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Cell differentiation

Complex multicellular
organisms develop
from the single cell of
a fertilised zygote.
Developmental
biologists are starting
to understand some of
the molecular events
controlling this
fascinating process.
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umans have more than 10'3 cells. Each cell is

| functionally adapted to a role in the tissues of

| which it is part. How does the fertilised egg

| cell, containing its single set of genetic instruc-

tions derived from the DNA of both parents, give rise to

the huge range of cell types that make up the mature

individual? Consider the different functions cells

perform. For example, skeletal muscle cells contract

and relax as an urganix’m moves (see BIOLOGICAL

SCIENCES REVIEW, Vol. 11, No. 2, pp. 36-39). In contrast,

red blood cells travel around the organism to supply

oxygen to all the tissues. These two cell types have very

different shapes. Muscle cells are long, thin fibres that

become shorter or longer as they contract and relax.

Red blood cells are small, biconcave discs that circulate
through the blood vessels.

The research of Watson and Crick in the middle of the
last century defined the structure of DNA and its role as
the heritable instructions for building cells, tissues
and organisms. We now know that the full set of
instructions — the genome — exists within the
chromosomes found in the nucleus of each cell.
Understanding the origins and properties of the
different cell types therefore depends on under-
standing how cells select the specific set of genetic
instructions that make it a muscle cell, a liver cell

How tissues arise

or a red blood cell. In this context, the red blood cell is
especially interesting. It does not have a nucleus and
therefore lacks DNA; it also lacks other intracellular
organelles such as mitochondria and ribosomes. So how
does a red blood cell arise? What are the consequences
of lacking a nucleus and the other cellular machinery for
energy production and protein synthesis?

Red blood cells start life as bone marrow stem cells.
These then differentiate into cells called erythroblasts,
which have a nucleus and the capacity to synthesise
haemoglobin. As the erythroblast matures, it loses its
nucleus; however, other organelles have the ability to
synthesise proteins. It has then become a highly
specialised red blood cell, with only one role in life — to
carry oxygen in the blood to sustain the tissues of the
body (see Box 1).

The human genome, represented by the 23 pairs of
human chromosomes, contains around 30000 genes,
which encode the individual proteins that define a
human. Individual cells can perform different functions
because of the huge range of proteins that cells can
make. For example, muscle cells contain proteins such
as actin and myosin that allow the cell to contract and
relax. Red blood cells contain thousands of haemoglobin
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The red blood cells of adult mammals are manufactured in the red bone
marrow of long bones and of flat bones such as the skull, ribs and pelvis.
Bone marrow stem cells each contain a nucleus, and as they grow and
divide they begin synthesising haemoglobin — at this stage they are
called erythroblasts. The part of the cell that contains the nucleus
and most of the intracellular membranes are then pinched off
and degraded. The remaining non-nucleated cell, now called a
recticulocyte, continues to make haemoglobin but eventually
loses its ribosomes. At this point the cell has become a
mature red blood cell (an erythrocyte) and enters the blood
circulation.

The red cell acquires a biconcave disc structure, which is
flexible enough to squeeze through small capillaries where
it delivers oxygen to the tissues. However, because the
mature cell lacks a nucleus and protein synthesising
machinery, it cannot undergo cell division, nor can it repair
itself. Consequently red blood cells have a limited life span

(around 120 days). During this lifetime a typical human red cell
makes half a million circuits of the arteries and veins — a
journey of about 300 miles. More than 2 million red cells are
destroyed every second, chiefly in the liver and spleen. As the

number of red cells in circulation is fairly constant, this

destruction is matched by an equivalent rate of red cell production.

molecules that carry oxygen. How do these cells create
differences in the proteins they contain?

The key to producing differént proteins in different
cell types is to use only a portion of the genes in each cell
as instructions for protein synthesis. As different genes
can be switched on in different cell types, completely
different sets of proteins can be produced in each cell
type. Proteins are generated from messenger RNA
(mRNA) molecules, which in turn are produced from
the genomic DNA of the cell. Genes in the DNA produce
mRNA molecules. So the mRNA pool of a cell dictates
which proteins the cell can manufacture. By making
different mRNA molecules, muscle cells and red blood
cells can generate different sets of proteins, which
specialise each cell type for different functions.

