
Multicellular organisms are made up of
a huge number of cell types, special-
ized to perform particular functions.

During development, the fate of a cell is
determined by outside signals that ultimately
lead to specific changes in gene expression
inside the cell. But, compared to the number
of cell types, the number of signalling path-
ways is tiny, so each must be quite general.
How, then, are these signals translated into
specific patterns of gene expression? Three
groups, writing in Cell1–3, address this prob-
lem in different developmental contexts.
Their results strengthen a view of gene regu-
lation4 as the deciphering of a combinatorial
code, in which the quality and quantity of
signals are directly sensed and computed by
regulatory elements in the target gene.

Developmental decisions can be seen as 
a set of logical operations that integrate the
effects of short- and long-range signals
through the action of transcription factors4

(proteins that help to transcribe genes into

messenger RNAs). Take, for example, the
case of muscle formation in the fruitfly
Drosophila melanogaster, where several types
of signalling pathway result in the gene 
even-skipped being turned on in just one cell
of a cluster of mesodermal cells (Fig. 1a).
Mesoderm is the tissue from which muscle
develops, and cells that express even-skipped
go on to form particular types of heart 
and body-wall muscles. What is the molec-
ular ‘computer’ that calculates the effects of
the signalling pathways on the even-skipped
gene? Halfon et al.1 propose an answer, in the
shape of an ‘enhancer’ — a regulatory region
of the gene.

The authors1 find that this particular
enhancer region is needed to ensure the
expression of even-skipped in the requisite
cell from a cluster of mesodermal cells. With-
in the enhancer region, the authors identify
sites that bind regulatory factors positioned
near the ends of receptor-tyrosine-kinase
signalling pathways. They also find regions

that bind to factors from the Wingless and
Decapentaplegic signalling systems. Finally,
they find binding sites for Twist, a protein
specific to undifferentiated mesodermal
cells, and for Tinman, a marker of dorsal
mesodermal cells.

By altering these binding sites, or by
changing the combination of regulatory fac-
tors that are expressed, Halfon et al. show
that all of these signalling pathways, and all 
of the binding sites, are needed to achieve
proper expression of even-skipped (Fig. 1b).
Here, then, the combinatorial code involves
the Wingless, Decapentaplegic and receptor-
tyrosine-kinase signalling pathways, as well
the tissue-specific expression of Twist and
Tinman. The code is deciphered by the
enhancer of the even-skipped gene.

In the Drosophila eye, cone cells, pigment
cells and some types of photoreceptor cell
develop from a common pool of precursor
cells in response to different signals. The 
precursor cells use receptor-tyrosine-kinase
pathways, sometimes in the context of sig-
nalling through the Notch pathway, to make
developmental decisions. Flores et al.2 and
Xu et al.3 show that the enhancer regions of
target genes are again at the heart of these
decisions.

Cone cells form from a cluster of ‘equiva-
lent’ precursor cells that are responsive 
to the Drosophila epidermal-growth-factor
receptor (DER; a receptor tyrosine kinase),
and that express the transcription factor
Lozenge. Signalling through the Notch 
pathway in some of these cells results in 
the expression of the transcription factor 
D-Pax2, and a fate as a cone cell. Flores et 
al.2 show that the combinatorial code for
expression of D-Pax2 is deciphered by the
enhancer region of the D-Pax2 gene, and
involves Lozenge and proteins from the
Notch and DER pathways.

Finally, Xu et al.3 study the specialization
of so-called R7 photoreceptor cells, which
involves changes in the levels of the prospero
gene in a group of the precursor cells. The
authors identify an enhancer in the prospero
gene that ensures low levels of prospero
expression, a feature of the early stages of 
R7-cell specialization. This enhancer also
responds to DER signalling, and has binding
sites for Lozenge. In other words, the combi-
natorial code that produces these early, low
levels of prospero expression is deciphered at
the prospero enhancer region.

