
The cis-regulatory elements, which are required for the
correct activation of eukaryotic genes during develop-

ment, are often separated by long DNA segments that, at
first sight, appear to serve no purpose. This led researchers
to believe that they were dispensable for the control of
gene expression and initiated a number of experimental
attempts to recapitulate gene-expression patterns with
expression cassettes that carried deletion constructs or
artificial combinations of minimal enhancer and promoter
sequences. However, these studies were often designed
without taking all of the structural and functional consid-
erations that might influence gene expression into
account, and as a consequence often gave inexplicable
results. Recent experiments that have examined the struc-
tural and functional properties of individual gene loci and
gene clusters indicate that the control of gene expression is
more complex and requires more sequence information
than was previously thought. The regulation of the spatial
and temporal pattern of expression observed with any
given gene turns out to be the result of multiple regulatory
inputs within a genetic locus. A number of recent findings
shed light on the regulatory sequence information
required for correct control of gene expression.

The cis-regulatory regions can be larger than
anticipated
A gene locus encodes all necessary information for spa-
tially and temporally correct gene expression in ontogeny,
as well as the appropriate level of expression. However, at
present our understanding of how this is achieved is
incomplete. Much research in the past few years has been

devoted to the characterization of sequence information
necessary to replicate the expression pattern of endogen-
ous loci at ectopic sites of integration. To examine all the
regulatory properties of a gene locus, gene constructs must
be assayed in transgenic animals. Tissue-specific and pos-
ition-independent expression at the level of the endogen-
ous gene was often (but not always, see below) observed
with transgenes that harbour large genomic fragments1.
This could even be observed when transgenes were
inserted into heterochromatic regions2. The molecular
basis for these results is that sequences that comprise the
information for correct spatial and temporal regulation of
a particular gene locus during development often extend
over hundreds of kilobases of DNA. A few examples of
complex genetic loci for which correct in vivo regulation
have been demonstrated are depicted in Fig. 1.

In the case of the chicken lysozyme locus, any of the
three enhancer elements can be deleted in the context of the
whole locus without losing tissue-specific expression.
However, expression levels vary with the chromosomal
insertion sites of the transgene3 and furthermore, with the
deletion of the most distal enhancer at –6.1 kb, the devel-
opmental regulation of the gene is also disturbed4. A simi-
lar phenomenon is observed when any one of the DNaseI-
hypersensitive sites of the major regulatory element of the
human b-globin locus, the control region (LCR), is
removed5,6. Interestingly, this is observed only in the con-
text of the complete locus. When the LCR is fused directly
with the gene for b-globin (Fig. 1), the transgene is
expressed in a position-independent fashion7; however, it is
not correctly regulated in development8. This indicates that
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It is becoming increasingly accepted that gene loci comprise an extensive cis-regulatory system that encodes
different layers of regulatory information, all of which are necessary to achieve and maintain tissue-specific
gene expression in ontogeny. To gain a detailed understanding of developmental processes, it is clearly
necessary to unravel the molecular basis behind the different regulatory processes that control gene
expression. This information is also of utmost importance for any practical application that uses gene transfer
technology.

Developmental
regulation of
eukaryotic gene loci
which cis-regulatory information is required?
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all cis-regulatory elements of a gene locus have to be pres-
ent on a transgene in order to recapitulate all aspects of
developmental regulation. It also indicates that, in different
gene loci, cis-regulatory elements cooperate differently.

What comprises a cis-regulatory element? A large num-
ber of experiments aimed at unravelling the molecular
basis of tissue-specific gene expression have ascribed major
control functions to only a limited collection of cis-regula-
tory sequence arrays. However, for those genes whose
function and tissue-specific regulation are conserved in
evolution, a surprising degree of conservation in
intron–exon structure, in the position of cis-regulatory el-
ements and in the transcription-factor binding-site compo-
sition within these elements is often observed. This suggests
that cis-regulatory elements could be much larger than pre-
viously anticipated, and that they might contain previously
undefined structural and functional information.
Supporting evidence for this idea was forthcoming when
large sequence arrays of known regulatory function were
compared between species, which yielded a ‘phylogenetic’
footprint. For example, with the b-globin LCR, this type of
analysis revealed a striking conservation of sequence motifs
outside of the cis-regulatory elements previously mapped
by classical structural and functional assays (reviewed in

