitochondrial malfunction. Chapter 4 reviews mitochondrial diseases
and their inheritance in more detail.

MAINTENANCE OF VARIATION AND
POLYMORPHISM IN POPULATIONS

Rare, inherited, single gene biochemical disorders are extreme examples of the spec-
trum of genetic diversity or variation. This is because all genetic variations begin
with mutation. But once multiple alleles occur for a given locus with a frequency in
a population of individuals greater than 1%, they are classified as genetic polymor-
phisms. Genetic variations that are too rare to meet the criteria for a polymorphism
in the general human population may assume higher frequencies within particular
population groups. Population groups that have shared a common ancestry may be
isolated from the general population for cultural, social, religious, economic, polit-
ical, linguistic, or geographic reasons. Members of a particular population group
often pick mates or intermarry within that same group. This results in the occur-
rence of specific rare alleles in the population group’s gene pool (the collection of
genes in a particular population), as compared to the general population. Examples
of such groups include Finns, Icelanders, Pacific Islanders, and Ashkenazi (Eastern
European) Jews. Knowing whether a patient belongs to a particular population
group can help a clinician to understand if additional screening, prenatal consulta-
tion, diagnostic workup, or specific health prevention measures are needed. Genetic
diseases known to be present in higher frequencies of certain population groups
are shown in Table 3.3. The presence of these rare alleles and disorders in higher
frequency in some population groups is not “good” or “bad.” Many evolved because
in the heterozygous or carrier state, they offered some type of protection (selective
advantage), or because of founder effects and population “bottlenecks,” as described
later in this chapter. As members of specific racial and ethnic groups intermarry,
intermate, and become less isolated, there will be fewer definable genetic disorders
occurring with greater frequency within given population groups.

Population geneticists are interested in why certain variations and polymor-
phisms occur in populations. They use mathematic formulas to determine mutation
rates and to measure the effects of migration. One of the fundamental principles
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TABLE 3.3 Distribution of Selected Genetic Traits and Disorders by

Population or Ethnic Group

Ethnic or Population
Group

Genetic or Multifactorial Disorder Present in
Relatively High Frequency

Aland Islander

Ocular albinism (Forsius—Eriksson type)

Amish Limb-girdle muscular dystrophy (Adams, Allen counties,
Ohio)
Ellis—van Creveld (Lancaster County, Pennsylvania)
Pyruvate kinase deficiency (Mifflin, Ohio)

Armenian Familial Mediterranean fever

Black (African)

Sickle cell disease

Hemoglobin C disease

Hereditary persistence of hemoglobin F
glucose-6-phosphate dehydrogenase (G6PD) deficiency,
African type

Lactase deficiency, adult

[-thalassemia

Burmese

Hemoglobin E disease

Chinese

G6PD deficiency, Chinese type
Lactase deficiency, adult

Costa Rican

Malignant osteopetrosis

Finnish

Congenital nephrosis

Generalized amyloidosis syndrome, V
Retinoschisis

Aspartylglucosaminuria

Diastrophic dwarfism

French Canadian (Quebec)

Mucopolysaccharidosis, type IV A (Morquio syndrome)

Gypsy (Czech)

Congenital glaucoma

Hopi Indians

Tyrosinase positive albinism

Icelander

Phenylketonuria (PKU)

Inuit

Congenital adrenal hyperplasia
Pseudocholinesterase deficiency
Methemoglobinemia

(continued)
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TABLE 3.3 Distribution of Selected Genetic Traits and Disorders by

Population or Ethnic Group (continued)

Ethnic or Population
Group

Genetic or Multifactorial Disorder Present in
Relatively High Frequency

Irish

PKU
Neural tube defects

Japanese

Acatalasemia
Cleft lip or palate
Oguchi disease

Jewish

Ashkenazi

Tay—Sachs disease (juvenile)

Niemann-Pick disease (juvenile)

Gaucher disease (adult type)

Dubin—Johnson syndrome

Familial dysautonomia

Bloom syndrome

Torsion dystonia

Factor XI (plasma thromboplastin antecedent) deficiency

Sephardic

Familial Mediterranean fever
Ataxia—telangiectasia (Morocco)
Cystinuria (Libya)

Glycogen storage disease III (Morocco)

Lapp (North Scandinavian)

Developmental hip dysplasia

Lebanese

Dyggve—Melchior—Clausen syndrome

Mediterranean (Italians,
Greeks)

G6PD deficiency, Mediterranean type
B-thalassemia
Familial Mediterranean fever

Middle East
Northern European
Caucasian

Dubin—Johnson syndrome (Iranian and Moroccan Jews in
Israel)

Werdnig-Hoffmann disease (Karaite Jews)

G6PD deficiency, Mediterranean type

PKU (Yemenite Jews)

Metachromatic leukodystrophy (Habbanite Jews, Saudi
Arabia)

Cystic fibrosis

PKU

Nova Scotia Acadian

Niemann-Pick disease, type D

(continued)
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TABLE 3.3 Distribution of Selected Genetic Traits and Disorders by

Population or Ethnic Group (continued)

Ethnic or Population
Group

Genetic or Multifactorial Disorder Present in
Relatively High Frequency

Polynesian Clubfoot
Polish PKU
Portuguese Familial transthyretin (TTR) amyloidosis, type I

