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Abstract

The study of gene regulation on a genomic scale has been constrained by the modest pace with which new frans-regulatory factors have
been identified and by the fact that cis-regulatory sequences have to date been described even in part for only a small fraction of vertebrate
genes. An indirect approach for assessing the significance of cis- and frans-regulatory mechanisms on a global scale is (o utilize gene
expression as a surrogate for transcriptional regulation and to combine genome-scale transcriptional profiling with studies of genetic
variation, classical genetic techniques such as linkage analysis, and examination of allelic expression patterns that reveal cis-regulatory
variability. A number of recent studics employing these methods provide insight into questions of central importance to our understanding of

the larger role of transcriptional regulation in the organization of the human and other complex genomes.

© 2004 Published by Elsevier Inc.

The study of gene regulation in complex organisms has
been carried out largely at the level of individual genes or,
less frequently, clusters of related genes. The classical
paradigm relies heavily on the identification and analysis
of cis-regulatory sequences, which play a determinative role
in the tissue and developmental specificity of gene expres-
sion. Such sequences may be further decomposed to reveal
sequence motifs that signal the role of specific frans-acting
factors, thus providing insight into networks of potentially
coregulated genes [1,2]. However, the extensibility of this
“bottom-up” paradigm to a genomic scale has been se-
verely constrained by the modest pace with which new
trans-regulatory factors have been identified and by the fact
that cis-regulatory sequences have to date been described
even in part for only a small fraction of vertebrate genes and
more exhaustively for only a few. A variety of computa-
tional {3-7], phylogenetic [8--13], and molecular methods
[14.15] have attempted to address this deficit, identification
of regulatory sequences with high accuracy over genomic
space remains an elusive goal.

An alternative “top-down” approach to the study of
gene regulation on a genomic scale is to utilize gene
expression as a surrogate for transcriptional regulation.
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Since measurement of the former may be influenced by
factors relating to mRNA integrity or turnover, the
correspondence is not perfect. However, by combining
genome-scale transcriptional profiling with studies of
genetic variation and classical genetic techniques such
as linkage analysis {16}, a number of recent studies have
provided insight into questions of central importance to
our understanding of the larger role of transcriptional
regulation in the organization of the human and other
complex genomes.

One such question concerns the biological variability of
gene expression in the context of natural populations and in
particular the extent to which interindividual variability in
tissue-specific patterns of gene activity reflects heritable
determinants of gene regulation versus the action of envi-
ronmental factors. Another question relates to the interplay
of cis-acting sequences and trans-acting factors in cstablish-
ing patterns of expression, a topic of long-standing interest
in the study of gene regulation. Since cis-acting variation
has been proposed to be a major determinant of quantita-
tively varying traits, this question is of particular signifi-
cance for our understanding of the genetic basis of common
diseases.

This review examines these questions in the context of
recent studies and discusses their implications for our
understanding of the genomic architecture of gene regula-
tion and for human disease.
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Natural variation in gene expression

Evolution requires variation, and it has long been hy-
pothesized that natural selection may be more dependent on
variability in gene expression than on variation in protein
coding sequences [17]. The following three related ques-
tions are considered below: (i) What proportion of genes
exhibit natural variation in expression? (i) How heritable
are patterns of gene expression? And (iii) what proportion of
such patterns can be accounted for by cis-acting versus
trans-acting components?

Numerous recent surveys [18-30] now suggest that
interindividual variability in gene expression is a regular
feature of eukaryotic genomes, providing a rich substrate for
evolutionary selection. Quantifying the extent of such
variability and determining its source are of considerable
importance for our understanding of the genetic basis of
common diseases in which quantitative traits comprise
defining features.

[t is usetful to divide studies of interindividual variation in
gene expression into two classes according to their under-
lying methodologies and objectives. Studies in the first class
[18--25] employ conventional microarray expression profil-
ing. This approach provides a global view, though poten-
tially at the expense of sensitivity in the context of
nonhaploid genomes in which allelic (and hence cis-acting)
variation in gene expression is necessarily averaged. The
second class of studies {26 30] takes advantage of the large
number of coding sequence variants now available to effect
direct measurement of allelic expression patterns in a
controlled fashion and thereby expose directly cis-acting
effects on gene regulation.

