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* The hypothesis that differences in gene regulation play an
Important role in speciation and adaptation is more than 40
years old. With the advent of new sequencing technologies,
are be able to characterize and study gene expression levels
and associated regulatory mechanisms in a large number of
Individuals and species at unprecedented resolution and
scale. it be have thus gained new insights into the
evolutionary pressures that shape gene expression levels, as
well as developed an appreciation for the relative importance
of evolutionary changes in different regulatory genetic and
epigenetic mechanisms. The current challenge is to link gene
regulatory changes to adaptive evolution of complex
phenotypes. Here we mainly focus on The relationship of
genetic regulation to the evolution and adaptation of

humankind .






The first level of organization, or packing, is the winding of
DNA strands around histone proteins. Histones package
and order DNA into structural units called nucleosome
complexes, which can control the access of proteins to the
DNA regions (Figure 1a). Under the electron microscope,
this winding of DNA around histone proteins to form
nucleosomes looks like small beads on a string (Figure 1b).
These beads (histone proteins) can move along the string

(DNA) and change the structure of the molecule.
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Figure 1. DNA is folded around histone proteins to create (a) nucleosome
complexes. These nucleosomes control the access of proteins to the underlying
DNA. When viewed through an electron microscope (b), the nucleosomes look like

peads on a string.




If DNA encoding a specific gene is to be
transcribed into RNA, the nucleosomes
surrounding that region of DNA can slide down
the DNA to open that specific chromosomal
region and allow for the transcriptional
machinery (RNA polymerase) to initiate
transcription (Figure 2). Nucleosomes can move
to open the chromosome structure to expose a

segment of DNA, but do so in a very controlled
ERE
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Figure 2. Nucleosomes can slide along DNA. When nucleosomes are spaced closely
together (top), transcription factors cannot bind and gene expression is turned off. When
the nucleosomes are spaced far apart (bottom), the DNA is exposed. Transcription
factors can bind, allowing gene expression to occur. Modifications to the histones and

DNA affect nucleosome spacing




How the histone proteins move is dependent on signals
found on both the histone proteins and on the DNA. These
signals are tags added to histone proteins and DNA that tell
the histones if a chromosomal region should be open or
closed (Figure 3 depicts modifications to histone proteins
and DNA). These tags are not permanent, but may be added
or removed as needed. They are chemical modifications
(phosphate, methyl, or acetyl groups) that are attached to
specific amino acids in the protein or to the nucleotides of the
DNA.
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The tags do not alter the DNA base sequence,
but they do alter how tightly wound the DNA is
around the histone proteins. DNA is a negatively
charged molecule; therefore, changes in the
charge of the histone will change how tightly
wound the DNA molecule will be. When
unmodified, the histone proteins have a large
positive charge; by adding chemical
modifications like acetyl groups, the charge

becomes less positive.



This type of gene regulation is called
epigenetic regulation. Epigenetic means “around
genetics.” The changes that occur to the histone
proteins and DNA do not alter the nucleotide
seqguence and are not permanent. Instead, these
changes are temporary (although they often
persist through multiple rounds of cell division)
and alter the chromosomal structure (open or
closed) as needed. A gene can be turned on or
off depending upon the location and
modifications to the histone proteins and DNA.
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The DNA molecule itself can also be modified.
This occurs within very specific regions called
CpG islands. These are stretches with a high
frequency of cytosine and guanine dinucleotide
DNA pairs (CG) found in the promoter regions of
genes. When this configuration exists, the
cytosine member of the pair can be methylated
(a methyl group is added). This modification
changes how the DNA interacts with proteins,
Including the histone proteins that control access
to the region. Highly methylated
(hypermethylated) DNA regions with
deacetylated histones are tlghtly colled and

transcriptionally inactive. ‘
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DNA methylation and chemical
modification of histone tails alter the
spacing of nucleosomes and change
gene expression.
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If a gene Is to be transcribed, the histone proteins and DNA
are modified surrounding the chromosomal region
encoding that gene. This opens the chromosomal region
to allow access for RNA polymerase and other proteins,
called transcription factors, to bind to the promoter
region, located just upstream of the gene, and initiate
transcription. If a gene Is to remain turned off, or
silenced, the histone proteins and DNA have different
modifications that signal a closed chromosomal
configuration. In this closed configuration, the RNA
polymerase and transcription factors do not have access
to the DNA and transcription cannot occur (Figure 2).
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« Transcription factors are proteins that bind to the
promoter sequence and other regulatory
sequences to control the transcription of the
target gene. RNA polymerase by itself cannot
Initiate transcription in eukaryotic cells.




