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Abstract. Regulatory variation results from genetic
changes with both cis and frans acting effects on gene
expression. Here I describe the types of genetic variants
that alter cis and frans regulation and discuss differences
in the potential for cis and trans changes among different

classes of genes. I argue that the molecular function of the
protein encoded by each gene and how the gene is wired
into the genomic regulatory network may influence its
propensity for cis and trans regulatory changes.
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Variation in gene expression is extremely common. Up to
one quarter of the genes in the human, yeast and fruit fly
genomes are differentially expressed among individuals
of each species, and most of these expression differences
are heritable (e.g. [1-6]). A complex network of molecular
interactions orchestrates gene expression, providing many
sources of regulatory variation [7]. Gene expression, or
transcription, is controlled by cis-regulatory DNA se-
quences that contain binding sites for trans-acting regu-
latory proteins known as transcription factors. These
transcription factors interact with a variety of cofactor
proteins to activate and sustain transcription. Availability
of these regulatory proteins is controlled by cellular sys-
tems such as signal transduction cascades that monitor
the cell and elicit the appropriate transcriptional response.
Genetic mutations that alter any step in this genomic reg-
ulatory network can affect gene expression and contribute
to regulatory variation (for review, see [7—10]).

cis- and trans-regulatory changes underlie
variable gene expression

Regulatory variants can be classified into two types, cis
and frans acting, depending on the relationship between
the genomic location of the mutation and the gene(s)

whose expression it affects (fig. 1). A cis-regulatory
variant alters expression of the associated transcript in an
allele-specific manner, whereas a trans-regulatory change
affects a diffusible molecule that regulates expression
of other genes. Most often, cis-regulatory variants are
assumed to lie either in the basal promoter region located
near the transcription start site or in an enhancer located
in non-coding sequences surrounding the transcribed
region. But cis-regulatory effects can also arise from
epigenetic changes that alter chromatin structure and
mutations in the transcribed sequence that affect the
transcription rate and/or the half-life of the transcript
[9, 10]. The genetic determinants of chromatin structure,
transcription rate and messenger RNA (mRNA) stability
are not well understood, and it is unclear how often these
types of changes contribute to cis-regulatory differences.
trans-regulatory mutations alter the concentration or
activity of a protein or RNA that controls expression of
other genes either directly (i.e. by binding to cis-regulatory
DNA sequences) or indirectly (i.e. by influencing the
binding and/or activity of direct regulators) [9, 10].
Changes in the coding sequence of the regulator are
typically considered to be the source of frans-regulatory
effects, but cis-regulatory changes that modify the expres-
sion level of a regulatory molecule can also have frans-
acting effects on gene expression. The difference between
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Figure 1. cis- and trans-regulatory changes result from genetic
modifications in regulatory networks. (4) Schematic of a gene reg-
ulatory network. For each gene in this network, cis-regulatory DNA
(line), protein coding sequence (colored box) and the transcriptional
start site (arrowhead) are depicted. Colored shapes represent the
proteins encoded by these genes. In this simplified diagram, all
proteins are transcription factors (TF) that regulate expression of
target genes by binding to their cis-regulatory regions. Consider the
location of mutations that can affect expression of the gene in the
dotted box. trans-regulatory mutations will be located in genes
encoding any of the upstream regulators, which are included in the
uppermost box. Note that these genes include both direct and indirect
regulators of gene expression. Mutations within the dotted box can
have cis-acting effects on the gene’s own expression, as well as
trans-regulatory effects on the expression of downstream genes
(indicated by the lower box). (B) Directed graph representation
of the network in (4). Each circle represents a gene and each arrow
signifies a regulatory interaction between a protein and cis-regulatory
DNA.

cis- and trans-regulatory changes is thus not the location
of the mutation within the gene (i.e. coding versus non-
coding), but rather whether or not expression of other
genes is affected by the change.

Until recently, cis- and frans-regulatory changes had only
been discerned for a handful of genes (e.g. [11-15]). New
methods for measuring allele-specific gene expression
now allow the rapid detection of cis-regulatory differ-
ences [16—19]. In addition, the combination of expression
profiling with quantitative trait locus (QTL) mapping
allows regions of the genome harboring variants that affect
gene expression (i.e. eQTL) to be identified on a genomic
scale [10, 20]. By comparing the location of eQTL to the
location of the affected gene(s), each locus can be classi-
fied as cis or trans acting: eQTL located near the affected
gene are assumed to indicate a cis-regulatory change,
whereas eQTL that do not coincide with the affected
gene(s) are inferred to have a trans-regulatory effect.
Genomic studies of intraspecific regulatory variation in
yeast, mice, maize and humans found that 25-35% of
eQTL were consistent with cis-regulatory effects, with
the remaining eQTL classified as trans acting [3, 21-23].
The striking similarity in the amount of cis- and trans-
regulatory variation found in genomes from such diverse
organisms suggests common mechanisms underlying
regulatory variation.

Cis- and trans-regulatory changes result in modifications
to the genomic regulatory network, and the architecture
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of this network is expected to shape the distribution of
regulatory variants within the genome. Differences in the
function of the protein encoded by each gene and how the
gene is wired into the regulatory network may affect its
propensity for cis- and trans-regulatory variation. Here I
consider genomic sources of cis- and trans-regulatory
variation and discuss how they may vary for different
types of genes.

Enhancer size and structure may affect the
frequency of cis-regulatory variants

Assuming that most cis-regulatory changes reside in
promoter and enhancer regions, differences in the number
of bases required for promoter and enhancer function
among different types of genes may affect their tendency
to acquire a cis-regulatory mutation. Basal promoter
sequences contain binding sites for proteins associated
with the basic polymerase machinery. Most promoters,
both TATA box-containing and TATA-less, are approxi-
mately 100 bp long and subject to strong functional
constraint [24], suggesting that they contribute little to
differences among genes in the likelihood of cis-regulatory
changes. Variation in the number, size and complexity of
enhancers associated with different types of genes may
thus be the primary cause of differences in the frequency
of cis-regulatory mutations among genes.