Ref. 9). Within a region of 1400 bp 59 and 39 around the
core of one of the HS3 subelements, a large number of
short conserved sequence motifs were discovered that con-
tribute to regulation of the gene for globin. They bind tran-
scription factors and their presence or absence makes a
pronounced difference to reporter-gene activity in stable
(but not transient) transfections assays10,11. This indicates a
regulatory role that is apparent only in chromatin. A poss-
ible molecular explanation for this finding is that DNA is
wrapped around nucleosomes, which brings factor binding
sites together, thereby allowing the recruitment of proteins
that flank the enhancer core into a large complex (as
reviewed in Ref. 12). In support of this hypothesis, it was
found that the deletion of enhancer core flanking sequences
can affect the chromatin-remodelling activity of these el-
ements13,14. These observations indicate that standard assays
such as in vitro DNA binding and transfection studies,
identify only clusters of high-affinity transcription factor
binding sites, which might represent only a part of a much
larger regulatory complex. Although such assays suggest a
high degree of redundancy in transcription factor use, it is
now apparent that all factors are required for the precise
spatial and temporal control of gene expression in a 
chromatin context.
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FIGURE 1. cis-regulatory requirements for correct transgene expression

The organization of coding and cis-regulatory regions for four gene loci are shown, each of them serving as a paradigm for different cis-regulatory requirements for
correct transgene expression. The extensions of regulatory information necessary for correct transgene expression are shown, and the sequence arrays needed for
position-independent expression only are indicated by brackets. The individual elements are not drawn to scale. Coding regions are depicted as red boxes (lighter in
case of pseudogenes) with the name of the gene indicated above. DNaseI-hypersensitive chromatin sites, some of which mark the position of cis-regulatory elements
like enhancers (E) and promoters (P), are indicated as vertical arrows.
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Differential gene regulation requires defined and
correctly spaced sets of cis-elements
Experiments that attempt to achieve stable gene transfer
using artificial or nonhomologous enhancer–promoter
combinations have, very often unaccountably, failed. This
is in part because of the absence of important cis-regula-
tory elements, as described above. However, an additional
reason for such failure is probably that such constructs did
not obey the specificity and spatial requirements for the
formation of a robust, high-affinity transcription complex
that is required for correct gene locus activation.

Important insights into the requirements for cis-
element interactions in development were achieved when the
spatial organization or the sequence composition of trans-
genes was altered relative to their natural counterparts. A
change in gene order (or distance between cis-regulatory
elements) or the reversal of the orientation of the LCR
within the globin cluster disturbs the regulation of the 
globin genes8,15,16. Furthermore, substituting one component
of the LCR with another sometimes disturbs the develop-
mental regulation of the locus (e.g., see Refs 6, 17). Even
in the presence of the LCR, the insertion of a LacZ-expres-
sion cassette interferes with regulation of the gene encod-
ing b-globin in transgenic mice18. Insertion of a heterolo-
gous coding region or a heterologous promoter into genes
in their natural chromosomal location can lead to their
deregulation, as was observed after the insertion of a selec-
table marker expression cassette into the granzyme gene
cluster19. A major reduction of expression of the globin
genes was also observed when the same marker cassette
was inserted into the globin LCR. Strikingly, this inhibi-
tion was alleviated after removal of the inserted cassette
by CRE-mediated recombination20. Therefore, deregu-
lation was caused by the disturbance of the cis-regulatory
system of the respective gene(s) and not by the removal of
an important cis-element. The most likely explanation for
such a phenomenon is that these insertions interfere with
the assembly of a specific complex that comprises a large
number of interacting components. However, with the
discovery of intergenic transcripts in a variety of gene loci,
an additional, but not mutually exclusive, explanation for
the interference of an ectopic promoter is possible. In the
b-globin locus, intergenic transcripts have been identified
that initiate at developmentally regulated promoters
upstream of the LCR, and between the embryonic–foetal
and adult globin genes. The presence of the latter is vital
for transcription of the adult globin genes21. It was sug-
gested that by recruiting chromatin-remodelling com-
plexes to the basal transcription machinery, chromatin
between and around the genes would be modified
progressively, leading to an increase in general DNaseI
sensitivity and factor accessibility of the promoters of the
genes located downstream. If ectopic promoters had simi-
lar activities, this would interfere with the activity of the
endogenous ‘chromatin-opening’ elements and suggests a
molecular explanation for their long-range deregulatory
effects. Even without knowing the exact mechanism(s) of
deregulation, it is evident that the insertion of ectopic
sequence information into a gene locus can lead to unpre-
dictable deregulatory effects on transgene regulation.