Transcription produces mRNA molecules

A cell generates mRNA molecules by transcription. To
produce an mRNA molecule for a specific gene, the cell
must direct a set of proteins to the genomic DNA for that
gene. These proteins then start the process of gene tran-
scription. One of the proteins required is RNA poly-
merase. This is an enzyme, which creates RNA from a
DNA template. RNA polymerase reads the genetic code of
DNA and transcribes it into a messenger RNA molecule.

Switching genes ON

RNA polymerase is needed for transcription of every
gene, so how does a cell decide which gene or set of
genes to transcribe? The answer lies with a special group
of proteins that are required for the transcription of
specific genes. These proteins are transcription factors,
and they promote the transcription of their target genes.
They control which portion of the genomic DNA is used
to create proteins in the cell. They allow each cell type
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rate of

to follow a different
set of instructions from
the genome. By having diverse

collections of transcription factors, different cell types
can generate different pools of mRNA molecules. The
transcription factors that promote the production of
mRNA molecules that are important for a cell to
generate muscle proteins are not the same as those that
are found in erythroblasts. It is this diversity in transcrip-
tion factors that allows cells of different types to generate
a different pool of mRNAs, which results in a different
set of proteins in each cell type.

Transcription factors promote the synthesis of mMRNA
by binding to a special DNA sequence that is found at
the beginning of a gene (see Figure 1). This sequence is
the promoter. When a gene-specific transcription factor
binds to the promoter of a gene, it recruits other
proteins, such as the RNA polymerase, to the gene (see
Box 2). The actions of these proteins together produce
an mRNA molecule from the genomic DNA. Each gene
may have several different transcription factor binding
sites in its promoter, which allow different transcription

mRNA
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Figure 1 A transcription factor (TF) binds to a sequence in
the promoter of a gene. The RNA polymerase also binds to
the promoter to begin transcription. This results in the
production of an mRNA molecule for the gene.
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Box 2 Promoters

A promoter is a region of genomic DNA that is adja-
cent to the transcription start site for a gene. This
region of DNA has sequences that are recognised by
transcription factors. Transcription factors bind these
sequences and then recruit the RNA polymerase to
the gene to begin transcription. In eukaryotes, many
promoters contain a special sequence called the TATA
box, comprising the base sequence TATAAAA. This
signals where mRNA transcription should start.
Proteins of the RNA polymerase complex bind to the
promoter at the TATA box. It is possible to have several
transcription factor binding sites in a gene promoter.
These sites allow multiple transcription factors to bind
the promoter and activate gene transcription in
different situations.

factors to promote mRNA synthesis from the gene at
different times or in different situations. The promoter
thus allows the gene to be switched on.

Master switches control many genes
Some transcription factors are important for the expres-
sion of mMRNA molecules that produce proteins specific
to one cell type. They control the transcription of many
genes, so are called master regulators. One controls the
expression of genes required for muscle cell develop-
ment. This transcription factor is called MyoD. It binds
to a DNA sequence in the promoter of several genes
important for muscle cell function, and then promotes
the transcription of mRNA molecules from these genes.
Cells that express these mRNAs then produce the
proteins that make up muscle fibres, and are able to
differentiate into muscle cells. During development, cells
that will become the muscle cells of the embryo contain
MyoD, which leads to the expression of many muscle-
specific genes in those cells and promotes their differen-
tiation into muscle.

It is important for cells to express the correct mRNA
so that during development they generate proteins that
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allow differentiation into the specific cell types needed
in the adult. For example, it would not be useful for all
the cells of an organism to differentiate into muscle
cells and no other cell types. Master regulator tran-
scription factors control this process, by promoting the
generation of the many different types of mRNA
required for differentiation into one specific cell type.
Different groups of cells in the developing embryo have
different master regulators, and thus will differentiate
into the correct mix of different cell types needed for
the adult to function.

