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Abundant Raw Material for Cis-Regulatory Evolution in Humans

Matthew V. Rockman and Gregory A. Wray
Department of Biology, Duke University

Changes in gene expression and regulation—due in particular to the evolution of cis-regulatory DNA sequences—
may underlie many evolutionary changes in phenotypes, yet little is known about the distribution of such variation
in populations. We present in this study the first survey of experimentally validated functional cis-regulatory poly-
morphism. These data are derived from more than 140 polymorphisms involved in the regulation of 107 genes in
Homo sapiens, the eukaryote species with the most available data. We find that functional cis-regulatory variation
is widespread in the human genome and that the consequent variation in gene expression is twofold or greater for
63% of the genes surveyed. Transcription factor-DNA interactions are highly polymorphic, and regulatory inter-
actions have been gained and lost within human populations. On average, humans are heterozygous at more func-
tional cis-regulatory sites (.16,000) than at amino acid positions (,13,000), in part because of an overrepresentation
among the former in multiallelic tandem repeat variation, especially (AC)n dinucleotide microsatellites. The role of
microsatellites in gene expression variation may provide a larger store of heritable phenotypic variation, and a more
rapid mutational input of such variation, than has been realized. Finally, we outline the distinctive consequences of
cis-regulatory variation for the genotype-phenotype relationship, including ubiquitous epistasis and genotype-by-
environment interactions, as well as underappreciated modes of pleiotropy and overdominance. Ordinary small-
scale mutations contribute to pervasive variation in transcription rates and consequently to patterns of human
phenotypic variation.

Introduction

Variation in noncoding cis-regulatory DNA se-
quences has been advanced as a major component of the
genetic basis for phenotypic evolution (Britten and Da-
vidson 1969; King and Wilson 1975; Stern 2000; Tautz
2000; Carroll, Grenier, and Weatherbee 2001; Davidson
2001; Stone and Wray 2001; Enard et al. 2002). This
view is supported by interspecific analyses documenting
dramatic changes in patterns of gene expression coupled
with functional and structural conservation of proteins.
Models of regulatory rewiring and co-option have pro-
liferated to explain the evolution of developmental and
morphological diversity. However, although intraspecific
protein sequence polymorphism has been studied for de-
cades, we lack even basic information about the level
and nature of functional cis-regulatory variation within
populations. Heritable variation in gene expression has
been described (Damerval et al. 1994; Cavalieri, Town-
send, and Hartl 2000; Jin et al. 2001; Brem et al. 2002),
but the genetic basis of this variation represents, with
very few exceptions (Stam and Laurie 1996; Crawford,
Segal, and Barnett 1999; Schulte et al. 2000), a major
lacuna in the literature of molecular evolution. We have
turned to the literature of human medical genetics to fill
this gap. Characterization of functional cis-regulatory
variation, its effects on transcription, and its consequent
influence on phenotypes is critical for a complete un-
derstanding of the genetic basis of phenotypic evolution.
Molecular evolutionary studies of regulatory polymor-
phisms represent a promising avenue for the synthesis
of the quantitative models of molecular population ge-
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netics and for the mechanistic and descriptive studies of
developmental and macroevolutionary phenomena.

Variation in coding sequence is classified as non-
synonymous and synonymous, reflecting nucleotide var-
iants with and without an effect on phenotype at the
level of protein primary structure. Currently, however,
we lack the means to distinguish functional regulatory
variants in noncoding DNA from nucleotide sequences
alone. Although noncoding variation has been implicat-
ed as the genetic basis for phenotypic variation by
means of QTL mapping and association studies (e.g.,
Sucena and Stern 2000), such methods are typically un-
able to attribute effects or modes of action to specific
nucleotides because of potential complications from
linkage disequilibrium. We therefore assembled from the
literature a data set of human cis-regulatory polymor-
phisms meeting stringent experimental criteria for func-
tionality. Specifically, the functional import of each
polymorphism has been validated by allele-specific re-
porter construct assays in cell culture. From this data
set, we estimate the basic characteristics of functional
cis-regulatory variation and describe the implications of
this variation for regulatory and phenotypic evolution.

Materials and Methods
Literature Survey

We searched the literature (through December
2001) for articles relating to regulatory polymorphisms
in humans. We used data from these articles to construct
several nested data sets relating to sequence variation,
reporter assays, allele frequencies, phenotypic associa-
tions, and protein binding. The final data sets, and the
full list of the more than 400 references from which they
are extracted, are available as supplementary material.
The study of cis-regulatory variants introduces some
unique challenges with consequences for our analyses.
Unlike coding sequence, cis-regulatory function is in-
herently context dependent. In particular, the functional



1992 Rockman and Wray

consequences of a cis-regulatory polymorphism depend
on cell type, temperature, the distribution of exogenous
inducers, and covariation at other sites in the genome.
Moreover, experimental methods used to identify func-
tional variants introduce additional variation; for ex-
ample, a variant may have no effect on transcription
unless the construct includes introns or downstream el-
ements that physically interact with it to transduce the
transcriptional output. The spatial extent of relevant
DNA is not defined, and important regulatory elements
can lie hundreds of kilobases from transcription start
sites. The consequence is that whereas coding variants
are readily classified as synonymous or nonsynonymous,
assignment of functional consequences to a cis-regula-
tory polymorphism requires analysis of the variants over
a vast multidimensional range of conditions. Standard-
ized, high-throughput methods will fail to detect many,
if not most, functional variants. We therefore view lit-
erature survey, in which each variant has been studied
in depth by specialists, as the best approach presently
available to study the dynamics of functional cis-regu-
latory variants. Our reliance on a sample of convenience
introduces certain deviations from a perfectly represen-
tative sample of variants from the genome. Any study
of a selected subset of the genome, including recent
large-scale studies of coding sequence variants in med-
ically interesting genes (e.g., Cambien et al. 1999; Car-
gill et al. 1999; Halushka et al. 1999), relies on a non-
random sample. We discuss the consequences of our
sampling strategy below. Our survey stands in the tra-
dition of other early analyses of human genetic samples
of convenience that, despite their lack of strict random
sampling, expanded our understanding of human genetic
variation and evolution, including population subdivi-
sion (Lewontin 1972), molecular evolution (King and
Wilson 1975), and nucleotide diversity (Li and Sadler
1991).

