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e begin when our parents’ genes meet in a single
lel — the fertilised egg. This cell is faced with
the enormous challenge of developing into a multi-
cellular organism — an entire human being. It uses
two basic processes in this epic journey: cell growth
and cell differentiation. Growth includes the making
of more cells by division, something that the simplest
bacteria can do, and do much more rapidly than any of
our cells. However, most bacterial growth only
produces a colony of identical cells. Cell differentiation
is what makes us more than a colony — it is how we
make cells with specialised functions. A cell becomes
specialised by activating parts of its genome, and
leaving other parts silent. There are specialised cells in
the pancreas that regulate the body’s glucose concen-
trations, as a consequence of the activation of the
insulin gene; cells in the eye detect light — the genes
to produce rhodopsin are switched on, and so forth.
Humans are complex organisms not because they have
many cells but because they have many types of cells.

So, development is the production of specialised cells
from unspecialised cells. While both growth and differ-
entiation are essential, these processes must be balanced.
If development has basic rules, they are that cells with
specialised functions do not divide much, and that the
cells responsible for growth are the unspecialised ones.
As an embryo produces more and more specialised cells,
it limits its own growth, providing another key distinc-
tion between a multicellular organism and a bacterial
colony — a colony grows as long as food is available,
while we pretty much stop producing extra cells when
fully grown.
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In a nice warm uterus with plenty of nutrition,
growing is easy. What we do not get from the uterus,
though, or from any other outside source, are instruc-
tions on how to organise ourselves — where to put a
head, how many bones and eyes to make, what shape
the face should be, or even what species to become. An
embryo must bring all this information along on its
own, which it does in its genome.

Getting organised: the big conversation
When embryonic cells start to ‘read’ their genome, the
instructions that they find there tell them to communi-
cate with their neighbours. This is because a large
number of genes are used to send and receive signals
between cells. These signals, most of which are proteins,
shoot back and forth between tissues. Out of this
communication, cells get an idea of where they are in
the body, and so what type of cell to differentiate into.
The genome does not give a strict set of instructions on
how to develop, but instead the outline of a conversa-
tion that needs to take place for a ball of cells to organise
itself into a human body.

Formation of the eye gives a good example of how
tissues communicate during development. The eye has
a retina, which detects light and sends information to
the brain, and a lens, which focuses light onto the retina
to make a sharp image. An effective ‘eye must have a
lens that is precisely aligned with the retina. Eye devel-
opment begins when the retina grows out from the
brain as a stalk until it reaches the embryo’s surface.
Then the retina signals to nearby surface cells, telling
them to pinch together to form a transparent sphere,
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rather than become opaque skin. Where the retina
happens to make contact with the surface is where the
lens will be induced to form.

This mechanism helps to reduce errors in develop-
ment. If the lens and retina had to form independently,
with no communication between them, they might not
align properly. By using induction there is no way that
the outgrowing retina can ‘miss’ the lens.

Induction is an interaction that guides the develop-
ment of all our organs. Thousands of inductive signals go
back and forth between tissues as they sense and produce
signals that indicate where in the body they are, and
cells activate different parts of their genome in response
to these signals. When all goes well, this 9-month
conversation makes a baby whose lungs and eyes, assem-
bled in a dark, fluid environment with no chance to
practise, are ready for their first breaths and sights.
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Remaking ourselves with stem cells

We constantly lose cells through use and from injury
and must therefore constantly replace them. This means
that development never stops. To fulfil this ongoing
need, many, perhaps all, of our organs carry tiny
numbers of unspecialised cells that were spared from
differentiation. These are the stem cells.

The realisation that stem cells allow continuous
development in adults has sparked the idea of stem cell
therapy. The idea is similar to organ transplantation,
but here only the ‘seed” of an organ, rather than the
entire organ, is transplanted and allowed to grow in the
patient. This approach is particularly aimed at plugging
the gaps when some cells in an organ are damaged or
dying, but where a full transplant is either unnecessary
or impossible. For example, stem cells could be used to
repair and strengthen cardiac tissue after a heart attack,
when a transplant is unnecessary. Complete organ trans-
plantation is clearly impossible for the brain, which is
why so much effort is being put into finding ways to use
stem cells to replace the dying neurones in Parkinson’s
and Alzheimer’s diseases.

Much work remains to be done before stem cell ther-
apies become widely available, particularly regarding
exactly which stem cells to use and how to control their
development when transplanted. However, a well-tested
example of stem cell therapy is bone marrow trans-
plantation, where an entire organ, the blood, is grown
from a few transferred stem cells. Current research aims
to find out how to apply this basic concept to the other
organs of the body.

Regeneration: the remaking we can't do
(yet)

Our stem cells are quite good at keeping us topped up
with specialised cells, and they step up production to
repair injured tissues. However, this repair is limited to
fixing of individual tissues, as opposed to regeneration,
which involves complete regrowth of whole body parts.
If an arm is amputated, the skin at the stump will seal
the gap — this is repair. Regeneration would entail
growth of a complete new arm. Our inability to regrow
amputated limbs is generally taken as an unfortunate
fact of life, but we should not forget that we made our
own arms in the first place and that we keep the infor-
mation required to make an arm in our genome
throughout life. (Some organisms do have the ability to
regenerate lost parts — see front cover and Box 1.)

