
Differential gene expression 

It is the process by which cells become
different from one another based on the unique
combination of genes that are active or
“expressed”



Different cell types make different sets of proteins even 
though their genomes are identical.

Red blood cell: globin

Lens: crystallins

Melanocytes: melanin

Endocrine glands: hormones 



Central Dogma of biology







Regulation of gene expression can be accomplished at several levels

Differential gene transcription, regulating which of the nuclear 
genes are transcribed into RNA

Selective nuclear RNA processing, regulating which of the 
transcribed RNA, enter in to cytoplasm to become messenger 
RNA

Differential protein modification, regulating which proteins are 
allowed to remain or function in the cell



Cloned mammals have been created using nuclei from 
adult somatic cells. (A) Procedure used for cloning sheep. 
IB) Dolly, the adult sheep was derived by fusing a 
mammary gland cell nucleus with an enucleated oocyte, 
which was then implanted in a surrogate mother (of a 
different breed of sheep) that gave birth to Dolly. 
Dolly later gave birth to a lamb (Bonnie, at right) by 
normal reproduction. (A after Wilmut et al. 2000; B, 
photograph by Roddy Field, © Roslin Institute.)



In order to clone Dolly, udder cells were removed from a Finn Dorset ewe and starved 
for one week to cause G0 arrest. Nuclei from arrested Finn Dorset udder cells were 
fused with enucleated eggs from a Scottish Blackface ewe, and then stimulated to re-
enter the cell cycle. After a few rounds of cell division, the embryo was transplanted 
into a surrogate Scottish Blackface mother. The sheep that was born was genetically 
identical to the Finn Dorset ewe, which was the source of the nucleus. 



Differential gene expression is not a result of differential
loss of the genetic material, DNA, except in the case of the
immune system. That is, genetic information is not lost as cells
become determined and begin to differentiate.



Heterochromatin Euchromatin
“active” chromatin

remains
tightly condensed
throughout most of the cell cycle
replicates
later



There are two fundamental differences distinguishing most eukaryotic genes from most 
prokaryotic genes. 

First, eukaryotic genes are contained within a complex of DNA and protein called
chromatin. The protein component constitutes about half the weight of chromatin and
is composed largely of nucleosomes. The nucleosome is the basic unit of chromatin
structure. It is composed of an octamer of histone proteins (two molecules each of
histones H2A-H2B and histones H3-H4) wrapped with two loops containing
approximately 140 base pairs of DNA.

Chromatin can thus be visualized as a string of nucleosome beads linked by ribbons of
DNA. While classic geneticists have likened genes to “beads on a string,” molecular
geneticists liken genes to “string on the beads.” Most of the time, the nucleosomes are
themselves wound into tight “solenoids” that are stabilized by histone H1.

Histone H1 is found in the 60 or so base pairs of “linker” DNA between the
nucleosomes This H1-dependent conformation of nucleosomes inhibits the transcription
of genes in somatic cells by packing adjacent nucleosomes together into tight arrays that
prohibit the access of transcription factors and RNA polymerases to the genes. It is
generally thought, then, that the “default” condition of chromatin is a repressed state,
and that tissue-specific genes become activated by local interruption of this repression.



Nucleosome and chromatin 
structure: eukaryotic genes are 
contained within a complex of 
DNA and protein called 
chromatin. 

The protein component constitutes about half the 
weight of chromatin and is composed largely of 
nucleosomes. The nucleosome is the basic unit of 
chromatin structure. It is composed of an octamer of 
histone proteins (two molecules each of histones 
H2A-H2B and histones H3-H4) wrapped with two 
loops containing approximately 140 base pairs of 
DNA 



Chromatin can thus be visualized as a string of nucleosome 
beads linked by ribbons of DNA. While classic geneticists 
have likened genes to "beads on a string,"molecular geneticists 
liken genes to "string on the beads."



(A)Model of nuclcosomc structure as seen by X-ray crystallography at 
a resolution of 1 .9 A. 

Histones H2A and H2B are yellow and red, respectively; 
H3 is purple and H4 is green. 
The DNA helix (gray) winds around the protein core. The histone 

"tails" that extend from the core are the sites of acetylation and 
methylation, which may disrupt or stabi lize, respectively, the 
formation of nucleosome assemblages.



