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PREFACE

RNA interference (RNAi) is a form of posttranscriptional gene silencing
within cells involved in the control of gene expression. The RNAi pathway
is found in many eukaryotes including animals and humans. It is initiated by
the enzyme Dicer, which cleaves long double-stranded RNA molecules into
short fragments of about 20 base pairs. The products of this reaction, small
interfering RNA (siRNA) and microRNA (miRNA) molecules, bind to other
homologous RNAs (transcripts) and affect their activity (protein expression)
via degradation or translational inhibition. RNAi functions in defending cells
against parasitic genes—viruses and transposons—and also in directing de-
velopment as well as gene expression in general. The specific and potent effect
of RNAi on gene expression makes it a valuable research tool in both cell
culture and animal models to systematically shut down each gene in the cell
to help identify the components necessary for a particular function/cellular
process. RNAi may also be exploited in humans by introducing synthetic
siRNA into cells and suppression (silencing) of disease-causing genes.

Exploitation of the RNAi pathway is a promising approach to treat a variety
of diseases. Of great importance is the current view that 80% of the genome is
not drugable by small molecules (10%) or biologics (10%), but is potentially
drugable by gene silencing technologies. RNAi is seen as a promising way
to treat cancer by silencing genes differentially upregulated in tumor cells or
genes involved in cell division. Other proposed clinical applications include
antiviral therapies to treat infection by herpes simplex virus type 2 and the
inhibition of viral gene expression in cancerous cells, knockdown of host

ix
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receptors and coreceptors for HIV, the silencing of hepatitis A and hepatitis
B genes, silencing of influenza gene expression, and inhibition of measles
viral replication. Potential treatments for neurodegenerative diseases include
muscular dystrophy and polyglutamine diseases such as Huntington’s disease.

A key area of research in the use of RNAi for clinical applications is the
development of safe and effective delivery systems that permit targeting to
specific cell types and tissues with efficient cell uptake and release into the
cytoplasm, the site of action. The goal of this book is to bring together a series
of critical review and analysis chapters by leading scientists in the RNAi field
that assess the key issues in the development of RNAi-based drugs for clinical
applications.

The first section of the book covers the biology of RNAi. Chapter 1
discusses the origins and overview of RNAi. Chapter 2 describes nucleic acids
as regulatory molecules including the artificial modulation of gene expression
using antisense technology, triplex-forming oligonucleotides, nucleic acid
decoys, aptamers, ribozymes and DNAzymes, and RNAi by siRNAs and
miRNAs. Chapter 3 examines the use of siRNA oligonucleotides to study
gene function including siRNA design strategies, target specificity, chemical
modification, delivering siRNA in cell culture, and the experimental design
and detection of gene silencing (knockdown). Chapter 4 explains genome
scanning by RNAi, dissection of physiological and pathological processes
with genetic screens, large-scale RNAi-based screens in mammalian cells, and
the design and practical implementation of high-throughput RNAi screens.

The second section of the book deals with the development of siRNA for
therapeutic applications. Chapter 5 discusses the discovery of siRNA delivery
agents, focusing on issues and challenges related to cellular uptake mecha-
nisms and tight junction dynamics, peptide-based delivery, targeting specific
cell types, and high-throughput screening approaches. Chapter 6 describes
the potential for use of delivery systems for synthetic siRNAs to overcome
the limitations of siRNAs and enhance therapeutic efficacy including current
limitations to delivery of siRNAs in vivo, interferon induction and the innate
immune system, siRNA administration without delivery assistance, nonviral
delivery vehicles for siRNAs, physical delivery, synthetic siRNA delivery sys-
tems, pegylation of siRNA delivery vehicles, cell targeting ligand conjugation
to siRNA delivery vehicles, and the rational design of modular multicompo-
nent siRNA delivery systems. Chapter 7 focuses on immunologically based
in vivo toxicities including the mechanisms of nucleic acid-mediated immune
stimulation, Toll-like receptors, TLR-independent mechanisms and protein
kinase R, factors influencing immune stimulation, and the implications for
pharmaceutical product development. Chapter 8 discusses synthetic siRNA
drug development and therapeutic applications for respiratory syncytial virus
and influenza viruses and describes the application of RNAi to viral diseases
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focusing on proofs of concept for therapeutic RNAi treatment of virus in-
fection, viral countermeasures for RNAi, translating siRNA delivery to the
clinic, and RNAi versus traditional antiviral drugs.