Machado—Joseph disease

Scandinavian (Norwegian
Swede, Dane)

>

Cholestasis-lymphedema (Norwegians)
Sjogren—Larsson syndrome (Swedes)
Krabbe disease

PKU
Scottish PKU

Cystic fibrosis
Slovakian Alkaptonuria

Zuni Indian

Tyrosinase positive albinism

in population genetics is the Hardy—Weinberg principle, which is useful for popu-
lation health inferences and practical applications in genetic counseling. Briefly, it
holds that population gene frequencies and population genotype frequencies remain
constant across generations if mating is random, and the effects of mutation, selec-
tion, immigration, and emigration are not present. The Hardy—Weinberg equation is
p* +2pq + q* = 1.0 and can provide an estimate of disease prevalence in a population,
or provide estimates of heterozygous carriers for rare autosomal recessive diseases
(Jorde, Carey, & Bamshad, 2009). Table 3.4 identifies how the Hardy—Weinberg
equation terms are applied to the classic Punnett Square.

TABLE 3.4 Punnett Square Illustrating Hardy—Weinberg Principle

Allele A Allele B
p = Gene [requency q = Gene frequency

Allele A AA Genotype AB Genotype
p = Gene frequency p? rq
Allele B AB Genotype BB Genotype

2

q = Gene frequency rq q
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TABLE 3.5 Expected Versus Observed Frequencies for

Hardy—Weinberg Evaluation

Expected Frequency per Hardy—Weinberg Law Observed Frequency in
Sample
AA =p?=0.547 x 0.547 = 0.299, or 2,990 individuals 2,900

AB =2pq =2 x 0.547 x 0.453 = 0.496, or 4,960 individuals | 5,140

BB =¢q*=0.453 x 0.453 = 0.205, or 2,050 individuals 1,960

This section outlines an example of how to tell whether a sample population is in
Hardy—Weinberg equilibrium. Let us say, we obtain a sample of 10,000 individuals
from a town’s population and the allele frequencies for a disease-causing gene locus
are counted. There are two alleles, A and B, yielding the following genotype frequen-
cies for the sample: 2,900 individuals have AA genotype (2,900/10,000 = 0.290 or
29%); 5,140 individuals have AB genotype (5,140/10,000 = 0.5140 or 51.4%); and
1,960 individuals have BB genotype (1,960/10,000 = 0.196 or 19.6%). The sum of
the sample’s population genotype frequencies equals 1.0 = 0.29 + 0.514 + 0.196. We
next derive the sample population’s allele frequencies:

» Frequency of allele A =0.290 + 0.5 x 0.514 = 0.547
» Frequency of allele B=1 - 0.547 = 0.453

We have now calculated all the allele and genotype frequencies from our town’s sam-
ple population. Finally, we must calculate the expected genotype frequencies under
the principle of Hardy—Weinberg law using the p* + 2pq + q* = 1.0 formula. To obtain
the number of expected individuals, we multiply each genotype frequency by the
total number of the sample population (i.e., 0.299 x 10,000) and compare to what
was observed (Table 3.5).

If the expected and observed values do not match, our town’s population is not
in Hardy—Weinberg equilibrium. It is common for disequilibrium to be present, as
the assumptions of the principle are fairly stringent. Reasons for disequilibrium are
often explored further by population geneticists but can be difficult to identify exactly.
Allele frequencies in populations can change because of effects including: mutation,
selection, migration, fitness, random genetic drift, nonrandom mating, and linkage to
a favorable or an unfavorable gene (the so-called hitchhiker effect). Collectively over
time, these influences comprise the basic mechanisms of genetic evolution. Common
factors that impact allele frequencies in population groups are highlighted in Table 3.6.

Selection and Selective Advantage

Some alleles can be eliminated from the gene pool in the homozygous recessive
state, while simultaneously maintaining a higher heterozygous frequency than could
be observed by mutation alone. This suggests that their presence confers some
type of selective advantage to the heterozygote over the homozygote. A common
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TABLE 3.6 Factors That Alter Allele Frequencies in Populations

Factor

Definition

Fitness

The ability of a person to reach reproductive age and pass on his

or her genes to the next generation (Orr, 2009). An example is
individuals who are homozygous for the gene for juvenile Niemann—
Pick disease, an autosomal recessive disorder characterized by

severe neurological effects and delays, and childhood death.

These genotypes have a low degree of fitness because they are not
transmittable to the next generation.

Founder effect

A genetic mutation observed in higher frequency due to the
presence of the mutation in a single ancestor or a small number of
ancestors; for example, when a small group from a large population
migrates to another locale and one or more members of the
founding group possess a variant allele that is rare in the original
population. That variant allele now assumes a greater proportion.
Porphyria variegata is an example (Chapter 6).

Linkage

Refers to genes or DNA sequences on the same chromosome that
are in close proximity. They are so closely associated with one
another that their alleles do not independently assort (Mendelian
inheritance) during meiosis.

Migration

Also called gene flow, it is movement of migrants across populations
and mating with members of a new/different population. Different
allelic frequencies from the original (migrant) population are
introduced, resulting in altered allele frequencies for future
generations.

Mutation

A change in DNA sequence that can occur in germ or somatic cells.
Usually used to connote harmful effects, but this is not necessarily
s0.

