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Abstract
The control of gene expression is a biological process essential to all organisms. This is accomplished
through the interaction of regulatory proteins with specific DNA motifs in the control regions of the
genes that they regulate. Upon binding to DNA, and through specific protein–protein interactions, these
regulatory proteins convey signals to the basal transcriptional machinery, containing the respective RNA
polymerases, resulting in particular rates of gene expression. In eukaryotes, in addition and complementary to the binding of regulatory proteins to DNA, chromatin structure plays a role in modulating
gene expression. Small RNAs are emerging as key components in this process. This chapter provides an
introduction to some of the basic players participating in these processes, the transcription factors and
co-regulators, the cis-regulatory elements that often function as transcription factor docking sites, and
the emerging role of small RNAs in the regulation of gene expression.
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1. Introduction
Cells can be considered as membrane-enclosed environments in
which many different proteins undertake one or several specific
functions. Thus, the proper development and the functional integration of cells within an organism depend on controlling the
accumulation of these proteins within some defined concentration restrictions, which are space and time dependent. Consistent
with the central dogma of biology, which states that the genetic
information flow is, in general terms, from DNA to RNA and
then to the proteins, the instructions on how much and when a
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protein needs to be made are encoded in the DNA. The process
of transcription transfers the code responsible for making proteins, the cell workhorses, from the DNA to RNA and translation
converts a messenger RNA (mRNA) sequence into a sequence of
amino acids in a protein. Thus, protein levels can be controlled
at multiple stages, including transcription, translation as well as
mRNA and protein transport and stability. This chapter will primarily focus on the control mechanisms associated with transcription and responsible for how much mRNA is being made for each
of the thousands (or tens of thousands) protein-encoding genes
in a cell.

2. Description
2.1. Mechanisms
of Transcription

In simple terms, the process of transcription involves the unwinding double stranded DNA and the chemical synthesis of RNA,
using one of the two genomic DNA strands as the template for
the RNA sequence. This is achieved by DNA-dependent RNA
polymerases (RNAP). In prokaryotes, there is a single type of
RNAP, which is responsible for the generation of various types of
RNA, such as messenger RNA (mRNA), transfer RNA (tRNA),
and ribosomal RNA (rRNA). In eukaryotes, however, there are
multiple RNAPs, each specialized in the production of particular
types of RNA species. For example, RNAP I synthesizes rRNAs,
RNAP II synthesizes mRNAs, and RNAP III synthesizes tRNAs.
In addition, there are other RNAP with functions more restricted
to particular kingdoms. For example, in plants, RNAP IV synthesizes small interfering RNA (siRNAs) (1, 2) and RNAP V
transcribes intergenic and non-coding sequences, participating in
the small interfering RNA(siRNA)-mediated transcriptional gene
silencing (TGS) (3, 4).
To ensure proper gene expression levels, the activity of
prokaryotic RNAP and eukaryotic RNAP II, in particular, are
subjected to tight control. One of the best-studied mechanisms
involved in regulating RNAP II activity is through the effect of
transcription factors (TFs), which specify when and where RNAP
II (and associated factors) is tethered to DNA, how RNAP II
initiates (and re-initiates once a round of mRNA formation has
been completed) transcription, and elongates nascent mRNAs.
We define here TFs as proteins that bind DNA in a sequencespecific fashion to particular DNA sequences (cis-regulatory elements) located in the regulatory regions of the genes that they
control. This definition excludes the large number of proteins
that can affect gene expression without binding to specific DNA
sequences. As these proteins often function by modulating the
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action of specific DNA-binding TFs, there are few common characteristics that permit their easy identification.
TFs are usually classified into families, based on the presence of specific structures in their DNA-binding or protein–
protein interaction domains. In vitro, TFs usually recognize DNA
sequences 6–8-bp long, length that is clearly insufficient for the
exquisite regulatory specificity that they display in vivo, suggesting that large number of TFs form the active regulatory complexes and providing the bases for the principle of combinatorial
gene regulation (5).
In prokaryotes, binding of RNAP to specific regions is
achieved by a particular protein factor, the sigma (σ) subunit.
This prokaryotic TF increases the affinity of RNAP to certain promoter regions while decreasing its affinity to non-specific DNA.
The σ factor responsible for the regulation of most “housekeeping” genes in Escherichia coli is σ70 and σA in Bacillus subtilis,
which are responsible for initiating transcription from most promoters. Other σ factors are usually stress induced, to allow organisms to become virulent or adapt to any number of environmental changes such as hyperosmolarity, heat shock, oxidative stress,
nutrient deprivation, and variations in pH (6, 7).
2.2. Organization
of Gene Regulatory
Sequences
2.2.1. Operons
and Other Gene Clusters