Inclusion Criteria

The primary data set consists of protein coding loci
whose transcription is influenced by cis-regulatory poly-
morphisms. These genes meet two inclusion criteria.
First, sequence variants have a statistically significant
effect on transcription rate in the context of allelic re-
porter constructs transfected into a physiologically rel-
evant cell line. Second, the responsible variants have
rare allele frequencies greater than 1% in a human pop-
ulation. Genes are included if a reporter construct ex-
periment shows allelic differences in transcription rate
that the authors of the study characterize as statistically
significant, even if other experiments show no signifi-
cant differences. This approach is necessitated by the
pervasive context-dependence of regulatory DNA func-
tion. The 1% frequency criterion eliminates a large num-
ber of rare variants whose pathological consequences
brought their carriers to clinical attention. Functional
noncoding variants that affect RNA stability and local-
ization, splicing, and translational initiation or efficien-
cy, though important components of the functional non-
coding genome, are excluded (e.g., UTR variants in

LPA, TYMS, and F12). In addition, we have excluded
somatically unstable repeats (‘‘dynamic mutation’’) that
affect transcription (e.g., repeats near SIX5, FMR1,
CSTB, and FRDA). These noncoding variants may cause
disease in their hyperexpanded forms, but the effect of
ordinary, nonpathological variation in repeat number at
these loci is unknown. Our experimental criterion ex-
cludes many likely functional variants for which the ap-
propriate experiments have not yet been performed. For
example, several polymorphic nucleotide variants are
known to affect the binding of transcription factors and
have also been implicated in variation in transcription
rate by way of fine-scale linkage mapping and associa-
tion studies, but in the absence of reporter construct as-
says these genes (e.g., COL1A1 and VWF) are omitted
from our data set. The primary data set includes 107
genes, of which 106 are separately named genes; the
GCK gene is counted twice because it has two tissue-
specific promoters and first exons, separated by 16 kb,
each with functional cis-regulatory polymorphisms.

Fold-Difference Estimates

We tabulated the fold-difference in transcription
level between alleles at each locus. These data represent
the fold-difference observed in the experimental design
giving the largest average difference between alleles.
This maximum difference may be justified as likely the
most physiologically important situation, but its use is
also a practical necessity. Because expression level in
vivo is a function of cell type, inducer concentration,
and genetic background, and because experimental
study introduces the additional variable of reporter con-
struct design, there is no way to characterize a ‘‘typical’’
expression difference between alleles at a locus. In the
extreme case, for instance, alleles will show no differ-
ence in transcription rate when present in cell types that
do not express the gene. Use of the maximum difference
introduces two opposing ascertainment biases. First, the
statistical power to detect small differences is a function
of sample size (the number of independent transfection
experiments) and the magnitude of the experimental er-
ror, so small differences between alleles may be under-
represented relative to their true frequency. Second,
many variants have been studied in only one or a few
cell types and conditions, and none has been observed
in embryos, so for most loci the true maximum allelic
difference in transcription rate may not have been ob-
served, leading to an underrepresentation of large
differences.

Corroborative Association Studies

We sought corroboration of functionality for the ex-
perimentally validated variants by identifying published
associations between the variants and expected pheno-
types. At the biochemical level, we tabulated statistically
significant associations between the functional cis-reg-
ulatory variants and in vivo measurement of gene ex-
pression. At the organismal phenotype level, we tabu-
lated statistically significant associations between the
variants and any phenotype that the authors of the study
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expect to be associated with the expression of the gene.
The phenotypes include morphometric, physiometric,
and psychometric traits, disease risk and outcome, and
pathogen susceptibility and transmission risk.

Functional Variants

Data sets of mutation types and positions were as-
sembled from 101 genes in the 107-gene primary data
set. Variants are included in these secondary data sets
only if the specific nucleotide variant is implicated in
allelic variation in transcription by reporter construct ex-
periments. Consequently, six of the 107 genes in the
primary data set are not represented because allelic var-
iation is experimentally attributable only to haplotypic
variation; which of the varying nucleotides and how
many of then contribute to the transcription rate varia-
tion are unknown for these genes. Other genes are rep-
resented by multiple, individually tested functional var-
iants. The data set of mutation types includes 144 ob-
servations. Biallelic tandem repeat polymorphisms are
included in the count of indels, whereas multiallelic tan-
dem repeat polymorphisms are classified separately as
variable number tandem repeats (VNTRs). We separated
single nucleotide polymorphisms (SNPs) into categories
without regard to strand orientation (for example, a T/
G SNP is counted together with A/C SNPs because they
represent the same base-pair exchange, differing only in
strand). This approach allows comparison with pub-
lished tallies of genomic SNP types and is additionally
justified by the fact that cis-regulatory DNA function is
mediated by the structure of double-stranded DNA, i.e.,
there is no cis-regulatory ‘‘sense’’ strand. The data set
of positions of variants relative to transcription start sites
includes 141 observations from 100 genes, after exclud-
ing genes whose starts of transcription are inadequately
mapped. For first exons with variable start sites (i.e.,
multiple mapped starts within a 100-bp region), we use
the 59-most major start site. For variants occupying mul-
tiple positions (e.g., indels and VNTRs), we calculated
distance from the nucleotide of the variant that is nearest
to start of transcription.

Protein-DNA Interactions

We assembled a data set of functional nucleotide
variants (i.e., those in the mutation types data set) whose
interactions with transcription factors have been exper-
imentally determined to show allelic variation. The ex-
perimental criterion for inclusion in this data set is the
demonstration of differential transcription factor binding
in an electromobility shift assay using each allele as a
probe for binding to proteins from nuclear extracts from
relevant cell types. We use this experimental criterion
because although transcription-factor binding sites can
be predicted on the basis of sequence similarity to a
consensus sequence, binding affinity often varies within
the consensus, many consensuses are ill-defined, and
many binding sites are as yet wholly uncharacterized.
We have not counted inferred binding polymorphisms
without experimental verification; for example, several
functional variants that alter TATAA boxes (adjacent to

the CYP2A6, HSD17B2, and UGT1A1 genes) are ex-
cluded from this tally because differential protein bind-
ing has not been demonstrated by gel shift assays.