Population
bottlenecks

Events that drastically decrease the size of a population.

Random genetic
drift

When gene and allele frequencies change over time, from one
generation to the next, as a result of random chance.

Segregation Also called meiotic drive, it is when a gene produces distorted
distortion segregation (non-Mendelian) ratios for a particular genetic locus.
Selection Nonrandom reproduction of certain alleles or genotypes in a

population. The evolution forces resulting in these patterns can be
positive (advantageous) or negative (deleterious).
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example is sickle cell disease, for which research evidence indicates that sickle cell
heterozygotes (SA) in endemic malarial areas of Africa are less severely affected by
Plasmodium falciparum (a type of malarial parasite) than are the normal homozy-
gote (AA) or sickle cell disease homozygote (SS). A positive correlation between
the endemic malarial areas in Africa and the distribution of the hemoglobin (Hb) S
gene is observed. The same correlation appears for the Hb C allele (West Africa) and
the Hb E allele (Southeast Asia) for B-thalassemia in the formerly endemic malarial
areas in parts of Italy and Greece, and for one type of glucose-6-phosphate dehydro-
genase (G6PD) deficiency in Mediterranean populations. However, heterozygotes
do not retain this advantage once their environment changes to a malaria-free area
(i.e., to the United States). The frequency of the sickle cell allele in Blacks of African
descent is decreasing in the United States, as would be expected once the heterozy-
gous advantage is removed.

OTHER EXAMPLES OF HUMAN
GENETIC VARIATION

Similar interactions between certain genes and the environment also exist for other
traits. In mammals, lactase activity is highest in the newborn and then declines;
by adulthood, the recessive allele for lactase is switched off in most adults, but in
some there remains a hereditary persistence of lactase. This may have conferred a
selective advantage on societies that had cow’s milk available for food. Individu-
als lacking lactase activity experience gastrointestinal symptoms (including flatu-
lence, abdominal pain, and diarrhea) following exposure to small and moderate
amounts of lactose in dairy products. Data indicates that native population groups
in Northern Europe, Africa, and Southwest Asia have a high frequency of hereditary
persistence of lactase activity, while Southeast Asia, Arabia, Thailand, and Native
American groups (among others) do not. These patterns are linked to societies with
milk production traditions dating back up to 9,000 years. Persistent lactase activity
benefited nomadic groups in particular, where consumption of milk during dry
seasons or within desert conditions provided valuable nutrition (Hollox & Swal-
low, 2002). In the United States, persons with low lactase activity adjust to their
changed environment by consuming less lactose or taking supplements to minimize
symptoms.

Another trait demonstrating these concepts is taste sensitivity, which is influenced
by genetics. For humans to perceive the sensation of taste, taste buds on the tongue,
palate mucosa, and throat collect saliva that interacts with ingested food. Impulses
are transmitted to the brain by cranial nerves, and are translated into familiar sensa-
tions—taste. There are nontasters, regular tasters, and supertasters; supertasters have
~1,100 taste buds per square centimeter compared to nontasters’ ~11 taste buds per
square centimeter. Research correlates supertasters’ ability to perceive “bitterness”
of the chemical compound 6-n-propylthiouracil to dietary taste preferences. It is
hypothesized that supertaster individuals, who are easily able to detect subtle bitter
tastes, can more readily avoid toxic environmental substances. This includes specific
plant toxins that could be fatal (e.g., the biological warfare agent ricin that is found
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in the bean of the Castor tree). Studies have identified that supertasters are more
likely to find the taste of cigarettes bitter, and are less likely to smoke. Additional
examples of genetic mutations and variations conferring selective advantages are

highlighted in Table 3.7.

TABLE 3.7 Examples of Disease Susceptibility and Resistance

Conferred by Genetic Variants

Genes/Variants

Comments

ABO blood group O

Higher susceptibility to cholera

CCR5 A32 homozygotes

Highly resistant to HIV infection

Cystic fibrosis transmembrane
conductance regulator (CFTR)
mutation

Results in cystic fibrosis and in defects in clearing
Pseudomonas aeruginosa from respiratory tract

Duffy blood group negative

Resistance to Plasmodium vivax malaria

Fucosyltransferase (FUT2) mutation,
nonsecretors

Susceptibility to recurrent urinary tract infections

Galactose-1 phosphate-
uridyltransferase (GALT) mutation

Susceptibility to neonatal Gram-negative
bacterial sepsis

HIA-DRBI*1101

Associated with resistance to persistent hepatitis
C infections in some European populations

HIA-DRB1%*1302

Associated with resistance to persistent hepatitis
B infections in West African populations

HLA-DQB1*0501

Susceptibility to Onchocerca volvulus infection
(river blindness)

Human prion protein gene (PRPN)
homozygous at position 129

Greater susceptibility to Creutzfeldt—Jakob
disease

Interleukin 12 receptor, -1
(IL12Rb1)

Homozygous mutations associated with both
Salmonella and Mycobacterium infections

Microsomal epoxide hydrolase
deficiency

Associated with chronic hepatitis C liver disease
severity and hepatocellular carcinoma risk

NRAMP] variants

Associated with tuberculosis susceptibility

Plasminogen activator inhibitor-1
4G/4G genotype

Associated with poor outcomes in meningococcal
sepsis
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KEY POINTS

» Humans are remarkably alike. They are similar in 99.9% of their genes.

