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Preface

C ompared with other areas of biological research, the science of molecular oncol-
ogy is a recent arrival; its beginning can be traced with some precision to a mile-
stone discovery in 1975. In that year, the laboratory of Harold Varmus and J. Michael
Bishop in San Francisco, California demonstrated that normal cell genomes carry a
gene—they called it a proto-oncogene—that has the potential, following alteration,
to incite cancer. Before that time, we knew essentially nothing about the molecular
mechanisms underlying cancer formation; since that time an abundance of informa-
tion has accumulated that now reveals in outline and fine detail how normal cells
become transformed into tumor cells, and how these neoplastic cells collaborate to
form life-threatening tumors.

The scientific literature on cancer pathogenesis has grown explosively and today
encompasses millions of research publications. So much information would seem to
be a pure blessing. After all, knowing more is always better than knowing less. In truth,
it represents an embarrassment of riches. By now, we seem to know too much, mak-
ing it difficult to conceptualize cancer research as a single coherent body of science
rather than a patchwork quilt of discoveries that bear only a vague relationship with
one another.

This book is written in a far more positive frame of mind, which holds that this patch-
work quiltis indeed a manifestation of a body of science that has some simple, under-
lying principles that unify these diverse discoveries. Cancer research is indeed a field
with conceptual integrity, much like other areas of biomedical research and even sci-
ences like physics and chemistry, and the bewildering diversity of the cancer research
literature can indeed be understood through these underlying principles.

Prior to the pioneering findings of 1975, we knew almost nothing about the molecular
and cellular mechanisms that create tumors. There were some intriguing clues lying
around: We knew that carcinogenic agents often, but not always, operate as mutagens;
this suggested that mutant genes are involved in some fashion in programming the
abnormal proliferation of cancer cells. We knew that the development of cancer is
often a long, protracted process. And we knew that individual cancer cells extracted
from tumors behave very differently than their counterparts in normal tissues.

Now, almost four decades later, we understand how mutant genes govern the diverse
traits of cancer cells and how the traits of these individual cells determine the behav-
ior of tumors. Many of these advances can be traced to the stunning improvements in
experimental tools. The techniques of genetic analysis, which were quite primitive at
the beginning of this period, have advanced to the stage where we can sequence entire
tumor cell genomes in several days. (This is in sharp contrast to the state of affairs in
1975, when the sequencing of oligonucleotides represented a formidable task!) Given
the critical role of genotype in determining phenotype, we now understand, as least in
outline, why cancer cells behave the way that they do. On the one hand, the molecular
differences among individual cancers suggest hundreds of distinct types of human
cancer. On the other, molecular and biochemical analyses reveal that this bewildering
diversity really manifests a small number of underlying common biochemical traits
and molecular processes.
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Amusingly, much of this unification was preordained by decisions made 600 million
years ago. Once the laws and mechanisms of organismic development were estab-
lished, they governed all that followed, including the behavior of both normal and
neoplastic cells. Modern cancer researchers continue to benefit from this rigid adher-
ence to the fundamental, evolutionarily conserved rules of life. As is evident repeat-
edly throughout this book, much of what we understand about cancer cells, and thus
about the disease of cancer, has been learned by studying the cells of worms and fruit
flies and frogs. These laws and principles are invoked repeatedly to explain the com-
plex behaviors of human tumors. By providing context and perspective, they can be
used to help us understand all types of human cancer.

While these basic principles are now in clear view, critical details continue to elude
us. This explains why modern cancer research is still in active ferment, and why new,
fascinating discoveries are being reported every month. While they create new per-
spectives, they do not threaten the solidity of the enduring truths, which this book
attempts to lay out. These principles were already apparent seven years ago when the
first edition of this book appeared and, reassuringly, their credibility has not been
undermined by all that has followed.

In part, this book has been written as a recruiting pamphlet, as new generations of
researchers are needed to move cancer research forward. They are so important
because the lessons about cancer’s origins, laid out extensively in this book, have not
yet been successfully applied to make major inroads into the prevention and cure of
this disease. This represents the major frustration of contemporary cancer research:
the lessons of disease causation have rarely been followed, as day follows night, by the
development of definitive cures.

And yes, there are still major questions that remain murky and poorly resolved. We
still do not understand how cancer cells create the metastases that are responsible
for 90% of cancer-associated mortality. We understand rather little of the role of the
immune system in preventing cancer development. And while we know much about
the individual signaling molecules operating inside individual human cells, we lack
a clear understanding of how the complex signaling circuitry formed by these mol-
ecules makes the life-and-death decisions that determine the fate of individual cells
within our body. Those decisions ultimately determine whether or not one of our cells
begins the journey down the long road leading to cancerous proliferation and, finally,
to a life-threatening tumor.