Frequency Data

We collected published allele frequency data for
129 of the functional variants. These data include ob-
servations of 241,008 chromosomes, a mean of 1,868
per variant (median 1,049). Among the sets of variants
showing complete haplotypic association, we counted
only a single representative site; however, in cases of
incomplete or unknown linkage disequilibrium, we
count each site individually. Some functional variants
are unrepresented in the frequency data set because pop-
ulation samples are not available, although in each case
the data are sufficient to indicate that the functional var-
iants meet the 1% rare allele frequency threshold. Fre-
quency data are derived from random populations or
from the control populations of clinical studies; the ho-
mogeneity and geographic origins of the populations
vary among the studies. As a representative statistic, we
have used the midpoint of the range (over populations)
of rare allele frequencies for each locus. For example,
we have frequency data for APOE 2491 from nine pop-
ulations. The rare allele, 2491T, has a minimum fre-
quency of 0.113 (among Finns) and a maximum fre-
quency of 0.305 (among African-Americans). The mid-
point of this range is 0.209. For each population, we
estimated the expected heterozygosity as one minus the
sum of the squared allele frequencies. We then calcu-
lated the midpoint of the range of heterozygosities as a
representative statistic for each variant. Note that the use
of the minimum heterozygosities and frequencies for
each variant (including zeroes for the 10 private poly-
morphisms) has little effect on our overall conclusions.

Results and Discussion
Abundant Functional cis-Regulatory Variation

Experimentally verified functional cis-regulatory
polymorphisms influence the rate of transcription from
107 genes spread over 20 autosomes and the X chro-
mosome (fig. 1). This number represents 1% of all of-
ficially named human genes (Locuslink, December 19,
2001). Because these named genes include all genes that
have been subject to even minimal study, 1% represents
a firm, minimum estimate of the fraction of genes with
functional cis-regulatory polymorphism. Genes from a
range of functional categories are represented, including
metabolic and regulatory enzymes, intercellular trans-
porters, transcription factors, signal transducing recep-
tors and their ligands, proteinase inhibitors, extracellular
matrix proteins, components of the immune system, and
cell adhesion molecules.

The functional variants have large effects on tran-
scription (fig. 2A). In reporter construct assay experi-
ments, 63% of the 107 genes have allelic differences of
twofold or greater in their rates of transcription, and 20-
fold differences are not uncommon.

To corroborate the experimental evidence for func-
tionality of these variants in cell culture conditions, we
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FIG. 1.—Chromosomal locations of human genes with experimentally validated functional cis-regulatory polymorphisms. The idiogram is
modified from David Adler’s Idiogram Album (http://www.pathology.washington.edu/cytopages/idiograms/human/), and the genes are assigned
to positions following the annotation in the human genome working draft (http://genome.ucsc.edu/). Gene symbols are according to the Human
Genome Organization Gene Nomeclature Committee (http://www.gene.ucl.ac.uk/nomenclature/).

sought support from studies documenting associations
in vivo between the polymorphisms in their native chro-
mosomal context and proximal biochemical phenotypes.
We found such published support for 59% of the 107
genes. We next sought corroborative evidence from as-
sociations with predicted higher level phenotypes, in-
cluding morphometric traits and disease susceptibilities.
We obtained such evidence for 71% of the genes. At
least one of the two lines of corroboration was found
for 82% of the genes, and both lines were found for
47%. In most cases where corroboration is absent, the
relevant studies have not yet been undertaken or
published.

Characteristics of Functional Variants

Figure 2B shows the spectrum of mutation types
among 144 functional variants (see Materials and Meth-
ods for an explanation of the sample size, and see Sup-
plementary Material for a detailed list). The spectrum
is largely typical of segregating human genetic variation
and of substitutions fixed in the human lineage, includ-
ing the ratio of SNPs to biallelic indels, and the pattern
of base pair exchanges among the SNPs (fig. 2C) (Tail-
lon-Miller et al. 1998; Cambien et al. 1999; Nachman

and Crowell 2000; Taillon-Miller and Kwok 2000; Ven-
ter et al. 2001; Yu et al. 2001). Ordinary small-scale
mutations are thus major contributors to heritable vari-
ation in transcription (Stone and Wray 2001).

The spectrum of mutation types is atypical, how-
ever, in its proportion of multiallelic variants (those with
more than two alleles, such as polymorphic microsat-
ellites). At 20% (29/144), the proportion of multiallelic
variants among functional cis-regulatory variants is
higher than the proportion found in surveys of random
human variation, typically around 5%, though precise
numbers are scarce (Taillon-Miller et al. 1998; Cambien
et al. 1999). Nineteen of the functional variants (13%)
involve VNTRs with repeat unit length less than 10 nu-
cleotides; 12 involve dinucleotide repeats. Among these
dinucleotide microsatellites, (AC)n-type repeats are
overrepresented (two-tailed binomial P 5 0.006); these
constitute 50% of the dinucleotide microsatellites ge-
nome wide (International Human Genome Sequencing
Consortium 2001) but 92% (11/12) in our data set.

The first 500 bp upstream of the transcription start
sites contain 58.9% (83/141; see Materials and Meth-
ods) of the variants, but a substantial fraction are found
further afield; 12.8% are more than 1 kb upstream, and
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FIG. 2.—Functional polymorphisms in human cis-regulatory
DNA. A, Maximum experimentally determined fold-difference in tran-
scription rate between alleles of each gene. B, Distribution of mutation
types. VNTR includes only multiallelic tandem repeat polymorphisms.
‘‘Other’’ includes one multiallelic hypervariable region (KLK1), one
multiallelic complex of repeats, snps, and inversions (IGHA1), and one
biallelic locus at which the alleles differ by multiple overlapping
changes of length and sequence (SERPINC1). C, Distribution of SNP
types without regard to orientation (A-G transitions on one strand are
C-T transitions on the other strand; see Materials and Methods).

another 12.8% fall 39 to the start of transcription. Two
variants (1.4%) occur more than 10 kb upstream of their
start sites. Given the ascertainment bias favoring dis-
covery of variants in the immediate 59 flanking se-
quence, these data indicate the broad spatial distribution
of variation influencing transcription, as expected, given
the broad distribution of functional regulatory elements
(e.g., Carey and Smale 2000, pp. 61–62).

Polymorphic DNA–Protein Interactions

Allelic variation in transcription rate may be due to
allelic variation in affinity for transcription factor bind-
ing. We sought published biochemical evidence for such
variation for the functional variants in our data set.

For 51 variants, we inferred whether the allele with
experimentally determined higher affinity for transcrip-
tion factor binding is associated with the activation of
transcription or its repression. We found 26 instances of
polymorphic activator binding and 25 instances of poly-
morphic repressor binding. An additional nine loci

showed transcription factor switching, with each allele
having higher affinity for a different transcription factor.

