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Preface: A New Chapter
-

As we launch the ninth edition of Pathologic Basis of Disease
we look to the future of pathology as a discipline and how
this textbook can remain most useful to readers in the
twenty-first century. It is obvious that an understanding
of disease mechanisms is based more than ever on a strong
foundation of basic science. We have always woven
the relevant basic cell and molecular biology into the
sections on pathophysiology in various chapters. In this
edition we go one step further and introduce a new chapter
at the very beginning of the book titled “The Cell as a Unit of
Health and Disease.” In this chapter we have attempted to
encapsulate aspects of cell and molecular biology that
we believe are helpful in preparing readers for the more
detailed discussions of specific diseases. We would like
to remind readers that the last time a new chapter was
added to this book was in 1967 when Stanley Robbins,
at that time the sole author, decided to add a chapter
on genetic diseases, one of many farsighted decisions by
Dr. Robbins. We hope that the new chapter will be in
keeping with his legacy.

In the preface of the very first edition (1957), Stanley
Robbins wrote:

“The pathologist is interested not only in the recognition
of structural alterations, but also in their significance, i.e.,
the effects of these changes on cellular and tissue function and
ultimately the effect of these changes on the patient. It is
not a discipline isolated from the living patient, but rather
a basic approach to a better understanding of disease and there-
fore a foundation of sound clinical medicine.”

We hope we continue to illustrate the principles of
pathology that Dr. Robbins enunciated with such elegance
and clarity over half a century ago.

This edition, like all previous ones, has been exten-
sively revised, and some areas have been completely
rewritten. A few examples of significant changes are as
follows:

o A feature new to this edition is the introduction of Key
Concepts boxes, scattered in each chapter to summarize
“take home” messages relating to major topics covered
in each disease or disease group.

e Chapter 2 has been updated to include novel pathways
of cell death beyond the long-established pathways
of necrosis and apoptosis. Indeed, the distinction
between these two is being blurred. Autophagy, which
has begun to take center stage in diseases ranging
from aging to cancer and neurodegeneration, has been
revised, as have the possible molecular mechanisms of
aging.

e Chapter 3 now combines the discussion of inflammation
with repair, since these two processes run concurrently
and share common mediators.

e Chapter 5 includes a completely rewritten section on
molecular diagnosis that reflects rapid advances in
DNA sequencing technology.

e Chapter 7 has been extensively revised to incorporate
knowledge and concepts of tumor biology gleaned from
deep sequencing of cancers.

¢ The ongoing revolution in “genomic medicine” has pro-
vided the impetus for extensive updates of many disease
entities associated with newly described germline or
somatic genetic alterations. Throughout, we have taken
pains to try to only emphasize the lesions that are
most common and most informative in terms of disease
pathogenesis.

e Chapter 18, covering diseases of the liver, has been reor-
ganized and extensively revised to include discussion
of the molecular basis of hepatic fibrosis and its
regression.

e Chapter 27, covering diseases of nerves and muscles,
also has a fresh look. The diseases are now organized
anatomically, starting from neurons and going to
muscles, with diseases of neuromuscular junction bridg-
ing the two.

e In addition to the revision and reorganization of the
text, many new photographs and schematics have been
added and a large number of the older “gems” have
been enhanced by digital technology.

Despite the changes highlighted above, our goals remain
the same as those articulated by Robbins and Cotran over
the past many years.

¢ To integrate into the discussion of pathologic processes
and disorders the newest established information
available —morphologic as well as molecular.

e To organize information into logical and uniform pre-
sentations, facilitating readability, comprehension, and
learning.

e To maintain the book at a reasonable size and yet
provide adequate discussion of the significant lesions,
processes, and disorders. Indeed, despite the addition
of a new 30-page chapter and Key Concepts, we have
kept the overall length of the book unchanged. One of
our most challenging tasks is to decide what to elimi-
nate to make room for new findings.

o To place great emphasis on clarity of writing and proper
use of language in the recognition that struggling to
comprehend is time-consuming and wearisome and
gets in the way of the learning process.

¢ To make this first and foremost a student text—used by
students throughout all years of medical school and into
their residencies —but, at the same time, to provide suf-
ficient detail and depth to meet the needs of more
advanced readers.
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Preface: A New Chapter

We have repeatedly been told by readers that up-to-
datedness is a special feature that makes this book very
valuable. We have strived to remain current by providing
new information from the recent literature, some from
2014, the current year. We have removed the references
from the text and aggregated the most useful review arti-
cles in our lists of suggested readings.

