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AN OVERVIEW OF GENE CONTROL

• Introduction

Introduction

Figure 7–1 A neuron and a liver cell share the same genome. The long branches of this neuron from the retina 
enable it to receive electrical signals from many other neurons and convey them to neighboring neurons. The 
liver cell, which is drawn to the same scale, is involved in many metabolic processes, including digestion and 
the detoxification of alcohol and other drugs. Both of these mammalian cells contain the same genome, but 
they express different sets of RNAs and proteins. (Neuron adapted from S. Ramón y Cajal, Histologie du 
Systeme Nerveux de l’Homme et de Vertebres, 1909–1911. Paris: Maloine; reprinted, Madrid: C.S.I.C, 1972.) 



‘Biologists originally suspected that genes 
might be selectively lost when a cell becomes 

specialized’.

AN OVERVIEW OF GENE CONTROL

• The Different Cell Types of a Multicellular Organism 
Contain the Same DNA

The Different Cell Types of a Multicellular Organism Contain the Same 
DNA

Figure 7–2 Differentiated cells contain all the genetic instructions necessary to direct the formation of a 
complete organism. (A) The nucleus of a skin cell from an adult frog transplanted into an enucleated egg can 
give rise to an entire tadpole. The broken arrow indicates that, to give the transplanted genome time to adjust 
to an embryonic environment, a further transfer step is required in which one of the nuclei is taken from an 
early embryo that begins to develop and is put back into a second enucleated egg. 

The Different Cell Types of a Multicellular Organism Contain the Same 
DNA

(B) In many types of plants, differentiated cells retain the ability to “de-differentiate,” so that a single cell can 
form a clone of progeny cells that later give rise to an entire plant. 



The Different Cell Types of a Multicellular Organism Contain the Same 
DNA

(C) A nucleus removed from a differentiated cell from an adult cow and introduced into an enucleated egg 
from a different cow can give rise to a calf. Different calves produced from the same differentiated cell donor 
are all clones of the donor and are therefore genetically identical. (A, modified from J.B. Gurdon, Sci. Am. 
219:24–35, 1968.) 

The different cell types of a multicellular 
organism contain the same DNA

• If DNA were altered irreversibly during development, the 
chromosomes of a differentiated cell would be incapable of 
guiding the development of the whole organism.

‘All the cells contain the same genome. Cell 
differentiation is achieved by changes in gene 

expression’.

“Differentiated cells contain all the genetic 
instructions necessary to direct the formation of a 

complete organism”.

What makes cells express genes quite different 
from each other?

AN OVERVIEW OF GENE CONTROL

• Different Cell Types Synthesize Different Sets of 
RNAs and Proteins



Different Cell Types Synthesize Different Sets of RNAs and Proteins

Figure 7–3 Differences in RNA levels for two human genes in seven different tissues. To obtain the RNA data 
by the technique known as RNA-seq (see p. 447), RNA was collected from human cell lines grown in culture, 
derived from each of the seven indicated tissues. Millions of “sequence reads” were obtained and mapped 
across the human genome by matching RNA sequences to the DNA sequence of the genome. At each position 
along the genome, the height of the colored trace is proportional to the number of sequence reads that match 
the genome sequence at that point. As seen in the figure, the exon sequences in transcribed genes are present at 
high levels, reflecting their presence in mature mRNAs. Intron sequences are present at much lower levels and 
reflect pre-mRNA molecules that have not yet been spliced plus intron sequences that have been spliced out 
but not yet degraded. (A) The gene coding for “all-purpose” actin, a major component of the cytoskeleton. 
Note that the left-hand end of the mature β-actin mRNA is not translated into protein. As explained later in 
this chapter, many mRNAs have 5ʹ untranslated regions that regulate their translation into protein.

Different Cell Types Synthesize Different Sets of RNAs and Proteins

(B) The same type of data displayed for the enzyme tyrosine aminotransferase, which is highly expressed in 
liver cells but not in the other cell types tested. (Information for both panels from the University of California, 
Santa Cruz, Genome Browser (http://genome.ucsc.edu), which provides this type of information for every 
human gene. See also S. Djebali et al., Nature 489:101–108, 2012.) 

Different Cell Types Synthesize Different Sets of RNAs and Proteins

Figure 7–4 Differences in the proteins expressed by two human tissues, (A) brain and (B) liver. In each panel,  
the proteins are displayed using two-dimensional polyacrylamide-gel electrophoresis (see pp. 452–454). The 
proteins have been separated by molecular weight (top to bottom) and isoelectric point, the pH at which the 
protein has no net charge (right to left). 

Different cell types produce different sets of 
proteins

• A typical differentiated human cell expresses perhaps 
5,000-15,000 genes from a repertoire of about 
25,000.



AN OVERVIEW OF GENE CONTROL

• External Signals Can Cause a Cell to Change the 
Expression of Its Genes

• Extracellular cues (starvation or intense exercise)

• Glucocorticoid hormones (liver cell)
• Increase the production of glucose from amino acids and other small 

molecules.

• Induce enzymes such as tyrosine aminotransferase (which helps 
to convert tyrosine to glucose).

• Glucocorticoid hormones (fat cells)
• Reduce production of tyrosine aminotransferse.

• Some other cells do not respond to glucocorticoids at all.

A cell can change the expression of its genes 
in response to external signals

Endocrine system

adapted fromhttp://catalog.flatworldknowledge.com/bookhub/reader/22209?e=stangor-ch03_s04

Therefore, gene expression is affected and 
regulated by a variety of external signals



AN OVERVIEW OF GENE CONTROL

• Gene Expression Can Be Regulated at Many of the 
Steps in the Pathway from DNA to RNA to Protein

Gene Expression Can Be Regulated at Many of the Steps in the 
Pathway from DNA to RNA to Protein

CONTROL OF TRANSCRIPTION BY SEQUENCE-
SPECIFIC DNA-BINDING PROTEINS

• The Sequence of Nucleotides in the DNA Double 
Helix Can Be Read by Proteins

Transcription regulators

• recognize specific sequences of DNA (typically 
5–10 nucleotide pairs in length) that are often 
called cis-regulatory sequences, because they must 
be on the same chromosome (that is, in cis) to 
the genes they control.

• Approximately 10% of the protein-coding genes of 
most organisms are devoted to transcription 
regulators.



The Sequence of Nucleotides in the DNA Double Helix Can Be Read by 
Proteins

Figure 7–6 Double-helical structure 
of DNA. A space-filling model of 
DNA showing the major and minor 
grooves on the outside of the 
double helix (see Movie 4.1). The 
atoms are colored as follows: 
carbon, dark blue; nitrogen, light 
blue; hydrogen, white; oxygen, red; 
phosphorus, yellow. 

The Sequence of Nucleotides in the DNA Double Helix Can Be Read by 
Proteins

Figure 7–7 How the 
different base pairs in 
DNA can be recognized 
from their edges without 
the need to open the 
double helix. 

• Transcription regulators must recognize short, specific cis-
regulatory sequences within a very long double helix that 
has both a major and a minor groove.

• Outside of the double helix is studded with DNA 
sequence information that transcription regulators 
recognize: the edge of each base pair presents a distinctive 
pattern of hydrogen-bond donors, hydrogen-bond 
acceptors, and hydrophobic patches in both the major 
and minor grooves.

• Because the major groove is wider and displays more 
molecular features than does the minor groove, nearly 
all transcription regulators make the majority of their 
contacts with the major groove.

CONTROL OF TRANSCRIPTION BY SEQUENCE-
SPECIFIC DNA-BINDING PROTEINS

• Transcription Regulators Contain Structural Motifs 
That Can Read DNA Sequences



Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences

Figure 7–8 The binding of a transcription regulator to a specific DNA sequence. On the left, a single contact is 
shown between a transcription regulator and DNA; such contacts allow the protein to “read” the DNA 
sequence. On the right, the complete set of contacts between a transcription regulator (a member of the 
homeodomain family—see Panel 7–1) and its cis-regulatory sequence is shown. The DNA-binding portion of 
the protein is 60 amino acids long. Although the interactions in the major groove are the most important, the 
protein is also seen to contact both the minor groove and phosphates in the sugar–phosphate DNA backbone. 
(See C. Wolberger et al., Cell 67:517–528, 1991.) 

Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences

Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences

Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences



Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences

Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences

Transcription Regulators Contain Structural Motifs That Can Read DNA 
Sequences CONTROL OF TRANSCRIPTION BY SEQUENCE-

SPECIFIC DNA-BINDING PROTEINS

• Dimerization of Transcription Regulators Increases 
Their Affinity and Specificity for DNA



Dimerization of Transcription Regulators Increases Their Affinity and 
Specificity for DNA

Figure 7–9 Transcription regulators and cis-regulatory sequences. (A) Depiction of the cis-regulatory 
sequence for Nanog, a homeodomain family member that is a key regulator in embryonic stem cells. This 
“logo” form (see Figure 6–12) shows that the protein can recognize a collection of closely related DNA 
sequences and gives the preferred nucleotide pair at each position. Cis-regulatory sequences are “read” as 
double-stranded DNA, but only one strand typically is shown in a logo. 

Dimerization of Transcription Regulators Increases Their Affinity and 
Specificity for DNA

(B) Representation of the cis-regulatory sequence as a colored box. 

Dimerization of Transcription Regulators Increases Their Affinity and 
Specificity for DNA

(C) Many transcription regulators form dimers (homodimers) and heterodimers. In the example shown, three 
different DNA- binding specificities are formed from two transcription regulators.