Microarray analysis of individualized gene expression

Microarrays have been heavily utilized to analyze the
expression patterns of large numbers of genes across differ-
ent tissues or within the same tissue under a variety of
experimental conditions or even between species. Several
groups have now taken advantage of this platform to
perform global analyses of the variability of gene expression
between naturally occurring populations of the same species
and between individuals within populations.

Differences between populations of the same species

One of the first studies to examine differences between
related populations was carried out by Jin et al. in
Drosophila melanogaster [18]. Of 3931 genes surveyed
between two strains, sexes, and age time points, Jin et al,
found genotype to be the major determinant of variability
in expression for 267 (7%) genes, and estimated further
that approximately 25% of the transcriptome was affected
by genotypic factors in at least one sex. Sandberg et al.
[19] found proportionally similar results in a comparison

of brain expression profiles between two mouse strains, in
which both regional and strain-specific differences were
noted. An additional feature of this study was that some of
the differentially expressed genes mapped to chromosomal
regions that have been linked to complex quantitative
phenotypes, including alcohol consumption and seizure
susceptibility. In a study of budding yeast, Brem et al.
[20] compared expression profiles of two strains of Sac-
charomyces cerevisiae using cDNA microarrays that
contained more than 6000 open reading frames from the
yeast genome. They found that 1528 genes were expressed
differentially instead of the 23 genes expected by chance
(p < 0.005).

The aforementioned studies examined strain-specific
population differences versus differences between individ-
uals within a population. Indeed, in the case of yeast and
Drosophila, such measurements are not feasible tor individ-
ual organisms, necessitating the use of pooled samples.
However, truly individualized tissue samples are readily
obtainable from larger organisms.

Differences between individuals

Several studies have now demonstrated more clearly the
existence of interindividual variability in gene expression in
natural populations. Tn a study of Fundulus populations,
Oleksiak et al. [21] used an elegant experimental design and
quantitative techniques (both adapted from Jin et al.) to
reveal that approximately 18% of the genome is differen-
tially expressed in individual tish grown under controlled
environmental conditions. Schadt et al. [22] provide com-
parable figures for mouse, maize, and human genes. Of
23,574 murine genes profiled in hepatic tissue across two
inbred strains, 7861 (33%) were found to be differentially
expressed in the parental strains or among at least 11 F2
progeny (of which a total of [11 were examined). In a
parallel survey of 76 F3 progeny constructed from two
inbred lines of maize, 77% (18,805 of 24,473) of genes
surveyed in ear leaf tissue were found to be differentially
expressed across at least 10 individuals. When Schadt et al.
examined 24,479 human genes in lymphoid cells, they
found 2726 (11%) to be differentially expressed among 16
CEPH/Utah pedigree founders. These studies provide direct
evidence for the prevalence of individualized gene expres-
sion patterns in a variety of organisms and implicate
underlying genetic causes.

Results from another study in humans were more am-
biguous. Whitney et al. [23] examined patterns of gene
expression in whole blood collected from 75 healthy donors.
Of ~18,000 genes, 600 (3.3%) varied by more than 2.5-fold
between donors, but only 340 (1.9%) could be ascribed to
genotypically related factors. These results should be inter-
preted with caution since this study was confounded by the
intrinsic complexity of the tissue sample and various envi-
ronmental variables related to its collection, resulting in
limited power to detect individualized variation reliably.
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Taken together, the aforementioned studies suggest that
interindividual varability in expression of a large number of
genes 1s a natural feature of higher eukaryotic genomes and
likely of all eukaryotes. However, the mechanism(s) con-
tributing to such variability need not be the same in each
species.

Heritability of gene expression patterns

What proportion of genes differentially expressed be-
tween individuals can be attributed to heritable factors?
Several studies have now addressed this question and
provide direct evidence for a significant heritable compo-
nent of individual variation in gene expression.