We are now into the digital age, and so the text will be
available online to those who own the print version. Such
access gives the reader the ability to search across the entire
text, bookmark passages, add personal notes, use PubMed
to view references, and exploit many other exciting fea-
tures. In addition, also available online are case studies
developed by one of us (VK) in collaboration with Herb
Hagler, PhD, and Nancy Schneider, MD, PhD, at the
University of Texas Southwestern Medical School in Dallas.
The cases are designed to enhance and reinforce learning

by challenging students to apply their knowledge to solve
clinical cases. To assist in the classroom, we have also made
the images available for instructors on the Evolve website.
Instructors may register at https:/ /evolve.elsevier.com/ to
gain access to the images for teaching purposes.

All three of us have reviewed, critiqued, and edited each
chapter to ensure the uniformity of style and flow that have
been the hallmarks of the book. Together, we hope that we
have succeeded in equipping the readers with the scientific
basis for the practice of medicine and in whetting their
appetite for learning beyond what can be offered in any
textbook.

Vinay Kumar
Abul K. Abbas
Jon C. Aster
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First and foremost we wish to express our respects and
deep gratitude to the late Dr. Nelson Fausto for having
been the coeditor of the last two editions of this book.
Many of his words are retained in this edition and will
continue to benefit future readers. He shall be greatly
missed.

All three of us offer thanks to our contributing authors
for their commitment to this textbook. Many are veterans
of previous editions; others are new to the ninth edition.
All are acknowledged in the table of contents. Their names
lend authority to this book, for which we are grateful. As
in previous editions, the three of us have chosen not to add
our own names to the chapters we have been responsible
for writing, in part or whole.

Many colleagues have enhanced the text by reading
various chapters and providing helpful critiques in their
area of expertise. They include Drs. Seungmin Hwang,
Kay McLeod, Megan McNerney, Ivan Moskovitz, Jeremy
Segal, Humaira Syed, Helen Te, and Shu-Yuan Xiao at
the University of Chicago; Marcus Peter at Northwestern
University, Chicago; Dr Meenakshi Jolly at Rush University,
Chicago; Drs. Kimberley Evason, Kuang-Yu Jen, Richard
Jordan, Marta Margeta, and Zoltan Laszik at the University
of California, San Francisco; Dr. Antony Rosen at Johns
Hopkins University; Dr. Lundy Braun at Brown University;
Dr. Peter Byers at the University of Washington; Drs. Frank
Bunn, Glenn Dranoff, and John Luckey at Harvard Medical
School; Dr. Richard H. Aster at the Milwaukee Blood
Center and Medical College of Wisconsin; and Dr. Richard
C. Aster at Colorado State University. Special thanks are
due to Dr. Raminder Kumar for updating clinical informa-
tion and extensive proofreading of many chapters in addi-
tion to her role as consulting clinical editor for several
chapters. Many colleagues provided photographic gems
from their collections. They are individually acknowledged
in the text.

Acknowledgments

Our administrative staff needs special mention since
they maintain order in the chaotic lives of the authors and
have willingly chipped in when needed for multiple tasks
relating to the text. At the University of Chicago, they
include Ms. Nhu Trinh and Ms. Garcia Wilson; at the
University of California at San Francisco, Ms. Ana Narvaez;
and at the Brigham and Women’s Hospital, Muriel Goutas.
All of the graphic art in this book was created by Mr. James
Perkins, Professor of Medical Illustration at Rochester
Institute of Technology. His ability to convert complex
ideas into simple and aesthetically pleasing sketches has
considerably enhanced this book.

Many individuals associated with our publisher,
Elsevier (under the imprint of WB Saunders), need our
special thanks. Outstanding among them is Jennifer Nemec,
Project Manager, and our partner in the production of this
book. Her understanding of the needs of the authors,
promptness in responding to requests (both reasonable
and unreasonable), and cheerful demeanor went a long
way in reducing our stress and making our lives less com-
plicated. Mr. William (Bill) Schmitt, Publishing Director of
Medical Textbooks, has always been our cheerleader and
is now a dear friend. Our thanks also go to Managing
Editor Rebecca Gruliow and Design Manager Lou Forgione
at Elsevier. Undoubtedly there are many others who may
have been left out unwittingly —to them we say “thank
you” and tender apologies for not acknowledging you
individually.

Efforts of this magnitude take a toll on the families
of the authors. We thank our spouses, Raminder Kumar,
Ann Abbas, and Erin Malone for their patience, love, and
support of this venture, and for their tolerance of our
absences.