CONTROL OF TRANSCRIPTION BY SEQUENCE-
SPECIFIC DNA-BINDING PROTEINS

• Transcription Regulators Bind Cooperatively to DNA



Transcription Regulators Bind Cooperatively to DNA

Figure 7–10 Occupancy of a cis- regulatory sequence by a transcription regulator. (A) Noncooperative binding 
by a stable heterodimer. (B) Cooperative binding by components of a heterodimer that are predominantly 
monomers in solution. The shape of the curve differs from that of (A) because the fraction of protein in a form 
competent to bind DNA (the heterodimer) increases with increasing protein concentration. 

Cooperative binding means that, over a range of 
concentrations of the transcription regulator, binding is 
more of an all-or-none phenomenon than for 
noncooperative binding; that is, at most protein 
concentrations, the cis-regulatory sequence is either 
nearly empty or nearly fully occupied and rarely is some- 
where in between.

CONTROL OF TRANSCRIPTION BY SEQUENCE-
SPECIFIC DNA-BINDING PROTEINS

• Nucleosome Structure Promotes Cooperative 
Binding of Transcription Regulators

Nucleosome Structure Promotes Cooperative Binding of Transcription 
Regulators



Nucleosome Structure Promotes Cooperative Binding of Transcription 
Regulators

Nucleosome Structure Promotes Cooperative Binding of Transcription 
Regulators

Nucleosome Structure Promotes Cooperative Binding of Transcription 
Regulators

Transcription regulators recognize short stretches of double-helical 
DNA of defined sequence called cis-regulatory sequences, and thereby 
determine which of the thou- sands of genes in a cell will be 
transcribed. Approximately 10% of the protein-coding genes in most 
organisms produce transcription regulators, and they control many 
features of cells. Although each of these transcription regulators has 
unique features, most bind to DNA as homodimers or heterodimers 
and recognize DNA through one of a small number of structural 
motifs. Transcription regulators typically work in groups and bind 
DNA cooperatively, a feature that has several under- lying 
mechanisms, some of which exploit the packaging of DNA in 
nucleosomes.

Summary



TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• The Tryptophan Repressor Switches Genes Off

The Tryptophan Repressor Switches Genes Off

Figure 7–12 A cluster of bacterial genes can be transcribed from a single promoter. 

The Tryptophan Repressor Switches Genes Off

igure 7–13 Genes can be switched off by repressor proteins. If the concentration of tryptophan inside a 
bacterium is low (left), RNA polymerase (blue) binds to the promoter and transcribes the five genes  
of the tryptophan operon. However, if the concentration of tryptophan is high (right), the repressor protein 
(dark green) becomes active and binds to the operator (light green), where it blocks the binding of RNA 
polymerase to the promoter. Whenever the concentration of intracellular tryptophan drops, the repressor falls 
off the DNA, allowing the polymerase to again transcribe the operon. Although not shown in the figure, the 
repressor is a stable dimer. 

Transcriptional switches allow cells to respond 
to changes in the environment

(Procaryotic cell)

• Bacterium E. coli : single circular DNA of 4.6 x 106 nt.

• Regulate the expression : food sources.
• Example: Tryptophan Operon

• Operon: A set of genes → a single mRNA.
• Common in bacteria.
• 5 genes code for enzymes for tryptophan.



☞ Allosteric protein: 

• Binding of Trp causes a subtle change in its 
three-dimensional structure of repressors.

• Repressors can now bind to the operator DNA.

*Constitutive gene (cf. inducible gene):
•  Continuously transcribed at a low level without regulation of gene expression (ex. Trp 
repressor).
•  The bacterium can respond very rapidly to the rise in tryptophan concentration.

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Repressors Turn Genes Off and Activators Turn 
Them On

Repressors Turn Genes Off and Activators Turn Them On

Figure 7–14 Genes can be switched on by activator proteins. An activator protein binds to its cis-regulatory 
sequence on the DNA and interacts with the RNA polymerase to help it initiate transcription. Without the 
activator, the promoter fails to initiate transcription efficiently. In bacteria, the binding of the activator to DNA 
is often controlled by the interaction of a metabolite or other small molecule (red triangle) with the activator 
protein. The Lac operon works in this manner, as we discuss shortly. 

 Activator 

• Switch / on.
• Regulatory sequence.
• Initiate transcription.
• Controlled by the interaction of a metabolite or other 

small molecule.
• Example: CAP has to bind cAMP before it can bind to 

DNA.

Repressors turn genes off, activators turn them on



TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• An Activator and a Repressor Control the Lac 
Operon

An Activator and a Repressor Control the Lac Operon

• Lac operon encodes proteins to digest lactose.
• Lac operon is controlled by lac repressor + activator CAP.

• glu - 
• CAP switches on genes.
• Utilize alternative sources of carbon (lactose).

• lac -
• lac repressor bound and the operon is shut off.

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• DNA Looping Can Occur During Bacterial Gene 
Regulation



DNA Looping Can Occur During Bacterial Gene Regulation

Figure 7–16 Transcriptional activation at a distance. (A) The NtrC protein is a bacterial transcription regulator 
that activates transcription by directly contacting RNA polymerase. 

DNA Looping Can Occur During Bacterial Gene Regulation

(B) The interaction of NtrC and 
RNA polymerase, with the 
intervening DNA looped out, 
can be seen in the electron 
microscope. (B, courtesy of 
Harrison Echols and Sydney 
Kustu.)

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Complex Switches Control Gene Transcription in 
Eukaryotes

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• A Eukaryotic Gene Control Region Consists of a 
Promoter Plus Many cis-Regulatory Sequences



A Eukaryotic Gene Control Region Consists of a Promoter Plus Many 
cis-Regulatory Sequences

Figure 7–17 The gene control region  
for a typical eukaryotic gene. 

“It was surprising to biologists when, in 1979, it was 
discovered that these activator proteins could be bound 
thousands of nucleotide pairs away from the promoter”

• Activator:  Aid the assembly of the GTFs and RNApII.
• Enhancers: DNA sites to which the activators bound.

• Action mechanism of Activators and Repressors

• Activators : Assembly of the GTFs and RNA pol II ↑
• Repressor:  Assembly of the GTFs and RNA pol II ↓ → Tx ↓
• Activator & Repressor:

• Attract proteins that modulate chromatin structure.

• Affect the accessibility of the promoter to the GTFs and RNApII.

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Eukaryotic Transcription Regulators Work in Groups



Eukaryotic Transcription Regulators Work in Groups

Figure 7–18 Eukaryotic transcription regulators assemble into complexes on DNA. 

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Activator Proteins Promote the Assembly of RNA 
Polymerase at the Start Point of Transcription

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Eukaryotic Transcription Activators Direct the 
Modification of Local Chromatin Structure

Eukaryotic Transcription Activators Direct the Modification of Local 
Chromatin Structure

Figure 7–19 Eukaryotic transcription activator proteins direct local alterations in chromatin structure. 



Eukaryotic Transcription Activators Direct the Modification of Local 
Chromatin Structure

Figure 7–20 Successive histone 
modifications during transcription initiation. 

Eukaryotic Transcription Activators Direct the Modification of Local 
Chromatin Structure

“Nucleosomes can inhibit the initiation of transcription   
probably because they physically block the assembly of 
the general transcription factors, RNA polymerase on 
the promoter”

In eucaryotic cells, activator and repressor exploit 
chromatin structure to help turn genes on and off. 

2. Histone modifying proteins

• Histone acetyltransferase (HAT) (Gene activator)

 Acetylation to K of histone; Accessibility ↑
 Assembly of the GTFs and RNA pol II ↑ (Acetyl groups themselves are 

recognized by proteins that promote transcription).

• Histone deacetylase (HDAC) (Gene repressor)

Deacetylation;  Accessibility ↓

1. Chromatin remodeling complex

• Change the structure of nucleosomes.

• ATP hydrolysis

• Accessibility ↑



• HDAC inhibitors specifically inhibit the enzyme, histone 
deacetylase in eucaryotic cells including most types of cancers. 

• Today, HDAC inhibitors are being evaluated as anticancer 
drugs with novel mechanism.

• What would be the proposed mechanisms by which 
HDAC inhibitors suppress the growth of cancer cells including 
‘Apoptosis’?

• General idea

• The GTFs, mediator, and RNA polymerase seem unable on 
their own to assemble on a promoter that is packed in 
standard nucleosomes.

• Such packing may have evolved to prevent “leaky” 
transcription.

• Four of the most important ways of locally altering chromatin

• Nucleosome remodeling
• Nucleosome removal
• Nucleosome replacement

• Histone modification

• Writing and reading the histone code during 
transcription

• An order of events leading to transcription initiation 
of a specific gene.

• Does histone modification always precede 
chromatin remodeling?

• Does mediator enter before or after RNA 
polymerase?

• Different for different genes.

TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Transcription Activators Can Promote Transcription 
by Releasing RNA Polymerase from Promoters



Transcription Activators Can Promote Transcription by Releasing RNA 
Polymerase from Promoters TRANSCRIPTION REGULATORS  

SWITCH GENES ON AND OFF

• Transcription Activators Work Synergistically

Transcription Activators Work Synergistically

Gene activator proteins work synergistically

• Gene activator proteins often exhibit transcriptional 
synergy, where several activator proteins working together 
produce a transcription rate that is much higher 
than that of the sum of the activators working alone.