Histone Hl can draw nucleosomes together into compact forms. 
About 140 base pairs of DNA encircle each histone octamer, and 
about 60 base pairs of DNA link the nucleosomes together. 



C. Model for the arrangement of nucleosomes in the highly 
compacted solenoidal chromatin structure. 

Histone "tails" protruding from the nucleosome subunits allow for the 
attachment of chemical groups. 



(D) Methyl groups condense nuclcosomes more tightly, preventing 
access to promoter sites and thus preventing gene transcription. 

Acetylation loosens nucleosome packing, H2B tail exposing the DNA 
to RNA polymerase and transcription factors that will activate the 
genes. 



Histone methylations on histone H3. 
The tail of histone H3 (its aminoterminal sequence, at the beginning of the protein) 
sticks out from the nucleosome and is capable of being methylated or acetylated. 
Here, Iysines can be methylated and recognized by particular proteins.
Methylated lysine residues at positions 4, 38, and 79 are associated with gene 

activation, 
whereas methylated Iysines at positions 9 and 27 are associated with repression. 

The proteins binding these sites (not shown to scale) are represented above the methyl 
group.



The second difference is that eukaryotic genes are not co-linear 
with their peptide products. Rather, the single nucleic acid 
strand of eukaryotic mRNA comes from noncontiguous regions 
on the chromosome. 
Between the regions of DNA coding for a protein—exons—are 
intervening sequences—introns—that have nothing whatsoever 
to do with the amino acid sequence of the protein.* The structure 
of a typical eukaryotic gene can be represented by the human β-
globin gene, shown in. This gene consists of the following 
elements: 



.1. A promoter region, which is responsible for the binding of RNA polymerase and for the 
subsequent initiation of transcription. The promoter region of the human β-globin gene has 
three distinct units and extends from 95 to 26 base pairs before (“upstream from”)† the 
transcription initiation site (i.e., from -95 to -26).

2. The transcription initiation site, which for human β-globin is ACATTTG. This site is often 
called the cap sequence because it represents the 5´ end of the RNA, which will receive a “cap”
of modified nucleotides soon after it is transcribed. The specific cap sequence varies among 
genes.

3. The translation initiation site, ATG. This codon (which becomes AUG in the mRNA) is located 
50 base pairs after the transcription initiation site in the human β-globin gene (although this 
distance differs greatly among different genes). The intervening sequence of 50 base pairs 
between the initiation points of transcription and translation is the 5´ untranslated region, 
often called the 5´ UTR or leader sequence. The 5´ UTR can determine the rate at which 
translation is initiated.

4. The first exon, which contains 90 base pairs coding for amino acids 1–30 of human β-globin.

5.  An intron containing 130 base pairs with no coding sequences for the globin protein. The 
structure of this intron is important in enabling the RNA to be processed into messenger RNA 
and exit from the nucleus.



An exon containing 222 base pairs coding for amino acids 31–104.
A large intron—850 base pairs—having nothing to do with the globin protein
structure.

An exon containing 126 base pairs coding for amino acids 105–146.

A translation termination codon, TAA. This codon becomes UAA in the mRNA. The
ribosome dissociates at this codon, and the protein is released.

A 3´ untranslated region that, (3´ UTR) although transcribed, is not translated into
protein. This region includes the sequence AATAAA, which is needed for
polyadenylation: the placement of a “tail” of some 200 to 300 adenylate residues
on the RNA transcript.

This poly(A) tail (1) confers stability on the mRNA, (2) allows the mRNA to exit the
nucleus, and (3) permits the mRNA to be translated into protein. The poly(A) tail is
inserted into the RNA about 20 bases downstream of the AAUAAA sequence.
Transcription continues beyond the AATAAA site for about 1000 nucleotides
before being terminated.





Formation of the active 
eukaryotic transcription 
initiation complex. 
Complex is formed on 
the TATA box by the 
basal transcription factor 
and RNA polymerase II



Transcription Factor Domains
Three major domains:
1. DNAbinding recognizes
particular DNA sequence
2. transactivation
– activates or represses transcription
Often involved with proteins involved 
in binding RNA polymerase II;
e.g. TFIIB, TFIIE often involved with 
enzymes that modify histones.

3. Proteinprotein interaction domain
Promotes dimerization.
Allows it to be modulated by TAFs or 
other transcription factors



Transcription factors are proteins that bind to enhancer or
promoter regions and interact to activate or repress the transcription
of a particular gene.