Currently, there are more than 80 gene silencing therapeutics in clinical
trials (http://clinicaltrials.gov/). They have the potential to provide a new class
of broadly applicable therapies with clinically relevant efficacy and safety.
Efficient delivery and cost-effective manufacturing are major challenges that
must be met to achieve success. While current manufacturing processes are
not yet cost-effective, they are likely to show significant improvement over
time. No current delivery system appears to have the desired efficiency, cell
selectivity, and safety profile necessary for an RNAi therapeutic to have a
clear clinical advantage over other classes of drugs. However, on the basis of
recent results and promising new systems under development, there is reason
to believe that this will change in the near future.

RNAi therapeutics, a new class of drugs with unprecedented specificity,
efficacy and safety, have the potential to revolutionize drug development
and the future of medicine by providing broadly applicable therapies against
targets that are currently undrugable.

Paul H. Johnson

Seattle, WA
July 2010
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FOREWORD

RNA interference (RNAi) has rapidly progressed from an intriguing scientific
discovery to a powerful tool for studying gene function. In addition to the use
of RNAi in the research laboratory, many investigators and commercial ven-
tures are exploiting its potential as a sequence and gene-specific therapeutic
agent. The idea that an oligonucleotide could be used to block gene function
by virtue of Watson–Crick base pairing is not new, but was described over
three decades ago by Paul Zamecnik and colleagues. The original antisense
oligonucleotides were largely composed of DNA with various backbone mod-
ifications to stabilize the oligos or alter their Watson–Crick binding stability.
For various reasons, with a few minor exceptions, the potential of antisense
oligos to serve as functional genomic tools or therapeutic agents has never
been fully realized. Since RNAi is in effect a form of antisense, why is it
so much more potent than the conventional oligonucleotide approaches? Per-
haps the biggest difference between RNAi and the antisense DNAs is that
RNAi engages a specific set of cellular proteins that have evolved over mil-
lions of years for regulating gene expression. In contrast, antisense DNA
approaches relied upon diffusion of the oligo to the target mRNA sequence
wherein RNAseH is recruited to cleave the RNA. The two phenomena are
similar in that the major mammalian Argonaute protein effecter of RNAi,
Ago2, has an RNAseH-like cleavage domain at the active site. The associa-
tion of Ago2 with other components of the RNAi machinery provides efficient
target recognition and results in target destruction following Ago2-mediated
cleavage. Thus, it is fair to state that RNAi is the most powerful sequence

xiii
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specific inhibitor of gene expression available for both functional genomics
and therapeutic applications.

The chapters in this volume cover a large swath of the applications and
challenges of using RNAi in drug discovery and as a therapeutic modality.
A couple of chapters review the use of siRNAs for therapeutic target identi-
fication and gene function analyses. There are several chapters that focus on
strategies and issues of concern for using siRNAs as therapeutic agents. Of
particular importance are strategies for delivery of therapeutic small RNAs.
A number of clever approaches ranging from conjugation of ligands to siR-
NAs through encapsulation of siRNAs in nanoparticles have been published
in the literature. Many of these are reviewed in the chapters of this volume.
There are also applications in which siRNAs are not packaged, but backbone
modified versions are applied directly, such as intraocular injection for mac-
ular degeneration treatment, or inhalation for treatment of RSV or influenza
infections. Other chapters address the major concerns of systemic delivery,
which are rapid clearance through the kidney and liver versus desired uptake
into tumors or other tissues. Some of the delivery strategies and vehicles that
are being developed can circumvent rapid kidney clearance, but the liver still
remains as a major receptacle for systemic RNAs, even when the siRNAs are
taken up by other tissues or tumors. That being said, there is a need to ensure
that the siRNAs are not creating toxicities by triggering downregulation of
targeted mRNAs in tissues other than those that are diseased. Other concerns
are off-target effects caused by siRNAs functioning on nontargeted mRNAs to
block translation or even direct cleavage. Thus, bio-informatics’ analyses of
siRNA design along with backbone modifications to block miRNA-like func-
tion or preventing passenger strand activity need to be carefully evaluated.
Additional off-targeting is achieved by siRNAs engaging Toll-like receptors
in immune cells, and triggering of interferon responses. A chapter is devoted
to this problem with recommended strategies to abrogate interferon responses.