One strategy by which prokaryotic organisms control the expression of genes that participate in a common process is to group
the genes into operons, which are usually transcribed from a
unique promoter resulting in a single (poly-cistronic) mRNA that
is translated into multiple proteins, allowing the cell to streamline
the control of transcription. Here, we describe the lac operon as
an archetypical bacterial operon, as an example of how prokaryotes negotiate the control of gene expression (Fig. 2.1).
The lac operon encodes for three enzymes (lacZ encoding
β-galactosidase, lacY encoding a lactose permease, and lacA
encoding a trans-acetylase) necessary for the uptake and
metabolism of lactose. Only when lactose but no glucose, a more
favorable carbon source, is present in the environment, the lac
operon is expressed. When grown in glucose, for example, regardless of whether lactose is present or not, the lacZYA genes are
not expressed, a consequence of a repressor protein (lac repressor) recognizing the operator sequence of the operon regulatory
region, preventing the recruitment of RNAP to the DNA. When
lactose is present, this small molecule recognizes the lac repressor,
preventing it from binding the operator sequence.
In eukaryotes, operon-like structures have been described,
although they clearly differ from bacterial operons, since they
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Fig. 2.1. Single RNAP transcribes multiple genes in an inducible lac operon. The repressor protein can bind to the
operator region and hinder RNAP binding to the promoter region in the absence of lactose (lac). When lac is present, this
small molecule binds to the repressor and dissociates it from operator, allowing RNAP to transcribe the lacZYA genes.

do not appear to produce poly-cistronic RNAs. Most of these
gene clusters encode enzymes that participate in a common pathway. Plants have the best described examples. These gene clusters
encode enzymes for multiple catalytic steps that synthesize compounds defending the host against pathogens (8–11). So far, the
mechanisms involved in the coordinate regulation of these complex gene clusters have not been established.
2.2.2. The Organization
of the Regulatory
Regions of RNAP
II-Transcribed Genes

The region of a gene, usually proximal to the transcription start
site (TSS), to which RNAP II and associated factors are initially
recruited, consists of the core or basal promoter. It assembles as a
complex formed by the basal transcription factors (BTF). The precise boundaries of the core promoter must be empirically determined for each gene, but as a rule of thumb, it is considered to
comprise ∼50 bp to each site of the TSS. Note that the convention is to number the first nucleotide represented in the mRNA
as +1, thus this interval can be represented as [−50; +50]. Core
promoters contain a number of cis-regulatory elements, which
include the TATA box and an Initiator (Inr) element (12–14).
However, there is no cis-regulatory element that is universally
present in all core promoters. Even the broadly distributed TATA
motif involved in the recruitment of the TATA-binding protein
(TBP), a central BTF involved in the assembly of the transcriptional pre-initiation complex (PIC), is present in just ∼30% of
all eukaryotic promoters (5). BTFs receive signals from other
regulatory factors, the TFs, most likely mediated by mediator
proteins (15). Textbooks indicate that the regulatory regions of
genes are usually located upstream of the TSS. However, notable
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recent evidence in large part provided by the Encyclopedia of
DNA Elements (ENCODE) consortium suggest that regulatory
sequences can be found in 5 - and 3 -untranslated regions (5 and 3 -UTRs), introns, and even coding regions (16). Thus, it is
clear that the definition of what the typical regulatory region of a
gene includes needs to be broadened.
2.3. Transcription
Factors as Key
Regulators of
Transcription

TFs are responsible for providing signals necessary for the correct assembly of the PIC and are therefore primarily responsible
for controlling the time, amplitude, and duration of gene transcription. About 5–7% of the genome of an eukaryotic organism encodes for TFs (17), which can be grouped into 50–60 distinct groups of families. Some families have dramatically expanded
while others might be absent altogether from particular organisms or kingdoms. For example, the MYB family, named after the
avian myeloblastocys virus from where the first protein harboring
this domain was first identified (18, 19), is very large in plants
(>180 members in Arabidopsis), while animal genomes contain
just a handful of genes encoding proteins with this domain.
TFs can activate or repress transcription. If they function as
transcriptional activators, they often harbor a transcriptional activation domain (TAD), responsible for interacting with mediator
or other BTFs. The structure of TADs is significantly less conserved than the folds that characterize DNA-binding domains,
and they are classified into various types (acidic, proline-rich,
glutamine-rich, etc.) (20). The structure of the acidic TAD of
the herpes simplex virus VP16 was determined and key residues
identified for function (21).

2.3.1. De Novo
Identification of TFs and
Target Sites

Important questions that the biologist often encounters include
(1) how to determine if a protein functions as TF or not and (2)
what are the direct targets (defined as the genes directly regulated) of a TF.