Only a small fraction of the enhancers that exist in eukary-
otic genomes have been characterized, yet general features
of these complex cis-regulatory regions have already
begun to emerge. Genes encoding pleiotropic regulatory
proteins (e.g. transcription factors, signaling proteins) that
are expressed in many different cell types and function at
multiple times during the life cycle tend to have a greater
number of enhancers than effector genes that are primarily
expressed in one or few cell types [25]. Enhancers of
regulatory genes also tend to contain a greater diversity of
binding sites than enhancers regulating expression of
effector genes [26]. In Drosophila melanogaster and
Caenorhabditis elegans, genes with a high degree of
regulatory complexity are flanked by larger regions of
non-coding DNA than genes with more limited functions,
possibly because of the increased number of enhancers
[27]. These findings suggest that genes encoding regula-
tory proteins may have a higher probability of acquiring
cis-regulatory changes than other classes of genes. Con-
sistent with this hypothesis, eQTL identified by Brem et
al. [3] associated with genes classified as transcriptional
regulators in the Gene Ontology database [28] were more
likely to be deemed cis acting than eQTL for genes in
other functional classes: 41% of eQTL called cis for
transcriptional regulators vs. 20% for genes with other
functions; y? test, df =1, P=0.01.
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Regulatory network architecture determines the
potential for frans-regulatory variants

The number of trans-regulatory mutations that can affect
expression of a gene is related to the number of genes that
control its expression. Regulatory networks describing
interactions among all of the genes in a genome provide
a roadmap of potential frans-regulatory changes for each
gene [29] (fig. 1). Luscombe et al. examined the genomic
regulatory network for yeast and found that genes involved
in different types of biological processes are wired together
differently [30]. Pathways controlling endogenous proc-
esses, such as the cell cycle and sporulation, typically
involved extensive interactions among regulatory genes
before activating expression of terminal effector genes
(fig. 2A). In contrast, regulatory pathways controlling
exogenous processes that are initiated by external cues
(e.g. stress response) tended to contain fewer regulatory
proteins that directly regulate expression of target genes
(fig. 2B). In multicellular eukaryotes, regulatory pathways
controlling development appear similar to the highly con-
nected ‘endogenous’ pathways in yeast [31-33], whereas
pathways controlling physiological responses to environ-
mental stimuli appear to have the ‘exogenous’ pathway
structure [34, 35]. Because ‘endogenous’ networks are
more interconnected than ‘exogenous’ networks (fig. 2),
both regulatory and terminal effector genes involved in
endogenous processes may be more likely to be affected
by trans-regulatory changes than genes controlling exoge-
nous traits. Within each type of network, mutations in
regulatory genes are expected to have a greater trans-
regulatory effect than genetic changes in terminal genes.
Regulatory genes encoding proteins with both direct and
indirect effects on gene regulation have been shown to
contribute to frans-regulatory variation [22].

Molecular mechanisms reduce the proportion of
mutations that alter gene expression

As described above, the mutational target size for cis-and
trans-regulatory changes is expected to differ among
classes of genes, but not every mutation will alter gene
regulation. Within promoters and enhancers, degeneracy
and flexible organization of transcription factor binding
sites may reduce the number of sequence changes in cis-
regulatory regions that impact transcription (e.g. [36, 37]).
The proportion of potential frams-regulatory mutations
that actually change #rans-regulation may be reduced by
the properties of regulatory networks that make them
robust to genetic and environmental changes (e.g. feed-
back loops, threshold effects, redundancy) (e.g. [38—40]).
Mutations in direct regulators could be more likely to
cause transcriptional changes than mutations with indirect
effects if each regulatory step between the genetic variant
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Figure 2. Regulatory networks controlling different types of biolog-
ical processes have different architectures. (4) Example of an
endogenous regulatory network consisting of many interconnected
regulatory genes (filled circles) and few terminal effector genes
(open circles). (B) Example of an exogenous regulatory network
with few regulatory genes directly controlling expression of many
target genes. Network structures and terminology are adapted from
Luscombe et al. [30].

and the affected gene provides an opportunity for
buffering. However, the mutational target size, which is
expected to be larger for indirect than direct regulators,
may offset any differences in buffering and allow many
trans-acting eQTL with indirect effects to arise (as was
observed for yeast [22]).

Genetic basis of regulatory variation:
a promising future

The ideas presented here are drawn from burgeoning areas
of research under active investigation. Ultimately, under-
standing how genetic variation is translated into variable
gene expression will require the isolation of regulatory
variants and knowledge about how these variants alter the
genomic regulatory network. Determining the distribution
of cis- and trans-regulatory changes within the genome is
an important step toward this goal (e.g. [3, 19, 21-23]),
but vital information is still missing. An international
consortium of scientists is currently working to character-
ize all of the cis-regulatory elements in 30 Mb of human
DNA [41], and a similar project may soon be initiated for
the entire D. melanogaster genome. The resulting ency-
clopedia of cis-regulatory elements will facilitate the
identification of genetic variants with cis-acting effects
[42]. trans-regulatory variants will become easier to
identify with the continued elucidation of regulatory
networks. Genomic maps of protein-protein interactions
[43—45] and transcription factor binding sites [46, 47]
provide the framework for these networks, and expression
profiling of mutant strains will reveal the dynamic
changes that result from genetic perturbations [48, 49].
Understanding how regulatory variation is structured
within genomic regulatory networks is a necessary step
toward connecting genotypic and phenotypic diversity.
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