Our inference of activation or repression is based
on the evidence from reporter construct assays in cell
lines and ignores the context-dependence of cis-regula-
tory function. For example, the influence of a polymor-
phic Sp1-Sp3 binding site in the CD14 promoter de-
pends on the ratio of Sp1 to Sp3 in the nucleus; because
this ratio varies among cell types, protein binding to the
site may result in either repression or activation (Levan
et al. 2001). Nevertheless, our inference may be justified
by noting that experimental studies typically focus on
the cell types in which expression of the gene is thought
to be of the greatest physiological consequence, and in
most cases only a single effect, activation or repression,
is documented for each polymorphic interaction.

We inferred ancestral states for 20 variants for
which both experimental protein binding data and non-
human primate sequences are available. Of these, the
derived state is a gain of transcription factor binding in
seven cases and a loss in 10 cases. The other three cases
involve transcription factor switching. Two of the seven
gains are human-specific expansions of tandem repeat
sequences (IGF2/INS and TH). Two functional variants
from the HLA-DQB1 locus in the MHC complex are
transspecific polymorphisms, i.e., both alleles segregate
in both humans and chimpanzees. Considering more dis-
tant out-groups, we record these changes as one gain
and one loss of transcription factor binding in the hu-
man-chimpanzee common ancestor.

Transcription factors from a diversity of structural
families are involved in polymorphic binding, and many,
including USF, Sp1, NFkB, GATA, and OCT, are in-
volved in polymorphic binding to the cis-regulatory re-
gions of more than one gene. Sp1 alone is involved in
seven experimentally confirmed polymorphic functional
DNA-protein interactions in our data set.

Five categories of regulatory change are represent-
ed in our small sample of human polymorphisms: gains
and losses of repressor binding and of activator binding,
and transcription factor switching. If we think of gene
regulation as a network of linkages between transcrip-
tion factors and cis-regulatory DNA, these data illustrate
the extent to which the structure of the network is var-
iable even within populations.

Population Genetics

The effects of cis-regulatory variation in human
populations depend both on the number of segregating
polymorphisms and on the heterozygosities of these
polymorphisms. We collected frequency data from the
literature for 129 functional variants from our 107 genes
(table 1 and fig. 3A; see Materials and Methods). The
distribution of rare allele frequencies is fairly uniform
(fig. 3B) and thus deviates substantially, with an excess
of intermediate frequency variants, from the neutral ex-
pectation (Hartl and Clark 1997, pp. 294–304) and from
observed frequencies for both coding and other noncod-
ing SNPs, which are skewed toward low-frequency al-
leles in humans (Cargill et al. 1999; Halushka et al.
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Table 1
Mean Heterozygosities and Rare Allele Frequencies for Functional Cis -Regulatory Polymorphisms

POLYMORPHISM

TYPE

NUM-
BER

OF

POLY-
MOR-

PHISMS

MEAN

SAM-
PLE

SIZE

PER

POLY-
MOR-
PHISM

MEAN HETEROZYGOSITY (SD)

Minima Midpoints Maxima

MEAN RARE ALLELE FREQUENCY (SD)

Minima Midpoints Maxima

All. . . . . . . . . . . . . . .
Biallelic . . . . . . . .
Multiallelic. . . . . .

(AC)n-type . . . .
non–(AC)n-

type. . . . . . . .

129
106

23
9

14

1868
2092

839
787

872

0.3211 (0.2191)
0.2568 (0.1723)
0.6171 (0.1613)
0.6647 (0.1633)

0.5865 (0.1582)

0.3731 (0.1913)
0.3133 (0.1409)
0.6489 (0.1461)
0.6952 (0.1496)

0.6192 (0.1411)

0.4252 (0.1861)
0.3698 (0.1424)
0.6808 (0.1466)
0.7257 (0.1465)

0.6519 (0.1445)

0.1823 (0.1444) 0.2509 (0.1417) 0.3196 (0.1954)

NOTE.—For many loci, allele frequencies and heterozygosities were calculated from many populations. Minima, maxima, and midpoints indicate statistics
calculated from the frequency or heterozygosity estimated from the population with the minimum or maximum for each locus or from the midpoint of the range
of estimates for each locus. Frequency data were available for only 129 or the 144 functional polymorphisms (see Materials and Methods).

FIG. 3.—Rare allele frequencies for biallelic functional cis-regu-
latory polymorphisms in humans. A, Loci are ordered along the x-axis
by the midpoints of the observed frequency range, as indicated by the
diamond symbols. Each cross hatch represents a frequency estimate
for a single study population, typically derived from a sample of hun-
dreds of chromosomes. Complete sample details are available as sup-
plementary material. B, The histogram of midpoint frequencies differs
in shape from C, that expected under neutrality.

1999; Zwick, Cutler, and Chakravarti 2000; Stephens et
al. 2001). The observed distribution is attributable, in
part, to an ascertainment bias—clinical studies of com-
mon health factors may ignore rare variants and con-
sequently experimental validation of functional effects
will focus on intermediate-frequency variants. Neverthe-
less, the unusual shape of the distribution may suggest
that natural selection contributes to cis-regulatory poly-
morphism in humans. Directional selection with geo-
graphically heterogeneous selection regimes accounts

for variation in the cis-regulatory region of the FY locus
(Hamblin and Di Rienzo 2000) and possibly the CCR5
locus as well (Schliekelman, Garner, and Slatkin 2001).
Overdominant balancing selection may maintain varia-
tion in the cis-regulation of MHC genes (Guardiola et
al. 1996), whereas variation at UGT1A (Beutler, Gelbart,
and Demina 1998) and TNF (Wilson et al. 1997) may
be maintained by balancing selection because of antag-
onistic pleiotropy. Natural selection operating according
to Neel’s (1962) ‘‘thrifty genotype’’ hypothesis has been
invoked to explain variation at the AGT (Inoue et al.
1997), CAPN10 (Baier et al. 2000), and INS (McCarthy
1998) loci. Although these models are at present little
more than verbal scenarios (with the exception of the
FY and CCR5 variants), distinctive properties of cis-reg-
ulatory variants discussed below, such as tissue-type
overdominance, genotype-by-environment interactions,
and interactions between epistasis and linkage, may
make cis-regulatory polymorphisms especially prone to
maintenance by natural selection.

We have inferred ancestral states for 21 biallelic
variants for which we have frequency data. Derived
states have higher frequencies than do ancestral states
at seven of these loci, at least in some populations.
There are 11 additional variants for which ancestral
states are unknown but that have frequencies on either
side of 0.5 in different populations. These data illustrate
the fact that functional cis-regulatory polymorphisms
are contributors not only to transient human variation
but likely also to divergence of humans from our
ancestors.