2.3.1.1. De Novo
Identification of TFs

For the identification of TFs from genome sequence or Expressed
Sequence Tag (EST) information, specific signatures characteristic of TFs can be followed. As described earlier, TFs can be
classified into families based on particular folds of the respective DNA-binding domains. These structures can often share little sequence identity, resulting in the need to investigate relatedness by using profiles that capture weak similarities or even
information on neighbor amino acids. The PFAM database
(http://pfam.sanger.ac.uk/) is a large collection of protein families, each represented by multiple sequence alignments and Hidden Markov Model (HMM) profiles (22). Within a protein family,
multiple alignments reveal similarity in particular regions due to
conserved amino acid sequences. These protein fragments correspond to one or more functional regions termed domains. PFAM
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contains profiles of domains that carry DNA-binding protein–
protein interaction functions and this information is used to predict if an unknown protein corresponds to a TF with a previously
described DNA-binding domain or not.
2.3.1.2. Identification of
Gene Directly Regulated
by a TF

The second problem that the experimentalist often encounters is
how to identify the genes that a TF directly regulates. In studying
TF function, it is important to establish which DNA sequences
they can bind to. This can be accomplished through in vitro
protein–DNA interaction techniques that include electrophoretic
mobility shift assays (EMSA) in combination with footprinting
approaches or by the systematic evolution of ligands by exponential enrichment (SELEX). Using information derived from such
experiments to predict TF targets in silico, however, is not trivial, as in vitro DNA-binding specificities established, for example, by SELEX are often not correlated with the sequences that
a TF binds in vivo – a good example being provided by E2F factors (23). Thus, the alternative is to experimentally identify the in
vivo targets of a TF. The participation of a TF in a given regulatory process can be inferred from mutant analyses or from
gene expression profile clusters. However, determining the ultimate function of a TF depends on identifying which genes it
can directly activate. Two main approaches are currently available to identify direct targets of TFs: (a) by expressing a fusion
of the TF to the hormone-binding domain of the glucocorticoid
receptor and identifying the mRNAs induced/repressed in the
presence of the GR ligand (dexamethasone, DEX), in the presence of an inhibitor of translation (e.g., cycloheximide, CHX), or
(b) by identifying the DNA sequences that a TF binds in vivo,
using chromatin immunoprecipitation (ChIP) assays, which can
be coupled with next generation sequencing methods (ChIP-Seq)
(24) or by using the immunoprecipitated DNA to hybridize a
tiling or promoter array representing all the genes in an organism (ChIP-chip) (25, 26). Information on TFs and their binding
sequences for a number of species is available at several databases
(Table 2.1).

2.4. Transcriptional
Networks

TFs function in networks, in which a regulatory protein controls the expression of another, which in turn may modulate the
expression of other regulatory proteins or control genes encoding structural proteins or enzymes. These hierarchical arrangements allow specific signals to be amplified, providing the information necessary for given sets of genes to be deployed with particular spatial and temporal patterns motifs (27). Gene regulatory networks (GRNs) are formed by motifs, and the dynamic
properties of these motifs significantly contribute to the overall
behavior of the network (28). MicroRNAs and other small RNAs
(briefly described in the next section) are also emerging as key
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Table 2.1
Online TF databases for various species. Online resources related to TFs are listed
and marked for information provided on TF sequence (TFs), TF binding sequences
(TF binding), promoter sequences, and TF binding locations in target gene promoters (Promoters) and regulatory networks. Circuitry of regulatory networks combines
individual TF–target gene relationships into single comprehensive view. A list of
plant cis-element resources and detailed discussion is available in (33)
Name

URL

AGRIS

arabidopsis.med.ohiostate.edu

DBD

www.transcription
factor.org

GRASSIUS

grassius.org

JASPAR

jaspar.cgb.ki.se

PAZAR

www.pazar.info

PLANTTFDB

planttfdb.cbi.pku.
edu.cn

PLNTFDB

plntfdb.bio.unipotsdam.de

TFCONES

tfcones.fugusg.org

TFdb

genome.gsc.riken.
jp/TFdb

TRANSFACb

www.generegulation.com

TFs

TF binding

Regulatory
Promoters networks

√

√

√

√

√
√

√

√

a

√

(37)
(38)

√

(39)
√

(40)

√
√

(17)
(36)

√

√

√

(34)
(35)

√
√

Reference

(41)
√

√

√

(42)

a Planned feature.
b Some features are available in commercial package.

components of GRNs [e.g., (29)], often participating in mixed
network motifs (27).
2.5. Small RNAs
and Gene Expression

One of the most significant discoveries of the past few years is
the realization that most of the DNA that lies between genes is
not really “junk,” but that it participates in the formation and is
the subject of regulation of a large number of non-coding RNAs,
often groups under the term small RNA (to distinguish them
from the longer mRNA, tRNA, or rRNA populations). Small
RNAs have indeed been called the “Guardians of the Genome”
(30), and one of their main functions appears to be to keep transposons (pieces of DNA that can move around the genome) at
bay, preventing major genome damage. Small RNAs can be of
different types and usually have lengths 20–30 nucleotides long.
They appear to be broadly distributed in all eukaryotes, and even
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prokaryotes express small RNAs with unique regulatory activities
(31). One class of small RNAs, the microRNAs (miRNAs) participate in the post-transcriptional regulation of mRNA translation
and stability. In contrast, small interfering RNAs (siRNAs) control gene expression by specifically targeting particular sequences
for silencing in the process of TGS that involves histone modifications and DNA methylation (32).
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