Contemporary cancer research has enriched numerous other areas of modern bio-
medical research. Consequently, much of what you will learn from this book will be
useful in understanding many aspects of immunology, neurobiology, developmental
biology, and a dozen other biomedical research fields. Enjoy the ride!

Robert A. Weinberg
Cambridge, Massachusetts
March 2013



A Note to the Reader

he second edition of this book is organized, like the first, into 16 chapters of quite

different lengths. The conceptual structure that was established in the first edition
still seemed to be highly appropriate for the second, and so it was retained. What has
changed are the contents of these chapters: some have changed substantially since
their first appearance seven years ago, while others—largely early chapters—have
changed little. The unchanging nature of the latter is actually reassuring, since these
chapters deal with early conceptual foundations of current molecular oncology; it
would be most unsettling if these foundational chapters had undergone radical revi-
sion, which would indicate that the earlier edition was a castle built on sand, with little
that could be embraced as well-established, unchanging certainties.

The chapters are meant to be read in the order that they appear, in that each builds on
the ideas that have been presented in the chapters before it. The first chapter is a con-
densed refresher course for undergraduate biology majors and pre-doctoral students;
itlays out many of the background concepts that are assumed in the subsequent chap-
ters.

The driving force of these two editions has been a belief that modern cancer research
represents a conceptually coherent field of science that can be presented as a clear,
logical progression. Embedded in these discussions is an anticipation that much of
this information will one day prove useful in devising novel diagnostic and therapeutic
strategies that can be deployed in oncology clinics. Some experiments are described
in detail to indicate the logic supporting many of these concepts. You will find numer-
ous schematic drawings, often coupled with micrographs, that will help you to appre-
ciate how experimental results have been assembled, piece-by-piece, generating the
syntheses that underlie molecular oncology.

Scattered about the text are “Sidebars,” which consist of commentaries that represent
detours from the main thrust of the discussion. Often these Sidebars contain anec-
dotes or elaborate on ideas presented in the main text. Read them if you are inter-
ested, or skip over them if you find them too distracting. They are presented to provide
additional interest—a bit of extra seasoning in the rich stew of ideas that constitutes
contemporary research in this area. The same can be said about the “Supplementary
Sidebars,” which have been relegated to the DVD-ROM that accompanies this book.
These also elaborate upon topics that are laid out in the main text and are cross-refer-
enced throughout the book. Space constraints dictated that the Supplementary Side-
bars could not be included in the hardcopy version of the textbook.

Throughout the main text you will find extensive cross-references whenever topics
under discussion have been introduced or described elsewhere. Many of these have
been inserted in the event that you read the chapters in an order different from their
presentation here. These cross-references should not provoke you to continually leaf
through other chapters in order to track down cited sections or figures. If you feel that
you will benefit from earlier introductions to a topic, use these cross-references; oth-
erwise, ignore them.

Each chapter ends with a forward-looking summary entitled “Synopsis and Pros-
pects”” This section synthesizes the main concepts of the chapter and often addresses
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ideas that remain matters of contention. It also considers where research might go in
the future. This overview is extended by a list of key concepts and a set of questions.
Some of the questions are deliberately challenging and we hope they will provoke you
to think more deeply about many of the issues and concepts developed. Finally, most
chapters have an extensive list of articles from research journals. These will be useful
if you wish to explore a particular topic in detail. Almost all of the cited references are
review articles, and many contain detailed discussions of various subfields of research
aswell as recent findings. In addition, there are occasional references to older publica-
tions that will clarify how certain lines of research developed.

Perhaps the most important goal of this book is to enable you to move beyond the text-
book and jump directly into the primary research literature. This explains why some of
the text is directed toward teaching the elaborate, specialized vocabulary of the cancer
research literature, and many of its terms are defined in the glossary. Boldface type
has been used throughout to highlight key terms that you should understand. Cancer
research, like most areas of contemporary biomedical research, is plagued by numer-
ous abbreviations and acronyms that pepper the text of many published reports. The
book provides a key to deciphering this alphabet soup by defining these acronyms.
You will find a list of such abbreviations in the back.

Also contained in the book is a newly compiled List of Key Techniques. This list will
assist you in locating techniques and experimental strategies used in contemporary
cancer research.