Overall, this volume covers the major areas of siRNA application to date.
The authors of each chapter are experts in the respective topic area of the
chapter, so the reader should gain valuable insight and information about
the promises and pitfalls of RNAi. It is rather amazing that only 12 years
ago the scientific world had no clue that such a powerful, sequence specific
mechanism of gene regulation existed, yet already many clinical trials are well
underway employing RNAi triggers. This volume captures the excitement
and momentum of the field of siRNA applications, and should serve a useful
purpose in years to come.

John J. Rossi

Duarte, CA
July 2010
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BIOLOGY OF RNA INTERFERENCE
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CHAPTER 1

RNA INTERFERENCE: WHAT IS IT?
JAMES A. BIRCHLER

WHAT IS RNAi?

In its most simple incarnation, it is the technique in which double-stranded
RNA (dsRNA) is used to target the destruction of the homologous messenger
RNA (mRNA). The first indication that such was the case involved studies of
the use of antisense RNA to block the translation of specific proteins in the
nematode Caenorhabditis elegans [1]. The concept at the time was that the
introduction of antisense RNA would show base pair complementarity to
the mRNA and block the progression of translation. This technique had shown
some level of success in a variety of species. Interestingly, with the use of a
control of the sense RNA, the same level of inhibition of protein synthesis
was achieved as using the antisense. Thus, the technique of RNA interference
(RNAi) was born.

Shortly thereafter, the basis of the effectiveness of both sense and anti-
sense RNAs for RNA silencing became known [2]. This seminal contribution
established that the active ingredient in RNAi was indeed a dsRNA and that
the direct usage of dsRNA was very effective in eliminating the homologous
mRNA. This realization ignited great interest in the use of RNAi as a reverse
genetic technique throughout eukaryotic organisms.

While the technique of RNAi caused a revolution in genetics, we should
drop back and review a body of work that preceded its development and that
we now understand is related in mechanism. This work involves gene si-
lencing by the introduction of transgenes into various plant species. The first
example involved antibiotic resistance genes transformed into tobacco [3].
When one transgene was introduced its expression was robust. A second an-
tibiotic resistance gene was transformed and found to be well expressed. Both

RNA Interference: Application to Drug Discovery and Challenges to Pharmaceutical Development, Edited by Paul H. Johnson

Copyright C© 2011 John Wiley & Sons, Inc.
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4 RNA INTERFERENCE: WHAT IS IT?

types used the same promoter. When the two transgenes were crossed together
into the same plants, they both became inactive. Subsequent outcrossing to
separate the two types of transgenes resulted in the recovery of the activity
of both in the following generation. This type of transgene silencing was
established to work at the transcriptional level.

At about the same time, experiments were underway in two laboratories to
attempt to make petunia flowers darker than normal by adding an extra copy
of the chalcone synthase gene, which encodes the first step of anthocyanin
pigment biosynthesis, by transformation of petunias [4, 5]. However, the
result found was that the extra copy of the chalcone synthase gene produced
white flowers rather than darker ones. This phenomenon was referred to as
cosuppression and was found to operate at the posttranscriptional level.

As the literature developed about cosuppression and additional examples
were described, it was realized that a similar mechanism was operative against
many plant viruses. Such viruses typically have an RNA genome and it was
demonstrated that transgenes expressing a homologous RNA would serve to
target the viral RNA for destruction [6].

Thus, the concept arose that this process was a defense mechanism against
transposable elements and viruses [7]. Indeed, the virulence genes of plant
viruses were found to inhibit the process of posttranscriptional silencing
[8]. This fact strengthens the argument that host cells use this silencing
mechanism against viruses and that viruses have evolved ways to circumvent
such silencing. RNAi as a viral defense has also been observed in the animal
kingdom [9].

After the discovery that RNAi had a basis in dsRNA, elegant experiments
were performed that produced dsRNA homologous to promoters of the orig-
inal transcriptionally silenced antibiotic resistance genes [10]. The formation
of these RNAs was effective in silencing the target transgene. However, when
separated during meiotic segregation, the transgene could regain its activity.
The demonstration that dsRNA was involved with transcriptional transgene
silencing drew a connection between the two types of silencing. If aberrant
RNAs were produced with homology to the promoter, then transcriptional
silencing would result whereas aberrant RNAs with homology to mRNAs
would produce posttranscriptional silencing.