Of the cells that express Lozenge, respond
to DER and express low levels of prospero,
those that pick up the Notch signal activate
expression of D-Pax2 and become cone cells.
However, those cells in which the Sevenless
protein, a receptor tyrosine kinase, is acti-
vated, but in which Notch signalling is
absent, express high levels of prospero — a
feature of the late stages of R7-cell specializa-
tion — and become R7 cells3. Flores et al.2

confirm this: according to this model, Notch
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Studies in fruitflies support the idea that regulatory regions of genes
control development by acting as molecular ‘computers’, calculating cell
fate according to the combined effects of several signalling pathways.

Figure 1 Gene regulation by combinatorial logic. Three new papers1–3 provide further evidence for the
‘computational’ role of gene enhancer regions. The developmental system studied by Halfon et al.1 is
shown here. a, An early stage in the development of heart and body-wall muscle in Drosophila is the
production of a cell that expresses the even-skipped gene. From left, stripes of Wingless (vertical) and
Decapentaplegic (horizontal) signals along the epidermis (the outer layers of an embryo) act on
underlying mesodermal cells expressing the proteins Twist and Tinman, to define a cluster of
‘competent’ cells expressing the transcription factor L’sc. Signalling through the Wingless,
Decapentaplegic and receptor-tyrosine-kinase pathways (the latter involving the proteins DER and
Htl) eventually produces just one even-skipped-expressing cell. Modified from ref. 5. b, The enhancer
as a computer. Proteins downstream of extrinsic Wingless, Decapentaplegic and receptor-tyrosine-
kinase signals combine with intrinsic factors (Twist and Tinman) to regulate the expression of 
even-skipped. (Htl, Hbr and Rho are components of receptor-tyrosine-kinase signalling pathways.)
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signalling in ‘presumptive’ R7 cells should
convert them into cone cells, and this is 
what happens.

So it seems that the transcription factors
that define domains in a tissue — such as
Twist in undifferentiated mesoderm, or
Lozenge in some precursor cells in the eye —
are continually required in a given cell lin-
eage. Some signalling pathways, such as
those involving Wingless and Decapenta-
plegic, may be similarly required. They pro-
vide a background, or context, that is proba-
bly continuously sensed by the target gene.
The ‘final’ choice of fate is determined by
more general inductive signals, such as regu-
lated receptor-tyrosine-kinase signalling
acting within this background. The combi-
natorial logic allows the repeated use of a
small number of elements to give a unique
output. This way of controlling gene expres-
sion requires that all types of signal act
directly at the target.

The next level of complexity is presum-
ably provided by the existence of autoregu-
latory and feedback circuits that are kicked
off by the protein product of the target gene.
It will be interesting to find out how stable
such circuits are. And a cell’s response to 

signals is not limited to modifying gene
expression. It will also modify proteins, for
example, or move proteins around the cell,
and these processes will add further layers 
of complexity.

Earlier analysis of gene regulation in sea
urchins4 showed the possibility of modelling
gene regulation as logic circuits, and revealed
the computational power of enhancers. The
latest three papers1–3 provide much-needed
data to allow further development of such
models. And as more gene circuits are unrav-
elled, we may well find that the formal logic
underlying their regulation has much to
contribute to our understanding of other
complex circuits, such as the neuronal cir-
cuits seen in the brain. ■
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Diabetes

Gene therapy for rats and mice
Jerrold M. Olefsky

Delivery of an insulin-encoding gene into diabetic rats and mice has
helped them to regulate their blood glucose levels. But there are still
obstacles to overcome before this approach can be used in humans.

Type I diabetes is an autoimmune dis-
ease that begins in childhood or early
adulthood, and eventually causes com-

plete destruction of the insulin-secreting 
b-cells in the pancreas1. The upshot is that
patients with type I diabetes produce
absolutely no insulin. So attempts to treat
this disease have centred on ways to admin-
ister externally produced insulin — by 
subcutaneous injection, external pumps or
nasal sprays, to name but a few. The goal is to
match insulin delivery to changes in blood
sugar levels so as to achieve normal glucose
levels. But all of these methods suffer from
inconvenience, interference with lifestyle
and, most important, the near impossibility
of matching insulin administration to the
body’s minute-to-minute needs. As a result,
much effort is going into developing alter-
native forms of treatment that bypass the
need for external insulin, such as the trans-
plantation of pancreatic islet cells2, the dev-
elopment of replenishable insulin-secreting
cell lines for implantation, and, more
recently, gene therapy.