The DVD-ROM that accompanies the book also contains a PowerPoint® presentation
for each chapter, as well as a companion folder that contains individual JPEG files of
the book images including figures, tables, and micrographs. In addition, you will find
on this disc a variety of media for students and instructors: movies and audio record-
ings. There is a selection of movies that will aid in understanding some of the processes
discussed; these movies are referenced on the first page of the corresponding chapter
in a blue box. The movies are available in QuickTime and WMV formats, and can be
used on a computer or transferred to a mobile device. The author has also recorded
mini-lectures on the following topics for students and instructors: Mutations and the
Origin of Cancer, Growth Factors, p53 and Apoptosis, Metastasis, Immunology and
Cancer, and Cancer Therapies. These are available in MP3 format and, like the mov-
ies, are easy to transfer to other devices. These media items, as well as future media
updates, are available to students and instructors at: http://www.garlandscience.com.
On the website, qualified instructors will be able to access a newly created Question
Bank. The questions are written to test various levels of understanding within each
chapter. The instructor’s website also offers access to instructional resources from all
of the Garland Science textbooks. For access to instructor’s resources please contact
your Garland Science sales representative or e-mail science@garland.com.

The poster entitled “The Pathways of Human Cancer” summarizes many of the intra-
cellular signaling pathways implicated in tumor development. This poster has been
produced and updated for the Second Edition by Cell Signaling Technology.

Because this book describes an area of research in which new and exciting findings
are being announced all the time, some of the details and interpretations presented
here may become outdated (or, equally likely, proven to be wrong) once this book is
in print. Still, the primary concepts presented here will remain, as they rest on solid
foundations of experimental results.

The author and the publisher would greatly appreciate your feedback. Every effort has
been made to minimize errors. Nonetheless, you may find them here and there, and
it would be of great benefit if you took the trouble to communicate them. Even more
importantly, much of the science described herein will require reinterpretation in
coming years as new discoveries are made. Please email us at science@garland.com
with your suggestions, which will be considered for incorporation into future editions.

PowerPoint is a registered trademark of the Microsoft Corporation in the United States
and/or other countries.
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Chapter 1

'The Biology and Genetics of
Cells and Organisms

Protoplasm, simple or nucleated, is the formal basis of all life... Thus
it becomes clear that all living powers are cognate, and that all living
forms are fundamentally of one character. The researches of the chem-
ist have revealed a no less striking uniformity of material composition
in living matter.

Thomas Henry Huxley, evolutionary biologist, 1868

Anything found to be true of E. coli must also be true of elephants.
Jacques Monod, pioneer molecular biologist, 1954

he biological revolution of the twentieth century totally reshaped all fields of bio-

medical study, cancer research being only one of them. The fruits of this revo-
lution were revelations of both the outlines and the minute details of genetics and
heredity, of how cells grow and divide, how they assemble to form tissues, and how the
tissues develop under the control of specific genes. Everything that follows in this text
draws directly or indirectly on this new knowledge.

This revolution, which began in mid-century and was triggered by Watson and Crick’s
discovery of the DNA double helix, continues to this day. Indeed, we are still too close
to this breakthrough to properly understand its true importance and its long-term
ramifications. The discipline of molecular biology, which grew from this discovery,
delivered solutions to the most profound problem of twentieth-century biology—how
does the genetic constitution of a cell or organism determine its appearance and func-
tion?

Without this molecular foundation, modern cancer research, like many other biologi-
cal disciplines, would have remained a descriptive science that cataloged diverse bio-
logical phenomena without being able to explain the mechanics of how they occur.

Movies in this chapter

1.1 Replication I
1.2 Replication II
1.3 Translation I
1.4 Transcription
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Figure 1.1 Darwin and Mendel

(A) Charles Darwin’s 1859 publication
of On the Origin of Species by Means
of Natural Selection exerted a profound
effect on thinking about the origin

of life, the evolution of organismic
complexity, and the relatedness of
species. (B) Darwin’s theory of evolution
lacked a genetic rationale until the
work of Gregor Mendel. The synthesis
of Darwinian evolution and Mendelian
genetics is the foundation for much of
modern biological thinking. (A, from the
Grace K. Babson Collection, the Henry
E. Huntington Library, San Marino,
California. Reproduced by permission

of The Huntington Library, San

Marino, California. B, courtesy of the
Mendelianum Museum Moraviae, Brno, (A)

®)

Czech Republic.)

Today, our understanding of how cancers arise is being continually enriched by dis-
coveries in diverse fields of biological research, most of which draw on the sciences of
molecular biology and genetics. Perhaps unexpectedly, many of our insights into the
origins of malignant disease are not coming from the laboratory benches of cancer
researchers. Instead, the study of diverse organisms, ranging from yeast to worms to
flies, provides us with much of the intellectual capital that fuels the forward thrust of
the rapidly moving field of cancer research.

Those who fired up this biological revolution stood on the shoulders of nineteenth-
century giants, specifically, Darwin and Mendel (Figure 1.1). Without the concepts
established by these two, which influence all aspects of modern biological thinking,
molecular biology and contemporary cancer research would be inconceivable. So,
throughout this chapter, we frequently make reference to evolutionary processes as
proposed by Charles Darwin and genetic systems as conceived by Gregor Mendel.