» Genetic variation was first detected in important proteins, such as the ABO
and Rh blood group systems, and the HLA system.

» SNPs are important polymorphisms in humans and are fueling personalized
medicine.

» Knowledge about human genetic variation has important forensic applica-
tions.

» Population genetics provides information about the maintenance of certain
variations and polymorphisms in specific groups.

» The Hardy—Weinberg principle is important in assessing and estimating pop-
ulation characteristics, disease prevalence, and the number of heterozygous
carriers in populations.

» Human variation is important in susceptibility and resistance to genetic and
complex diseases.
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CHAPTER 4

Inheritance Patterns in Human
Phenotypes and Types ot

Genetic Disorders
Timothy M. Dwyer; Rivka L. Glaser, and Tracey M. Mason

Genetic conditions can be inherited in various ways. Typical Mendelian patterns of
inheritance include autosomal recessive (AR), autosomal dominant (AD), X-linked
recessive (XR), X-linked dominant (XD), and Y-linked inheritance. Although Men-
delian patterns of inheritance tend to be well known, it is important to note that
disorders inherited in this way are rare, compared with complex or multifactorial
traits and disorders. In the first section of this chapter, we discuss typical Mendelian
patterns of inheritance, in addition to non-Mendelian mechanisms of inheritance
such as mitochondrial inheritance, uniparental disomy (UPD), genomic imprinting,
gonadal mosaicism, and unstable or expanding triplet repeat mutations. The second
section of the chapter is devoted to the different classifications of genetic disorders.
Factors affecting the expression of the phenotype are discussed as well.

INHERITANCE PATTERNS OF HUMAN PHENOTYPES
AR Inheritance

In AR inheritance, the mutant gene is located on an autosome rather than on a sex chro-
mosome. Therefore, males and females are affected in equal proportions. The affected
person usually inherits one copy of the same mutant gene from each heterozygous (Aa),
or carrier, parent, and is thus homozygous (aa) at that locus, having two copies of the
mutant gene. Parents who have had a child with an AR disease are sometimes referred to
as “obligate heterozygotes,” meaning that each must have one copy of the mutant gene,
even if no test for detection exists. Occasionally, a rare recessive disorder is manifested
in a person when only one parent is a carrier. This can result in one of two ways:

» Because of a small deletion of the chromosome segment involving the normal
gene, thus allowing expression of the mutant gene on the other chromosome
of the pair

» Because the person inherits two copies of the same chromosome from the
parent with the mutant gene (UPD)
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Normal gene function is dominant to the altered function of the mutant recessive
gene; therefore, the heterozygote usually shows no obvious phenotypic manifesta-
tions but, depending on the disorder, the heterozygote may show biochemical dif-
ferences that form the basis for heterozygote detection by biochemical testing. DNA
testing is now commonly used where possible, due to the prevalence of enzyme
defects and deficiencies.

In clinical practice, most situations involving AR inheritance come to attention in
a variety of ways, as listed in Box 4.1. Therefore, such individuals may have different
immediate and long-range needs, ranging from genetic testing and carrier detection
to genetic counseling to prenatal diagnosis. The nurse should refer such individuals
to a professional providing these services.

If a couple has had a child with an AR disorder, the rest of the family history for
the genetic disease may be completely negative, due in part to the trend to smaller
family size and in part because two copies of a rare mutant gene are needed in order
for one to be affected. If there are other affected individuals, they are usually mem-
bers of the same generation. If the parents of the affected child are related to each
other by blood (consanguinity), this suggests, but does not prove, AR inheritance.
The more common the disorder is in the general population, the less relevant is the
presence of consanguinity.

The mechanics of transmission of autosomal recessively inherited genes are shown
in Figure 4.1. The most common situation is when both parents are heterozygotes
(carriers). The theoretical risks for their offspring, regardless of sex, are to be:

» Affected with the disorder (aa), 25%
» Carriers like their parents (Aa), 50%
» Normal, without inheriting the mutant gene (AA), 25%

BOX 4.1

Clinical Practice Situations Involving
Autosomal Recessive Inheritance

» Recent birth of an affected infant

» Recent diagnosis, usually of an affected child

» Couples who have been identified as carriers of a specific disorder (e.g.,
Tay—Sachs disease) and are contemplating marriage or children

» One member of a couple has a sibling or cousin known to have a genetic
disorder and is concerned that he or she may be a carrier

» Both members of a couple belong to a population group in which a specific
genetic disorder is frequent (e.g., thalassemia in Mediterranean people)

» A couple is contemplating pregnancy after an earlier birth of an affected
child, who may be either living or deceased
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Mating Heterozygote X Heterozygote Affected X Normal
Aa Aa
Parents asa AR
| x| “|
Gametes ®@ A@ @ ®
Offspring A"o‘ Ta T‘i aa Aa
Description Normal Heterozygote Affected Heterozygote
Ratio Ya Y2 Ya All
Mating Affected X Heterozygote Normal X Heterozygote
Parents aa Aa AA Aa
< || | x|
Gametes @ @@ @ @@
A AA A
Offspring a aa ‘ a
Description Heterozygote Affected Normal Heterozygote
Ratio Ve Vo Y2 Y2

Key: AA, normal; Aa, heterozygous; aa, affected individual

FIGURE 4.1. Mechanisms of autosomal recessive inheritance with one pair of chromosomes and one pair
of genes.