Brem et al. [20] took advantage of the yeast system to
effect further dissection of observed interstrain variation in
expression of 1528 genes. Testing the expression levels of
these genes in 40 haploid segregants from a cross between
the two parental strains revealed the established expression
phenotypes to be highly heritable traits, with the median
proportion of the genetic component of observed variation
estimated to be 84%.

Following the paradigm of Brem et al., Schadt et al. [22]
analyzed 40 individual descendents of 16 pedigree founders,
revealing that 29% of 2726 genes differentially expressed
among founders exhibited heritable expression phenotypes.

In another study of humans, Cheung et al. [24] used
cDNA microarrays to examine variation in expression of
813 genes among 35 unrelated individuals. This analysis
focused on only the top 5% variant genes, and the data
provided do not permit estimation of the overall proportion
of variant genes for a given variance ratio threshold.
However, 5 genes exhibiting high interindividual variability
were analyzed further using quantitative PCR in 49 unre-
lated individuals (including the 35 originally studied by
microarray), 41 siblings, and 10 sets of monozygotic twins.
Clear evidence for familial aggregation of expression phe-
notypes was found, with the greatest variability between
unrelated individuals, intermediate variability among sib-
lings, and only minor—but reproducibly detectable-—vari-
ance between twins. The last finding in genetically identical
individuals suggests an appreciable, though quantitatively
less significant, role for epigenetic phenomena.

Collectively, the studies discussed above have estab-
lished that a significant component of observed interindi-
vidual variability in gene expression is genetic, implying
heritable variation in cis-acting sequences, frans-acting
factors, or both.

Cis vs trans effects

A central question arising from the aforementioned
studies relates to the relative contribution of cis-acting
(i.e., gene-proximal) vs frans-acting determinants ot herita-
ble variation in gene expression. To a certain degree, these
effects may not be clearly separable since many frans

factors exert their gene-specific transcriptional cffects
through cognate c¢is sequences and vice versa. Preliminary
insight into this question has been provided by combining
expression analysis with classical genetic techniques such as
marker-based chromosomal linkage analysis. In such stud-
ies, gene expression is treated as a quantitative trait. Linkage
analyses are then carried out using a genome-wide genetic
marker panel to identify chromosomal loci that influence
(positively or negatively) the pattern of expression of
individual genes or clusters of genes. The salient advantage
of this combined approach, originally outlined by Jansen
and Nap [16], is that it permits assessment, in a quantitative
fashion, of the proportion of gene loci that display self-
linkage (i.e., cis-proximal) relative to those that link to one
or more distant or trans loci.

Brem et al. [20] were the first to employ this strategy
experimentally to map genetic determinants of variation in
gene expression in yeast. By testing 1528 genes differen-
tially expressed between straing (see above) for linkage with
3312 markers spaced across the entire S. cerevisiae genome,
Brem et al. found that 308 of these genes (20%) showed
linkage to at least one locus at a high statistical threshold.
Simulation experiments indicated that the approach should
have 97% power to detect any single locus controlling
expression variation for a particular gene. The simulation
also suggested that the study should have roughly 40%
power to detect up to five controlling loci of equal effect for
any gene. Taken together, the results appear to imply that
quantitative variation in the expression of most veast genes
is under the influence of multiple loct.

In a follow-on yeast study, Yvert et al. {23] attempted to
differentiate cis-acting vs frans-acting genetic components
directly. In addition to focusing on individual genes, they
defined 798 clusters comprising two or more genes likely to
be coregulated on the basis of similar expression patterns.
Using 86 segregants and 3114 linkage markers, Yvert et al.
identified 2294 individual genes and 304 gene clusters
(collectively containing 1011 genes) that showed linkage
to at least | position in the genome at a high significance
threshold. They then identified a subset comprising 578
genes (25%) and 57 clusters (20%) that showed proximal cis
linkage to within 10 kb of the expressed gene. Based on
these findings, the authors concluded that most variation is
due to frans effects. However, the sensitivity of this ap-
proach to cis effects is not clear, and it is not possible to
account reliably for compound “cis—trans” effects, e.g.,
variation in cis-regulatory sequences of rrans-regulatory
genes.