Population Genomics

Our data permit some preliminary and cautious es-
timates of the extent of cis-regulatory variation in the
genome. Because of the way variants are sampled in our
data set and because of the inherent context-dependence
of the cis-regulatory function, we cannot address the
usual molecular population genomics parameters such
as p, the per-site heterozygosity at functional cis-regu-
latory sites, or S, the number of segregating functional
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Table 2
Distribution of Functional Variation Within the Human Genome

Type of Variant
Expected Number of
Heterozygous Sites

Percent of Genes
Heterozygous

Cis-Regulatory
Biallelic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SNPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Indels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Multiallelic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(AC)n-type . . . . . . . . . . . . . . . . . . . . . . . . . . . .
non–(AC)n-type . . . . . . . . . . . . . . . . . . . . . . . .

Total cis-regulatory . . . . . . . . . . . . . . . . . . . . . . . . .
Protein Coding

Amino acid variants . . . . . . . . . . . . . . . . . . . . . .

10,700
9,700

900
100

6,500
2,600
3,900

17,200

7,900–12,900

30.0
27.6

3.0
0.3

19.5
8.3

12.2
43.6

23.2–39.9

NOTE.—All numbers are based on 30,000 genes and can be rescaled to accommodate other estimates of total gene
number. The percent of genes heterozygous is per individual assuming a Poisson distribution of variants across all genes.

cis-regulatory sites in a sample of specified size. We
concentrate instead on the total number of segregating
functional cis-regulatory polymorphisms (i.e., variants
with a rare allele population frequency greater than 1%)
genome wide and on the expected number of hetero-
zygous sites genome wide, considering only segregating
functional cis-regulatory polymorphisms.

A recent analysis of upstream sequences from 180
loci (Stephens et al. 2001) found that the total frequency
of SNPs in the proximal 850 bp of the 59 flanking se-
quence averages 5.73/kb (this number is basically a
large sample estimate of cis-regulatory S because it in-
cludes rare variants with frequencies less than 1%).
Genes in our data set average 0.94 functional SNPs per
kilobase in the proximal 850 bp 59 to the start of tran-
scription. (Independently functional nucleotides have
been both identified and mapped in relation to the start
of transcription in 100 of 107 genes; we thus calculate
on the basis of 80 SNPs in a sample of 85 kb, i.e., 100
genes times 850 bp per gene.) A crude comparison sug-
gests that, if our genes are typical, more than 16.4% of
proximal promoter SNPs influence transcription. Al-
though not directly comparable, large sample estimates
of the percentage of human coding sequence variants
that alter an amino acid range from 44% to 56% (Cargill
et al. 1999; Halushka et al. 1999; Stephens et al. 2001;
Venter et al. 2001).

Our estimate of 0.94 functional SNPs per kilobase
is affected by two ascertainment biases, one among
genes and one among nucleotide variants. First, our
genes may be unrepresentative; they were included spe-
cifically because they contain functional variants. We
suspect that this bias is minor: our genes are drawn from
a wide range of functional categories and chromosomes,
and in the vast majority of the studies from which our
data are drawn, genes were selected with no a priori
expectation of functional cis-regulatory variation. In
most cases, the polymorphisms were identified by med-
ical researchers who first selected genes known from
model system biology as candidate genes for medical
conditions (for example, apolipoproteins as candidate
genes for cardiovascular phenotypes). The genes select-
ed were then searched for polymorphisms, some of
which were experimentally tested for function. More-

over, genes with functional cis-regulatory variants are
included in our data set, irrespective of whether the var-
iants are SNPs or whether they occur in the proximal
850 bp. Nevertheless, bias among genes, in particular a
publication bias favoring genes with functional poly-
morphisms, may result in an inflation of the density of
functional SNPs in our data set. A second ascertainment
bias, bias among nucleotide variants, affects the estimate
in the opposite way, by undercounting functional vari-
ants. Specifically, our estimate assumes that every func-
tional variant in the proximal 850 bp of each of the
genes in our data set has been identified. In fact, in many
of the genes, little or none of the proximal region has
yet been studied. Only a fraction of the identified vari-
ants have been tested experimentally, and of those many
have not been tested under relevant conditions. On bal-
ance, we expect that our estimate of the number of func-
tional cis-regulatory SNPs will prove low. As shown
below, our primary conclusions regarding the distribu-
tion of human cis-regulatory variation are largely insen-
sitive to our assumptions.

Given 0.94 functional SNPs/kb in the proximal pro-
moter of each gene, and then by assuming an average
heterozygosity for biallelic variants derived from our
analysis (0.313; see table 1) and an estimate of 30,000
genes in the genome, we can extrapolate that on average
a human is heterozygous for 7,500 functional SNPs in
the proximal 850 bp of the 59 flanking sequence. If we
consider the 9.9% of biallelic variants in our data set
that are not SNPs and the 22.5% of biallelic variants
that fall outside the proximal 850 bp, we arrive at an
estimate of about 10,700 functional biallelic cis-regu-
latory variants heterozygous in a typical human (table
2).

The preceding extrapolations are based on the best-
studied variants, proximal promoter SNPs. We can also
use the data set without breaking it down by spatial
location. We found a total of 115 biallelic variants in
101 genes for which we have the appropriate data. If we
extrapolate genewise, 1.1386 variants/gene times 30,000
genes times an average heterozygosity of 0.313 again
yields an estimate of 10,700 functional biallelic cis-reg-
ulatory variants heterozygous in a typical human.
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Table 3
Distribution of Known Functional Polymorphic (AC)n
Microsatellites

Gene Position
Orienta-

tion
Number of

Repeats

SNCA . . . . . . .
AKR1B1 . . . . .
COL1A2 . . . . .
PAX6 . . . . . . .
PAX3 . . . . . . .
SLC11A1 . . . .
HMOX . . . . . .
MMP9 . . . . . .
COL1A2 . . . . .
EGFR . . . . . . .
HSD11B2 . . . .

28896
22036
21383
2965
2337
2274
2117
290

11420 (intron 1)
11429 (intron 1)
12571 (intron 1)

AC
AC
AC
AC
AC
GT
GT
CA
GT
AC
AC

10–13
19–28
11–27
18–31
13–30

15–23 (imperfect)
15–41
14–27
11–19
14–22
14–24

NOTE.—Position is relative to the start of transcription. Orientation refers
to the sequence of the repeat unit on the sense strand. The SNCA repeats are
part of a larger compound repeat, (TC)10–11TT(TC)8–11(TA)7–9(CA)10–13.