Vinay Kumar
Abul K. Abbas
Jon C. Aster



www.konkur.in
This page intentionally left blank



www.konkur.in

Contents

General Pathology

CHAPTER | The Cell as a Unit of Health and Disease
Richard N. Mitchell
CHAPTER 2 Cellular Responses to Stress and Toxic Insults:
Adaptation, Injury, and Death 31
CHAPTER 3 Inflammation and Repair 69
CHAPTER 4 Hemodynamic Disorders, Thromboembolic Disease, and Shock [13
CHAPTER 5 Genetic Disorders 137
CHAPTER 6  Diseases of the Immune System 185
CHAPTER 7 Neoplasia 265
CHAPTER 8  Infectious Diseases 341
Alexander |. McAdam ¢ Danny A. Milner * Arlene H. Sharpe
CHAPTER 9 Environmental and Nutritional Diseases 403
CHAPTER 10 Diseases of Infancy and Childhood 451
Anirban Maitra
Systemic Pathology: Diseases of Organ Systems
CHAPTER |'|  Blood Vessels 483
Richard N. Mitchell
CHAPTER 12 The Heart 523
Frederick ]. Schoen * Richard N. Mitchell
CHAPTER 13 Diseases of White Blood Cells, Lymph Nodes, Spleen, and Thymus 579
CHAPTER 14 Red Blood Cell and Bleeding Disorders 629
CHAPTER |5  The Lung 669

Aliya N. Husain

Chapters without listed contributors were written by the editors. To gain access to the images for teaching purposes, instructors may register at
https://evolve.elsevier.comy.



www.konkur.in

XVi

Contents

CHAPTER 16

CHAPTER 17

CHAPTER 18

CHAPTER 19

CHAPTER 20

CHAPTER 21

CHAPTER 22

CHAPTER 23

CHAPTER 24

CHAPTER 25

CHAPTER 26

CHAPTER 27

CHAPTER 28

CHAPTER 29

Head and Neck 727
Mark W. Lingen

The Gastrointestinal Tract 749
Jerrold R. Turner

Liver and Gallbladder 821
Neil D. Theise

The Pancreas 883
Ralph H. Hruban * Christine A. lacobuzio-Donahue

The Kidney 897
Charles E. Alpers * Anthony Chang

The Lower Urinary Tract and Male Genital System 859
Jonathan 1. Epstein ® Tamara L. Lotan

The Female Genital Tract 991
Lora Hedrick Ellenson ¢ Edyta C. Pirog

The Breast 1043
Susan C. Lester

The Endocrine System 1073
Anirban Maitra

The Skin | 141
Alexander |.F. Lazar ¢ George F. Murphy

Bones, Joints, and Soft Tissue Tumors 1179
Andrew Horvai

Peripheral Nerves and Skeletal Muscles 1227
Peter Pytel * Douglas C. Anthony

The Central Nervous System 1251
Matthew P. Frosch * Douglas C. Anthony ¢ Umberto De Girolami

The Eye 1319
Robert Folberg

Index 1345




www.konkur.in

See TARGETED THERAPY available online at \
www.studentconsult.com

The Cell

The Genome |

Noncoding DNA |

Histone Organization 3

Micro-RNA and Long Noncoding RNA 4
Micro-RNA (miRNA) 4
Long Noncoding RNA (IncRNA) 5

Cellular Housekeeping 6

Plasma Membrane: Protection and Nutrient
Acquisition 7

Proteasomes |3

Function 14

Cell Signaling 15

Pathology literally translates to the study of suffering (Greek
pathos = suffering, logos = study); more prosaically, the
term pathology is invoked to represent the study of disease.
Germane to this opening chapter, Virchow coined the
term cellular pathology to emphasize the basic tenet that
all diseases originate at the cellular level. Thus, modern
pathology is basically the study of cellular abnormalities.
Therefore, diseases and the underlying mechanisms are
best understood in the context of normal cellular structure
and function.

It is unrealistic (and even undesirable) to condense the
vast and fascinating field of cell biology into a single
chapter. Moreover, students of biology are likely quite
familiar with many of the broader concepts of cell structure
and function. Consequently, rather than attempting a com-
prehensive review, our goal is to survey some basic prin-
ciples and highlight some recent advances that are relevant
to the pathologic basis of disease that is emphasized
throughout the text. We hope this chapter will be useful to
review key topics in normal cell biology as they apply to
the areas of Pathology that are covered from Chapter 2
onwards.

The Genome

The sequencing of the human genome represented a land-
mark achievement of biomedical science. Published in
draft form in 2001 and more completely detailed in 2003,
the information has already led to remarkable advances
in science and medicine. Since then there has been an

as a Unit of Health

Cytoskeleton and Cell-Cell Interactions 10
Biosynthetic Machinery: Endoplasmic

Reticulum and Golgi 12
Waste Disposal: Lysosomes and

Cellular Metabolism and Mitochondrial

Cellular Activation |5

and Disease

Richard N. Mitchell
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Maintaining Cell Populations 25

Proliferation and the Cell Cycle 25

Stem Cells 26

Regenerative Medicine 28

exponential decrease in the cost of sequencing and an
exponential increase in data accrual; this new information,
now literally at our fingertips, promises to revolutionize
our understanding of health and disease. However, the
sheer volume of the data is formidable, and there is a
dawning realization that we have only begun to scratch the
surface of its complexity; uncovering the relevance to
disease and then developing new therapies remain chal-
lenges that both excite and inspire scientists and the lay
public alike.