Transgene cosuppression was found in Drosophila, which extended this
type of silencing to the animal kingdom [11, 12]. A hybrid transgene
with the promoter from the white eye color gene was fused to the struc-
tural portion of the Alcohol dehydrogenase gene showed successively less
expression with increased copy number. In this case, the silencing was not as
strong as usually found in plants but was progressively stronger with increased
number of transgenes. The transgenes that were silenced became associated
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with the Polycomb repressive complex of chromatin proteins implying a
transcriptional level silencing, which was later directly confirmed.

The silencing of the Drosophila I retroelement, which is responsible for
one type of hybrid dysgenesis, possesses many characteristics of a similar
mechanism to cosuppresion in that the silencing is homology dependent
[13, 14]. Transgenes of a portion of the element are capable of silencing all
copies in the genome. The ability to silence is transmitted only through the
maternal parent to the progeny—a characteristic that is similar to the process
of hybrid dysgenesis.

The posttranscriptional basis of cosuppression suggested that an RNA
moiety was involved in recognizing the homologous RNAs for destruction.
A search for the entity involved led to the discovery of very small RNAs that
were a mere 21–23 base pairs (bp) in length [15]. This discovery together
with a developing literature about RNAi inspired biochemical studies of the
molecular mechanism.

In C. elegans and plants, the RNAi process can spread through the organism
in a systemic manner [16,17]. The small RNAs likely act as primers to serve as
a substrate with the homologous mRNA for RNA-dependent RNA polymerase
to generate additional quantities of dsRNAs that then are acted upon by Dicer.
This forms a self-perpetuating cascade that can continue via spread through
the organism and at least in C. elegans into the next generation [18]. Such
systemic spread has not been observed in Drosophila or mammals [19].

Much of the biochemistry of RNAi has been performed using Drosophila
extracts. The enzyme that catalyzes the conversion of dsRNAs to single-
stranded short interfering RNAs was sought. This protein was identified and
was referred to as Dicer, a ribonuclease III type enzyme [20]. Further analysis
of the machinery involved led to the description of the RNA interference
silencing complex, which incorporates the small RNAs as guides to target the
destruction of homologous mRNAs [21–27]. Parallel studies identified several
genes that were required for RNAi processes, which include several RNA
helicases and members of the Argonaute family of proteins. The Argonaute
family of proteins supplies the “slicer function” to cleave the mRNA [28].

Further connections between the small RNA silencing machinery and
transcriptional silencing were observed in Drosophila and fission yeast. The
Polycomb-dependent transgene gene silencing in flies was established to act
on the transcriptional level via run-on transcription assays [29]. A separate
type of transgene silencing was also described for Drosophila that was post-
transcriptional, namely, for a dosage series of the full-length Alcohol dehydro-
genase gene [29]. Both types of silencing were blocked by the piwi mutation,
which encodes an Argonaute family protein. The transcriptional silencing
was also partially blocked by another Argonaute mutation, aubergine.
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In fission yeast, the centromere repeats are silenced by the RNAi machin-
ery [30]. In this species, there is only a single Dicer, RNA-dependent RNA
polymerase and Argonaute, which facilitated the analysis. The silencing ma-
chinery generates small RNAs, which attract the histone methyltransferase
that methylates lysine 9 of histone 3 (H3-K9). This modification serves to
foster silenced chromatin by attracting Swi6, the yeast homologue of Hete-
rochromatin Protein 1. In Drosophila, genes required for RNAi in embryos
[31] suppress heterochromatic silencing and reduce the histone modifications
of H3-K9 [32].

Transcriptional silencing in fission yeast is associated with a separate
protein effector complex referred to as the RITS complex [33]. Furthermore,
interaction with RNA polymerase II is implicated in that mutations in the
largest and second largest subunit of polII disrupt the formation of small
RNAs involved with centromeric silencing [34]. Indeed in plants, a separate
RNA polymerase has evolved that is required for silencing functions [35–37].

While Dicer is involved with the production of small interfering RNAs
(siRNAs), other classes of small RNAs, studied most thoroughly from the
germline of flies and mammals, are generated in a Dicer-independent mech-
anism [38–40]. These RNAs are referred to as piRNAs because they are
associated with the Argonaute family protein, piwi, or its mammalian homo-
logues. The Argonaute family of proteins possess a “slicer” function capable
of endonucleolytic cleavage of RNA [39,40]. The piRNAs are slightly larger
than siRNAs being about 24 bp in length. The piRNAs are heavily involved
with the control of transposons in the germline but other classes of genes
have also been found among the piRNA sequences [41–46]. Interestingly,
there are “loci” in Drosophila that consist of retrotransposon fragments that
are transcribed and feed into the metabolism of piRNAs that act to silence the
homologous transposons [40].