A Functional Role for Microsatellites

Multiallelic variants comprise 20% (29/144) of the
variants in our data set, and among these, (AC)n micro-
satellites are overrepresented. Because these microsat-
ellites have usually been considered nonfunctional neu-
tral markers, we discount investigator bias as an expla-
nation. We suggest instead that (AC)n repeats are major
contributors to transcriptional regulation and hence to
phenotypic variation in humans. Evidence for their role
in transcriptional regulation is accumulating. In reporter
constructs, (AC)n repeat number variation alone influ-
ences rates of transcription (Hamada et al. 1984), and
their influence in the context of specific genomic se-
quences has been demonstrated experimentally for each
of the 11 examples in our data set (table 3). At least one
unidentified human transcription factor binds specifical-
ly to (AC)n sequences (Epplen, Kyas, and Maueler 1996;
Shimajiri et al. 1999), and (AC)n sequences may influ-
ence transcription rates by their effects on DNA con-
formation even in the absence of specific protein binding
(Naylor and Clark 1990; Wolfl et al. 1996; Rothenburg
et al. 2001).

We can extrapolate from our data to the number of
functional, polymorphic (AC)n repeats in the genome.
The prevalence of (AC)n repeat elements is approxi-
mately 27.7/Mb, for more than 88,000 in the 3.2 Gb
human genome, on the basis of stringent criteria which
do not count short or imperfect repeats (International
Human Genome Sequencing Consortium 2001). A sur-
vey of 2,506 (AC)n repeat elements found 93% to be
polymorphic (Weissenbach et al. 1992), or about 82,000
for the whole genome. Note that this estimate is based
on a study of unpreselected (AC)n elements with 12 or
more repeats, such that the proportion polymorphic is
likely a good estimate of the proportion genome wide.
The variants in our data set occur in either orientation
with respect to the sense strand and are widely distrib-
uted with respect to the start of transcription (table 3).
We infer the presence of 3,800 functional, polymorphic
(AC)n microsatellites in human populations, given three
conservative assumptions: first, that repeats within 2.5

kb of the start of transcription (a 5-kb window) are func-
tional, as implied by experimental data (Hamada et al.
1984; Epplen, Kyas, and Maueler 1996; Shimajiri et al.
1999; table 3) and that others are not (conservative be-
cause some repeats further afield are known to be func-
tional); second, that (AC)n elements are randomly dis-
tributed throughout the genome (conservative because
their distribution may actually be biased toward the vi-
cinity of transcription start sites, Schroth, Chou, and Ho
1992); and third, that there are 30,000 starts of tran-
scription (conservative because many genes have mul-
tiple start sites). The average heterozygosity for the
(AC)n repeats in our data set is 0.695, which is typical
for polymorphic dinucleotide repeats (Bowcock et al.
1994; Dib et al. 1996). Thus, we infer that a typical
human is heterozygous for 2,600 functional (AC)n
variants.

A functional role for (AC)n microsatellites has im-
portant consequences. Their high heterozygosity and
high (5–12 3 1024) mutation rate (Weissenbach et al.
1992; Weber and Wong 1993) may account for the rapid
generation of phenotypic variation and its maintenance
through bottleneck episodes or in the face of stabilizing
or directional selection (Kashi, King, and Soller 1997).
In addition, microsatellite length may itself be under sta-
bilizing selection for cis-regulatory function, explaining
their unexpectedly high level of conservation among
apes and low repeat-number variance among humans
(Bowcock et al. 1994; Deka et al. 1994).

Only 37.9% of the multiallelic variants in our data
set are (AC)n. If our sample is representative of func-
tional multiallelic variants, we may infer the presence
of an additional 6,200 functional multiallelic polymor-
phisms segregating in human populations. In our data
set, the non-(AC)n multiallelic variants have an average
heterozygosity of 0.619, implying that each human is
heterozygous at 3,900 non-(AC)n multiallelic functional
cis-regulatory sites or 6,500 multiallelic sites in total
(table 2).

An alternative approach to this extrapolation, aban-
doning the assumption of a 62.5 kb functional domain,
uses the observation that in 101 genes with appropriate
data, we found 29 multiallelic variants; the average het-
erozygosity of functional multiallelic variants, based on
the 23 for which we have frequency data, is 0.649. Ex-
trapolating to 30,000 genes, we arrive at an estimate of
8,600 functional multiallelic variants, of which 5,600
will be heterozygous on average.

Genome-Wide Functional Variation: cis-Regulatory
Versus Coding

From the separate extrapolations for bi- and mul-
tiallelic cis-regulatory variants, we approach a range of
16,300–17,200 functional variants that are heterozygous
on average. If we extrapolate from the combined data,
we can use the observations of 1.43 functional variants
per gene (115 bi- and 29 multiallelic variants in 101
genes), an average heterozygosity of 0.373, and a total
of 30,000 genes, to estimate 16,000 functional cis-reg-
ulatory sites heterozygous on average.
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In contrast, a human is likely to be heterozygous
at only about 7,900–12,900 amino acid positions, given
estimates of heterozygosity at nonsynonymous sites
(0.196/kb [Cargill et al. 1999] and 0.32/kb [Sunyaev et
al. 2000]), an average coding sequence length of 1,340
bp per gene (International Human Genome Sequencing
Consortium 2001), and 30,000 genes. Only if our data
set is dramatically unrepresentative, such that one-fifth
of all genes have no segregating cis-regulatory variation
in any human population, would the average number of
heterozygous cis-regulatory sites be less than 12,900.
The greater number of heterozygous functional cis-reg-
ulatory than coding sites is consistent with the results
of recent interspecific analyses, which suggest that the
number of noncoding nucleotides conserved between
human and mouse exceeds the number of coding nucle-
otides (Frazer et al. 2001; Shabalina et al. 2001). In
short, the size of the functional noncoding genome may
simply exceed the size of the coding genome.