Schadt et al. [22] employed a similar approach to analyze
heritable patterns of gene expression in mice, maize, and
humans. Analyzing an F2 cross constructed from two strains
of inbred mice, they found 7861 of 23,574 genes to be
differentially expressed between F2 animals or between the
two parental strains. Linkage studies employing a genome-
wide panel of microsatellite markers at [3 ¢M average
density identified loci with lod scores of >4.3 for 2123 of
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these genes, accounting for 25% of the observed transcrip-
tional variation. Markers with lod scores of >7.0 were
found for a subset of 965 genes, but could explain 50% of
expression variation of linked genes. Overall, 40% of genes
with LOD >3.0 had their expression trait map to more than
one locus, and 4% mapped to more than three loci.

A study of maize by the same investigators revealed
even more pronounced effects. Of 18,805 genes differen-
tially expressed in ear leaf tissue (see above), 6481 (34%)
linked to marker regions with LOD >3.0. Strikingly, 80% of
the regions linking with LOD >7.0 colocalized with the
linked gene—the signature of proximal cis-acting effects on
transcription.

A significant feature common to both mouse and maize
studies was that the most pronounced lod scores were
observed for loci with cis-linked effects. A priori, expres-
sion-linkage study designs are generally expected to be
more sensitive to cis effects than to rrans effects, since the
latter are presumably spread more diffusely over larger
numbers of genes and theretore more difficult to detect.

Three general conclusions are forthcoming from the
studies discussed above. First, natural variation in gene
expression appears to be a common phenomenon across
the evolutionary spectrum. Second, even in relatively simple
organisms, the expression of a large number of genes
appears to be affected by more than one locus. Third, cis-
acting variation appears to play a considerable role in
determining genetic variability in gene expression on a
genomic level. Just how common such variation is, however,
remains in question.

Limitations of global expression profiling-based approaches

One drawback of using microarrays to measure individ-
ualized gene expression relates to sensitivity. Part of this can
be mitigated with innovative experimental designs and
quantitative techniques such as those employed by Jin et
al. [18] and Oleksiak et al. [21]. However, part of it is
mntrinsic to the experimental platform and may limit sensi-
tivity for cis-acting effects in the context of nonhaploid
genomes. In the studies discussed above, significance
thresholds for interindividual variation typically correspond
to reproducible 1.5- to >2-fold changes in gene expression.
For diploid organisms, these measurements incorporate
expression from both alleles, and may therefore underesti-
mate allele-specific cis-acting effects. Comparing a given
gene between two heterozygous individuals, the observation
of 50% interindividual variability in overall expression of a
given gene exceeding 50% (i.e., the 1.5-fold threshold
employed in most studies) may imply an underlying inter-
allelic variability exceeding 100%. A 2-fold change in
aggregate expression of a gene between individuals may
imply an allelic cis-regulatory imbalance of >300%.

Another drawback of current microarray-based survey
approaches is the difficulty in distinguishing trans-regulato-
ry effects on gene expression from those due to environ-

mental factors. For simpler organisms such as yeast, even
shight perturbations in growth conditions or availability of
nutrients may have wide-ranging etfects. This problem may
be considerably more significant in the case of naturally
occurring populations (such as the human) that cannot be
raised in a controlled environment. One possible route for
ameliorating this deficit would be to examine a broad range
of controlled environmental conditions.

In cases in which different cis-regulatory variants of the
same locus contribute to the expression phenotype, it may
yet be possible to differentiate these components through
further application of the genetic dissection strategy. For
example, by constructing an F2 population from two inbred
strains of mice and estimating the additive and dominance
effects at a study locus, it may be possible to approximate
the relative abundance of different allelic species.