Noncoding DNA

The human genome contains roughly 3.2 billion DNA
base pairs. Within the genome there are about 20,000
protein-encoding genes, comprising only about 1.5%
of the genome. These proteins variously function as
enzymes, structural components, and signaling molecules
and are used to assemble and maintain all of the cells in
the body. Although 20,000 is an underestimation of the
number of proteins encoded in the human genome (given
that many genes produce multiple RNA transcripts encod-
ing different protein isoforms), it is nevertheless startling
to realize that worms composed of fewer than 1000 cells —
with genomes of only about 0.1 billion DNA base pairs—
are also assembled using about 20,000 genes to produce
proteins. Even more surprising is that many of these pro-
teins are recognizable homologs of molecules expressed in
humans. What then separates humans from worms?

The answer is not completely known, but the weight
of current evidence suggests that much of the difference
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CHAPTER |  The Cell as a Unit of Health and Disease
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Figure 1-1 The organization of nuclear DNA. At the light microscopic level, the nuclear genetic material is organized into dispersed, transcriptionally active
euchromatin or densely packed, transcriptionally inactive heterochromatin; chromatin can also be mechanically connected with the nuclear membrane, and
nuclear membrane perturbation can thus influence transcription. Chromosomes (as shown) can only be visualized by light microscopy during cell division.
During mitosis, they are organized into paired chromatids connected at centromeres; the centromeres act as the locus for the formation of a kinetochore
protein complex that regulates chromosome segregation at metaphase. The telomeres are repetitive nucleotide sequences that cap the termini of chromatids
and permit repeated chromosomal replication without loss of DNA at the chromosome ends. The chromatids are organized into short “P” (“petite”) and long
“Q” (“next letter in the alphabet”) arms. The characteristic banding pattern of chromatids has been attributed to relative GC content (less GC content in bands
relative to interbands), with genes tending to localize to interband regions. Individual chromatin fibers are comprised of a string of nucleosomes—DNA wound
around octameric histone cores—with the nucleosomes connected via DNA linkers. Promoters are noncoding regions of DNA that initiate gene transcription;
they are on the same strand and upstream of their associated gene. Enhancers are regulatory elements that can modulate gene expression over distances
of 100 kB or more by looping back onto promoters and recruiting additional factors that are needed to drive the expression of pre-mRNA species. The intronic
sequences are subsequently spliced out of the pre-mRNA to produce the definitive message that is translated into protein—without the 3’- and 5’-untranslated
regions (UTR). In addition to the enhancer, promoter, and UTR sequences, noncoding elements are found throughout the genome; these include short repeats,
regulatory factor binding regions, noncoding regulatory RNAs, and transposons.

Chromosome

lies in the 98.5% of the human genome that does not
encode proteins. It has been known for some time that
protein-coding genes in higher organisms are separated by
long stretches of DNA whose function has been obscure
for many years—sometime denoted as “dark matter” of
the genome. That viewpoint has subsequently been
modified, driven by the multinational ENCODE (Ency-
clopedia of DNA Elements) project that set out in 2007
to identify all regions of the genome that could be ascribed
some function. The striking conclusion is that as much
as 80% of the human genome either binds proteins,
implying it is involved in regulating gene expression,
or can be assigned some functional activity, mostly
related to the regulation of gene expression, often in
a cell-type specific fashion. It follows that while proteins
provide the building blocks and machinery required
for assembling cells, tissues and organisms, it is the
noncoding regions of the genome that provide the criti-
cal “architectural planning.” Practically stated, the differ-
ence between worms and humans apparently lies more
in the genomic “blueprints” than in the construction
materials.

The major classes of functional non-protein-coding
sequences found in the human genome are the following
(Fig. 1-1):

e Promoter and enhancer regions that provide binding sites
for transcription factors

¢ Binding sites for factors that organize and maintain
higher order chromatin structures

e Noncoding regulatory RNAs. More than 60% of the
genome is transcribed into RNAs that are never trans-
lated into protein, but which nevertheless can regulate
gene expression through a variety of mechanisms. The
two best-studied varieties —micro-RNAs and long non-
coding RNAs —are described later.

o Mobile genetic elements (e.g., transposons). Remarkably,
more than one third of the human genome is composed
of these elements, popularly denoted as “jumping
genes.” These segments can move around the genome,
exhibiting wide variation in number and positioning
even amongst closely related species (i.e., humans and
other primates). They are implicated in gene regulation
and chromatin organization, but their function is still
not well established.