Transcription factors must bind to the
promoter region first and recruit RNA
polymerase to the site for transcription to
be established.
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Genes are organized to make the control of gene expression
easier. The promoter region is immediately upstream of the
coding sequence. This region can be short (only a few
nucleotides in length) or quite long (hundreds of nucleotides
long). The longer the promoter, the more available space for
proteins to bind. This also adds more control to the
transcription process. The length of the promoter is gene-
specific and can differ dramatically between genes.
Consequently, the level of control of gene expression can
also differ quite dramatically between genes. The purpose of
the promoter is to bind transcription factors that control the
Initiation of transcription.

_ | —



Within the promoter region, just upstream of the
transcriptional start site, resides the TATA box.
This box Is simply a repeat of thymine and
adenine dinucleotides (literally, TATA repeats).
RNA polymerase binds to the transcription
Initiation complex, allowing transcription to
occur. To Initiate transcription, a transcription
factor (TFIID) Is the first to bind to the TATA box.
Binding of TFIID recruits other transcription
factors, including TFIIB, TFIIE, TFIIF, and TFIIH

to the TATA DoOX: -




Once this complex is assembled, RNA
polymerase can bind to its upstream seguence.
When bound along with the transcription factors,
RNA polymerase is phosphorylated. This
releases part of the protein from the DNA to
activate the transcription initiation complex and
places RNA polymerase in the correct
orientation to begin transcription; DNA-bending
protein brings the enhancer, which can be quite
a distance from the gene, in contact with

transcription factors and mediator protein
(Figure 4). -



In some eukaryotic genes, there are regions that
help increase or enhance transcription. These
regions, called enhancers, are not necessarily
close to the genes they enhance. They can be
located upstream of a gene, within the coding
region of the gene, downstream of a gene, or
may be thousands of nucleotides away.
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Enhancer regions are binding sequences, or
sites, for transcription factors. When a DNA-
bending protein binds, the shape of the DNA
changes (Figure 1). This shape change allows
for the interaction of the activators bound to the
enhancers with the transcription factors bound to
the promoter region and the RNA polymerase.
Whereas DNA is generally depicted as a straight
line In two dimensions, it is actually a three-
dimensional object. Therefore, a nucleotide

sequence thousands of nucleotides aw: n
fold over and interact with a specific pﬁ%
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Figure 4. An enhancer is a DNA sequence that promotes transcription. Each enhancer is
made up of short DNA sequences called distal control elements. Activators bound to the
distal control elements interact with mediator proteins and transcription factors. Two
different genes may have the same promoter but different distal control elements,
enabling differential gene expression.



In addition to the general transcription factors,
other transcription factors can bind to the
promoter to regulate gene transcription. These
transcription factors bind to the promoters of a
specific set of genes. They are not general
transcription factors that bind to every promoter
complex, but are recruited to a specific
sequence on the promoter of a specific gene.
There are hundreds of transcription factors in a
cell that each bind specifically to a particular

DNA sequence motif. =~ ‘



When transcription factors bind to the promoter
just upstream of the encoded gene, The region
that a particular transcription factor binds to is
called the transcription factor binding site.
Transcription factors respond to environmental
stimuli that cause the proteins to find their

binding sites and initiate transcription of the
gene that is needed.
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Turning Genes Off. Transcriptional
Repressors

Eukaryotic cells also have mechanisms to
prevent transcription. Transcriptional
repressors can bind to promoter or
enhancer regions and block transcription.
Like the transcriptional activators,
repressors respond to external stimuli to
prevent the binding of activating
transcription factors.
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 RNA Is transcribed, but must be processed into
a mature form before translation can begin. This
processing after an RNA molecule has been
transcribed, but before it Is translated into a
protein, is called post-transcriptional
modification. As with the epigenetic and
transcriptional stages of processing, this post-
transcriptional step can also be regulated to
control gene expression in the cell. If the RNA is
not processed, shuttled, or translated, then no

protein will'be synthesized.