On page 483 of this issue3, Lee and col-
leagues describe an advance that may pave

the way to the use of insulin gene therapy in
patients with type I diabetes. Using genetic
engineering, the authors have produced an
insulin analogue that retains an impressive
20–40% of the activity of native insulin. They
inserted the DNA encoding this insulin ana-
logue into a modified virus for delivery into
diabetic animals. They then placed the entire
DNA construct under the control of the pro-
moter region of the L-type pyruvate kinase
gene found in liver cells. This promoter is a
regulatory element that normally controls
the expression of the L-type pyruvate kinase
gene in response to glucose.

The authors injected the resulting virus
intravenously into rats and mice, and found
that the viral genome became incorporated
exclusively in liver cells. The animals were
able to secrete the biologically active insulin
analogue from their livers into their blood-
streams for up to 8 months. When rats were
made diabetic by administration of the b-
cell toxin streptozotocin, and then treated
with the viral construct, they maintained
normal blood glucose levels throughout 
the entire 8-month study period. Similar
results were obtained3 when the virus 

was administered to autoimmune diabetic
‘NOD’ mice4.

There are several clever features to this
approach that contributed to the authors’
success. The native insulin gene encodes
proinsulin, which is a protein consisting of
two chains, the A and B chains, linked by 
a 35-amino-acid sequence, the ‘C peptide’.
To produce insulin, proinsulin must be
processed by proteolytic (protein-cleaving)
enzymes in the pancreatic b-cells to remove
the C peptide5. This releases the A and B
chains, which are then connected and folded
to create native insulin5. 

The proteolytic processing steps are com-
plex, and rely on cleavage enzymes and other
machinery6. This has been a significant
obstacle in the past, because most tissues do
not express the proper cleavage enzymes and
other factors needed to process proinsulin.
Attempts to overcome this problem by
inserting alternative cleavage sites in the
proinsulin molecule, which can be recog-
nized by liver-specific proteolytic enzymes,
have been only partially successful. Lee et al.3

have addressed this problem by replacing the
35 C-peptide residues with a short, seven-
amino-acid peptide, avoiding the need for
proteolytic processing. Whereas proinsulin
has only 1–2% of native insulin’s biological
activity, Lee et al.’s single-chain insulin ana-
logue was 20–40% as active as native insulin.

Normally, glucose is the main molecule
that induces the secretion of insulin from the
pancreas. An ideal gene-therapy system
would require insulin secretion to be similar-
ly responsive to changes in blood glucose 
levels. Lee et al.3 achieved this by placing 
the gene encoding the single-chain insulin
analogue under the control of the glucose-
responsive L-type pyruvate kinase promoter.
Surprisingly, this seems to have worked 
reasonably well. Ready-made insulin is nor-
mally stored in pancreatic b-cells and is
secreted by a process of stimulated ‘exocyto-
sis’, which allows rapid responses to molec-
ules such as glucose. With the viral construct,
changes in glucose levels modulate expres-
sion of the single-chain-insulin gene. By 
definition, this is a sluggish process com-
pared with stimulated exocytosis, and one
would expect that secretion of the insulin
analogue in response to glucose would be
substantially delayed. This was in fact seen 
in Lee et al.’s study. Remarkably, however, 
the changes in blood glucose levels were not
that different between healthy control and
virus-treated animals.

The virus-treated animals were able 
to maintain reasonably normal fasting
(between-meal) blood glucose levels over
the 8-month study period. Although impor-
tant, this degree of ‘normoglycaemia’ might
reflect unregulated secretion of the single-
chain insulin. It is well known that basal 
levels of insulin secretion have a major
impact on fasting glucose levels7. However,
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