1.1 Mendel establishes the basic rules of genetics

Many of the basic rules of genetics that govern how genes are passed from one com-
plex organism to the next were discovered in the 1860s by Gregor Mendel and have
come to us basically unchanged. Mendel’s work, which tracked the breeding of pea
plants, was soon forgotten, only to be rediscovered independently by three research-
ers in 1900. During the decade that followed, it became clear that these rules—we
now call them Mendelian genetics—apply to virtually all sexual organisms, including
metazoa (multicellular animals), as well as metaphyta (multicellular plants).

Mendel’s most fundamental insight came from his realization that genetic informa-
tion is passed in particulate form from an organism to its offspring. This implied that
the entire repertoire of an organism’s genetic information—its genome, in today’s
terminology—is organized as a collection of discrete, separable information packets,
now called genes. Only in recent years have we begun to know with any precision how
many distinct genes are present in the genomes of mammals; many current analyses
of the human genome—the best studied of these—place the number in the range of
21,000, somewhat more than the 14,500 genes identified in the genome of the fruit fly,
Drosophila melanogaster.

Mendel’s work also implied that the constitution of an organism, including its physi-
cal and chemical makeup, could be divided into a series of discrete, separable enti-
ties. Mendel went further by showing that distinct anatomical parts are controlled
by distinct genes. He found that the heritable material controlling the smoothness of
peas behaved independently of the material governing plant height or flower color. In
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Seed Seed Flower Flower Pod Pod Plant
shape color color position shape color height
round yellow violet-red axial inflated green tall

One form
of trait

(dominant) O

wrinkled green white pinched yellow

A second
form

of trait
(recessive) O O

Figure 1.2 A particulate theory of inheritance One of Gregor Mendel’s principal insights was that the genetic content
of an organism consists of discrete parcels of information, each responsible for a distinct observable trait. Shown are the
seven pea-plant traits that Mendel studied through breeding experiments. Each trait had two observable (phenotypic)
manifestations, which we now know to be specified by the alternative versions of genes that we call alleles. When

the two alternative alleles coexisted within a single plant, the “dominant” trait (above) was always observed while the
“recessive” trait (below) was never observed. (Courtesy of J. Postlethwait and J. Hopson.)

effect, each observable trait of an individual might be traceable to a separate gene that
served as its blueprint. Thus, Mendel’s research implied that the genetic constitution
of an organism (its genotype) could be divided into hundreds, perhaps thousands
of discrete information packets; in parallel, its observable, outward appearance (its
phenotype) could be subdivided into a large number of discrete physical or chemical
traits (Figure 1.2).

Mendel’s thinking launched a century-long research project among geneticists, who
applied his principles to studying thousands of traits in a variety of experimental ani-
mals, including flies (Drosophila melanogaster), worms (Caenorhabditis elegans), and
mice (Mus musculus). In the mid-twentieth century, geneticists also began to apply
Mendelian principles to study the genetic behavior of single-celled organisms, such as
the bacterium Escherichia coli and baker’s yeast, Saccharomyces cerevisiae. The princi-
ple of genotype governing phenotype was directly transferable to these simpler organ-
isms and their genetic systems.

While Mendelian genetics represents the foundation of contemporary genetics, it has
been adapted and extended in myriad ways since its embodiments of 1865 and 1900.
For example, the fact that single-celled organisms often reproduce asexually, that is,
without mating, created the need for adaptations of Mendel’s original rules. Moreover,
the notion that each attribute of an organism could be traced to instructions carried
in a single gene was realized to be simplistic. The great majority of observable traits of
an organism are traceable to the cooperative interactions of a number of genes. Con-
versely, almost all the genes carried in the genome of a complex organism play roles in
the development and maintenance of multiple organs, tissues, and physiologic proc-
esses.
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Mendelian genetics revealed for the first time that genetic information is carried
redundantly in the genomes of complex plants and animals. Mendel deduced that
there were two copies of a gene for flower color and two for pea shape. Today we know
that this twofold redundancy applies to the entire genome with the exception of the
genes carried in the sex chromosomes. Hence, the genomes of higher organisms are
termed diploid.

Mendel’s observations also indicated that the two copies of a gene could convey dif-
ferent, possibly conflicting information. Thus, one gene copy might specify rough-
surfaced and the other smooth-surfaced peas. In the twentieth century, these differ-
ent versions of a gene came to be called alleles. An organism may carry two identical
alleles of a gene, in which case, with respect to this gene, it is said to be homozygous.
Conversely, the presence of two different alleles of a gene in an organism’s genome
renders this organism heterozygous with respect to this gene.