TRANSCRIPTION REGULATORS  
SWITCH GENES ON AND OFF

• Eukaryotic Transcription Repressors Can Inhibit 
Transcription in Several Ways

Eukaryotic Transcription Repressors Can Inhibit Transcription in 
Several Ways

Eukaryotic Transcription Repressors Can Inhibit Transcription in 
Several Ways TRANSCRIPTION REGULATORS  

SWITCH GENES ON AND OFF

• Insulator DNA Sequences Prevent Eukaryotic 
Transcription Regulators from Influencing Distant 
Genes



Insulator DNA Sequences Prevent Eukaryotic Transcription 
Regulators from Influencing Distant Genes

Figure 7–24 Schematic diagram summarizing the properties of insulators and barrier sequences. (A) Insulators 
directionally block the action of cis-regulatory sequences, whereas barrier sequences prevent the spread of 
heterochromatin. How barrier sequences likely function is depicted in Figure 4–41. 

Insulator DNA Sequences Prevent Eukaryotic Transcription 
Regulators from Influencing Distant Genes

(B) Insulator-binding proteins (purple) hold chromatin in loops, thereby favoring “correct” cis-regulatory 
sequence–gene associations. Thus, gene B is properly regulated, and gene B’s cis- regulatory sequences are 
prevented from influencing the transcription of gene A. 

Insulator DNA Sequences Prevent Eukaryotic Transcription 
Regulators from Influencing Distant Genes

Figure 7–25 Localization of a Drosophila insulator-binding protein on polytene chromosomes. A polytene 
chromosome (discussed in Chapter 4) was stained with propidium iodide (red) to show its banding patterns, 
with bands appearing bright red and interbands as dark gaps in the pattern (top). The positions on this 
polytene chromosome that are bound by a particular insulator protein are stained bright green using antibodies 
directed against the protein (bottom). This protein is preferentially localized to interband regions, reflecting its 
role in organizing chromosomes into structural, as well as functional, domains. For convenience, these two 
micrographs of the same polytene chromosome are arranged as mirror images. (Courtesy of Uli Laemmli, 
from K. Zhao et al., Cell 81:879–889, 1995. With permission from Elsevier.) 

Transcription regulators switch the transcription of individual genes on and off in cells. 
In prokaryotes, these proteins typically bind to specific DNA sequences close to the 
RNA polymerase start site and, depending on the nature of the regulatory protein and 
the precise location of its binding site relative to the start site, either activate or repress 
transcription of the gene. The flexibility of the DNA helix, how- ever, also allows 
proteins bound at distant sites to affect the RNA polymerase at the promoter by the 
looping out of the intervening DNA. The regulation of higher eukaryotic genes is 
much more complex, commensurate with a larger genome size and the large variety of 
cell types that are formed. A single eukaryotic gene is typically controlled by many 
transcription regulators bound to sequences that can be tens or even hundreds of 
thousands of nucleotide pairs from the promoter that directs transcription of the gene. 
Eukaryotic activators and repressors act by a wide variety of mechanisms—generally 
altering chromatin structure and controlling the assembly of the general transcription 
factors and RNA polymerase at the promoter. They do this by attracting coactivators 
and co-repressors, protein complexes that perform the necessary biochemical 
reactions. The time and place that each gene is transcribed, as well as its rates of 
transcription under different conditions, are determined by the particular spectrum of 
transcription regulators that bind to the regulatory region of the gene. 

Summary



MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Complex Genetic Switches That Regulate 
Drosophila Development Are Built Up from Smaller 
Molecules

Complex Genetic Switches That Regulate Drosophila Development Are 
Built Up from Smaller Molecules

Figure 7–26 The nonuniform distribution of transcription regulators in an early Drosophila embryo. At this 
stage, the embryo is a syncytium; that is, multiple nuclei are contained in a common cytoplasm. Although not 
shown in these drawings, all of these proteins are concentrated in the nuclei. How such differences are 
established is discussed in Chapter 21. 

Drosophila Even-skipped (Eve) gene

• plays an important part in the development of the 
Drosophila embryo.

• when Eve begins to be expressed, the embryo is a single 
giant cell containing multiple nuclei in a common cytoplasm.

• This cytoplasm contains a mixture of transcription regulators 
that are distributed unevenly along the length of the 
embryo, thus providing positional information that 
distinguishes one part of the embryo from another.

Complex Genetic Switches That Regulate Drosophila Development Are 
Built Up from Smaller Molecules

Figure 7–27 The seven stripes of the protein encoded by the Even- skipped (Eve) gene in a developing 
Drosophila embryo. Two and one-half hours after fertilization, the egg was fixed and stained with antibodies 
that recognize the Eve protein (green) and antibodies that recognize the Giant protein (red). Where Eve and 
Giant proteins are both present, the staining appears yellow. At this stage in development, the egg contains 
approximately 4000 nuclei. The Eve and Giant proteins are both located in the nuclei, and the Eve stripes are 
about four nuclei wide. The pattern for the Giant protein is also shown in Figure 7–26. (Courtesy of Michael 
Levine.) 



Complex Genetic Switches That Regulate Drosophila Development Are 
Built Up from Smaller Molecules

Figure 7–28 Experiment demonstrating the modular construction of the Eve gene regulatory region. (A) A 
480-nucleotide- pair section of the Eve regulatory region was removed and (B) inserted upstream of a test 
promoter that directs the synthesis of the enzyme β-galactosidase (the product of the E. coli LacZ gene—see 
Figure 7–15).

Complex Genetic Switches That Regulate Drosophila Development Are 
Built Up from Smaller Molecules

Complex Genetic Switches That Regulate Drosophila Development Are 
Built Up from Smaller Molecules

(C, D) When this artificial construct was reintroduced into the genome of Drosophila embryos, the embryos 
(D) expressed β-galactosidase (detectable by histochemical staining) precisely in the position of the second of 
the seven Eve stripes (C). β-Galactosidase is simple to detect and thus provides a convenient way to monitor 
the expression specified by a gene control region. As used here, β-galactosidase is said to serve as a reporter, 
since it “reports” the activity of a gene control region. (C and D, courtesy of Stephen Small and Michael 
Levine.) 

MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• The Drosophila Eve Gene Is Regulated by 
Combinatorial Controls



The Drosophila Eve Gene Is Regulated by Combinatorial Controls

Figure 7–29 The Eve stripe 2 unit. The segment of the Eve gene control region identified in Figure 7–28 
contains cis- regulatory sequences for four transcription regulators. It is known from genetic experiments that 
these four regulatory proteins are responsible for the proper expression of Eve in stripe 2. Flies that are 
deficient in the two gene activators Bicoid and Hunchback, for example, fail to efficiently express Eve in 
stripe 2. In flies deficient in either of the two gene repressors, Giant and Krüppel, stripe 2 expands and covers 
an abnormally broad region of the embryo. As indicated, in some cases the binding sites for the transcription 
regulators overlap, and the proteins can compete for binding to the DNA. For example, binding of Krüppel 
and binding of Bicoid to the site at the far right is mutually exclusive. 

The Drosophila Eve Gene Is Regulated by Combinatorial Controls

Figure 7–30 Distribution of the transcription regulators responsible for ensuring that Eve is expressed in stripe 2.

The Drosophila Eve Gene Is Regulated by Combinatorial Controls

Figure 7–31 The integration of multiple inputs at a promoter. Multiple sets of transcription regulators, 
coactivators, and co-repressors can work together to influence transcription initiation at a promoter, as they do 
in the Eve stripe 2 module illustrated in Figure 7–29. It is not yet understood in detail how the cell achieves 
integration of multiple inputs, but it is likely that the final transcriptional activity of the gene results from a 
competition between activators and repressors that act by the mechanisms summarized in Figures 7–17, 7–19, 
and 7–23. 

MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Transcription Regulators Are Brought Into Play by 
Extracellular Signals



Transcription Regulators Are Brought Into Play by Extracellular 
Signals MOLECULAR GENETIC MECHANISMS THAT CREATE 

AND MAINTAIN SPECIALIZED CELL TYPES

• Combinatorial Gene Control Creates Many Different 
Cell Types

Combinatorial Gene Control Creates Many Different Cell Types

Figure 7–33 The importance 
of combinatorial gene 
control for development. 

Combinatorial Gene Control Creates Many Different Cell Types

Figure 7–34 A small set of transcription regulators can convert one differentiated cell type into another. In this 
experiment, (A) liver cells grown in culture were converted into (B) neuronal cells via the artificial expression 
of three nerve-specific transcription regulators. Both types of cells express an artificial red fluorescent protein, 
which is used to visualize them. This conversion involves the activation of many nerve-specific genes as well 
as the repression of many liver-specific genes. 



Combinatorial Gene Control Creates Many Different Cell Types

Figure 7–35 Expression of the Drosophila Eyeless gene in precursor cells of the leg triggers the development 
of an eye on the leg. (A) Simplified diagrams showing the result when a fruit fly larva contains either the 
normally expressed Eyeless gene (left) or an Eyeless gene that is additionally expressed artificially in cells that 
normally give rise to leg tissue (right).

Combinatorial Gene Control Creates Many Different Cell Types

(B) Photograph of an abnormal leg 
that contains a misplaced eye (see 
also Figure 21–2). The transcription 
regulator was named Eyeless 
because its inactivation in otherwise 
normal flies causes the loss of eyes. 
(B, courtesy of Walter Gehring.) 

• A single gene regulatory protein (Ey in flies, Pax-6 in vertebrates) 

• Trigger the formation of not just a single cell type but a whole organ – the eye (composed 

of different types of cells all properly organized in three dimensional space).

•Turns on a cascade of gene regulatory proteins.