Direct examination of allclic variation

An alternative to expression profiling is direct measure-
ment of allelic expression, which may be effected through
design of allele-specific primers that exploit known coding
sequence polymorphisms. Quantitative methods of allele
discrimination can then be applied to individual subjects
who are heterozygous for the marker polymorphism to
measure relative allelic expression [16]. A key advantage
of allelic studies is that they circumvent many of the
difficulties noted above for microarray-based transcript
profiling. First, decomposition of the aggregate expression
signal into allelic components significantly increases sen-
sitivity. Second, comparison of alleles within an individual
enables each allele to act as an internal control for
confounding factors that impact the overall expression of
a gene, including tissue quality, sample preparation, envi-
ronmental influences, and the influences of frans-regulato-
ry proteins. Third, since allelic variation is by definition
reflective of cis-acting influences, it can be used to
measure directly the proportion of genes subject to cis
variation.

On a genomic level, what proportion of genes exhibit
allelic variation in expression? A serics of recent studies
shed light on this important question. Because they employ
a variety of designs, it is useful to preface closer scrutiny
with a brief consideration of the factors that may mitigate
the success of a particular approach for detecting allelic
ditferences. Here, the overall sensitivity of the approach is
determined by three factors: (1) the threshold of detection of
expression variation, (ii) the number of individuals ana-
lyzed, and (ii1) the number of tissues analyzed. The first is a
basic property of the assay used. If executed properly,
quantitative PCR-based assays should be capable of reliably
detecting >20% differences in the relative abundance of two
transcripts (assuming an appropriate level of replication)
[26]. The second factor is an expected consequence of the
fact that the vast majority of polymorphic alleles in human
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populations have frequencies of <10%. The third factor
recognizes that genetic variation may affect regulatory
motifs that are instantiated by tissue-specific regulatory
factors, and therefore the effect of such variation will be
manifest only in a particular tissue environment. An addi-
tional limiting factor for studies employing PCR relates to
the availability of suitable transcribed sequence variants
permitting allele-specific discrimination, a situation that 1is
not expected to obtain for all genes.

Allelic variation in mammalian gene expression

Apart from one study conducted in mice {27}, systematic
surveys of allelic variation in gene expression performed to
date have analyzed human populations. Salient finds from
these studies are summarized in Table 1. An important
preliminary observation that may be made from these
findings is that while cis-regulatory variability appears to
be a common phenomenon among genes, the alleles that
underlie such variability for a given gene appear to be
uncommon or rare.

In an attempt to discern the proportion of genes subject to
cis-regulatory variation in mice, Cowles et al. [27] examined
allelic expression in 69 mouse genes for which coding
sequence variants enabled design of allele-specific primers.
They then screened spleen, liver, and brain tissues of two F1
hybrid mice from each of five genetic backgrounds. Using
an allelic ratio threshold of 1.5 (i.e., at least 50% difference
between alleles of the same gene), Cowles et al. identified 4
genes (6%) that clearly displayed cis-linked variation in
expression. Significantly, for 2 of these genes, the manifes-
tation of allelic variation followed a tissue-specific pattern
and was evident only in the liver.

Using a different quantitative approach that enabled a
lower but statistically rigorous threshold of detection (allelic
ratio of >1.2), Yan et al. [28] tested 13 genes for allelic

[V}

variation expression in lymphoid cells from a sample of 96
individuals from the CEPH families. For any given gene,
between 17 and 37 individuals were found to be heterozy-
gous and therefore informative for allelic ratio. Allelic
variation was observed for 6/13 genes (46%), with allelic
ratios ranging from 1.3:1.0 to 4.3:1.0. For two of these
genes, Yan et al. further established that allelic variation was
inherited in a Mendelian fashion. The higher proportion of
varying genes compared with Cowles et al. may be
explained in part by the lower significance threshold, but
also by the larger number of individuals analyzed. Presum-
ably, if Yan et al. had screened additional tissue types, even
more variability might have been detected. Importantly, not
all genes exhibiting variation did so in all individuals tested.
For example, cafalase gene expression exhibited allelic
imbalance (1.4:1) in only | of 37 heterozygous individuals
examined, while p73 expression varied between alleles in
30% of heterozygotes, among whom the allelic imbalances
ranged from 1.5:1 to 4.3:1. This suggests a significant role
for genetic or epigenetic background.