Because the two alleles of a gene may carry conflicting instructions, our views of how
genotype determines phenotype become more complicated. Mendel found that in
many instances, the voice of one allele may dominate over that of the other in deciding
the ultimate appearance of a trait. For example, a pea genome may be heterozygous
for the gene that determines the shape of peas, carrying one round and one wrin-
kled allele. However, the pea plant carrying this pair of alleles will invariably produce
round peas. This indicates that the round allele is dominant, and that it will invariably
overrule its recessive counterpart allele (wrinkled) in determining phenotype (see
Figure 1.2). (Strictly speaking, using proper genetic parlance, we would say that the
phenotype encoded by one allele of a gene is dominant with respect to the phenotype
encoded by another allele, the latter phenotype being recessive.)

In fact, classifying alleles as being either dominant or recessive oversimplifies biologi-
cal realities. The alleles of some genes may be co-dominant, in that an expressed phe-
notype may represent a blend of the actions of the two alleles. Equally common are
examples of incomplete penetrance, in which case a dominant allele may be present
but its phenotype is not manifested because of the actions of other genes within the
organism’s genome. Therefore, the dominance of an allele is gauged by its interactions
with other allelic versions of its gene, rather than its ability to dictate phenotype.

With such distinctions in mind, we note that the development of tumors also pro-
vides us with examples of dominance and recessiveness. For instance, one class of
alleles that predispose cells to develop cancer encode defective versions of enzymes
involved in DNA repair and thus in the maintenance of genomic integrity (discussed
again in Chapter 12). These defective alleles are relatively rare in the general popula-
tion and function recessively. Consequently, their presence in the genomes of many
heterozygotes (of a wild-type/mutant genotype) is not apparent. However, two het-
erozygotes carrying recessive defective alleles of the same DNA repair gene may mate.
One-fourth of the offspring of such mating pairs, on average, will inherit two defective
alleles, exhibit a specific DNA repair defect in their cells, and develop certain types of
cancer at greatly increased rates (Figure 1.3).

1.2 Mendelian genetics helps to explain Darwinian
evolution

In the early twentieth century, it was not apparent how the distinct allelic versions
of a gene arise. At first, this variability in information content seemed to have been
present in the collective gene pool of a species from its earliest evolutionary begin-
nings. This perception changed only later, beginning in the 1920s and 1930s, when it
became apparent that genetic information is corruptible; the information content in
genetic texts, like that in all texts, can be altered. Mutations were found to be respon-
sible for changing the information content of a gene, thereby converting one allele
into another or creating a new allele from one previously widespread within a species.
An allele that is present in the great majority of individuals within a species is usually
termed wild type, the term implying that such an allele, being naturally present in
large numbers of apparently healthy organisms, is compatible with normal structure
and function.
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allele: function of allele product:
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L damaged DNA WG
mutant DNA unrepaired
T < B
|
DNA repair normal normal normal defective
phenotype

Mutations alter genomes continually throughout the evolutionary life span of a spe-
cies, which usually extends over millions of years. They strike the genome and its con-
stituent genes randomly. Mutations provide a species with a method for continually
tinkering with its genome, for trying out new versions of genes that offer the prospect
of novel, possibly improved phenotypes. The result of the continuing mutations on the
genome is a progressive increase during the evolutionary history of a species in the
genetic diversity of its members. Thus, the collection of alleles present in the genomes
of all members of a species—the gene pool of this species—becomes progressively
more heterogeneous as the species grows older.

This means that older species carry more distinct alleles in their genomes than younger
ones. Humans, belonging to a relatively young species (<150,000 years old), have one-
third as many alleles and genetic diversity as chimpanzees, allowing us to infer that
they have been around as a species three times longer than we have.

The continuing diversification of alleles in a species’ genome, occurring over millions
of years, is countered to some extent by the forces of natural selection that Charles
Darwin first described. Some alleles of a gene may confer more advantageous phe-
notypes than others, so individuals carrying these alleles have a greater probability
of leaving numerous descendants than do those members of the same species that
lack them. Consequently, natural selection results in a continual discarding of many of
the alleles that have been generated by random mutations. In the long run, all things
being equal, disadvantageous alleles are lost from the pool of alleles carried by the
members of a species, advantageous alleles increase in number, and the overall fitness
of the species improves incrementally.

Now, more than a century after Mendel was rediscovered and Mendelian genetics
revived, we have come to realize that the great bulk of the genetic information in our
own genome—indeed, in the genomes of all mammals—does not seem to specify
phenotype and is often not associated with specific genes. Reflecting the discovery
in 1944 that genetic information is encoded in DNA molecules, these “noncoding”
stretches in the genome are often called junk DNA (Figure 1.4). Only about 1.5% of
a mammal’s genomic DNA carries sequence information that encodes the structures
of proteins. Recent sequence comparisons of human, mouse, and dog genomes sug-
gest that another ~2% encodes important information regulating gene expression and
mediating other, still-poorly understood functions.