• Forms an organized group of many different types of cells.

• How does the Ey protein coordinate the specification of each 
cell in the eye? 

• An actively studied topic in developmental biology.

•Ey directly controls the expression of many genes by binding to DNA sequences in their 
regulatory regions.

• Some of the genes controlled by Ey encode additional transcription regulators 
that control the expression of other genes.

• Some of these regulators act back on Ey itself to create a positive feedback loop that 

ensures the continued production of the Ey protein.

• Therefore, the action of just one transcription regulator can produce 
a cascade of regulators whose combined actions lead to the formation of an organized group of 

many different types of cells.



MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Specialized Cells Must Rapidly Turn Sets of Genes 
On and Off

Specialized Cells Must Rapidly Turn Sets of Genes On and Off

Figure 7–36 A combination of transcription regulators can induce a differentiated cell to de-differentiate into a 
pluripotent cell. The artificial expression of a set of three genes, each of which encodes a transcription 
regulator, can reprogram a fibroblast into a pluripotent cell with embryonic stem (ES)-cell-like properties. 
Like ES cells, such induced pluripotent stem (iPS) cells can proliferate indefinitely in culture and can be 
stimulated by appropriate extracellular signal molecules to differentiate into almost any cell type found in the 
body. Transcription regulators such as Oct4, Sox2, and Klf4 are often called master transcription regulators 
because their expression is sufficient to trigger a change in cell identity. 

MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Combinations of Master Transcription Regulators 
Specify Cell Types by Controlling the Expression of 
Many Genes

Combinations of Master Transcription Regulators Specify Cell Types 
by Controlling the Expression of Many Genes

Figure 7–37 A portion of the transcription 
network specifying embryonic stem cells. 
(A) The three master transcription 
regulators in Figure 7–36 are shown as 
large circles. Genes whose cis-regulatory 
sequences are bound by each regulator in 
embryonic stem cells are indicated by a 
small dot (representing the gene) 
connected by a thin line (representing the 
binding reaction). Note that many of the 
target genes are bound by more than one 
of the regulators. 



Combinations of Master Transcription Regulators Specify Cell Types 
by Controlling the Expression of Many Genes

(B) The master regulators control their own expression. As shown here, the three transcriptional regulators 
bind to their own control regions (indicated by feedback loops), as well as those of the other  
master regulators (indicated by straight arrows). (Courtesy of Trevor Sorrells, based on data from J. Kim et al., 
Cell 132:1049– 1061, 2008.) 

MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Specialized Cells Must Rapidly Turn Sets of Genes 
On and Off

Specialized Cells Must Rapidly Turn Sets of Genes On and Off

The expression of different genes can be 
coordinated by a single protein

Switch on/off bac cells euk cells

Individually √ √

combinatorially operon ?

• In particular, a eucaryotic cell uses a committee of regulatory proteins to 
control each of its genes.

• How can it rapidly and decisively switch whole groups of genes on or off? 



• A single gene regulatory protein 

• ‘decisive’

•Completing the combination to activate or repress.

•Switching any particular gene on or off.

• Complete the combination for several different genes.

Glucocorticoid (GC)

- GC is a class of steroid hormones that bind to the glucocorticoid 
receptor. 

- GC is present in almost every vertebrate animal cell.

- Glucocorticoid (glucose + cortex + steroid) : its metabolism regulation of 
glucose, its synthesis in the adrenal cortex, and its steroidal structure.

- GC turns immune activity (inflammation) down. 

- GCs are therefore used in medicine to treat diseases caused by an 
overactive immune system, such as allergies (알러지), asthma (천식), 
autoimmune diseases (자가면역질환), and sepsis (패혈증). 

- Cortisol is the most important human glucocorticoid.

- Various synthetic glucocorticoids to treat glucocorticoid deficiency or to 
suppress the immune system.

http://en.wikipedia.org/wiki/Glucocorticoid

• Question: One way bacteria coordinate the expression of a 
set of genes is by having them clustered together in an 
operon under the control of a single promoter. But, how do 
eucaryotes coordinate gene expression?

• In particular, a eucaryotic cell uses a committee of regulatory proteins to 

control each of its genes.

• How can it rapidly and decisively switch whole groups of genes on or off? 

MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Differentiated Cells Maintain Their Identity



Differentiated Cells Maintain Their Identity

Figure 7–39 A positive feedback loop can create cell memory. Protein A is a master transcription regulator that 
activates the transcription of its own gene—as well as other cell-type-specific genes (not shown). All of the 
descendants of the original cell will therefore “remember” that the progenitor cell had experienced a transient 
signal that initiated the production of protein A.

• Once a cell has become differentiated...
• Generally remain differentiated.

• All its progeny cells will be of that same cell type.

•Remembered.

• Stable patterns of gene expression can be transmitted to 
daughter cells

How do cells ensure that daughter cells “remember” what 
kind of cells they are supposed to be?

MOLECULAR GENETIC MECHANISMS THAT CREATE 
AND MAINTAIN SPECIALIZED CELL TYPES

• Transcription Circuits Allow the Cell to Carry Out 
Logic Operations

Transcription Circuits Allow the Cell to Carry Out Logic Operations

Figure 7–40 Common types of network motifs in transcription circuits. A and B represent transcription 
regulators, arrows indicate positive transcription control, while lines with bars depict negative transcription 
control. In the feed-forward loop, A and B represent transcription regulators that both activate the transcription 
of target gene Z (see also Figure 8–86).



Transcription Circuits Allow the Cell to Carry Out Logic Operations

Figure 7–41 How a feed-forward loop can measure the duration of a signal. (A) In this theoretical example, 
transcription regulators A and B are both required for transcription of Z, and A becomes active only when an 
input signal is present. (B) If the input signal to A is brief, A does not stay active long enough for B  
to accumulate, and the Z gene is not transcribed. (C) If the signal to A persists, B accumulates, A remains 
active, and Z is transcribed. This arrangement allows the cell to ignore rapid fluctuations of the input signal 
and respond only to persistent levels. This strategy could be used, for example, to distinguish between random 
noise and a true signal. 

Transcription Circuits Allow the Cell to Carry Out Logic Operations

Figure 7–42 The exceedingly complex gene circuit that specifies a portion of the developing sea urchin 
embryo. Each colored small box represents a different gene. Those in yellow code for transcription regulators 
and those in green and blue code for proteins that give cells of the mesoderm and endoderm, respectively, 
their specialized characteristics. Genes depicted in gray are largely active in the mother and provide the egg 
with cues needed for proper development. As in Figure 7–40, arrows depict instances in which a transcription 
regulator activates the transcription of another gene. Lines ending in bars indicate examples of gene 
repression. 

Summary

The many types of cells in animals and plants are created largely 
through mechanisms that cause different sets of genes to be 
transcribed in different cells. The transcription of any particular gene 
is generally controlled by a combination of transcription regulators. 
Each type of cell in a higher eukaryotic organism contains a specific 
set of transcription regulators that ensures the expression of only 
those genes appropriate to that type of cell. A given transcription 
regulator may be active in a variety of circumstances and is typically 
involved in the regulation of many differ- ent genes. 

Summary

Since specialized animal cells can maintain their unique character 
through many cell-division cycles, and even when grown in culture, 
the gene regulatory mechanisms involved in creating them must be 
stable once established and heritable when the cell divides. These 
features reflect the cell’s memory of its developmental history. Direct 
or indirect positive feedback loops, which enable transcription 
regulators to perpetuate their own synthesis, provide the simplest 
mechanism for cell memory. Transcription circuits also provide the 
cell with the means to carry out other types of logic operations. 
Simple transcription circuits combined into large regulatory networks 
drive highly sophisticated programs of embryonic development that 
will require new approaches to decipher. 



MECHANISMS THAT REINFORCE CELL  
MEMORY IN PLANTS AND ANIMALS

• Patterns of DNA Methylation Can Be Inherited 
When Vertebrate Cells Divide

Patterns of DNA Methylation Can Be Inherited When Vertebrate Cells 
Divide

Figure 7–43 Formation of 5-methyl cytosine occurs by methylation of a cytosine base in the DNA double 
helix. 

Patterns of DNA Methylation Can Be Inherited When Vertebrate Cells 
Divide

Figure 7–44 How DNA methylation patterns are faithfully inherited. 

Figure 2.2  Handbook of epigenetic (© Elsevier Inc. 2011)



Patterns of DNA Methylation Can Be Inherited When Vertebrate Cells 
Divide

Figure 7–45 Multiple mechanisms 
contribute to stable gene repression.

DNA methylation 
• DNA methylation on Cytosine bases (Covalent modification).

• Generally turns off genes by attracting proteins that block gene expression.

• Passed on to progeny cells by an enzyme that copies the pattern 
to the daughter DNA strand immediately after replication.

*Epigenetic inheritance

: transmits information from parent to daughter cell without altering the 

actual nucleotide sequence of DNA (such as positive feedback, certain forms of condensed chromatin, and DNA 
methylation)

MECHANISMS THAT REINFORCE CELL  
MEMORY IN PLANTS AND ANIMALS

• CG-Rich Islands Are Associated with Many Genes in 
Mammals

Because of the way in which DNA repair enzymes work, 
methylated C nucleotides in the vertebrate genome tend to 
be eliminated in the course of evolution

• Accidental deamination of an unmethylated C gives 
rise to U, which is not normally present in DNA and 
thus is recognized easily by the DNA repair enzyme 
uracil DNA glycosylase, excised, and then replaced 
with a C.