Most transcription factors can bind to specific DNA sequences.
These proteins can be grouped together in families based on
similarities in structure.

The transcription factors within such a family share a common
framework structure in their DNA-binding sites, and slight
differences in the amino acids at the binding site can alter the
sequence of the DNA to which the factor binds



Family Representative transcription factors Some functions

Homeodomain:

Hox Hoxa-1, Hoxb-2, etc. Axis formation

POU Pit-1, Unc-86, Oct-2 Pituitary development; neural fate

LIM Lim-1, Forkhead Head development

Pax Pax1, 2, 3, etc. Neural specification; eye 
development

Basic helix-loop-helix (bHLH) MyoD, achaete, daughterless Muscle and nerve specification; 
Drosophila sex determination

Basic leucine zipper (bZip) C/EBP, AP1 Liver differentiation; fat cell 
specification

Zinc finger:

Standard WT1, Krüppel, Engrailed Kidney, gonad, and macrophage 
development; Drosophila
segmentation

Nuclear hormone receptors Glucocorticoid receptor, estrogen 
receptor, testosterone receptor, 
retinoic acid receptors

Secondary sex determination; 
craniofacial development; limb 
development

Sry-Sox Sry, SoxD, Sox2 Bend DNA; mammalian primary 
sex deter- mination; ectoderm 
differentiation



Transcription factors have three major domains.
The first is a DNA-binding domain that recognizes a particular DNA
sequence.

The second is a trans-activating domain that activates or suppresses the
transcription of the gene whose promoter or enhancer it has bound.
Usually, this trans-activating domain enables the transcription factor to
interact with proteins involved in binding RNA polymerase (such as
TFIIB or TFIIE.

In addition, there may be a protein-protein interaction domain that
allows the transcription factor's activity to be modulated by TAFs or
other transcription factors.





There are some regions of DNA called locus control regions 
(LCRs), which function as “super-enhancers.” 

These LCRs establish an “open” chromatin configuration, 
inhibiting the normal repression of transcription over an area 
spanning several genes. The mechanism by which the LCR 
opens up the chromatin is not yet known.



Percentages of hemoglobin chain types as a function of human 
developmental stage



DNA methylation and deveopment



DNA methylation can block transcription by preventing transcription 
factors from binding to the enhancer region.
(A) The Egr, transcription factor can bind to specific DNA sequences 
such as 5' ... GCGGGGGCG . . .3', helping to activate transcription of 
those genes. 
(B) If the first cytosine residue is methylated, however, Egrl will not bind 
and the gene will remain repressed.



Modifying nucleosomes through methylated
DNA. 
MeCP2, a protein  recognizes the methylated
cytosines of DNA. 
It binds to the DNA and is thereby able to recruit 
histone deacetylases

(A) Histone deacetylase (which takes acetyl 
groups off the histones)

Or
(B). Histone methyltransferase (which adda

methyl groups to the histones)

Bolh modifications promote the stability of the 
nucleosome and the tight packing of DNA, 
thereby repressing gene expression in these 
regions of DNA methylation. 



X chromosome inactivation in mammals 
A. Random X chromosome inactivation
B. A calico cat



Regulation at RNA level

Selective nuclear RNA processing, regulating which of the transcribed RNA, 
enter in to cytoplasm to become messenger RNA



Differential RNA processing

(A) RNA selection, whereby the same nuclear 
RNA transcripts are made in two cell types, but 
the set that becomes cytoplasmic messenger 
RNA is different. 



(B) Differential splicing. Where by the Same nuclear RNA is 
spliced into different mRNAs by selectively using different exons. 



Alternative nRNA splicing is the process of producing variety of proteins from the 
same gene

Exon inclusion/exon skipping

Splice /no splice decision

Alternative 3’ splice site

Alternative 5’splice site



Some examples of alternative RNA splicing. Blue and colored 
portions of the bars represent exons; gray represents introns. 
Alternative splicing patterns are shown with V-shaped lines. 

(A)A "cassette" (yellow) that can be used as exon or removed as an 
intron distinguishes the type II collagen types of chondrocyte 
precursors and mature chondrocytes (cartilage cells).

(B) Mutually exclusive exons distinguish fibroblast growth factor 
receptors found in the limb ectoderm from those found in
the limb mesoderm. 



(C) Alternative 5' splice site selection, such as that used to create 
the large and small isoforms of the protein BeIx. 