Figures comparable to those of Yan were obtained by
Bray et al. {29}, who found 7/15 (47%) brain-expressed
genes to evince allelic variation in expression in a sample
of 60 unrelated subjects. Examining a larger set of genes
(n = 126) in lymphoid cells of 60 individuals selected from
five CEPH pedigrees, Pastinen et al. [30] found allelic
variation in 23 (18%) genes though at a more rigorous
allelic ratio cutoff of >1.5:1.0. Significantly, for genes
displaying allelic variation, most exhibited both up- and
down-regulation (in the context of different individuals),
suggesting that activating and repressing polymorphisms
occur with appreciable (and perhaps comparable) frequen-
cy. Another intriguing finding was discordant manifesta-
tion of allelic variation in two pairs of siblings with
complete sharing of alleles identical-by-descent. This indi-
cates that allelic expression itself may in certain cases
exhibit incomplete penetrance, presumably due to variabil-

Table 1
Study Organism No. of genes No. of No. of Threshold Inter- Monoallelic Tissue-  Comments
surveyed individuals/gene tissues allelic ratio individual expression  specific
variation variation
Cowles ct al. [25] MM 69 2. (10)° 3 1.5:1 4 (6%) Y
Yan et al. {26] HS 13 17..37° 1 1.2:1 6 (46%) - 376 genes showed allelic
variation in only 1 mndividual
Bray et al. [27] HS 15 8-26° 1 1.2:1 7 (47%) 5/7 genes showed allelic
variation in only 1 individual
Pastinen et al. [28] HS 126 5. 53¢ 1 1.5:1 23 (18%) 3 (2°%) Allclic variation observed in
3 to 13 individuals for each gene
Lo etal [29] HS 602 1-5¢ 2 2.0:1° 326 (54%) 10 (1.6%) Y 207/326 genes showed allelic

variation in only 1 individual.

* Twao adult F1 females from each of five hybrid backgrounds.

" Analysis of 96 individuals from CEPH familics vielded between 17 and 37 heterozygotes per gene.
© Analysis of 60 unrelated individuals yielded between 8 and 26 heterozygotes per gene.
4 Analysis of 63 unrelated individuals yiclded between § and 53 informative heterozygotes per gene.

°_Liver and kidney tissue from one and five fetuses examined for each gene.
"170 genes showed allelic imbatance > 4.0:1.0.
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ity in the cognate frans-regulatory factor(s) of a cis-
regulatory variant or through an epigenetic mechanism.

All of the aforementioned studies relied on standard
quantitative PCR techniques for transcript measurement.
Taking a different approach with considerably more scalable
potential, Lo et al. [31] adapted the Affymetrix HuSNP chip
system to analyze allele-specific gene expression. Of 1494
SNPs assayed by the chip, 1063 fall within coding regions.
This enabled simultaneous assay of 602 genes expressed in
fetal kidney and/or liver tissue from seven heterozygous
individuals. Use of a microarray platform diminished sen-
sitivity relative to quantitative PCR. necessitating a higher
allelic ratio cutoff of >2.0:1.0. Despite this, allelic variation
in either liver or kidney tissue was observed for 326 genes
(54%). Lo et al. turther observed that the manifestation of
this variation was tissue-specific, analogous to the findings
of Cowles et al. in mice.