RNA splicing, the first stage of post-
transcriptional control

In eukaryotic cells, the RNA transcript often
contains regions, called introns, that are
removed prior to translation. The regions of RNA
that code for protein are called exons (Figure 6).
After an RNA molecule has been transcribed,
but prior to its departure from the nucleus to be
translated, the RNA is processed and the introns

are removed bx SBIicing.
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Figure 6. Pre-mRNA can be alternatively spliced to create different proteins.
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In the 1970s, genes were first observed that
exhibited alternative RNA splicing. Alternative
RNA splicing is a mechanism that allows
different protein products to be produced from
one gene when different combinations of introns,
and sometimes exons, are removed from the

transcript (Figure 7).
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Figure 7. Thereare five basic.modes of alternative splicing.




This alternative splicing can be haphazard, but
more often it is controlled and acts as a
mechanism of gene regulation, with the frequency
of different splicing alternatives controlled by the
cell as a way to control the production of different
protein products in different cells or at different
stages of development. Alternative splicing is now
understood to be a common mechanism of gene
regulation in eukaryotes; according to one
estimate, 70 percent of genes in humans are
expressed as multiple proteins through alternativ
splicing.




How could alternative splicing evolve? Introns have a
beginning and ending recognition sequence; it is
easy to imagine the failure of the splicing mechanism
to identify the end of an intron and instead find the
end of the next intron, thus removing two introns and
the intervening exon. In fact, there are mechanisms
In place to prevent such intron skipping, but
mutations are likely to lead to their failure. Such
“mistakes” would more than likely produce a
nonfunctional protein. Indeed, the cause of many

genetic diseases is alternative splicing rather than
mutations in a sequence. h



However, alternative splicing would create a
protein variant without the loss of the original
protein, opening up possibilities for adaptation of
the new variant to new functions. Gene
duplication has played an important role in the
evolution of new functions in a similar way by
providing genes that may evolve without
eliminating the original, functional protein.
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Before the mRNA leaves the nucleus, it is given
two protective “caps” that prevent the end of the
strand from degrading during its journey. The 5’
cap, which is placed on the 5’ end of the mRNA,

IS usually composed of a methylated guanosine
triphosphate molecule (GTP).
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The poly-A tail, which is attached to the 3’ end, is usually
composed of a series of adenine nucleotides. Once the
RNA is transported to the cytoplasm, the length of time
that the RNA resides there can be controlled. Each RNA
molecule has a defined lifespan and decays at a specific
rate. This rate of decay can influence how much protein
IS In the cell. If the decay rate is increased, the RNA will
not exist in the cytoplasm as long, shortening the time for
translation to occur. Conversely, if the rate of decay is
decreased, the RNA molecule will reside in the
cytoplasm longer and more protein can be translated.
This rate of decay is referred to as the RNA stability. If

the RNA is stable, it will be detected for Iong%
time in the cytoplasm.



Binding of proteins to the RNA can influence its stability.
Proteins, called RNA-binding proteins, or RBPs, can bind
to the regions of the RNA just upstream or downstream
of the protein-coding region. These regions in the RNA
that are not translated into protein are called

the untranslated regions, or UTRs. They are not introns
(those have been removed in the nucleus). Rather, these
are regions that regulate mRNA localization, stability,
and protein translation. The region just before the
protein-coding region is called the 5' UTR, whereas the
region after the coding region is called the 3’

UTR (Figure 8). The binding of RBPs to these regions

can increase or decrease the stability of an R-NA‘
molecule, depending on the specific RBP that binds.
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Figure 8. The protein-coding region of mMRNA is flanked by 5" and 3'
untranslated regions (UTRs). The presence of RNA-binding proteins at the
5'or 3' UTR influences the stability of the RNA molecule.
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In addition to RBPs that bind to and control (increase or
decrease) RNA stability, other elements called microRNAs
can bind to the RNA molecule. These microRNAs, or
MIRNAS, are short RNA molecules that are only 21-24
nucleotides in length. The mIRNAs are made in the nucleus
as longer pre-miRNAs. These pre-miRNAs are chopped into
mature miIRNAs by a protein called dicer. Like transcription
factors and RBPs, mature miRNASs recognize a specific
sequence and bind to the RNA; however, miIRNAs also
associate with a ribonucleoprotein complex called the RNA-
iInduced silencing complex (RISC). RISC binds along with
the miIRNA to degrade the target mRNA. Together, mIRNAS
and the RISC complexrapidly destroy the RNA molecule.
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