e Special structural regions of DNA, in particular telomeres
(chromosome ends) and centromeres (chromosome
“tethers”)

One of the reasons these findings have generated so
much interest is that many, and perhaps most, of the
genetic variations (polymorphisms) associated with diseases
are located in non-protein-coding regions of the genome.
Thus, variation in gene regulation may prove to be more
important in disease causation than structural changes in
specific proteins.
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Another surprising revelation from the recent genomic
studiesis that, onaverage, any two individuals share greater
than 99.5% of their DNA sequences. It is perhaps more
remarkable that we are 99% identical with chimpanzees!
Thus, person-to-person variation, including differential
susceptibility to diseases and in response to environmental
agents and drugs, is encoded in less than 0.5% of our DNA.
Though small when compared to the total nucleotide
sequences, this 0.5% represents about 15 million base pairs.
The two most common forms of DNA variation in
the human genome are single-nucleotide polymorphisms
(SNPs) and copy number variations (CNVs). SNPs are vari-
ants at single nucleotide positions and are almost always
biallelic (i.e., only two choices exist at a given site within the
population, such as A or T). Much effort has been devoted
to mapping common SNPs in human populations. Over 6
million human SNPs have been identified, many of which
show wide variation in frequency in different populations.
SNPs occur across the genome—within exons, introns,
intergenic regions, and coding regions. Overall, about 1%
of SNPs occur in coding regions, which is about what would
be expected by chance, since coding regions comprise about
1.5% of the genome. SNPs located in non-coding regions
may fall in regulatory elements in the genome, thereby
altering gene expression; in such instances the SNP may
have a direct influence on disease susceptibility. In other
instances, the SNP may be a “neutral” variant that has no
effect on gene function or carrier phenotype. However,
even “neutral” SNPs may be useful markers if they happen
to be co-inherited with a disease-associated gene as a result
of physical proximity. In other words, the SNP and the
causative genetic factor are in linkage disequilibrium. There
is hope that groups of SNPs may serve as markers of risk
for multigenic complex diseases such as type Il diabetes and
hypertension. However, the effect of most SNPs on disease
susceptibility is weak, and it remains to be seen if identifica-
tion of such variants, alone or in combination, can be used
to develop effective strategies for disease prevention.

CNVs are a more recently identified form of genetic
variation consisting of different numbers of large contigu-
ous stretches of DNA from 1000 base pairs to millions
of base pairs. In some instances these loci are, like SNPs,
biallelic and simply duplicated or deleted in a subset of
the population. In other instances there are complex rear-
rangements of genomic material, with multiple alleles in
the human population. Current estimates are that CNVs
are responsible for between 5 and 24 million base pairs of
sequence difference between any two individuals. Approx-
imately 50% of CNVs involve gene-coding sequences; thus,
CNVs may underlie a large portion of human phenotypic
diversity. We currently know much less about CNVs than
SNPs, therefore their influence on disease susceptibility is
less established.

It should be pointed out that despite all these advances
in the understanding of human genetic variation, it is clear
that alterations in DNA sequence cannot by themselves
explain the diversity of phenotypes in human populations.
Nor can classic genetics explain how monozygotic twins
can have differing phenotypes. The answer may lie in epi-
genetics, which is defined as heritable changes in gene
expression that are not caused by alterations in DNA
sequence. The molecular basis of epigenetic changes will
be discussed next.

The genome

Histone Organization

Even though virtually all cells in the body contain the
same genetic material, terminally differentiated cells have
distinct structures and functions. Clearly, different cell
types are distinguished by lineage-specific programs of
gene expression. Such cell type-specific differences in
DNA transcription and translation depend on epigenetic
factors (literally, factors that are “above genetics”) that can
be conceptualized as follows (Fig. 1-2):

o Histones and histone modifying factors. Nucleosomes con-
sist of DNA segments 147 base pairs long that are
wrapped around a central core structure of highly con-
served low molecular weight proteins called histones.
The resulting DN A-histone complex resembles a series
of beads joined by short DNA linkers and is generically
called chromatin. The naked DNA of a human cell is
about 1.8 meters long, but wound around histones like
spools, DNA can be packed into a nucleus as small as
7 to 8 micrometers in diameter —the width of a resting
lymphocyte. In most cases, DNA is not uniformly
and compactly wound. Thus, at the light microscopic
level, nuclear chromatin exists in two basic forms:
(1) cytochemically dense and transcriptionally inactive
heterochromatin and (2) cytochemically dispersed and
transcriptionally active euchromatin (Fig. 1-1). Moreover,
which portion of the nuclear chromatin is “unwound”
regulates gene expression and thereby dictates cellular
identity and activity.