Taken together, the aforementioned studies establish
allelic variation in gene expression as a common feature
of human genes and suggest that between 25 and 50% of
human gene regulation is mediated in cis. Although poly-
morphism in cis-regulatory elements is likely to be a major
cause of this variability, allelic imbalance in gene expression
does not necessarily imply the action of this class of
variants. Alternative mechanisms that can produce allelic
variation include imprinting [32.33], random monoallelic
expression [34], allele-specific splice variants {35], unequal
allele-specific mRNA decay rates [36], and lack of linkage
disequilibrium between the allelic assay polymorphism and
the causative cis defect. A small subset of the genes in the
studies of Pastinen et al. (# = 3; 2%) and Lo et al. (n = 10;
1.6%) exhibited monoallelic expression (i.e., nearly com-
plete silencing of one allele), compatible with imprinting or
random monoallelic expression. Notably, these figures are
considerably higher than current estimates of the proportion
of imprinted human genes {37]. On a cautionary note, one
factor that will require further clarification through acquisi-
tion of larger data sets with a greater degree of replication is
the role of experimental vs biological noise in interpreting
findings that are suggestive of allelic expression.

Implications for the genomic orgapization of gene
regulation

The prevalence of allelic variation in human gene ex-
pression suggests a high frequency of polymorphism in cis-
regulatory sequences. The existence of such variability, in
combination with certain distinguishing architectural fea-
tures of cis regulation in higher eukaryotes, may have
played an important role in shaping complex genomes.

Vertebrate gene expression is regulated by several differ-
ent classes of cis-regulatory DNA sequences, including
enhancers, silencers, insulators, and promoters [38-40].
The core promoter is the site of formation of the transcrip-
tion complex. Enhancers and silencers act over distances—

typically several kilobases but up to many hundreds of
kilobases—to potentiate or repress Pol Il coulescence and
function. Insulator sequences prevent enhancers and
silencers targeted to one gene from inappropriately regulat-
ing a neighboring gene. Larger, more complex elements
comprising multiple enhancers and/or silencers that coordi-
nate the activity of linked genes over large chromosomal
domains (*‘locus control regions” or “‘domain control
regions™) have come to light [41.42].

The disparate structure of mammalian—and particularly
human—-cis-regulatory systems is thus highly distinguished
from that of lower organisms such as Saccharomyces, in
which gene-proximal (promoter) sequences appear to pre-
dominate. Two additional features of this structure add
further complexity. The first is the fact that cis-regulatory
sequences and genic sequences are frequently commingled
[43]. For example, regulatory sequences controlling one
gene may be located within the intron of a nearby unrelated
gene [44], or a gene may be separated from its regulatory
sequences by one or more entire intervening genes
[41,42,44]. The second complicating feature is that many
cis-regulatory elements appear to be “multipotential,” i.e.,
capable of activating functionally diverse linked genes [43]
or even heterologous genes that have been approximated
through naturally occurring translocations [46].

One predicted result of c¢is-regulatory commingling is
preservation of syntenic relationships between unrelated
genes, examples of which abound and have been linked
directly with regulation in a few cases [44,47.48]. A
predicted consequence of the ability of certain cis-regulatory
elements to activate multiple linked genes is the emergence
of clusters of coexpressed (if not coregulated) genes. Such
clustering has been observed for functionally unrelated but
coexpressed genes in a variety of species [49 53], though it
has not yet been definitively connected with particular cis-
regulatory sequences.

In the human genome, clustering of coexpressed genes
appears to be most prominent in the case of widely
expressed (so-called “housekeeping™) genes [49]. Interest-
ingly, such genes comprise a large share of those for which
interindividual and allelic variability in expression has been
observed [30,31,54]. An important question therefore arises
concerning the mechanism of this variability: is it specific to
the gene in question, or is it a feature of the domain in which
the gene is ensconced? This can be tested directly by
systematically examining genes neighboring those found
to exhibit allelic or interindividual variability. The total
number of genes examined to date in studies of allelic
variation has not been large enough to address this issue
comprehensively since few genes were juxtaposed. Pastinen
et al. and Lo et al. both identified small sets of physically
colocated genes exhibiting allelic variability. However, in
both cases these genes were known to reside within
imprinted domains.

The significance of cis-regulatory variability for genomic
evolution has not been considered in detail, owing in part to
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the paucity of data available until very recently. It is likely
that commingling of cis-regulatory regions between juxta-
posed genes combined with prevalent functional genetic
variability in cis regulation provided the substrate for
widespread localized selective effects, which should have
left a detectable footprint on the organization of complex
genomes.