The regulatory organization of the eukaryotic
genome
The intriguing finding that gene loci can be arranged in the
order of their expression during ontogeny suggests that

the spatial organization of genes might also be a param-
eter that influences their regulation. This clearly holds true
for the mammalian b-globin and for the Hox gene clus-
ters, within which the most 59 located gene is expressed
first. The order of genes, including their local cis-regulatory
elements is crucial for correct developmental regulation
within each cluster8,22. However, as the sequence informa-
tion of particular genomes and information about 
the expression profile of individual genes increases, it
becomes clear that the spatial arrangements of genes on
their respective chromosomes do not always reflect the
way in which they are regulated (Fig. 2). Coordinately
regulated gene loci, such as the human apolipoprotein E
(Apo E) locus can be clustered as well23. Two of the exam-
ples listed in Fig. 2 (the developmentally regulated b-glo-
bin cluster and the coordinately regulated Apo E cluster)
contain shared LCR-like cis-regulatory elements (reviewed
in Ref. 24). However, clusters of differentially regulated
genes have also been found to share cis-regulatory el-
ements25, in contrast to others, in which individual genes
are regulated autonomously26. In extreme cases, such as in
the a-globin locus, differentially regulated genes can be
organized in overlapping transcription units. Because all
genes possess regulatory regions, the question arises of
how the different regulatory units are functionally sep-
arated in order to prevent cis-regulatory elements capable
of acting over long ranges from interfering with each
other. Two main mechanisms to explain such a functional
compartmentalization have been suggested: the organi-
zation of coordinately regulated or single genes in chromatin
domains, as exemplified by the chicken lysozyme locus or
the b-globin gene cluster; and promoter specificity, which
allows only interaction between matching cis-regulatory
elements. It has emerged that both models are correct.

Chromatin domains were originally defined by an
increase in accessibility to DNaseI (Ref. 1). In several cases
it was demonstrated that the boundary region between
open and closed chromatin is marked by a region with
insulator properties. These regions are proposed to protect
transgenes from chromosomal position effects27.
However, not all gene loci have a defined structurally
organized chromatin domain. Support for promoter speci-
ficity is provided by evidence from experiments that study
enhancer–promoter interactions at the neighbouring
decapentaplegic (dpp), SLY1 homologous (slh) and out at
first (oaf) loci in Drosophila, which demonstrated only tis-
sue-specific interactions between matching cis-regulatory
elements, irrespective of their location28. The human a-
globin cluster is located in a region of constitutively open
chromatin at the telomeric end of chromosome 16q
(Ref. 29). Surprisingly, the most important regulatory
region of the a-globin locus overlaps with the intron of a
nearby gene. The a-globin genes are surrounded by differ-
ently regulated genes30, indicating that a-globin gene pro-
moters are unable to interact with the elements that regu-
late the activities of these genes.

Overlapping transcriptional units that are regulated by
specific interactions between cis-regulatory elements raise
the interesting issue of interdependencies of functional and
structural features of individual regulatory units. In this
respect it is noteworthy that the sequence organization of
the genes within the b-globin locus and also of differently
regulated flanking genes is highly conserved between
mouse and man31. Interestingly, it has not yet been poss-
ible to define conditions in which the a-globin locus is
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expressed in a position-independent fashion, even though
large fragments encompassing extensive flanking regions
have been used to generate transgenic mice (reviewed in
Ref. 29). These data indicate that the natural chromo-
somal environment could participate in regulation. This
phenomenon has also been observed previously with genes
that are normally localized in heterochromatic regions in
Drosophila (Ref. 32). Here, regulation is disturbed when
these genes are placed into euchromatic regions of the
genome. Such ‘next-neighbour’ effects, which highlight a
role of the particular chromosomal environment on gene
expression, might provide part of the molecular expla-
nation for some as yet unexplained discrepancies in the

cis-regulatory requirements of large transgene constructs,
compared with their function in their natural chromo-
somal location (reviewed in Ref. 33). For example, a
deletion of the LCR in its natural genomic context reduces
the expression level, whereas a deletion of the b-globin
LCR in a transgenic locus leads to integration-site-depen-
dent, highly variable expression levels34,35.