Four sources of bias contribute to these estimates.
First, we assume that our genes are representative, al-
though they are included specifically because of the
presence of functional polymorphisms. We doubt, how-
ever, that this constitutes a major source of bias in prac-
tice; a consideration of the size of each gene’s cis-reg-
ulatory region and the extent of human nucleotide di-
versity suggests that nearly all genes will have at least
one cis-regulatory site segregating as a polymorphism
in some human population. We can circumvent this po-
tential bias by noting that our extrapolations for mul-
tiallelic variants do not rely on the assumption that our
genes are representative of all genes, only that (AC)n
microsatellites are randomly distributed and functional
when near transcription start sites. If we accept the ex-
trapolation for multiallelic variants, we can back-calcu-
late heterozygosity at biallelic sites. We found previous-
ly that 10,000 functional multiallelic sites (3,800 [AC]n
and 6,200 others) are segregating variants in human
populations, and we found that multiallelic variants
make up 20.1% of functional variants in our data set.
Thus, by assuming that the proportion of multiallelic
functional variants in our data set is a good estimator of
the proportion among all functional variants, which we
have no reason to doubt, we arrive at an estimate of
40,000 functional biallelic variants segregating in hu-
man populations. Given the estimated heterozygosity for
such variants (0.313), we estimate an average of 12,500
heterozygous biallelic functional sites, slightly higher
than the 10,700 estimated by assuming that the genes in
the data set are representative. Second, our extrapola-
tions are based on the assumption that all variants within
our genes are known. In fact, for most of these genes
only small segments of the cis-regulatory sequence have
been searched for polymorphisms, and few of the known
polymorphisms have been experimentally tested for
function. Even then, the context-dependence of cis-reg-
ulatory function dictates that some functional variants
will be missed and we will have underestimated the
number of functional variants per gene. Third, we as-
sume that there are 30,000 genes (i.e., sets of cotran-
scribed coding exons) and 30,000 starts of transcription

(equivalently, first exons or promoters). These specific
numbers are unimportant because our estimates of het-
erozygosities can be rescaled to accommodate any other
number. But the ratio of genes to promoters is important.
Many genes have multiple first exons and hence cis-
regulatory regions, which increase the number of pos-
sible sites for functional cis-regulatory variants without
affecting the number of possible sites for nonsynony-
mous coding variants. For example, UGT1A has at least
nine separate first exons, each with its own promoter
and start of transcription, spread over hundreds of ki-
lobases (Gong et al. 2001). By assuming a 1:1 ratio of
genes to start of transcription, we underestimate the ratio
of functional cis-regulatory sites to amino acid sites that
are heterozygous on average, given in this study as
greater than 16,000:12,900. A correction for this bias
would involve multiplying the estimated number of het-
erozygous functional cis-regulatory sites by the average
number of promoters per gene, a number that is unfor-
tunately unknown. Finally, we consider only polymor-
phisms, variants with rare allele frequencies greater than
1%, whereas surveys of amino acid polymorphism con-
sider all variants, including rare singleton variants,
which usually comprise about a third of polymorphisms
identified in most surveys (e.g., Stephens et al. 2001).
This difference again contributes to an underestimate of
the ratio of cis-regulatory to amino acid sites that are
heterozygous.

In sum, a bias among genes, which can be circum-
vented, contributes to an overestimate of the ratio,
whereas biases among variants and frequencies, as well
as our assumed gene:promoter ratio, contribute to an
underestimate. The magnitudes of these biases are im-
possible to estimate, but on the whole, the data suggest
that humans are on average heterozygous for more func-
tional cis-regulatory sites than for amino acid sites.
When additional functional noncoding variants are con-
sidered, such as those influencing mRNA stability and
transport, splicing, and translation, the average number
of heterozygous functional noncoding sites surely ex-
ceeds the number of heterozygous amino acid sites.

The Absence of Transposons

Although transposition is often considered an en-
gine of regulatory evolution (Britten 1997; Brosius
1999; Carroll, Grenier, and Weatherbee 2001, p. 180),
we found no example in humans of a segregating poly-
morphism of this type that has been experimentally im-
plicated in variation in transcription. The disparity be-
tween the well-documented role for transposition in in-
terspecific regulatory evolution (Britten 1997; Brosius
1999) and the absence of transposition mutations in our
data set may be due to a dramatic slowdown in trans-
position rates in humans (International Human Genome
Sequencing Consortium 2001). According to this model,
transposition, although once important, no longer plays
a major role in regulatory evolution in our species. A
second possibility is that transposons typically have dra-
matic fitness consequences, such that they are either
quickly fixed in populations or lost but rarely segregate
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as polymorphisms. Although rare transposition events
with severe clinical phenotypes are documented in hu-
mans (Deininger and Batzer 1999), supporting the latter
scenario, neither explanation is complete: segregating
LINE-1 and Alu polymorphisms are well documented
and likely number more than 2,000 (Sheen et al. 2000).
Their absence from our data set may simply indicate that
researchers have not yet focused on their functional con-
sequences or that the numbers of transcriptionally rele-
vant polymorphisms due to transposition are so small
relative to other classes of polymorphisms that we
would not expect to find them in our sample. Propor-
tionally, polymorphisms due to transposition are clearly
minor contributors to transcriptional variation in
humans.

Distinctive Genotype-Phenotype Dynamics of
Cis-Regulatory Variants

Our survey of known functional cis-regulatory var-
iants has revealed a number of distinctive characteristics
of the mode of action of these variants, with implica-
tions for their evolution and their role in phenotypic
variation. Although differences among the studies in our
survey prevent us from drawing strict quantitative con-
clusions about these characteristics, we believe that by
outlining them and providing some empirical examples
we can help focus future research on cis-regulatory
variation.

First, while transcription factors typically regulate
many downstream target genes, the identities of the tar-
get genes will differ among individuals on the basis of
the variation in cis-regulatory DNA sequences. Conse-
quently, changes in expression or structure of a tran-
scription factor will not only be highly pleiotropic, in-
fluencing many downstream loci, but also highly epi-
static, that is, dependent on genetic background. That
this sort of cis-trans epistasis is common is suggested
by the occurrence of multiple polymorphic binding sites
for individual transcription factors, especially Sp1, and
by the occurrence in our data set of four transcription
factors whose cis-regulation is polymorphic (IRF1,
PAX3, PAX6, and VDR). Moreover, cis-trans epistasis is
corroborated by experimental studies of genes in our
data set. For example, Rutter et al. (1998), using 4 kb
reporter constructs of the MMP1 gene, differing only by
a single nucleotide indel, found repeatable differences
in the effect on transcription when the constructs were
transfected into fibroblast cells from four different do-
nors. At the level of organismal phenotype as well,
background effects are well documented for cis-regula-
tory variants; for example, national origin interacts with
variants at the SCYA5 and CCR5 loci to influence dis-
ease progression (Gonzalez et al. 1999, 2001).