Implications for human discasc

Common diseases are characterized by polygenic inher-
itance and by quantitative variation in specific phenotypic
traits. A major biological mechanism contributing to quan-
titative phenotypic variation is expected to be heritable
variation in the regulation of gene expression, which has
been predicted to reside principally within cis-regulatory
sequences [53]. Since individual trans-regulatory transcrip-
tional factors typically interact with a wide network of
genes, variation affecting these proteins would be expected
to have pleiotropic effects and comparatively dramatic
phenotypes and are therefore anticipated to be quite rare.
An example of this phenomenon may be found in inherited
defects in transcriptional factors that give rise to marked
early-onset Type 2 diabetes phenotypes {56,537}

Since transcriptional factors require interaction with cis-
regulatory sites for their effects to be manifest, defects in the
genomic target sites of these factors may produce similar
(though quantitatively more subtle) physiological conse-
quences. However, the effects of cis-regulatory variations
should impact directly only their cognate gene(s). Cis-
regulatory variation could manifest functionally in a variety
of ways by impacting (a) the magnitude of gene expression,
(b) the regulation of tissue specificity, (c) the control over
timing of expression during development and differentia-
tion, (d) the response to environmental stimuli (such as
pharmacologic agents), or (e) some combination thereof,
Given the overall prevalence of human genetic variation,
lesions in one or more of the cognate cis-regulatory sites of
a transcriptional factor should be comparatively common.
When the multiple regulatory factors that interact with each
regulatory sequence of each gene are considered, such cis
variation would provide the ideal substrate for a complex,
quantitatively varying phenotype.

On the level of specific diseases. examples have now
emerged to suggest that in vivo, even small differences in
allelic expression can have dramatic phenotypic conse-
quences. For example, a modest (<25%) decrease in total
APC expression can result in a dramatic increase in risk of
development of adenomatous polyposis coli and malignant
lesions [38]. Expression polymorphism is expected to be
particularly significant in the case of enzymes, for which
reaction rates may depend more on quantity that on
parameters dictated by coding sequence changes (e.g.,
Ky Kex) [59]. For genes that exhibit a “threshold” effect
in activity such as receptors, the effect may be pronounced:

for example, even a very small difference in the total
amount of CFTR transcript can dramatically attenuate the
cystic fibrosis phenotype [60.61].

Conclusion

Our understanding of the process of transcriptional
regulation on a genomic scale, while nascent, is poised for
rapid expansion. Clear evidence is now emerging for
heritable variation in gene expression. a significant compo-
nent of which, at least in humans, appears to be cis-
regulatory variability. Quantitative approximation of this
component is likely to be conservative given that much
cis variation may be subtle and therefore beyond the limits
of detection using current methodologies. The situation is
further complicated by the fact that regulatory variability
may be manifest in ditferent tissue environments or within
discrete windows during development or differentiation.

Despite these limitations, it should now be feasible to
apply the approaches discussed above to screen large
numbers of genes for the signature of ¢is regulation. The
next phase will be to identify the causative variants and to
discern whether allelic variability is most commonly due to
closely linked variation at the promoter level or at the level
of distant (and perhaps multipotential) regulatory sequences.

An optimal approach would combine allelic gene ex-
pression data with a catalogue of candidate polymorphisms
within cognate cis-regulatory regions, thus enabling identi-
fication of causative lesions. In the context of linkage
studies, this combination would permit mapping of cis-
linked determinants of gene expression to specific regula-
tory elements and, indirectly, to specific trans-acting factor
pathways. Applied systematically, such an approach could
underpin detailed dissection of the architecture of gene
regulation on a genomic scale and would reveal major
regulatory networks of direct relevance to human disease.
However, the key enabling step for this approach has been
elusive, namely, an effective approach for large-scale iden-
tification of cis-regulatory sites in vivo at a resolution
sufficient for targeted discovery of candidate regulatory
genetic variation. Such technologies are now becoming
available [62] and would have obvious and important
consequences for our understanding of the genomics of
gene regulation.
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