While the piRNAs are presumed to operate posttranscriptionally and
mainly in the germline, numerous reports of mutant effects on chromatin
level phenomena have been made for the gene products involved with
piRNAs. These include transcriptional transgene silencing [29], heterochro-
matic silencing [32], pairing sensitive silencing [47, 48], chromatin insulator
function [49], nucleolar integrity [50], centromere function [51], and telom-
ere chromatin [52]. The full understanding of the function of the Argonaute
family and its involvement in Dicer-dependent and -independent small RNA
biology is not yet understood.

In addition to the siRNA and piRNAs, a third major class of small RNAs
are called microRNAs (miRNAs) [53–55]. These originate from endogenous
loci that have a foldback structure interrupted by a spacer region. These small
RNAs function to block the translation of mRNAs with which they share
close but not identical homology [56]. In some cases, they serve to trigger
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the destruction of the mRNA. Thus, they act as a modulation mechanism for
gene expression that is posttranscriptional. In vertebrates, the miRNAs are
generated by the same Dicer enzyme as siRNAs given that there is only one
such enzyme encoded in the genome [57]. Because miRNAs are the prevalent
small RNA in mammals, it was once thought that no endogenous siRNAs were
produced, but recent deep sequencing projects have found them, thus illus-
trating an overlapping enzyme specificity. However, in Drosophila, there are
two Dicer genes with a diverged preference for generating either miRNAs or
siRNAs [58].

As the knowledge of small RNA silencing processes continues to grow
the involvement in a variety of both posttranscriptional and transcriptional
silencing (or activation) processes is increasingly evident. While “RNAi”
was originally recognized as a powerful reverse genetic technique, its ba-
sis obviously rests on a biological phenomenon that the scientific commu-
nity has yet to fully grasp. The interrelationship of posttranscriptional and
transcriptional silencing mechanisms is far from clear and the occasional
overlap of gene products involved with the generation of si, pi, and miR-
NAs suggests connections that are yet to be revealed [41–46]. The num-
ber of chromatin level processes affected by gene products involved with
the generation and processing of small RNAs continues to expand suggest-
ing that small RNAs might have quite prevalent roles in many mechanisms
in the cell. The vast number of antisense transcripts also suggests a level
of gene regulation that is yet to be fully understood [59]. Thus, the phe-
nomenon of RNAi as a revolutionary genetic technique is likely a reflection
of a much deeper and pervasive RNA biology of which we still have much
to learn.
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CHAPTER 2

NUCLEIC ACIDS AS REGULATORY
MOLECULES
FAQING HUANG, C. J. YU, and YANLIN GUO

2.1 GENE EXPRESSION AND ITS REGULATION

2.1.1 Genes, Chromosomes, and Genomes

The basic nature of the gene was defined by Mendel more than a century ago.
Summarized in his two laws—the Law of Segregation and the Law of Inde-
pendent Assortment, the gene was recognized as a “particulate factor” that
passes unchanged from parent to progeny. In the 1940s, it was discovered that
DNA (deoxyribonucleic acid) is the carrier of genetic information, thereby
directly linking genes with DNA. Following the discovery of the double-
stranded DNA (dsDNA) structure by Watson and Crick in 1953, it became
clear that genetic information may be stored in DNA in the form of specific
sequences of nucleotides (A, G, C, and T) and that genetic information can be
transmitted by semiconservative replication through Watson–Crick base pair-
ing. The four normal nucleotides are made of two different types—purines
(A & G) and pyrimidines (C & T). Today, it is firmly established that, as the
genetic material, genes on DNA molecules provide a blueprint that directs
the developmental processes of cellular organisms and ultimately controls all
aspects of cellular activities. At the molecular level, a gene is defined as a
segment of DNA that encodes the information required to direct the synthesis
of a gene product—either a particular protein or just an RNA molecule.