Because mutations act randomly on a genome, altering true genes and junk DNA
indiscriminately, the great majority of mutations alter genetic information—nucle-
otide sequences in the DNA—that have no effect on cellular or organismic pheno-
type. These mutations remain silent phenotypically and are said, from the point of
view of natural selection, to be neutral mutations, being neither advantageous nor

Figure 1.3 Discrepancy between
genotype and phenotype The
phenotype of an individual often does
not indicate genotype. For example,
individuals who are phenotypically
normal for a trait may nevertheless,

at the level of genotype, carry one
wild-type (normal) and one mutant
(defective) allele of the gene that
specifies this trait; this mutant allele will
be recessive to the wild-type allele, the
latter being dominant. Such individuals
are heterozygotes with respect to this
gene. In the example shown here, two
individuals mate, both of whom are
phenotypically normal but heterozygous
for a gene specifying a DNA repair
function. On average, of their four
children, three will be phenotypically
normal and their cells will exhibit normal
DNA repair function: one of these
children will receive two wild-type alleles
(be a homozygote) and two will be
heterozygotes like their parents. A fourth
child, however, will receive two mutant
alleles (i.e., be a homozygote) and will be
phenotypically mutant, in that this child’s
cells will lack the DNA repair function
specified by this gene. Individuals whose
cells lack proper DNA repair function

are often cancer-prone, as described in
Chapter 12.
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Figure 1.4 Biologically important sequences in the human
genome The human genome can be characterized as a collection of
relatively small islands of biologically important sequences (~3.5% of
the total genome; red) floating amid a sea of “junk” DNA (yellow). The
proportion of sequences carrying biological information has been greatly
exaggerated for the sake of illustration. (With the passage of time, genes
that appear to play important roles in cell and organismic physiology
and specify certain noncoding RNA species have been localized to

these intergenic regions; hence the blanket classification of all genomic
sequences localized between a human cell’s ~21,000 protein-coding
genes as useless junk is simplistic.)

disadvantageous (Figure 1.5). Since the alleles created by these mutations are silent,
their existence could not be discerned by early geneticists whose work depended
on gauging phenotypes. However, with the advent of DNA sequencing techniques,
it became apparent that hundreds of thousands, even a million functionally silent

(A)
selected mutation neutral mutation
“junk” DNA coding “junk” DNA coding
sequence \ sequence
MUTATION
1MUTATION
defective allele
2 Z,
=7 Z
defective phenotype no effect on phenotype
inability of organism carrying no reduction in ability
mutant allele to compete to compete
loss of allele from gene pool retention in gene pool
(B)
112.92 Mb 112.93 Mb 112.94 Mb 112.95 Mb 112.96 Mb 112.97 Mb 112.98 Mb 112.99 Mb 113.00 Mb 113.
length along 100.00 Kb
genome o |
human cDNAs
exon intron

Figure 1.5 Neutral mutations and evolution (A) The coding
sequences (red) of most genes were optimized in the distant
evolutionary past. Hence, many mutations affecting amino acid
sequence and thus protein structure (left) create alleles that
compromise the organism’s ability to survive. For this reason, these
mutant alleles are likely to be eliminated from the species’ gene
pool. In contrast, mutations striking “junk” DNA (yellow) have

no effect on phenotype and are therefore often preserved in the
species’ gene pool (right). This explains why, over extended periods
of evolutionary time, coding DNA sequences change slowly, while

noncoding DNA sequences change far more rapidly. (B) Depicted

is a physical map of a randomly chosen 0.1-megabase segment of
human Chromosome 1 (from base pair 112,912,286 to base pair
113,012,285) containing four genes. Each consists of a few islands
(solid rectangles) that are known or likely to specify segments of
mMRNA molecules (i.e., exons) and large stretches of intervening
sequences (i.e., introns) that do not appear to specify biological
information (see Figure 1.16). The large stretches of DNA sequence
between genes have not been associated with any biological
function. (B, courtesy of The Wellcome Trust Sanger Institute.)



Mendelian genetics govern how chromosomes behave

Figure 1.6 Polymorphic diversity in the human gene pool Because maternal paternal
the great majority of human genomic DNA does not encode biologically chromosome chromosome
important information (yellow), it has evolved relatively rapidly and has

accumulated many subtle differences in sequences—polymorphisms—

that are phenotypically silent (see Figure 1.5). Such polymorphisms are

transmitted like Mendelian alleles, but their presence in a genome can \ \

be ascertained only by molecular techniques such as DNA sequencing.

The dots (green) indicate where the sequence on this chromosome differs o
from the sequence that is most common in the human gene pool. For
example, the prevalent sequence in one stretch may be TAACTGG, while
the variant sequence TTACTGG may be carried by a minority of humans
and constitute a polymorphism. The presence of a polymorphism in one
chromosome but not the other represents a region of heterozygosity,
even though a nearby gene (red) may be present in the identical allelic
version on both chromosomes and therefore be in a homozygous
configuration.