(D) Alternative 3' splice sites are used to form the normal and 
truncated forms of chordin.



Control of gene expression at the level of Translation

Differential RNA longevity. Degradation of casein mRNA in the 
presence and absence of prolactin
The longer an mRNA persists the more protein can be translated 
from it. The stability is often dependent upon the 3’UTR sequence 
tails than others (Poly A)

Normal 1.1hr
With prolactin 
28.5hr



Muscle hypertrophy through mispliced RNA. This mutation result�
in a deficiency of the negative growth regulator myostatin in the muscle 
cells

A. There is no mutation in the 
coding sequence of the gene, 
but in the first intron, a 
mutation from a G to an A
created a new (and widely used) 
splicing site. 

This caused aberrant nRNA splicing 
and the inclusion of an early 
protein synthesis termination 
codon into the mRNA. Thus, 
proteins mClde from that 
message would have been short 
and nonfunctional. 

B. Pectoral musculature of a "mighty 
mouse" with the mutation (right) 
compared to the muscles of a wild-
type mouse (left). 



Selective inhibition of mRNA translation

The Oocyte makes and stores mRNA that will be used only 
after fertilization to occur

These message stay in a dormant state until they are activated by ionic 
signals

Some encode cyclin proteins that regulate the timing of early cell 
division

Other store proteins that determine the fate of cells

Some message are prevented from being translated by the binding 
of some inhibitory protein.





Asymmetric segregation of cellular determinants is 
based on the asymmetric localization of cytoplasmic
molecules (usually proteins or mRNAs) within a cell 
before it divides. 
During cell division, one daughter cell receives most or 
all of the localized molecules, while the other daughter 
cell receives less (or none) of these molecules. 
This results in two different daughter cells, which then 
take on different cell fates based on differences in gene 
expression. 
The localized cytoplasmic determinants are often 
mRNAs encoding transcription factors, or the 
transcription factors themselves. Unequal segregation of 
cellular determinants is observed during early 
development of the C. elegans and Drosophila

embryos.



Control of RNA expression by cytoplasmic localization

There are certain mRNAs in Xenopus embryos that are 
selectively transported to the vegetal pole of the frog Oocyte. 
After fertilization, these message make proteins that are found 
only in the vegetal blastomeres.

In Drosophila bicoid and nanos message regulate anterior-
posterior axis. 
Bicoid protein form a gradient (highest at anterior pole)
Nanos protein form a gradient (highest at posterior pole)
The ratio of these proteins determine the anterior-posterior 
axis of the embryo 



Localization of 
mRNAs in Drosophila



Diffusion and local anchoring. Nanos mRNA diffuses through the 
Drosophila egg and is bound (in part by the Oskar protein) at the 
posterior end of the oocyte. This anchoring allows the nanos mRNA 
to be translated. 



(C) Localized protection. The mRNA for Drosophila heat shock 
protein (hsp83) will be degraded unless it binds to a protector 
protein (in this case, also at the posterior terminal of the oocyte). 



(C) Active transport on the cytoskeleton, causing the accumulation of 
mRNA at a particular site. Here, bicoid mRNA is transported to the 
anterior of the oocyte by dynein and kinesin motor proteins. 
Meanwhile, Oskar mRNA is brought to the posterior pole by transport 
along microtubules by kinesin ATPases. 



Protein gradient in the early embryo



Post translational gene regulation

When a protein is synthesized, the story is not over. Some newly 
synthesized proteins are inactive without cleaving away of certain 
inhibitory sections. Eg. Insulin

Some proteins must be addressed to their specific intracellular 
destinations to function (membranes, lysosomes, mitochondria)
Some proteins need to assemble with other proteins to form a 
functional unit. Eg. Hemoglobin, microtubule, ribosomes

Some become active after binding to an ion such as calcium. Some 
are modified by covalent addition of a phosphate or acetate group.

The active proteins regulate embryonic development and 
cellular differentiation. HOW?



Histone modification, interacting transcription factors, binding of 
RNApolymerase II to the promoter, elongation of mRNA, kinetics 
of RNA splicing, and half life of mRNA -are stochastic events.

They depend on concentration of the interacting proteins.

Thus, each organism is a unique “performance” coordinated  by 
interactions that tell the individual cells which genes are to be 
expressed and which are to remain silent.