Second, epistasis in cis, whereby the effect on tran-
scription of one cis-regulatory variant depends on co-
variation at a linked cis-regulatory site, is common in
our data set, including, for example, among SNPs at the
LIPC locus (Botma, Verhoeven, and Jansen 2001),
among SNPs and a VNTR at IL6 (Terry, Loukaci, and
Green 2000), and among VNTRs at COL1A2 (Akai, Ki-

mura, and Hata 1999). A second form of cis-epistasis,
in which organismal phenotype depends on linkage
phase between cis-regulatory variants and amino acid
polymorphisms, is also common. For example, this hap-
lotype-dependent dosage-by-structure interaction is doc-
umented for PON1 (James et al. 2000) and APOE (Lam-
bert et al. 1998). The ubiquity of these two classes of
epistasis in cis lends credence to the classical idea of
the coadapted gene complex (Dobzhansky 1951, p. 278)
and the Lewontinian notion of the genome as the unit
of selection (Lewontin 1974, pp. 273–318). It may also
point to the viability of epistatic selection as an expla-
nation for irregular patterns of linkage disequilibrium in
humans (Stephens et al. 2001). At minimum, the fre-
quent occurrence of linked, interacting functional sites
mandates that models for the evolution of the human
gene sequences incorporate the interaction of linkage
and epistasis.

Third, we note that many of the genes with regu-
latory polymorphisms interact with one another in reg-
ulatory, metabolic, and physiological networks. As a
consequence, moderate levels of variation at any one
locus will be amplified by the number of genes in the
network to yield high levels of polymorphism at the
network level. For example, the genes APOA1, APOA2,
APOB, APOC1, APOC3, IGFBP3 IGF2, IL1, IL4, IL6,
IL10, INS, FGB, LPL, LIPC, LIPE, TNF, and TGFB all
have functional cis-regulatory polymorphisms and in-
teract with one another directly or indirectly. Analytical
models and simulations have shown that polymorphism
distributed through a network of interacting genes may
result in a nonlinear genotype-phenotype relationship
(that is, one characterized by dominance and epistasis)
as an emergent property of lower level additive gene
action (Nijhout and Paulsen 1997; Gilchrist and Nijhout
2001), and such multilocus phenomena are now being
reported in the literature on human cis-regulatory vari-
ation (Jansen et al. 2001).

Fourth, a large proportion of the variants in our
data set exhibit differential responses to exogenous in-
ducers. In some cases, this means that alleles differ in
the magnitude of inductive response—for example,
phorbol ester stimulation interacts with an SNP at the
MGP locus (Farzaneh-Far et al. 2001) and with a VNTR
at the PDYN locus (Zimprich et al. 2000)—but in other
cases each allele shows a different direction of response,
as at the SLC11A1 locus, at which the combination of
interferon-g and bacterial lipopolysaccharide leads to
the upregulation of one allele relative to the basal tran-
scription rate but leads to repression of transcription
from another allele (Searle and Blackwell 1999). Be-
cause environmental cues are often mediated through
transcriptional regulation and because inducibility is a
pervasive property of human genes (Iyer et al. 1999),
cis-regulatory polymorphism likely constitutes a major
genetic basis for genotype-by-environment interaction
effects. At the organismal phenotypic level, such effects
are well documented, as for example at the CETP locus,
where a cis-regulatory SNP and alcohol consumption
interact in the modulation of HDL-cholesterol levels
(Corbex et al. 2000).
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Fifth, although cis-regulatory sequences are often
assumed to influence discrete aspects of transcription of
a single gene and so to be the basis for developmental
modularity (Stern 2000; Carroll, Grenier, and Weather-
bee 2001, pp. 91–92), our data set includes two instanc-
es of the opposite phenomenon: single variants influ-
encing transcription from multiple genes. The imperfect
VNTR upstream of the INS gene influences transcription
from both INS and the downstream IGF2 locus (Ken-
nedy, German, and Rutter 1995; Paquette et al. 1998),
and SNPs upstream of APOC3 influence transcription of
that gene in the liver (Li et al. 1995) and transcription
of the APOA1 gene, which is transcribed convergently
to APOC3, in the colon (Naganawa et al. 1997). The
prevalence of this sort of multifunctional noncoding
DNA variation and its attendant pleiotropic consequenc-
es have likely been underestimated, in part because most
experimental studies of regulatory variants focus only
on the effects on transcription of the nearest gene.

Sixth, we found many loci at which alleles produce
spatially or temporally nonnested gene expression pat-
terns such that heterozygotes have patterns of expression
beyond the range of either homozygote. Although such
alleles may act additively at the level of number of tran-
scripts produced, they exhibit overdominance at the lev-
el of the number of nuclei or tissues with a given rate
of transcription. This single-locus tissue-type overdom-
inance may represent a selective mechanism for the
maintenance of cis-regulatory variation (Guardiola et al.
1996). For example, one allele at the HLA-DQB1 locus
shows higher expression than another in primary skin
cells, whereas in peripheral blood mononuclear cells and
B-lymph cells the situation is reversed (Beaty, Sukien-
nicki, and Nepom 1999). Such behavior is not limited
to the MHC complex; similar dynamics are evident at
such loci as AGT (Zhao et al. 1999), INS (Pugliese et
al. 1997), and NOS2A (Morris et al. 2001).

Finally, because cis-regulatory sequences respond
to spatially and temporally regulated transcription fac-
tors, cis-regulatory polymorphism represents an impor-
tant genetic basis for the evolution of development by
way of heterotopy and heterochrony. Our data set in-
cludes several examples of polymorphic temporal and
spatial regulation. For example, a polymorphism at the
FY locus affects expression in erythroid cells but not in
other tissues (Tournamille et al. 1995). Cis-regulatory
variants at the HBG2 locus alter the time course of ex-
pression, resulting in variable fetal hemoglobin expres-
sion among adults (Labie et al. 1985). Developmentally
important variants are likely vastly underrepresented in
our data set because of the impossibility of carrying out
the necessary experiments in developing human
embryos.

Conclusions

The human genome is brimming with functional
variation that influences transcription and thus many as-
pects of phenotype. The cis-regulatory polymorphisms
analyzed in this study, scattered across a diversity of
interacting genes, point to the surprising extent of reg-

ulatory variation in humans and underscore the com-
plexity of the genotype-phenotype relationship. Cis-reg-
ulatory polymorphism represents the intersection of the
central themes of development and evolution: the role
of differential gene expression in development (David-
son 2001) and the evolutionary origin of species differ-
ences as variation within populations (Haldane 1932;
Dobzhansky 1951). Our species is depauperate in se-
quence variation compared with many others (Zwick,
Cutler, and Chakravarti 2000); we expect that compa-
rable or greater levels of functional variation exist with-
in the cis-regulatory regions of other eukaryotes.

Supplementary Material

Tables enumerating the genes, variants, and fre-
quencies used in our study, along with references for
source studies, are available at the Molecular Biology
and Evolution website http//www.smbe.org.
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