Structural and spatial organization of gene loci
within the nucleus
A wealth of experiments indicates that a developmental-
specific chromatin architecture is an essential prerequisite
for correct gene regulation. It exceeds the scope of this
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FIGURE 2. The regulatory organization of the eukaryotic genome

The left panel depicts six different potential gene arrangements and some examples of genes arranged in the indicated manner are given on the left. Cis-regulatory
elements are indicated as rectangles or ovals, whereby matching elements are depicted in the same colours. The green line depicts the extensions of DNAseI-sensitive
chromatin, if known. The boundary regions between DNaseI-sensitive and -insensitive chromatin, which might contain insulator sequences, are indicated as blue
boxes. (a) A gene cluster with its cis-regulatory region organized in a DNaseI-sensitive chromatin domain. (b) A cluster of developmentally regulated genes expressed
in one tissue type. These genes can share important cis-regulatory elements (oval), as exemplified by the b-globin locus control region (Ref. 1). For the human 
b-globin cluster, subdomains of DNaseI sensitivity have been identified21. (c) A multigene cluster harbouring coordinately regulated genes with a shared cis-regulatory
element. (d) A multi-gene cluster comprising of differentially regulated genes that are organized in overlapping transcription units, some of which share a 
cis-regulatory element. (e) Differentially regulated genes with shared cis-elements. (f) Differentially regulated genes organized in separate transcription units with
cis-regulatory elements that are specific for each gene.
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article to describe this in detail (see Refs 36, 37 for
reviews). DNA, transcription factors, polymerases and
associated proteins, as well as chromatin components, all
contain distinct biochemical tags such as methylation,
phosphorylation or acetylation, which define their current
regulatory status38. Thus, the genome participates in
development and establishes heritable patterns of gene
expression by acquiring cell-specific epigenetic states. In
turn, this suggests that correct development depends on a
coordinated series of epigenetic reorganizations that must
occur at the right time and in the correct order. It is most
likely that the complexity of such developmentally con-
trolled processes requires most, if not all, the sequence
information of a gene locus. However, our current under-
standing of how structural information is encoded in the
DNA sequence is in its infancy.

One unexpected activity of cis-regulatory elements that
is worth highlighting in more detail is their possible role as

regulators of intranuclear position. It is now clear that the
nucleus is a compartmentalized structure with particular
chromosomes occupying distinct territories39. A variety of
findings has indicated that such a compartmentalization
might also be of functional relevance. In yeast, telomeres
are clustered near the nuclear envelope and the integration
of genes into telomeric regions leads to gene silencing40. In
mammalian cells, an analogy is the association of tran-
scriptionally silent genes with centromeric heterochro-
matin41. Genes reposition within the nucleus during cell
differentiation42 and, in addition, specific chromosomes
co-localize with large, specific transcription factor assem-
blies43. More direct evidence for a correlation between
gene function and nuclear position has come from a series
of elegant experiments described by Francastel et al.44,
which are summarized in Fig. 3. They demonstrated that
the presence or absence of a functional enhancer (and not
the expression status of the linked gene) determines the
intranuclear localization of transgenes inserted at the same
chromosomal position in relation to centromeric hetero-
chromatin. However, this is true only for chromosomal
integration sites that are nonpermissive for expression
where integrated transgenes are progressively silenced.
The finding that gene silencing and centromeric position is
a function of the chromosomal integration site, and thus
of the flanking chromatin structure, indicates a complex
regulation of intranuclear positioning in natural gene loci.

Outlook
It is clear that eukaryotic genomes comprise highly organ-
ized structural and functional units that are shaped by evolu-
tion, participate in development by acquiring distinct epige-
netic states and might occupy distinct positions in the
nucleus. As a consequence, development-specific gene locus
activation is a highly complex multistep process that requires
the precisely timed and ordered interactions of the basal
transcription machinery, tissue-specific activator and repres-
sor proteins, and the different chromatin-modification com-
plexes. The assembly of these components is dynamic and is
influenced by the chromosomal environment, chromatin
architecture and higher-order structures within the nucleus.

The findings described here have far-reaching practical
implications. Without obeying the rules governing the
control of gene expression in chromatin, the outcome of
gene transfer will always have an element of uncertainty.
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FIGURE 3. Enhancers are involved in the regulation of
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Intranuclear localization is dependent on the presence of an intact enhancer, but not on expression of a
transfected gene. At one particular chromosomal integration site, reporter genes can exist in two states:
active and inactive. The ratio of active and inactive genes at a given time after integration is a function
of the chromosomal position and the binding-site composition of the enhancer. Enhancers are depicted
as red boxes with binding sites indicated as black stripes. The reporter gene is indicated as a blue box.
The expression status is shown by the presence or absence of an horizontal arrow. (a) Stably integrated
reporter construct driven by an intact enhancer that is expressed. (b) Intact enhancer that has been
silenced because of genomic position effects at its specific integration site. (c) Mutated enhancer that
is integrated at chromosomal position where it is rapidly silenced, but is still expressed. (d) Mutated
enhancer at the same chromosomal position as in (c), but silenced.
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