• But accidental deamination of a 5-methyl C cannot be 
repaired in this way, for the deamination product is a 
T and so is indistinguishable from the other, 
nonmutant T nucleotides in the DNA.



The Chemistry of the DNA Bases Facilitates Damage Detection The Chemistry of the DNA Bases Facilitates Damage Detection

(B) About 3% of the C nucleotides in vertebrate DNAs are methylated to help in controlling gene 
expression (discussed in Chapter 7). When these 5-methyl C nucleotides are accidentally deaminated, 
they form the natural nucleotide T. However, this T will be paired with a G on the opposite strand, 
forming a mismatched base pair. 

CG-Rich Islands Are Associated with Many Genes in Mammals

Figure 7–46 The CG islands surrounding the promoter in three mammalian housekeeping genes. The yellow 
boxes show the extent of each island. 

CG-Rich Islands Are Associated with Many Genes in Mammals

Figure 7–47 A mechanism to explain both the marked overall deficiency of CG sequences and their clustering 
into CG islands in vertebrate genomes. White lines mark the location of CG dinucleotides in the DNA 
sequences, while red circles indicate the presence of a methyl group on the CG dinucleotide. CG sequences 
that lie in regulatory sequences of genes that are transcribed in germ cells are unmethylated and therefore tend 
to be retained in evolution. Methylated CG sequences, on the other hand, tend to be lost through deamination 
of 5-methyl C to T, unless the CG sequence is critical for survival. 



CG islands

• very unevenly distributed

• present at 10 times their average density

• average 1000 nucleotide pairs

• roughly 20,000 CG islands in human genome

• 60% of human protein-coding genes have promoters 
embedded in CG islands

• remain unmethylated in germ line and in most somatic tissues

• unmethylated state is maintained by sequence-specific DNA-
binding proteins

• DNA demethylases, which convert 5-methyl C to hydroxy-methyl 
C, which is later replaced by C either through DNA repair 

• unmethylated CG islands recruit histone modifying enzymes 
that make the islands particularly “promoter friendly.”

MECHANISMS THAT REINFORCE CELL  
MEMORY IN PLANTS AND ANIMALS

• Genomic Imprinting Is Based on DNA Methylation

Genomic Imprinting

• When the paternally inherited gene copy is active, the 
maternally inherited gene copy is silent, or vice versa. This 
phenomenon is called genomic imprinting.

• Roughly 300 genes are imprinted in humans. 

• In the early embryo, genes subject to imprinting are 
marked by methylation according to whether they were 
derived from a sperm or an egg chromosome.

• In this way, DNA methylation is used as a mark to 
distinguish two copies of a gene that may be otherwise 
identical.

Genomic Imprinting Is Based on DNA Methylation

Figure 7–48 Imprinting in the mouse. 



Genomic Imprinting Is Based on DNA Methylation

Figure 7–49 Mechanisms of imprinting. (A) On chromosomes inherited from the female, a protein called 
CTCF binds to an insulator (see Figure 7–24), blocking communication between cis-regulatory sequences 
(green) and the Igf2 gene (orange). Igf2 is therefore not expressed from the maternally inherited chromosome. 
Because of imprinting, the insulator on the male-derived chromosome is methylated (red circles); this 
inactivates the insulator by blocking the binding of the CTCF protein, and allows the cis-regulatory sequences 
to activate transcription of the Igf2 gene. In other examples of imprinting, methylation simply blocks gene 
expression by interfering with the binding of proteins required for a gene’s transcription.

Genomic Imprinting Is Based on DNA Methylation

(B) Imprinting of the mouse Kcnq1 gene. On the maternally derived chromosome, synthesis of the lncRNA is 
blocked by methylation of the DNA (red circles), and the Kcnq1 gene is expressed. On the paternally derived 
chromosome, the lncRNA is synthesized, remains in place, and by directing alterations in chromatin structure 
blocks expression of the Kcnq1 gene. Although shown as directly binding to lncRNA, the histone-modifying 
enzymes are likely to be recruited indirectly, through additional proteins. 

MECHANISMS THAT REINFORCE CELL  
MEMORY IN PLANTS AND ANIMALS

• Chromosome-Wide Alterations in Chromatin 
Structure Can Be Inherited

Chromosome-Wide Alterations in Chromatin Structure Can Be 
Inherited

Figure 7–50 X-inactivation.



Chromosome-Wide Alterations in Chromatin Structure Can Be 
Inherited

Figure 7–51 Photoreceptor cells in the retina of 
a female mouse showing patterns of X-
chromosome inactivation. Using genetic 
engineering techniques (described in Chapter 
8), the germ line of a mouse was modified so 
that one copy of the X chromosome (if active) 
makes a green fluorescent protein and the other 
a red fluorescent protein. Both proteins 
concentrate in the nucleus and, in the field of 
cells shown here, it is clear that only one of the 
two X chromosomes is active in each cell. 
(From H. Wu et al., Neuron 81:103–119, 2014. 
With permission from Elsevier.) 

Chromosome-Wide Alterations in Chromatin Structure Can Be 
Inherited

Chromosome-Wide Alterations in Chromatin Structure Can Be 
Inherited

Figure 7–52 Mammalian X-chromosome inactivation. X-chromosome inactivation begins with the synthesis 
of Xist (X-inactivation specific transcript) RNA from the XIC (X-inactivation center) locus and moves 
outward to the chromosome ends. According to the model depicted here, the long (≈20,000 nucleotides) Xist 
RNA has many low-affinity binding sites for the structural components of chromosomes and spreads by 
releasing its hold on one portion of the chromosome while grasping another. The continued synthesis of Xist 
from the center of the chromosome drives it to the ends. As shown, Xist RNA does not move linearly along 
the chromosomal DNA, but, instead, moves first across the base of chromosome loops. It has been proposed 
that the portions of chromosomal DNA at the tips of long loops contain the 10% of genes that escape X-
chromosome inactivation. 

MECHANISMS THAT REINFORCE CELL  
MEMORY IN PLANTS AND ANIMALS

• Epigenetic Mechanisms Ensure That Stable 
Patterns of Gene Expression Can Be Transmitted to 
Daughter Cells



Epigenetic Mechanisms Ensure That Stable Patterns of Gene 
Expression Can Be Transmitted to Daughter Cells

Figure 7–53 Four distinct mechanisms that can produce an epigenetic form of inheritance in an organism.  
(A) Epigenetic mechanisms that act in cis. As discussed in this chapter, a maintenance methylase can 
propagate specific patterns of cytosine methylation (see Figure 7–44). As discussed in Chapter 4, a histone 
modifying enzyme that replicates the same modification that attracts it to chromatin can result in the 
modification being self-propagating (see Figure 4–44). 

Epigenetic Mechanisms Ensure That Stable Patterns of Gene 
Expression Can Be Transmitted to Daughter Cells

(B) Epigenetic mechanisms that act in trans. Positive feedback loops, formed by transcriptional regulators are 
found in all species and are probably the most common form of cell memory. As discussed in Chapter 3, some 
proteins can form self-propagating prions (Figure 3–33). If these proteins are involved in gene expression, 
they can transmit patterns of gene expression to daughter cells. 

Summary

Eukaryotic cells can use inherited forms of DNA methylation 
and inherited states of chromatin condensation as additional 
mechanisms for generating cell memory of gene expression 
patterns. An especially dramatic case that involves chromatin 
condensation is the inactivation of an entire X chromosome in 
female mammals. DNA methylation underlies the phenomenon 
in mammals of genomic imprinting, in which the expression of 
a gene depends on whether it was inherited from the mother or 
the father. 

POST-TRANSCRIPTIONAL CONTROLS

• Introduction



Introduction

POST-TRANSCRIPTIONAL CONTROLS

• Transcription Attenuation Causes the Premature 
Termination of Some RNA Molecules

Transcription attenuation

• The expression of some genes is inhibited by premature 
termination of transcription.

• The nascent RNA chain adopts a structure that causes it 
to interact with the RNA polymerase in such a way as 
to abort its transcription.

• When the gene product is required, regulatory proteins 
bind to the nascent RNA chain and remove the 
attenuation, allowing the transcription of a complete 
RNA molecule.

Single-Stranded RNA Molecules Can Fold into Highly Elaborate 
Structures

Figure 6–89 Some common 
elements of RNA structure. 
Conventional, complementary 
base-pairing interactions are 
indicated by red “rungs” in 
double-helical portions of the 
RNA. 



HIV (Human immunodeficiency virus) 

• A virus-encoded protein called Tat, which binds to a 
specific stem-loop structure in the nascent RNA that 
contains a “bulged base,” prevents this premature 
termination.

• Once bound to this specific RNA structure (called 
TAR), Tat assembles several host-cell proteins that 
allow the RNA polymerase to continue transcribing.

POST-TRANSCRIPTIONAL CONTROLS

• Riboswitches Probably Represent Ancient Forms of 
Gene Control

Riboswitches Probably Represent Ancient Forms of Gene Control

Figure 7–55 A riboswitch that responds to guanine. (A) In this example from bacteria, the riboswitch controls 
expression of the purine biosynthetic genes. When guanine levels in cells are low, an elongating RNA 
polymerase transcribes the purine biosynthetic genes, and the enzymes needed for guanine synthesis are 
therefore expressed. 

Riboswitches Probably Represent Ancient Forms of Gene Control

(B) When guanine is abundant, it binds the riboswitch, causing it to undergo a conformational change that 
forces the RNA polymerase to terminate transcription (see Figure 6–11). 