Switching genes OFF

‘While it is important for cells of the embryo to express the
correct mRNAs and generate the right set of proteins for
differentiation into specific cell types, it is also important
to stop expressing certain embryonic genes once devel-
opment is complete. An example of this process comes
from red blood cells. During early fetal development,
erythroblasts express the mRNA for a form of haemo-
globin that is specific to the fetus (see Box 3). Fetal
haemoglobin binds oxygen more effectively than normal
adult haemoglobin, an important property that helps the
transfer of oxygen across the placenta from mother to
fetus. After birth, the erythroblasts of the infant switch
to synthesising the adult form of haemoglobin. The fetal
haemoglobin gene is switched off. Because mature red
blood cells have a life of only 120 days, the cells with fetal
haemoglobin are gradually lost after birth, and are
replaced by new red blood cells containing adult haemo-
globin. There are rare cases where the fetal haemoglobin
gene is not switched off at the correct time and fetal
haemoglobin production continues. If the fetal haemo-
globin mRNA is still produced in the adult, it can cause
blood diseases including varieties of anaemia. The

Box 3 Haemoglobin

Haemoglobin is a protein with four polypeptide chains,
two of one kind and two of another. Each chain
includes an iron-containing haem group and a single
oxygen-binding site. Haemoglobin A (HbA), the prin-
cipal haemoglobin in adults, consists of two alpha (o)
chains and two beta (B) chains (see p. 14).

Fetuses have their own distinct haemoglobin (HbF),
which has two alpha chains and two gamma (y) chains.
HbF has a higher oxygen affinity than HbA, which
allows the transfer of oxygen from the maternal circu-
lation to the fetal circulation.
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[image: image4.jpg]silencing of the fetal haemoglobin gene by eliminating
its transcription is therefore critical for proper func-
tioning of adult red blood cells.

‘We do not know how the fetal haemoglobin gene is
silenced but it is likely that the methylation status of the
promoter of the fetal gene is changed after birth such
that transcription factors no longer bind to it. Because of
this, fetal haemoglobin mRNA is no longer transcribed,
and red blood cells no longer contain fetal haemoglobin.
Alternatively, the transcription of the adult haemoglobin
gene becomes active near the time of birth, so that the
main form of haemoglobin found in a newborn is the
adult protein. There is a switch in the mRNA pool of
erythroblasts from the fetus to the adult, and these
differences in mRNA allow a different form of the
haemoglobin to be made in the cells after birth.

Transcription factors determine which portion of the
genome is transcribed in a cell, and this dictates which
proteins the cell can then produce. Therefore, during
embryonic development the actions of transcription
factors are important to ensure that all the different cell
types needed in the adult are formed correctly from the
genomic instructions found in each cell.

Things to do

» Think about all the different tissues and cell types you
have in your body. How might the cells differ from one
another? What functions are they specialised to perform?
p Learn more about the different haemoglobin proteins.
How does the fetal form of haemoglobin help to make
the transfer of oxygen from mother to fetus more effi-
cient? How does the shape of red blood cells promote the
transfer of oxygen to the tissues of the body?

» Many aquatic animals and terrestrial insects exhibit
remarkable life histories, going through larval stages
that bear little resemblance to the adult — for example,
a frog or a butterfly. Try to discover information about
the genetic controls on the genomes of such species:
www.cals.ncsu.edu/course/ent425 /tutorial /
morphogenesis.html

» Consider reading for a degree in developmental
biology. For example, go to www.ls.manchester.ac.uk
and click on undergraduate courses for 2009 entry.

Dr Kathryn Hentges is a lecturer in developmental
biology at the University of Manchester. Her research
focuses on identifying new genes that control
cardiovascular development.

KEY points

® All cells of an organism have the same genomic DNA, but only a portion
of the genome is active in any one cell.

® Cells can perform diverse functions because they contain different sets
of proteins.

® Proteins are produced from mRNA molecules.

* mRNA molecules are produced by transcription of genes from the
genomic DNA of each cell.

® Transcription factors activate the transcription of specific genes in each
cell. Master regulator transcription factors control the production of
mRNA molecules for many genes required for one cell type.

® During embryonic development, cells activate the transcription of genes
as well as inactivating the transcription of embryonic genes after birth.
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