DNA can be a very long molecule. For instance, the total length of nu-
clear DNA in each human cell is about 2 m, while the diameter of the cell
nucleus is only 5–8 µm. In order to ensure the equal distribution of DNA
between both daughter cells during mitosis and to avoid damage of DNA
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molecules, DNA molecules form complexes with proteins and are orderly
packaged into chromosomes in eukaryotic cells. Every eukaryotic species
has a characteristic number of chromosomes in each cell nucleus. For ex-
ample, human somatic cells (all body cells except the reproductive cells)
contain 23 pairs of chromosomes. Each chromosome contains one DNA
molecule that carries several hundred to a few thousand genes. The complete
set of genetic information carried by DNA in chromosomes of an organism is
called its genome. The complete genome sequences of several model organ-
isms including humans have been deciphered as a result of the Human Genome
Project. Genome sequencing projects have revealed that in higher organisms
there is a considerable amount of DNA that does not encode proteins. There-
fore, the noncoding DNA is commonly referred to as nonfunctional DNA. For
instance, the human genome consists of ∼3.1 billion base pairs. Less than 2%
of the genome actually codes for genes, which corresponds to 20,000–25,000
proteins. It is apparent that, in order to selectively express these genes from
the vast majority of nonfunctional DNA in the genome and to express dif-
ferent genes differentially, cells must have a well-controlled gene expression
system.

2.1.2 An Overview of Gene Expression

One of the central questions of molecular cell biology is how the genetic
information encoded in a gene is translated into specific cellular activities.
In other words, how does the information encoded by a gene contribute
its particular role to the properties and functions of the cell? To exert a
gene’s function, the information encoded by the nucleotide sequence of
a gene is used to yield a specific gene product—a functional protein or
a functional noncoding RNA [1]. In this chapter, we will limit our discussion
to protein as the gene product. In most cases, it is the protein that actually per-
forms the task of that particular gene in the cell. In multicellular organisms,
each cell type is programmed to express specific subsets of protein-encoding
genes that determine the biochemical and phenotypic properties of that cell
type. Whether it is a neuron for the transmission of neuronal signals or a
lymphocyte for immune responses. Although differences between a neuron
and a lymphocyte are extreme in both morphology and function, they still
have the same DNA. Therefore, cells of an organism differ not because they
contain different genes, but rather because they have turned on/off a specific
set of genes for their specialized cellular functions.

Most cells in multicellular organisms are developmentally programmed
to perform their specialized cellular functions. However, they must also be
able to alter their patterns of protein synthesis to meet the needs of cells
in response to environmental changes. For instance, the synthesis of several
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proteins is dramatically increased in liver cells when the cells are exposed to
a glucocorticoid hormone. This is because the glucocorticoid is released in
the body during starvation and signals the cell the need for increased glucose
production. In response to this stimulus, liver cells will turn on a set of genes
that are required for the synthesis of glucose from amino acids or other small
molecules. This example underscores the basic principle of gene expression
in multicellular organisms. Different types of cells must selectively express
the genes for their functions, and they must modify the expression patterns of
certain genes in response to extracellular signals.

2.1.3 Gene Expression—from Genes to Proteins

The protein-encoding genes of an organism contain all the necessary instruc-
tion for protein synthesis. However, DNA itself does not directly participate
in protein synthesis. Instead, the information in a gene is converted into the
sequence of a messenger RNA (mRNA) in a process called transcription.
Transcription is a general term for the DNA-templated synthesis of any RNA
(including mRNA, transfer RNA—tRNA, ribosomal—rRNA, and other non-
coding RNAs). An mRNA molecule with a defined sequence of A, G, C,
and U is a faithful transcript of the DNA sequence of a gene. The mRNA
molecule then acts as a template to direct the synthesis of a protein by the
protein synthesis machinery—the ribosome (consisting of several rRNAs and
tens of ribosomal proteins) through a process known as translation. During
translation, tRNAs play important roles as the adapter molecules, specific
amino acid carriers, and specific codon recognition. Therefore, the genetic
information in the cell is first transcribed from DNA to RNA and then to
protein. The entire process of genetic information flow from an information-
containing gene to a functional protein product is commonly referred to as
gene expression. All cells, from bacteria to human, follow the same pattern of
gene expression—this principle is so fundamental that it is called the central
dogma of molecular biology. However, the central dogma says nothing about
the regulation of gene expression. Thus, obvious questions arise as to what
determines the types and amounts of the proteins that characterize a particular
cell type, or what factors allow the cell to modify the gene expression pattern
in response to changes in its environment. These are the central questions of
gene expression regulation in current molecular cell biology.

2.1.4 Gene Structure

A eukaryotic gene contains both coding and noncoding regions. The non-
coding regions include the promoter, transcriptional regulatory sequences,
and polyadenylation signals. The promoter is the sequence where an RNA