Of the phenotypically normal offspring (AA and Aa), two thirds will be carriers.
These risks hold true for each pregnancy. Because chance has no memory, each preg-
nancy is, in essence, a throw of the genetic dice; in other words, the outcome of the
past pregnancy has no effect on a future one. These theoretical risks hold true with
large numbers of families. Within an individual family at risk with two carrier par-
ents, the actual number of affected children can, by chance, range from none who
are affected to all who are affected. This does not change their risks for another preg-
nancy from those described previously. This is a point that clients often need clari-
fied and reinforced. Nurses should therefore be able to understand it and explain it.
If two carriers have had three unaffected children in three sequential pregnancies, it
does not mean that their next child will be affected: Each prior event has no bearing
on the outcome of the next pregnancy in AR inheritance.

In general, most AR disorders tend to have an earlier, more severe onset than do
diseases from other inheritance modes. Many are so severe that they are incompati-
ble with a normal life span, and many affected individuals do not reach reproductive
age. Due to recent advances in diagnosis and treatment of certain AR diseases, such
as sickle cell anemia and cystic fibrosis, individuals who would have otherwise died
in childhood are now reaching young adulthood and having their own children,
creating obligatory transmission of the mutant gene to all of their offspring. If the
affected person mates with someone who does not carry the same mutant gene, then
all of his or her children, regardless of sex, will be carriers, but none will be affected
(see Figure 4.1).
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If the affected person mates with someone who is a carrier for the same recessive
gene, then there is a 50% risk of having an affected child and a 50% risk of having a
child who is a heterozygous carrier, regardless of sex, for each pregnancy. This risk is
most likely to materialize for a disorder such as cystic fibrosis in which the frequency
of carriers in the White population is about 5%, or for sickle cell disease in which the
frequency of carriers in the American Black population is 7% to 9%. If the mother is
the one who has the genetic disease in question, there may be effects on a fetus that
result from an altered maternal environment, as occurs in phenylketonuria (PKU).
The salient characteristics of AR inheritance are summarized in Table 4.1. Examples
of different genetic disorders inherited in this manner are presented in Table 4.2,
with many of these disorders explained in greater detail in Chapters 8,9, 10, and 12.

Consanguinity and AR Inheritance

Concern about consanguinity relates mostly to marriage between blood relatives.
Although most individuals would be distantly related to their mate if one went back
far enough in time, only relationships closer than first cousins are usually genetically
important. Each individual carries from 5 to 10 harmful recessive genes that are
not usually apparent. Individually, each of these is extremely rare (except for a few,
like cystic fibrosis), so that the likelihood of selecting a mate with the same harmful
recessive genes is remote. This chance becomes less remote if the two individuals are
related to each other by blood or are from the same ethnic group or population iso-
late. The consequence of consanguineous mating results from the possible bringing
together of two identical recessive alleles that are inherited by descent from a com-
mon ancestor, thus bringing out deleterious genes in the homozygous (aa) state.
The resulting homozygous phenotypes that are deleterious are more obvious than
those that are neutral or favorable. This effect may also operate for single-nucleotide

TABLE 4.1 Major Characteristics of

Autosomal Recessive Inheritance and Disorders

Gene is located on autosome.

Two copies of the mutant gene are needed for phenotypic manifestations.

Males and females are affected in equal numbers on average.

No sex difference in clinical manifestations is usual.

Family history is usually negative, especially for vertical transmission (in more than

one generation).

Other affected individuals in the family in the same generation (horizontal

transmission) may be seen.

» Consanguinity or relatedness is more often present than in other types of inherited
conditions.

» Fresh gene mutations are rare.

Age of disease onset is usually early—newborn, infancy, or early childhood.

» Exert the greatest negative effect on reproductive fitness.
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TABLE 4.2 Selected Genetic Disorders Showing

Autosomal Recessive Inheritance

Disorder

Occurrence

Brief Description

Albinism (tyrosinase
negative)

1:15,000 to 1:40,000
1:85-1:650 (Native
Americans)

Tyrosinase negative disorder resulting in
melanin lacking in skin, hair, and eyes;
nystagmus; photophobia; susceptibility
to neoplasia, strabismus, and impaired
vision

Argininosuccinic
aciduria (ASA)

1:60,000 to 1:70,000

Urea cycle disorder; hyperammonemia,
mild mental retardation; vomiting;
seizures; coma; abnormal hair shaft

Cystic fibrosis

1:2,000 to 1:2,500
(Caucasians)
1:16,000 (American
Blacks)

Ton channel function disruption
resulting in pancreatic insufficiency
and malabsorption; abnormal exocrine
glands; chronic pulmonary disease (see
Chapter 9)

Ellis—van Creveld
syndrome (EvC)

Rare, except among
eastern Pennsylvania
Amish

Multiple mutations in the EVC gene
result in short-limbed dwarfism;
polydactyly; congenital heart disease; nail
anomalies, natal teeth, cleft palate

disease)