—_— O
—
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mutations can be found scattered throughout the genomes of organisms such as
humans. The genome of each human carries its own unique array of these function-
ally silent genetic alterations. The term polymorphism was originally used to describe
variations in shape and form that distinguish normal individuals within a species from
each other. These days, geneticists use the term genetic polymorphisms to describe
the inter-individual, functionally silent differences in DNA sequence that make each
human genome unique (Figure 1.6).

0@

During the course of evolution, the approximately 3.5% of the genome that does
encode biological function behaves much differently from the junk DNA. Junk DNA
sequences suffer mutations that have no effect on the viability of an organism. Conse-
quently, countless mutations in the noncoding sequences of a species’ genome survive
in its gene pool and accumulate progressively during its evolutionary history. In con-
trast, mutations affecting the coding sequences usually lead to loss of function and, as
a consequence, loss of organismic viability; hence, these mutations are weeded out of
the gene pool by the hand of natural selection, explaining why genetic sequences that
do specify biological phenotypes generally change very slowly over long evolutionary
time periods (Sidebar 1.1).

1.3 Mendelian genetics governs how both genes and
chromosomes behave

In the first decade of the twentieth century, Mendel’s rules of genetics were found
to have a striking parallel in the behavior of the chromosomes that were then being
visualized under the light microscope. Both Mendel’s genes and the chromosomes
were found to be present in pairs. Soon it became clear that an identical set of chro-
mosomes is present in almost all the cells of a complex organism. This chromosomal
array, often termed the karyotype, was found to be duplicated each time a cell went
through a cycle of growth and division.

The parallels between the behaviors of genes and chromosomes led to the specula-
tion, soon validated in hundreds of different ways, that the mysterious information
packets called genes were carried by the chromosomes. Each chromosome was real-
ized to carry its own unique set of genes in a linear array. Today, we know that as many
as several thousand genes may be arrayed along a mammalian chromosome. (Human
Chromosome 1—the largest of the set—holds at least 3148 distinct genes.) Indeed, the
length of a chromosome, as viewed under the microscope, is roughly proportional to
the number of genes that it carries.

Each gene was found to be localized to a specific site along the length of a specific
chromosome. This site is often termed a genetic locus. Much effort was expended by
geneticists throughout the twentieth century to map the sites of genes—genetic loci—
along the chromosomes of a species (Figure 1.8).



8

Chapter 1: The Biology and Genetics of Cells and Organisms

Sidebar 1.1 Evolutionary forces dictate that
certain genes are highly conserved Many genes
encode cellular traits that are essential for the
continued viability of the cell. These genes, like all
others in the genome, are susceptible to the ever-
tinkering hand of mutation, which is continually
creating new gene sequences by altering existing
ones. Natural selection tests these novel sequences
and determines whether they specify phenotypes
that are more advantageous than the preexisting
ones.

Almost invariably, the sequences in genes
required for cell and therefore organismic viabil-
ity were already optimized hundreds of millions of
years ago. Consequently, almost all subsequently
occurring changes in the sequence information
of these genes would have been deleterious and
would have compromised the viability of the cell
and, in turn, the organism. These mutant alleles
were soon lost, because the mutant organisms
carrying them failed to leave descendants. This
dynamic explains why the sequences of many
genes have been highly conserved over vast evo-
lutionary time periods. Stated more accurately,
the structures of their encoded proteins have been
highly conserved.

In fact, the great majority of the proteins that
are present in our own cells and are required for
cell viability were first developed during the evolu-
tion of single-cell eukaryotes. This is indicated by
numerous observations showing that many of our
proteins have clearly recognizable counterparts
in single-cell eukaryotes, such as baker’s yeast.
Another large repertoire of highly conserved genes
and proteins is traceable to the appearance of the
first multicellular animals (metazoa); these genes
enabled the development of distinct organs and of
organismic physiology. Hence, another large group
of our own genes and proteins is present in coun-
terpart form in worms and flies (Figure 1.7).