Histones are not static, but rather are highly dynamic
structures regulated by a host of nuclear proteins and
chemical modifications. Thus, chromatin remodeling com-
plexes can reposition nucleosomes on DNA, exposing (or
obscuring) gene regulatory elements such as promoters.
“Chromatin writer” complexes, on the other hand, carry
out more than 70 different histone modifications generi-
cally denoted as marks. Such covalent alterations include
methylation, acetylation, or phosphorylation of specific
amino acid residues on the histones.

Actively transcribed genes in euchromatin are asso-
ciated with histone marks that make the DNA acces-
sible to RNA polymerases. In contrast, inactive genes
have histone marks that enable DNA compaction into
heterochromatin. Histone marks are reversible through
the activity of “chromatin erasers.” Still other proteins
function as “chromatin readers,” binding histones that
bear particular marks and thereby regulating gene
expression.

e Histone methylation. Both lysines and arginines can be
methylated by specific writer enzymes; in particular,
methylation of lysine residues in histones may be
associated with either transcriptional activation or
repression, depending on the histone residue that is
“marked”.

e Histone acetylation. Lysine residues are acetylated by
histone acetyl transferases (HAT), whose modifications
tend to open up the chromatin and increase tran-
scription. In turn, these changes can be reversed by
histone deacetylases (HDAC), leading to chromatin
condensation.

e Histone phosphorylation. Serine residues can be modified
by phosphorylation; depending on the specific residue,
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Figure 1-2 Histone organization. A, Nucleosomes are comprised of octamers of histone proteins (two each of histone subunits H2A, H2B, H3, and H4) encircled
by 1.8 loops of 147 base pairs of DNA; histone H1 sits on the 20-80 nucleotide linker DNA between nucleosomes and helps stabilizes the overall chromatin
architecture. The histone subunits are positively charged, thus allowing the compaction of the negatively charged DNA. B, The relative state of DNA unwinding
(and thus access for transcription factors) is regulated by histone modification, for example, by acetylation, methylation, and/or phosphorylation (so-called
“marks”); marks are dynamically written and erased. Certain marks such as histone acetylation “open up” the chromatin structure, whereas others, such as
methylation of particular histone residues, tends to condense the DNA and leads to gene silencing. DNA itself can also be also be methylated, a modification
that is associated with transcriptional inactivation.

the DNA may be opened up for transcription or con-
densed to become inactive.

e DNA methylation. High levels of DNA methylation
in gene regulatory elements typically result in tran-
scriptional silencing. Like histone modifications, DNA
methylation is tightly regulated by methyltransferases,
demethylating enzymes, and methylated-DNA-binding
proteins.

o Chromatin organizing factors. Much less is known about
these proteins, which are believed to bind to noncoding
regions and control long-range looping of DNA, which
is important in regulating the spatial relationships
between gene enhancers and promoters that control
gene expression.

Deciphering the mechanisms that allow epigenetic
factors to control genomic organization and gene expres-
sion in a cell-type-specific fashion is an extraordinarily
complex proposition. Despite the intricacies, there is
already ample evidence that dysregulation of the “epig-
enome” has a central role in malignancy (Chapter 7), and
there is growing evidence that many other diseases are

associated with inherited or acquired epigenetic altera-
tions. Another reason for excitement is that — unlike genetic
changes —many epigenetic alterations (e.g., histone acety-
lation and DNA methylation) are reversible and are ame-
nable to therapeutic intervention; thus, HDAC inhibitors
and DNA methylation inhibitors are already being tested
in the treatment of various forms of cancer.

Micro-RNA and Long Noncoding RNA

Another mechanism of gene regulation depends on the
functions of noncoding RNAs. As the name implies, these
are encoded by genes that are transcribed but not trans-
lated. Although many distinct families of noncoding RNAs
exist, we will only discuss two examples here: small RNA
molecules called microRNAs, and long noncoding RNAs
>200 nucleotides in length.

Micro-RNA (miRNA)
The miRNAs do not encode proteins; instead, they func-

tion primarily to modulate the translation of target mRNAs
into their corresponding proteins. Posttranscriptional



www.konkur.in

silencing of gene expression by miRNA is a fundamental
and well-conserved mechanism of gene regulation
present in all eukaryotes (plants and animals). Even
microorganisms have a more primitive version of the same
general machinery that they can use to protect themselves
against foreign DNA (e.g., from phages and viruses).
Because of the profound influence of miRNAs on gene
regulation, these relatively short RNAs (22 nucleotides on
average) have assumed central importance in the illumina-
tion of both normal developmental pathways, as well as
pathologic conditions like cancer. Indeed, the Nobel Prize
in Physiology or Medicine in 2006 was awarded for the
discovery of miRNAs.