Glycogen storage 1:200,000 Glucose-6-phosphatase deficiency;

disease Ta (von bruising; hypoglycemia; enlarged

Gierke disease) liver; hyperlipidemia; lactic acidosis,
hyperuricemia; neutropenia;
hypertension; short stature

Glycogen storage 3:100,000 to Mutation in GAA gene resulting in acid

disease IT (Pompe 4.5:100,000 maltase deficiency. Infant, juvenile,

and adult forms exist. In infant form,
cardiac enlargement, cardiomyopathy,
hypotonia, respiratory insufficiency,
developmental delay, macroglossia, death
from cardiorespiratory failure by about

2 years of age

Hemochromatosis

1:3,000 (Caucasians)

Several types exist, each with its own
specific mutation. Excessive iron storage
and tissue damage can result in cirrhosis,
diabetes, pancreatitis, and other diseases;
abnormal skin pigmentation seen (see

Chapter 10)

(continued)
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TABLE 4.2 Selected Genetic Disorders Showing Autosomal

Recessive Inheritance (continued)

Jews of Israel

Disorder Occurrence Brief Description
Homocystinuria 1:40,000 to Cystathionine f-synthase deficiency
1:140,000 causing mental retardation; tall

build with skeletal defects; optical
abnormalities; neurologic problems; risk
for myocardial infarction

Metachromatic 1:40,000 Arylsulfatase A deficiency leading

leukodystrophy (1:75) Habbanite to disintegration of myelin and

accumulation of lipids in white matter
of brain; psychomotor degeneration;
hypotonia; adult, juvenile, and infantile
forms

Sickle cell disease

1:400 to 1:600
(American Blacks)

Hemoglobinopathy with chronic
hemolytic anemia; growth retardation;
susceptibility to infection, painful
vascular crises, leg ulcers, dactylitis (see
Chapter 9)

Tay—Sachs disease

1:3,600 (Ashkenazi
Jews)
1:360,000 others

Hexosaminidase A deficiency causing
progressive mental and motor retardation
with onset at about 6 months; poor
muscle tone; deafness; blindness;
convulsions; decerebrate rigidity; death
usual by 3 to 5 years of age (see Chapters
9 and 10)

Usher syndromes Rare Several types exist, with mutations in
multiple genes. Manifests as a group of
syndromes characterized by congenital
sensorineural deafness, visual loss due
to retinitis pigmentosa, vestibular ataxia,
occasionally mental retardation, speech
problems; several subtypes

Xeroderma 1:60,000 to Mutations in genes responsible for DNA

pigmentosa 1:100,000 repair; sun sensitivity, freckling, atrophic

(complementation skin lesions, skin cancer develops;

groups A-G) photophobia and keratitis; death usually

by adulthood. Some types have central
nervous system involvement
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variations in genes. Effects that determine one trait are more evident than those con-
tributing to a complex trait, such as body size or intelligence.

Many cultures and groups have actively encouraged consanguineous marriages.
These have included the ancient Egyptians, Incas, royalty, and many modern societ-
ies, such as Japan, various Hindu groups in India, Muslim groups (especially in the
eastern Mediterranean), and groups in which arranged marriages are an accepted
custom. The frequency of consanguineous marriages depends on social custom, reli-
gious customs and laws, socioeconomic concerns, family ties and traditions, the
degree of geographic isolation of a village, and the degree of isolation of a specific
group within a community. It is estimated that in parts of Asia and Africa, consan-
guineous marriages account for about 20% to 50% of all marriages. Other groups
oppose it. In South Korea, it is frowned upon to marry someone with the same
family name, and same-clan marriages are barred. Every 10 years or so there is an
amnesty period during which such marriages can occur. Among certain followers
of the Koran, there are taboos against marriage between a boy and a girl who were
breastfed by the same woman more than a certain number of times during the first
two years of life. Thus, consanguinity may be perceived differently among different
cultures.

AD Inheritance

As in AR inheritance, the mutant gene is on an autosome, so males and females are
equally affected. Only one copy of the dominant gene is necessary for the detri-
mental effects to be evident; the affected individual is heterozygous, and there is no
carrier status. It is believed that in most AD disorders, homozygous individuals who
have inherited two genes for an AD disorder are so severely affected that they die
in utero or in infancy. An example of an exception is familial hypercholesterolemia
(see Chapter 10) in which the homozygote survives but shows the very early onset
of severe effects. In contrast to AR inheritance, structural protein defects, rather than
those involving enzymes, are common. AD disorders are usually less life-threatening
than AR ones, although they may have more evident physical malformations.

A later age of onset of symptoms and signs is frequent and may not become evi-
dent until adulthood. In practice, persons usually seek counseling or experience
events that come to clinical attention for reasons shown in Box 4.2.

BOX 4.2

Usual Clinical Practice Situations Involving Autosomal Dominant
(AD) Inheritance

» The person or his or her mate is affected with a particular AD disorder.

» Someone in their family (often a parent, aunt or uncle, or sibling) has an
AD disorder.

» They have had a previous child with an AD disorder.
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The recognition of an AD disorder in a child may indicate the presence of that dis-
order in one of the parents as well. However, there are exceptions. When the parents
appear normal, several possibilities exist:

» The gene can be present but nonpenetrant (discussed further in the section
“Penetrance”).

» The gene expression may be minimal and may not have been detected by the
practitioner.