By the time the ancestor of all mammals first
appeared more than 150 million years ago, virtually
all the biochemical and molecular features present
in contemporary mammals had already been devel-
oped. The fact that they have changed little in the
intervening time points to their optimization long
before the appearance of the various mammalian
orders. This explains why the embryogenesis, physi-
ology, and biochemistry of all mammals is very sim-
ilar, indeed, so similar that lessons learned through
the study of laboratory mice are almost always
transferable to an understanding of human biology.
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Figure 1.7 Extraordinary conservation of gene function

The last common ancestor of flies and mammals lived more than

600 million years ago. Moreover, fly (i.e., arthropod) eyes and mammalian
eyes show totally different architectures. Nevertheless, the genes that
orchestrate their development (eyeless in the fly, Pax-6/small eye in

the mouse) are interchangeable—the gene from one organism can
replace the corresponding mutant gene from the other and restore
wild-type function. (A) Thus, the genes encoding components of the
signal transduction cascades that operate downstream of these master
regulators to trigger eye development (black for flies, pink for mice)

are also highly conserved and interchangeable. (B) The expression of

the mouse Pax-6/small eye gene, like the Drosophila eyeless gene, in

an inappropriate (ectopic) location in a fly embryo results in the fly
developing a fly eye on its leg, demonstrating the interchangeability of the
two genes. (C) The conservation of genetic function over vast evolutionary
distances is often manifested in the amino acid sequences of homologous
proteins. Here, the amino acid sequence of a human protein is given
together with the sequences of the corresponding proteins from two
yeast species, S. pombe and S. cerevisiae. (A, courtesy of |. Rebay.

B, courtesy of Walter Gehring. C, adapted from B. Alberts et al., Essential
Cell Biology, 3rd edition New York: Garland Science, 2010.)

The diploid genetic state that reigns in most cells throughout the body was found to
be violated in the germ cells, sperm and egg. These cells carry only a single copy of
each chromosome and gene and thus are said to be haploid. During the formation of
germ cells in the testes and ovaries, each pair of chromosomes is separated and one
of the pair (and thus associated genes) is chosen at random for incorporation into
the sperm or egg. When sperm and egg combine subsequently during fertilization,
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the two haploid genomes fuse to yield the new diploid genome of the fertilized egg.
All cells in the organism descend directly from this diploid cell and, if all goes well,
inherit precise replicas of its diploid genome. In a large multicellular organism like the
human, this means that a complete copy of the genome is present in almost all of the
approximately 3 x 10" cells throughout the body!

With the realization that genes reside in chromosomes, and that a complete set of
chromosomes is present in almost all cell types in the body, came yet another conclu-
sion that was rarely noted: genes create the phenotypes of an organism through their
ability to act locally by influencing the behavior of its individual cells. The alternative—
that a single set of genes residing at some unique anatomical site in the organism con-
trols the entire organism’s development and physiology—was now discredited.

The rule of paired, similarly appearing chromosomes was found to be violated by
some of the sex chromosomes. In the cells of female placental mammals, there are
two similarly appearing X chromosomes, and these behave like the autosomes (the
nonsex chromosomes). But in males, an X chromosome is paired with a Y chromo-
some, which is smaller and carries a much smaller repertoire of genes. In humans,
the X chromosome is thought to carry about 900 genes, compared with the 78 distinct
genes on the Y chromosome, which, because of redundancy, specify only 27 distinct
proteins (Figure 1.9).

This asymmetry in the configuration of the sex chromosomes puts males at a biologi-
cal disadvantage. Many of the 900 or so genes on the X chromosome are vital to nor-
mal organismic development and function. The twofold redundancy created by the
paired X chromosomes guarantees more robust biology. If a gene copy on one of the
X chromosomes is defective (that is, a nonfunctional mutant allele), chances are that
the second copy of the gene on the other X chromosome can continue to carry out the
task of the gene, ensuring normal biological function. Males lack this genetic fail-safe
system in their sex chromosomes. One of the more benign consequences of this is
color blindness, which strikes males frequently and females infrequently, due to the
localization on the X chromosome of the genes encoding the color-sensing proteins
of the retina.

This disparity between the genders is mitigated somewhat by the mechanism of
X-inactivation. Early in embryogenesis, one of the two X chromosomes is randomly

Figure 1.8 Localization of genes
along chromosomes (A) The physical
structure of Drosophila chromosomes
was mapped by using the fly’s salivary
gland chromosomes, which exhibit
banding patterns resulting from
alternating light (sparse) and dark
(condensed) chromosomal regions
(bottom). Independently, genetic
crosses yielded linear maps (top) of
various genetic loci arrayed along the
chromosomes. These loci were then
aligned with physical banding maps, like
the one shown here for the beginning of
the left arm of Drosophila chromosome
1. (B) The availability of DNA probes that
hybridize specifically to various genes
now makes it possible to localize genes
along a chromosome by tagging each
probe with a specific fluorescent dye

or combination of dyes. Shown are six
genes that were localized to various sites
along human Chromosome 5 by using
fluorescence in situ hybridization (FISH)
during metaphase. (There are two dots
for each gene because chromosomes
are present in duplicate form during
metaphase of mitosis.) (A, from

M. Singer and P. Berg, Genes and
Genomes. Mill Valley, CA: University
Science Books, 1991, as taken from

C.B. Bridges, J. Hered. 26:60, 1935.

B, courtesy of David C. Ward.)