By current estimates, the human genome encodes
approximately 1000 miRNA genes, some 20-fold less than
the number of protein-coding genes. However, individual
miRNAs appear to regulate multiple protein-coding genes,
allowing each miRNA to co-regulate entire programs of
gene expression. Transcription of miRNA genes produces
a primary miRNA, which is progressively processed
through various steps including trimming by the enzyme
DICER. This generates mature single-stranded miRNAs of
21 to 30 nucleotides that are associated with a multiprotein
aggregate called RNA-induced silencing complex (RISC;
Fig. 1-3). Subsequent base pairing between the miRNA
strand and its target mRNA directs the RISC to either
induce mRNA cleavage or repress its translation. All
mRNAs contain a so-called seed sequence in their 3’ untrans-
lated region (UTR) that determines the specificity of
miRNA binding and gene silencing. In this way, the target
mRNA is posttranscriptionally silenced.

Small interfering RNAs (siRNAs) are short RNA sequences
that can be introduced experimentally into cells. These
serves as substrates for Dicer and interact with the RISC
complex in a mannaer analogous to endogenous miRNAs.
Synthetic siRNAs targeted against specific mRNA species
have become useful laboratory tools to study gene function
(so-called knockdown technology); they are also being
developed as possible therapeutic agents to silence patho-
genic genes, such as oncogenes involved in neoplastic
transformation.

Long Noncoding RNA (IncRNA)

Recent studies have further identified an untapped uni-
verse of IncRNAs—by some calculations, the number of
IncRNAs may exceed coding mRNAs by 10- to 20-fold.
IncRNAs modulate gene expression in many ways (Fig.
1-4); for example, they can bind to regions of chromatin,
restricting RNA polymerase access to coding genes within
the region. The best known example of a repressive
function involves XIST, which is transcribed from the X
chromosome and plays an essential role in physiologic X
chromosome inactivation. XIST itself escapes X inacti-
vation, but forms a repressive “cloak” on the X chromo-
some from which it is transcribed, resulting in gene
silencing. Conversely, it has recently been appreciated
that many enhancers are sites of IncRNA synthesis, and
these IncRNAs appear to often increase transcription
from gene promoters through a variety of mechanisms
(Fig. 1-4). Emerging studies are exploring the roles of
IncRNAs in various human diseases, from atherosclerosis
to cancer.
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Figure 1-3 Generation of microRNAs (miRNA) and their mode of action in
regulating gene function. miRNA genes are transcribed to produce a primary
miRNA (pri-miRNA), which is processed within the nucleus to form pre-
miRNA composed of a single RNA strand with secondary hairpin loop struc-
tures that form stretches of double-stranded RNA. After this pre-miRNA is
exported out of the nucleus via specific transporter proteins, the cytoplasmic
Dicer enzyme trims the pre-miRNA to generate mature double-stranded
miRNAs of 21 to 30 nucleotides. The miRNA subsequently unwinds, and the
resulting single strands are incorporated into the multiprotein RNA-induced
silencing complex (RISC). Base pairing between the single-stranded miRNA
and its target mRNA directs RISC to either cleave the mRNA target or repress

its translation.

In either case, the target mMRNA gene is silenced

posttranscriptionally.
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Figure 1-4 Roles of long noncoding RNAs. A, Long non-coding RNAs
(IncRNAs) can facilitate transcription factor binding and thus promote gene
activation. B, Conversely, INcRNAs can preemptively bind transcription
factors and thus prevent gene transcription. C, Histone and DNA modification
by acetylases or methylases (or deacetylases and demethylases) may be
directed by the binding of IncRNAs. D, In other instances, INcRNAs may act
as scaffolding to stabilize secondary or tertiary structures and/or multi-
subunit complexes that influence general chromatin architecture or gene
activity. (Adapted from Wang KC, Chang HY: Molecular mechanisms of long
noncoding RNAs. Mol Cell 43:904, 2011.)

Cellular Housekeeping

The viability and normal activity of cells depend on a
variety of fundamental housekeeping functions that all dif-
ferentiated cells must perform. These functions include
protection from the environment, nutrient acquisition, commu-
nication, movement, renewal of senescent molecules, molecular
catabolism, and energy generation.

Many normal housekeeping functions are compart-
mentalized within membrane-bound intracellular organ-
elles (Fig. 1-5). By isolating certain cellular functions within
distinct compartments, functionally important, potentially
injurious degradative enzymes or reactive metabolites can
be concentrated or stored at high concentrations in specific
organelles without risking damage to other cellular con-
stituents. Moreover, compartmentalization allows the cre-
ation of unique intracellular environments (e.g., low pH or

high calcium) that may then selectively regulate the func-
tion of enzymes or metabolic pathways.