The disorder can be caused by a new mutation.

The child is not the natural offspring of both parents.

The following case example demonstrates the extreme importance of careful exam-
ination of both parents in the detection of an AD disorder.

CASE EXAMPLE

A child was brought for counseling with full-blown Waardenburg syndrome
(deafness, heterochromic irises, partial albinism, and broad facial appearance);
however, no evidence of the disorder was at first seen in either parent. This
case occurred before subgrouping of this syndrome was known. If the disorder
was caused by a new mutation, then the risk for those parents to have this syn-
drome appear in another child would be negligible. If, however, one of the par-
ents had the syndrome, then the risk for recurrence in another child would be
50%. It turned out that the only manifestation that the mildly affected mother
had was a white forelock of hair, which she usually dyed. Thus, simply looking
at the couple would not have revealed the situation. This is an example of vari-
able expression (discussed in further detail in Chapter 5) in which the parent
was only mildly affected but the child had severe manifestations. Such cases
represent a challenge to the practitioner. In this case, the counselor, knowing
the full constellation of the syndrome, specifically asked the mother if anyone
in the family had premature white hair. If the mother had not been directly
asked, she may not have volunteered this information because

» the relevance of it was not recognized by the client

» of guilty feelings when only one parent transmits a disorder

» of fear of stigmatization or being blamed for transmission of the disorder
» of other reasons

The mechanisms of transmission of AD traits are shown in Figure 4.2. In matings
in which one partner is affected and one is normal, the risk for their child to inherit
the gene, and therefore the disorder too (except in disorders with less than 100%
penetrance), is 50%, regardless of sex. The chance for a normal child is also 50%.
This holds true for each individual pregnancy regardless of the outcomes of prior
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Mating Affected X Normal Affected X Affected

Parents Dd dd
| < |]

Gametes ®@{>@ @@{9@

Dd Dd
>l

Offspring Dd dd D‘d D‘d DHd dd
Description Affected Normal Homozygous Heterozygous Normal
affected affected
usually lethal  \emymd
Ratio Yo Yo Ya Yo Ya

Key: DD, homozygous affected; Dd, heterozygous affected; dd, normal

FIGURE 4.2. Mechanisms of autosomal dominant inheritance with one pair of chromosomes and one pair
of genes.

pregnancies. Unless nonpenetrance has occurred, those truly unaffected individuals
run no greater risk than the general population of having an affected child or grand-
child of their own. Risk calculations that include the possibility of nonpenetrance
can be made by the geneticist. If a woman were an affected heterozygote for a rare
AD disorder with 60% penetrance and she was planning a family with a normal man,
the risk for each child to both inherit the mutant gene and manifest the disorder is as
follows: the risk to inherit the mutant gene from each parent (50% from the mother
and the population mutation rate from the father, which in this case is disregarded
because of rarity) multiplied by the penetrance (60%) or (0.5 x 0.6 = 0.3). Therefore,
the risk for the child to inherit the gene is 50% and to both inherit the gene and
manifest the disorder is 30%.

If two individuals affected with the same AD disorder have children, as is fre-
quently seen in some conditions such as achondroplasia (a type of dwarfism), then
for each pregnancy, the chance is 25% for having a child who is an affected homozy-
gote, 50% for having an affected heterozygote like the parents, and 25% for having a
normal child without a mutant gene (see Figure 4.2). The homozygote is usually so
severely affected that the condition is lethal in utero.

In many AD disorders, the primary defect is still unknown, so that diagno-
sis of the individual who is known to be at risk for having the disorder before
symptoms become clinically evident or prenatal diagnosis for their offspring may
not be possible, although gene mapping and DNA technology are making this
situation less common. In disorders in which the onset is characteristically late
and diagnosis is not available, individuals with a family history of such a disorder
have difficulty in making reproductive and life plans because they may not know
whether they have inherited the mutant gene. Some choose alternate reproduc-
tive options such as artificial insemination, in vitro fertilization, embryo transfer
and implantation, or adoption rather than run a possible 50-50 risk, but others
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become aware of the hereditary nature of the disease only after they have had
children. Some choose to “take a chance.” Nurses should encourage individuals to
talk with their partners about the options, and, if possible, both should also talk
with a counselor to clarify their feelings and options. Such supportive counseling
may need to be ongoing.

A summary of the major characteristics of AD inheritance is given in Table 4.3.
Examples of disorders inherited in an AD manner are shown in Table 4.4.

New Mutation

If no other cases exist in a family and neither parent can be found to have any
subclinical signs of the disorder, it may be caused by a new mutation. Such a case
is often called de novo or sporadic. The affected person with the new mutation
can transmit the disorder to his or her offspring in the same manner as an affected
individual with an affected parent. When truly unaffected parents have had a child
with a genetic disease caused by a new mutation, the risk of having another child
with the same disorder is no greater than for that of the general population (except
in rare cases of gonadal mosaicism, explained in the section “Gonadal (Germline)
Mosaicism”). New mutations are most frequently seen immediately in the domi-
nantly inherited syndromes, because only one mutant gene is necessary to produce
a phenotypic effect. When a recessive single gene disorder appears in a person and
both parents are not heterozygous, this should prompt cytogenetic analysis of the
affected individual because a microdeletion of chromosomal material that includes
the normal gene may be present that allows expression of a single recessive mutant
gene without the countering effect of the normal gene that is missing. The more

TABLE 4.3 Major Characteristics of Autosomal Dominant

Inheritance and Disorders

Gene is on autosome.