Riboswitches Probably Represent Ancient Forms of Gene Control

(C) Guanine (red) bound to the riboswitch. Only those nucleotides that form the guanine-binding pocket are 
shown. Many other riboswitches exist, including those that recognize S-adenosylmethionine, coenzyme B12, 
flavin mononucleotide, adenine, lysine, and glycine.

•Riboswitches 

• Complex folded RNA domains.

• Serve as receptors for specific metabolites.

• Found in non-coding portion of various mRNAs.

•Control gene expression by allosteric structural changes (metabolite binding).

• A double-stranded structure that forces the polymerase to terminate 

transcription.

•Robust genetic elements in many organisms.

•Bypass the need for regulatory proteins altogether (Economical examples of gene 

control).

• Riboswitches provide an economical solution to gene 

regulation

POST-TRANSCRIPTIONAL CONTROLS

• Alternative RNA Splicing Can Produce Different 
Forms of a Protein from the Same Gene

Alternative RNA Splicing Can Produce Different Forms of a Protein 
from the Same Gene

Figure 7–56 Five patterns of alternative 
RNA splicing. In each case, a single type 
of RNA transcript is spliced in two 
alternative ways to produce two distinct 
mRNAs (1 and 2). The dark blue boxes 
mark exon sequences that are retained in 
both mRNAs. The light blue boxes mark 
possible exon sequences that are included 
in only one of the mRNAs. The boxes are 
joined by red lines to indicate where 
intron sequences (yellow) are removed.



Alternative RNA Splicing Can Produce Different Forms of a Protein 
from the Same Gene

Figure 7–57 Alternative splicing of RNA transcripts of the Drosophila Dscam gene. DSCAM proteins have 
several different functions. In cells of the fly immune system, they mediate the phagocytosis of bacterial 
pathogens. In cells of the nervous system, DSCAM proteins are needed for proper wiring of neurons. The final 
mRNA contains 24 exons, four of which (denoted A, B, C, and D) are present in the Dscam gene as arrays of 
alternative exons. Each RNA contains 1 of 12 alternatives for exon A (red), 1 of 48 alternatives for exon B 
(green), 1 of 33 alternatives for exon C (blue), and 1 of 2 alternatives for exon D (yellow). This figure shows 
only one of the many possible splicing patterns (indicated by the red line and by the mature mRNA below it). 
Each variant DSCAM protein would fold into roughly the same structure (predominantly a series of 
extracellular immunoglobulin-like domains linked to a membrane-spanning region; see Figure 24–48), but the 
amino acid sequence of the domains vary according to the splicing pattern.

Alternative RNA Splicing Can Produce Different Forms of a Protein 
from the Same Gene

Figure 7–58 Negative and positive control of alternative RNA splicing. (A) In negative control, a repressor 
protein binds to a specific sequence in the pre- mRNA transcript and blocks access of  
the splicing machinery to a splice junction. This often results in the use of a secondary splice site, thereby 
producing an altered pattern of splicing (see Figure 7–56). (B) In positive control, the splicing machinery is 
unable to remove a particular intron sequence efficiently without assistance from an activator protein. Because 
RNA is flexible, the nucleotide sequences that bind these activators can be located many nucleotide pairs from  
the splice junctions they control, and they are often called splicing enhancers, by analogy with the 
transcriptional enhancers mentioned earlier in this chapter. 

POST-TRANSCRIPTIONAL CONTROLS

• The Definition of a Gene Has Been Modified Since 
the Discovery of Alternative RNA Splicing

• A gene was first clearly defined in molecular terms in 
the early 1940s from work on the biochemical genetics 
of the fungus Neurospora.

• The work on Neurospora showed that most genes 
correspond to a region of the genome that directs the 
synthesis of a single enzyme.

• This led to the hypothesis that one gene encodes one 
polypeptide chain. 

• In the 1960s, a gene became identified as that stretch of 
DNA that was transcribed into the RNA coding for a single 
polypeptide chain (or a single structural RNA such as a 
tRNA or an rRNA molecule).



• But it is now clear that many DNA sequences in higher 
eukaryotic cells can produce a set of distinct (but 
related) proteins by means of alternative RNA splicing. 

• DNA sequence that is transcribed as a single unit and 
encodes one set of closely related polypeptide chains 
(protein isoforms) as a single protein-coding gene.

POST-TRANSCRIPTIONAL CONTROLS

• A Change in the Site of RNA Transcript Cleavage 
and Poly-A Addition Can Change the C-terminus of 
a Protein

A Change in the Site of RNA Transcript Cleavage and Poly-A Addition 
Can Change the C-terminus of a Protein

Figure 7–59 Regulation of the site of 
RNA cleavage and poly-A addition 
determines whether an antibody 
molecule is secreted or remains 
membrane-bound. In unstimulated B 
lymphocytes (left), a long RNA 
transcript is produced, and the intron 
sequence (yellow) near its 3ʹ end is 
removed by RNA splicing to provide 
an mRNA molecule that codes for a 
membrane-bound antibody molecule. 
Only a portion of the antibody gene is 
shown in the figure; the actual gene 
and its mRNA would extend further to 
the left of the diagram. After antigen 
stimulation (right), the RNA transcript 
is cleaved and polyadenylated 
upstream from the intron’s 3 ︎ splice 
site. As a result, some of the intron 
sequence remains as a coding sequence 
in the short transcript and specifies the 
hydrophilic C-terminal portion of the 
secreted antibody molecule (brown). 

A Change in the Site of RNA Transcript Cleavage and Poly-A Addition 
Can Change the C-terminus of a Protein



POST-TRANSCRIPTIONAL CONTROLS

• RNA Editing Can Change the Meaning of the RNA 
Message

RNA Editing Can Change the Meaning of the RNA Message

Figure 7–60 Mechanism of A-to-I RNA editing in mammals. Typically, a sequence complementary to the 
position of the edit is present in an intron, and the resulting double-stranded RNA structure attracts an A-to-I 
editing enzyme (ADAR). In the case illustrated, the edit is made in an exon; in most cases, however, this 
occurs in noncoding portions of the mRNA. Editing by ADAR takes place in the nucleus, before the pre-
mRNA has been fully processed. Mice and humans have two ADAR genes: ADR1 is expressed in many 
tissues and is required in the liver for proper red blood cell development; ADR2 is expressed only in the brain, 
where it is required for proper brain development.

RNA Editing Can Change the Meaning of the RNA Message

Figure 7–61 C-to-U RNA editing produces a truncated form of apolipoprotein B. 

RNA Editing

• Alters the nucleotide sequences of RNA transcripts once they are 
synthesized and thereby changes the coded message they carry.

• Deamination of adenine to produce inosine (A-to-I editing).

• Deamination of cytosine to produce uracil (C-to-U editing).

• I pairs with C, and U pairs with A.

• Change the amino acid sequence of the protein or produce a 
truncated protein by creating a premature stop codon.

• Affect the pattern of pre-mRNA splicing, the transport of 
mRNA from the nucleus to the cytosol, the efficiency with 
which the RNA is translated, or the base-pairing between 
microRNAs (miRNAs) and their mRNA targets.



A-to-I editing

• particularly prevalent in humans

• occurs in approximately 1000 genes

• ADARs (adenosine deaminases acting on RNA) 

• Example: mRNA that codes for a transmitter-gated ion 
channel in the brain.

• A single edit changes a glutamine to an arginine; the 
affected amino acid lies on the inner wall of the channel, 
and the editing change alters the Ca2+ permeability of the 
channel. 

• Mutant mice that cannot make this edit are prone to 
epileptic seizures and die during or shortly after weaning, 
showing that editing of the ion channel RNA is normally 
crucial for proper brain development.

C-to-U editing

• In certain cells of the gut, mRNA for apolipoprotein B 
undergoes a C-to-U edit

• creates a premature stop codon and therefore 
produces a shorter form of the protein.

Why exist?

• One idea is that it arose in evolution to correct 
“mistakes” in the genome.

• Another is that it arose as a somewhat slapdash way 
for the cell to produce subtly different proteins from 
the same gene.

• Third is that it originally evolved as a defense 
mechanism against retroviruses and retrotransposons 
and was later adapted by the cell to change the 
meanings of certain mRNAs.

Here^^



POST-TRANSCRIPTIONAL CONTROLS

• RNA Transport from the Nucleus Can Be Regulated
• The export of RNA molecules from the nucleus is delayed 

until processing has been completed. However, 
mechanisms that deliberately override this control 
point can be used to regulate gene expression (ex, 
HIV).

• Once inserted, the HIV viral DNA can be transcribed 
as one long RNA molecule by the host cell’s RNA 
polymerase II. This transcript is then spliced in many 
different ways to produce over 30 different species of 
mRNA, which in turn are translated into a variety of 
different proteins.

• In order to make progeny virus, entire, unspliced viral 
transcripts must be exported from the nucleus to the 
cytosol, where they are packaged into viral capsids and 
serve as the viral genome.

RNA Transport from the Nucleus Can Be Regulated

Figure 7–62 The compact genome of HIV, the human AIDS virus. The positions of the nine HIV genes are 
shown in green. The red double line indicates a DNA copy of the viral genome that has become integrated 
into the host DNA (gray). Note that the coding regions of many genes overlap, and that those of Tat and Rev 
are split by introns. The blue line at the bottom of the figure represents the pre-mRNA transcript of the viral 
DNA and shows the locations of all the possible splice sites (arrows). 

RNA Transport from the Nucleus Can Be Regulated

Figure 7–63 Regulation of nuclear export by the HIV Rev protein. (A) Early in HIV infection, only the fully 
spliced RNAs (which contain the coding sequences for Rev, Tat, and Nef) are exported from the nucleus and 
translated.