New proteins destined for the plasma membrane or
points beyond are synthesized in the rough endoplasmic
reticulum (RER) and physically assembled in the Golgi appa-
ratus; proteins intended for the cytosol are synthesized on
free ribosomes. Smooth endoplasmic reticulum (SER) may be
abundant in certain cell types such as gonads and liver
where it is used for steroid hormone and lipoprotein syn-
thesis, as well as for the modification of hydrophobic com-
pounds (for example, drugs) into water-soluble molecules
for export.

Proteins and organelles must also be broken down if
they become damaged, as must proteins and other mole-
cules that are taken up into the cell by endocytosis.
Catabolism of these constituents takes place at three differ-
ent sites and serves different functions. Lysosomes are intra-
cellular organelles that contain degradative enzymes that
permit the digestion of a wide-range of macromolecules,
including proteins, polysaccharides, lipids, and nucleic
acids. Proteasomes, on the other hand are a specialized type
of “grinder” that selectively chews up denatured proteins,
releasing peptides. In some cases the peptides so generated
can be presented in the context of class I major histocom-
patibility molecules (Chapter 6). In other cases signaling
molecules trigger the proteasomal degradation of negative
regulatory proteins, leading to activation of pathways that
alter transcription. These are described in more detail later
in the chapter. Peroxisomes play a specialized role in the
breakdown of fatty acids, generating hydrogen peroxide in
this process.

The contents and position of cellular organelles are also
subject to regulation. Endosomal vesicles shuttle internalized
material to the appropriate intracellular sites or direct
newly synthesized materials to the cell surface or targeted
organelle. Cell movement—both organelles and proteins
within the cell, as well as movement of the cell in its
environment—is accomplished through the cytoskeleton.
These structural proteins also maintain basic cellular shape
and intracellular organization, requisites for maintaining
cell polarity. This is particularly critical in epithelium, in
which the top of the cell (apical) and the bottom and side
of the cell (basolateral) are often exposed to different envi-
ronments and have distinct functions. Most of the ATP that
powers cells is made through oxidative phosphorylation in
the mitochondria. However, mitochondria also serve as an
important source of metabolic intermediates that are
needed for anabolic metabolism; they are sites of synthesis
of certain macromolecules (e.g., heme), and contain impor-
tant sensors of cell damage that can initiate and regulate
the process of programmed cell death.

Cell growth and maintenance require a constant
supply of both energy and the building blocks that are
needed for synthesis of macromolecules. In growing
and dividing cells, all of these organelles have to be repli-
cated (organellar biogenesis) and correctly apportioned in
daughter cells following mitosis. Moreover, because the
macromolecules and organelles have finite lifespans (mito-
chondria, for example, last only about 10 days), mecha-
nisms must also exist that allow for the recognition and
degradation of “worn out” cellular components.

With this as a primer, we now move on to discuss cel-
lular components and their function in greater detail.
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Relative volumes of intracellular organelles (hepatocyte)

Compartment % total volume  number/cell
Cytosol 54% 1
Mitochondria 22% 1700
Rough ER 9% 1*
Smooth ER, Golgi 6% 1*
Nucleus 6% 1
Endosomes 1% 200
Lysosomes 1% 300
Peroxisomes 1% 400
Rough
Free endoplasmic
ribosomes  reticulum

Golgi
apparatus

Lysosome

Endosome

Cytoskeleton

Peroxisome

Cellular housekeeping

role in the cell

metabolism, transport, protein translation

energy generation, apoptosis

synthesis of membrane and secreted proteins

protein modification, sorting, catabolism

cell regulation, proliferation, DNA transcription

intracellular transport and export, ingestion of extracellular substances
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Figure 1-5 Basic subcellular constituents of cells. The table presents the number of the various organelles within a typical hepatocyte, as well as their volume
within the cell. The figure shows geographic relationships but is not intended to be accurate to scale. (Adapted from Weibel ER, Staubli W, Gnagi HR, et al:
Correlated morphometric and biochemical studies on the liver cell. I. Morphometric model, stereologic methods, and normal morphometric data for rat liver.

J Cell Biol 42:68, 1969.)

Plasma Membrane: Protection
and Nutrient Acquisition

Plasma membranes (and all other organellar membranes)
are more than just static lipid sheaths. Rather, they are fluid
bilayers of amphipathic phospholipids with hydrophilic
head groups that face the aqueous environment and hydro-
phobic lipid tails that interact with each other to form a
barrier to passive diffusion of large or charged molecules
(Fig. 1-6). The bilayer is composed of a heterogeneous col-
lection of different phospholipids, which are distributed
asymmetrically —for