One copy of the mutant gene is needed for phenotypic effects.

Males and females are affected in equal numbers on average.

No sex difference in clinical manifestations.

Vertical family history through several generations may be seen.

There is wide variability in expression.

Penetrance may be incomplete (gene can appear to skip a generation).
Increased paternal age effect may be seen.

Fresh gene mutation is frequent.

Later age of onset is frequent.

Male-to-male transmission is possible.

Normal offspring of an affected person will have normal children and
grandchildren.

Exerts least negative effect on reproductive fitness.

Structural protein defect is often involved.

In general, disorder tends to be less severe than the recessive disorders.
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TABLE 4.4 Selected Genetic Disorders Showing Autosomal Dominant Inheritance

kidney disease

Disorder Occurrence Brief Description

Achondroplasia 1:10,000 to Mutation in the FGFR3 gene involved in development of bone and brain tissue. Short-limbed
1:12,000 dwarfism,; large head; narrowing of spinal canal

Adult polycystic 1:250 to 1:1,250 Mutations in PKD1 or PKD2 genes resulting in enlarged kidneys, hematuria, proteinuria, renal

cysts, abdominal mass; eventual renal failure; may be associated (adult) with hypertension,
hepatic cysts, diverticula; aneurism resulting in cerebral hemorrhage may occur; cystic kidneys
seen on x-ray films (see also Chapter 10)

1A

Aniridia 1:100,000 to Mutation in the PAX6 gene involved in early eye development. Absence of the iris of the eye
1:200,000 to varying degrees; vision impaired; glaucoma may develop; may be associated with other
abnormalities in different syndromes
Facioscapulohumeral | 1:100,000 to Hypomethylation of the FSHDI gene resulting in facial weakness; atrophy in facial, upper limb,
muscular dystrophy | 5:100,000 shoulder girdle, and pelvic girdle muscles; speech may become indistinct; much variability in

progression and age of onset

Familial 1:200 to 1:500 Mutation of the LDLR gene causing low-density lipoprotein (LDL) receptor mutation. Symptoms
hypercholesterolemia are elevated LDL, xanthomas, arcus lipoides corneae, and coronary artery disease (see Chapter 10)
(type 1la)

Hereditary 1:2,000 to 1:5,000 | Mutation in ANK1I gene causing a red blood cell membrane defect leading to abnormal spherical
spherocytosis shape, impaired survival, and hemolytic anemia due to cell rupture

Huntington disease

1:18,000 to
1:25,000 (United
States),

1:333,000 (Japan)

Progressive neurologic disease caused by CAG trinucleotide repeat expansion of the HTT gene;
involuntary muscle movements with jerkiness, gait changes, lack of coordination, mental
deterioration with memory loss, speech problems, personality changes, confusion, and decreased
mental capacity; usually begins in mid-adulthood (see Chapter 10)

(continued)
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TABLE 4.4 Selected Genetic Disorders Showing Autosomal Dominant Inheritance (continued)

Disorder

Occurrence

Brief Description

Nail-patella
syndrome

1:50,000

Mutation of the LMX1B gene causing nail abnormalities, hypoplasia or absent patella, and iliac
horns; elbow dysplasia; renal lesions and disease; iris and other eye abnormalities; glaucoma;
gastrointestinal problems

Neurofibromatosis 1

1:3,000 to 1:3,300

Mutation in the NF1 gene involved in skin pigmentation. Café-au-lait spots, neurofibromas, and
malignant progression are common; complications include hypertension; variable expression

Osteogenesis
imperfecta type I

1:30,000

Mutation in COL1A1 gene responsible for collagen assembly. Blue-gray sclera; fragile bones with
multiple fractures; mitral valve prolapse; short stature in some cases; progressive hearing loss in
some cases; wormian bones of the cranium (see Chapter 9)

Polydactyly

1:100 to 1:300
(Blacks), 1:630
to 1:3,300
(Caucasians)

Extra (supernumerary) digit on hands or feet

Tuberous sclerosis-1
(TSC1)

About 1:10,000

Mutation in the TSCI gene controlling cell growth and size. White ash-leaf-shaped macules and
shagreen patches of the skin; facial angiofibromas; erythemic nodular rash in butterfly pattern
on face and other skin lesions; seizures; intellectual delay; learning and behavior disorders; may
develop retinal pathology and rhabdomyoma of the heart

van der Woude 1:80,000 to Mutation of the IRF6 gene involved in transcription factor development. Cleft lip and/or palate
syndrome 1:100,000 with lower lip pits, missing premolars

von Willebrand 1:1,000 to 30:1,000 | Deficiency or defect in plasma platelet protein called von Willebrand factor, leading to prolonged
disease bleeding time; bruising; bleeding from mucous membranes (nosebleeds)
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incapacitating the disorder is, the more likely it is for a large percentage to be due
to new mutations because the affected person is less likely to reproduce. Disorders
in which a high proportion of cases are caused by new mutations include Apert syn-
drome (an AD disorder with craniostenosis, shallow ocular orbi