RNA Transport from the Nucleus Can Be Regulated

(B) Once sufficient Rev protein has accumulated and been transported into the nucleus, unspliced viral RNAs 
can be exported from the nucleus. Many of these RNAs are translated into protein, and the full-length 
transcripts are packaged into new viral particles.

The regulation of nuclear export by Rev

• ensures the nuclear export of specific unspliced RNAs.

• divides the viral infection into an early and late phases.

• helps the virus replicate by providing the gene 
products in roughly the order in which they are needed.

POST-TRANSCRIPTIONAL CONTROLS

• Some mRNAs Are Localized to Specific Regions of 
the Cytosol

Some mRNAs Are Localized to Specific Regions of the Cytosol



Mechanisms for the localization of mRNAs

• The mRNA to be localized leaves the nucleus through 
nuclear pores (top). 

• Some localized mRNAs (left diagram) travel to their 
destination by associating with cytoskeletal motors, which use 
the energy of ATP hydrolysis to move the mRNAs 
unidirectionally along filaments in the cytoskeleton (red). At 
their destination, the mRNAs are held in place by anchor 
proteins (black). 

• Other mRNAs randomly diffuse through the cytosol and are 
simply trapped by anchor proteins and at their sites of 
localization (center diagram). 

• Some mRNAs (right diagram) are degraded in the cytosol 
unless they have bound, through random diffusion, a localized 
protein complex that anchors and protects the mRNA from 
degradation (black). 

Some mRNAs Are Localized to Specific Regions of the Cytosol

Figure 7–65 An experiment 
demonstrating the importance 
of the 3ʹ UTR in localizing 
mRNAs to specific regions of 
the cytoplasm. One RNA 
(labeled with a red 
fluorochrome) contains the 
coding region for the 
Drosophila Hairy protein and 
includes the adjacent 3ʹ UTR. 
The other RNA (labeled green) 
contains the Hairy coding 
region with the 3ʹ UTR 
deleted. When the fluorescent 
RNAs were visualized 10 
minutes later, the full-length 
hairy RNA (red) was localized 
to the apical side of nuclei 
(blue) but the transcript 
missing the 3ʹ UTR (green) 
failed to localize. 

POST-TRANSCRIPTIONAL CONTROLS

• The 5ʹ and 3ʹ Untranslated Regions of mRNAs 
Control Their Translation

The 5ʹ and 3ʹ Untranslated Regions of mRNAs Control Their 
Translation

Figure 7–66 Mechanisms of translational control. Although these examples are from bacteria, many of the 
same principles operate in eukaryotes. (A) Sequence-specific RNA-binding proteins repress translation of 
specific mRNAs by blocking access of the ribosome to the Shine–Dalgarno sequence (orange). For example, 
some ribosomal proteins repress translation of their own RNA. This mechanism allows the cell to maintain 
correctly balanced quantities of the various components needed to form ribosomes. 



The 5ʹ and 3ʹ Untranslated Regions of mRNAs Control Their 
Translation

(B) An RNA “thermosensor” permits efficient translation initiation only at elevated temperatures at which the 
stem-loop structure has been melted. An example occurs in the human pathogen Listeria monocytogenes, in 
which the translation of its virulence genes increases at 37°C, the temperature of the host. 

Listeria monocytogenes is the species 
of pathogenic bacteria that causes 
the infection listeriosis. It is a 
facultative anaerobic bacterium, 
capable of surviving in the presence 
or absence of oxygen.

The 5ʹ and 3ʹ Untranslated Regions of mRNAs Control Their 
Translation

(C) Binding of a small molecule to a riboswitch causes a major rearrangement of the RNA forming a different 
set of stem-loop structures. In the bound structure, the Shine–Dalgarno sequence (orange) is sequestered and 
translation initiation is thereby blocked. In many bacteria, S-adenosylmethionine acts in this manner to block 
production of the enzymes that synthesize it. 

The 5ʹ and 3ʹ Untranslated Regions of mRNAs Control Their 
Translation

(D) An “antisense” RNA produced elsewhere from the genome base-pairs with a specific mRNA and blocks 
its translation. Many bacteria regulate expression of iron-storage proteins in this way. 

• Gene expression can be controlled by regulating 
translation initiation.

• Sequence-specific RNA-binding proteins.

• Thermosensor RNA sequences.

• Riboswitches.

• Antisense RNA.
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The Phosphorylation of an Initiation Factor Regulates Protein 
Synthesis Globally

Figure 7–67 The eIF2 cycle. (A) The recycling of used eIF2 by a guanine nucleotide exchange factor (eIF2B). 

The Phosphorylation of an Initiation Factor Regulates Protein 
Synthesis Globally

(B) eIF2 phosphorylation controls protein synthesis rates by tying up eIF2B. 
Figure The phosphorylation of the α subunit of eIF2 (eIF2α) at Ser51 by protein kinase Gcn2 reduces eIF2 TC 
formation and blocks protein synthesis under various stress- ful circumstances, such as amino acid deprivation 
or treatment with chlorpromazine or peroxide (Adapted from Jackson, R. J., NRMCB, 2010 and Srivastava, 
R., CMLS 2019).



POST-TRANSCRIPTIONAL CONTROLS

• Initiation at AUG Codons Upstream of the 
Translation Start Can Regulate Eukaryotic 
Translation Initiation

Leaky scanning

• If the recognition site is poor enough, scanning 
ribosomal subunits will sometimes ignore the first 
AUG codon in the mRNA and skip to the second or 
third AUG codon instead.

• A strategy frequently used to produce two or more 
closely related proteins, differing only in their N-
termini, from the same mRNA.

POST-TRANSCRIPTIONAL CONTROLS

• Internal Ribosome Entry Sites Provide 
Opportunities for Translational Control

Internal Ribosome Entry Sites Provide Opportunities for Translational 
Control

Figure 7–68 Two mechanisms of translation initiation. (A) The normal, cap- dependent mechanism requires a 
set of initiation factors whose assembly on the mRNA is stimulated by the presence of a 5ʹ cap and a poly-A 
tail (see also Figure 6–70). (B) The internal ribosome entry site (IRES)-dependent mechanism, seen mainly in 
viruses, requires only a subset of the normal translation initiating factors, and these assemble directly on the 
folded IRES. (Adapted from A. Sachs, Cell 101:243–245, 2000. With permission from Elsevier.)



POST-TRANSCRIPTIONAL CONTROLS

• Changes in mRNA Stability Can Regulate Gene 
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Changes in mRNA Stability Can Regulate Gene Expression

Figure 7–69 Two mechanisms of eukaryotic mRNA decay. A critical threshold of poly-A tail length induces 
rapid 3ʹ-to-5ʹ degradation, which may be triggered by the loss of the poly-A- binding proteins. As shown in 
Figure 7–70, a deadenylase associates with both the 3ʹ poly-A tail and the 5ʹ cap, and this connection may be 
involved in signaling decapping after poly-A shortening. Although 5ʹ-to-3ʹ and 3ʹ-to-5ʹ degradation are shown 
here on separate RNA molecules, these two processes can occur together on the same molecule. (Adapted 
from C.A. Beelman and R. Parker, Cell 81:179–183, 1995. With permission from Elsevier.) 

Changes in mRNA Stability Can Regulate Gene Expression

Figure 7–70 The competition between mRNA translation and mRNA decay. The same two features of an 
mRNA molecule—its 5ʹ cap and the 3ʹ poly-A tail—are used in both translation initiation and deadenylation-
dependent mRNA decay (see Figure 7–69). The deadenylase that shortens the poly-A tail in the 3ʹ-to- 5ʹ 
direction associates with the 5ʹ cap. As described in Chapter 6 (see Figure 6–70), the translation initiation 
machinery also associates with both the 5ʹ cap and the poly-A tail. (Adapted from M. Gao et al., Mol. Cell 
5:479–488, 2000. With permission from Elsevier.) 

Changes in mRNA Stability Can Regulate Gene Expression

Figure 7–71 Two post-translational controls mediated by iron. (A) During iron starvation, the binding of 
aconitase to the 5ʹ UTR of the ferritin mRNA blocks translation initiation; its binding to the 3ʹ UTR of the 
transferrin receptor mRNA blocks an endonuclease cleavage site and thereby stabilizes the mRNA.



Changes in mRNA Stability Can Regulate Gene Expression

(B) In response to an increase in iron concentration in the cytosol, a cell increases its synthesis of ferritin in 
order to bind the extra iron and decreases its synthesis of transferrin receptors in order to import less iron 
across the plasma membrane. Both responses are mediated by the same iron-responsive regulatory protein, 
aconitase, which recognizes common features in a stem-loop structure in the mRNAs encoding ferritin and the 
transferrin receptor. Aconitase dissociates from the mRNA when it binds iron. But because the transferrin 
receptor and ferritin are regulated by different types of mechanisms, their levels respond oppositely to iron 
concentrations even though they are regulated by the same iron-responsive regulatory protein. (Adapted from 
M.W. Hentze et al., Science 238:1570–1573, 1987 and J.L. Casey et al., Science 240:924–928, 1988. With 
permission from AAAS.) 
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Regulation of mRNA Stability Involves P-bodies and Stress Granules

Figure 7–72 Visualization of P-bodies. Human cells were stained with antibodies to a component of the 
mRNA decapping enzyme Dcp1a (left panels) and to the Argonaute protein (middle panels). As described 
later in this chapter, Argonaute is a key component of RNA interference pathways. The merged image (right 
panels) shows that the two proteins co-localize to P-bodies in the cytoplasm. 