A lack of communication lies behind our inability to
regenerate body parts when adult. Embryonic tissues
constantly interact with one another to orchestrate the
formation of body parts. Adult tissues are less outgoing
and rarely communicate with one another. This means
that when an arm is removed, the skin only detects a cut
that must be covered and does not recognise that the
body has a bigger problem involving other tissues such
as bone, nerve and muscle.

A major aim of developmental biology research is to
get wounded adult tissues ‘talking’ to one another, as
once they did in the embryo, to build a new kind of
therapy — regenerative medicine. One line of
research focuses on understanding how body parts form
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in the embryo, aiming to reawaken this process in
injured adults. A second lead being followed is the study
of how adult amphibians such as salamanders and
newts are able to regenerate their eyes, limbs and tails
after their loss. A third approach is called ‘tissue engin-
eering’. It aims to collect cells from a patient, engineer
them such that they grow into replacement organs, and
then transplant the laboratory-grown organ back into
the patient. Together with stem cell therapy, the aim is
to provide a new type of medicine where diseases are
cured using cells and tissues rather than drugs and
scalpels.

Cancer: development without
differentiation

A cancerous tumour, like an organism, is a multicellular
mass grown from a single cell. So in some sense cancers,

BOX 1 Regeneration

Plants are the ultimate regenerators. Under the right
conditions it is possible to grow an entire plant from a
single cell, and there are many familiar examples of
plant regeneration of parts e.g. kalanchoe and African
violet (see p. 22). Roses pruned in the autumn regen-
erate new shoots in the spring to replace the parts that
have been amputated. Mowing the lawn removes the
tops of leaves that are replaced by continued growth
and differentiation at the meristems (down at ground
level — see Figure 1.1).

Figure 1.1 A grass plant. Leaf 1 is oldest and leaf 8 is
just starting to extend. The enlarged area shows the
apical meristem that produces the leaves.

Many invertebrate animals are almost as efficient —
most sea stars ('star fish’) can regenerate ‘arms’ and
some can regenerate an entire animal from a small
piece of detached arm (see cover photo). Vertebrates
are less impressive, but some amphibians are much
better than mammals at regenerating lost body parts,
being able to regrow entire legs, tail, eyes and hearts.
They do this by making a special structure called a
blastema, a clump of cells that grows into a whole
organ or body part. The genes that control blastema
formation are being studied and it appears that they
are also present in the human genome. This raises
the hope that if we learn how to control these genes,
we might be able to activate true regeneration of body
parts in humans.
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like organisms, undergo development. However, cancers
arise when genetic errors cause a cell to ignore the most
basic rule of development: that growth is followed by
differentiation, which stops further growth. When this
occurs the body loses control over the altered cell, which

carries on growing and multiplying to form a tumour. ~ Coloured
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TE R M S explainec.l

Differentiation The process by which cells become specialised to perform
different tasks based on which of their genes are activated.

Genome An organism’s complete set of genes.

Induction The process by which one tissue produces specific molecular
signals to influence the development of a neighbouring tissue.

Regeneration The regrowth of a whole body part after amputation.

Regenerative medicine An experimental area that aims to grow entire
organs and body parts, either in the laboratory or directly on a patient.

Stem cell An unspecialised cell that does not contribute to the functioning
of an organ but instead provides fresh cells to replace those lost through
use or abuse.

Tissue repair The filling in of a wound (without replacing any missing body
parts).
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Website
The Visible Embryo — a clickable timecourse of human development:
www.visembryo.com

activated in the brain, Sonic hedgehog can cause medullo-
blastoma, a deadly tumour.

Some years ago it was recognised that when pregnant
sheep in North America ate corn lilies, their offspring
lacked hair and often had severe birth defects. This
phenomenon was found to be caused by a single chem-
ical produced by the plant — cyclopamine, which blocks
Sonic hedgehog’s action. Though exposure of embryos
to cyclopamine is catastrophic, because it impairs their

‘ normal development, this compound is now a prom-
‘; ising therapy for several types of cancer.
|

Outlook

Research into developmental biology, in addition to
revealing the mechanisms by which we are made, has
practical applications in human health and disease. In
vitro fertilisation arose from developmental biology

research, as did the more recently discovered ability to
clone adult mammals. Stem cell and regenerative medi-
cine, and new approaches to treating cancers and birth
defects, are being studied intensively and are yielding
therapies currently being tested in the clinic. Aside from
the technical aspects of developmental biology research,
we face questions of what limits, if any, should be placed
on the emerging power to engineer our own develop-
ment. Thus an understanding of developmental biology
is important not only to academic researchers, but to
medical professionals, the pharmaceutical and biotech-
nology industries, science reporters, ethicists and policy
makers, and to anybody interested in knowing how
different plants and animals are able to mould their
own form from a single cell.

Things to do

» Compare your ears with one another. Each ear was
generated independently, but using the same genes, so
they are very similar. Are they absolutely identical?

P Find out how the number of fingers and toes that
develop in vertebrates changed during evolution. How
did Julius Caesar’s horse resemble a fossil, according to
Suetonius’s descriptions of the beast?

P A degree! The University of Manchester is launching
a degree programme in developmental biology, with
first intake in September 2007. The UCAS code is C141.

Denis Headon is a lecturer in developmental biology at
the University of Manchester. His research focuses on
how feathers and hair are made from embryonic skin.
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