Regulation of mRNA Stability Involves P-bodies and Stress Granules

Figure 7–73 Possible fates of an mRNA molecule. An mRNA molecule released from the nucleus can be 
actively translated (center), stored in stress granules (right), or degraded in P-bodies (left). As the needs of the 
cell change, mRNAs can be shuffled from one pool to the next, as indicated by the arrows. 



Summary

Many steps in the pathway from RNA to protein are regulated by 
cells in order to control gene expression. Most genes are regulated 
at multiple levels, in addition to being controlled at the initiation 
stage of transcription. The regulatory mecha- nisms include (1) 
attenuation of the RNA transcript by its premature termination, (2) 
alternative RNA splice-site selection, (3) control of 3ʹ-end 
formation by cleavage and poly-A addition, (4) RNA editing, (5) 
control of transport from the nucleus to the cytosol, (6) 
localization of mRNAs to particular parts of the cell, (7) control of 
translation initiation, and (8) regulated mRNA degradation. Most 
of these control processes require the recognition of specific 
sequences or structures in the RNA mol- ecule being regulated, a 
task performed by either regulatory proteins or regulatory RNA 
molecules.

REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• Small Noncoding RNA Transcripts Regulate Many 
Animal and Plant Genes Through RNA Interference

Noncoding RNAs

• rRNA and tRNA molecules

• RNA molecule in telomerase (a template of chromosome ends)

• snoRNAs (modify rRNA)

• snRNAs (RNA splicing)

• Xist RNA (inactivating one copy of the X)

• Noncoding RNAs are even more prevalent than 
previously imagined. 

• They play wide-spread roles in regulating gene expression 
and in protecting the genome from viruses and transposable 
elements.

Small Noncoding RNA Transcripts Regulate Many Animal and Plant 
Genes Through RNA Interference

Figure 7–74 RNA interference in eukaryotes. 



RNA interference or RNAi

• Short single-stranded RNAs (20–30 nucleotides) serve as 
guide RNAs that selectively reorganize and bind—
through base-pairing—other RNAs in the cell. 

• When the target is a mature mRNA, the small 
noncoding RNAs can inhibit its translation or even 
catalyze its destruction.

• microRNAs (miRNAs), small interfering RNAs (siRNAs), 
and piwi-interacting RNAs (piRNAs)

REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• miRNAs Regulate mRNA Translation and Stability

miRNAs Regulate mRNA Translation and Stability

Figure 7–75 miRNA processing and mechanism of action 

miRNAs Regulate mRNA Translation and Stability

Figure 7–76 Human Argonaute protein carrying an miRNA. The protein is folded into four structural 
domains, each indicated by a different color. The miRNA is held in an extended form that is optimal for 
forming RNA–RNA base pairs. The active site of Argonaute that “slices” a target RNA, when it is 
extensively base-paired with the miRNA, is indicated in red. Many Argonaute proteins (three out of the 
four human proteins, for example) lack the catalytic site and therefore bind target RNAs without slicing 
them. (Adapted from C.D. Kuhn and L. Joshua-Tor, Trends Biochem. Sci. 38:263–271, 2013. With 
permission from Cell Press.) 



• microRNA (miRNA)

•Small regulatory RNAs control the expression of 

thousands of animal and plant genes

•Noncoding RNAs transcribed by Pol II.

• More than 400 different miRNAs in human.

•Regulate at least one-third of all protein-coding genes.

• Base-paring with specific mRNA s and controlling their stability and 

translation.

• Form an RNA-induced silencing complex (RISC).

•Target mRNA is destroyed immediately by a nuclease present within the RISC.

REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• RNA Interference Is Also Used as a Cell Defense 
Mechanism

Cell Defense Mechanism by RNAi

• Orchestrate the degradation of foreign RNA molecules, 
specifically those that occur in double-stranded form.

• Many transposable elements and viruses in check.

• A powerful experimental technique to turn off the 
expression of individual genes.

• The presence of double-stranded RNA in the cell triggers 
RNAi by attracting a protein complex containing Dicer, 
the same nuclease that processes miRNAs.

• small interfering RNAs (siRNAs).

REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• RNA Interference Can Direct Heterochromatin 
Formation



RNA Interference Can Direct Heterochromatin Formation

Figure 7–77 RNA interference directed by siRNAs. In many organisms, double- stranded RNA can trigger 
both the destruction of complementary mRNAs (left) and transcriptional silencing (right). The change in 
chromatin structure induced by the bound RITS (RNA- induced transcriptional silencing) complex resembles 
that in Figure 7–45. 

• Action mechanism by which siRNA destroy foreign RNAs.

•Foreign RNA attracts Dicer (a protein complex with nuclease).

•Dicer cleaves the double-stranded RNA into short fragments (about 23 nt); 

small interfering RNAs (siRNAs).

• siRNAs (short, double-stranded RNAs) are then incorporated into RISCs.
• RISC discard one strand and uses the remaining single-stranded RNA to locate a 

complementary foreign RNA molecule.

• This targeted RNA molecule is then rapidly degraded.

REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• piRNAs Protect the Germ Line from Transposable 
Elements

piRNAs

• piwi-interacting RNAs, named for Piwi, a class of proteins 
related to Argonaute.

• Made specifically in the germ line, where they block the 
movement of transposable elements.

• Genes coding for piRNAs consist largely of sequence 
fragments of transposable elements.

• piRNAs are slightly longer than miRNAs and siRNAs.

• Complexed with Piwi rather than Argonaute proteins.



REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• RNA Interference Has Become a Powerful 
Experimental Tool

•RNAi has become powerful experimental tool to inactivate almost any 

gene in cells (Chapter 10).

• RNAi as a powerful new approach for treating human disease 

through the regulation of gene expression (siRNA for medical promise).

• RNAi expands our understanding of the types of regulatory networks to 

specify the development of complex organisms, including ourselves.

Scientists can use RNA interference to turn off 
genes

REGULATION OF GENE EXPRESSION  
BY NONCODING RNAs

• Bacteria Use Small Noncoding RNAs to Protect 
Themselves from Viruses

CRISPR-mediated immunity

• Bacteria and archaebacteria use a repository of small 
noncoding RNA molecules to seek out and destroy the 
DNA of the invading viruses (CRISPR system).

• When bacteria and archaea are first infected by a virus, 
they have a mechanism that causes short fragments of 
that viral DNA to become integrated into their genomes. 
These serve as “vaccinations”.

• crRNAs (CRISPR RNAs) will thereafter destroy the virus, 
which is similar in principle to adaptive immunity in 
mammals.

• crRNAs then become associated with special proteins 
that allow them to seek out and destroy double-stranded 
DNA molecules, rather than single-stranded RNA 
molecules.



Bacteria Use Small Noncoding RNAs to Protect Themselves from 
Viruses

Figure 7–78 CRISPR-mediated immunity in bacteria and archaebacteria. 
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Long Noncoding RNAs Have Diverse Functions in the Cell

Figure 7–79 Roles of long noncoding RNA (lncRNA). (A) lncRNAs can serve as scaffolds, bringing together 
proteins that function in the same process. As described in Chapter 6, RNAs can fold into specific three-
dimensional structures that are often recognized by proteins. 

Long Noncoding RNAs Have Diverse Functions in the Cell

(B) In addition to serving as scaffolds, lncRNAs can, through formation of complementary base pairs, localize 
proteins to specific sequences on RNA or DNA molecules. 



Long Noncoding RNAs Have Diverse Functions in the Cell

(C) In some cases, lncRNAs act only in cis, for example, when the RNA is held in place by RNA polymerase 
(top). Other lncRNAs, however, diffuse from their sites of synthesis and therefore act in trans. 

Long noncoding RNA (lncRNA)

• There remain many noncoding RNAs whose function is 
still unknown.

• Defined as RNAs longer than 200 nucleotides that do not 
code for protein.

• An estimated 8,000 lncRNAs for the human genome.

• Transcribed by RNA polymerase II and have 5ʹ caps and 
poly-A tails, and, in many cases, they are spliced.

• Difficult to estimate the number of lncRNAs that are likely 
to have a function in the cell and to distinguish them 
from the background transcription.

Long noncoding RNA (lncRNA)

• Examples: RNA in telomerase, Xist RNA, RNA involved 
in imprinting. 

• More examples: 

• scaffold RNA molecules: ex, telomerase

• guide sequences: ex, snoRNAs, crRNAs, miRNAs

• act in cis and in trans

Summary

RNA molecules have many uses in the cell besides carrying the 
information needed to specify the order of amino acids during protein 
synthesis. Although we have encountered noncoding RNAs in other 
chapters (tRNAs, rRNAs, snoRNAs, for example), the sheer number of 
noncoding RNAs produced by cells has surprised scientists. One well 
understood use of noncoding RNAs occurs in RNA interference, where 
guide RNAs (miRNAs, siRNAs, piRNAs) base-pair with mRNAs. RNA 
interference can cause mRNAs to be either destroyed or translationally 
repressed. It can also cause specific genes to be packaged into 
heterochromatin suppressing their transcription. In bacteria and 
archaebacteria, RNA interference is used as an adaptive immune 
response to destroy viruses that infect them. A large family of large 
noncod- ing RNAs (lncRNAs) has recently been discovered. Although 
the function of most of these RNAs is unknown, some serve as RNA 
scaffolds to bring specific proteins and RNA molecules together to speed 
up needed reactions. 


