
review

522 nature genetics supplement • volume 32 • december 2002

The genetics of variation in gene
expression
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The genetic basis of variation in gene expression lends itself to investigation by microarrays. For genetic analysis,

we view the expression level of a gene as a quantitative or ‘complex’ trait, analogous to an individual’s height or

cholesterol level, and, therefore, as an inherited phenotype. Several genetic analyses of ‘gene expression pheno-

types’ have been carried out in experimental organisms, and initial steps have been taken toward similar studies

in humans—although these present challenging technical and statistical problems. Further advances in the

genetic analysis of variation in gene expression will contribute to our understanding of transcriptional regulation

and will provide models for studying other quantitative and complex traits.
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In human studies, microarrays have been used to examine both
variation in gene expression and variation in DNA sequence, but
typically not in the same study. These two approaches can be
combined to address new questions in genetics (Fig. 1). Microar-
rays provide measurements of many genes for large numbers of
individuals, so the results can be used to identify those genes
whose expression is most variable in the population. The expres-
sion level of a highly variable gene in an individual is considered
as the ‘phenotype’, which is possibly influenced by genetic deter-
minants. Genetic analysis can therefore be used to map and to
identify the genes and/or regulatory regions that control expres-
sion phenotypes. In this review, we describe several recent stud-
ies that have used microarrays to obtain data on gene expression
phenotypes, on genotypes, or on both. Although most of these
studies were carried out in experimental organisms1–7, they illus-
trate how microarrays also can be used to characterize and to
map complex phenotypes in humans.

Lessons from model organisms
Suppose that the expression level of gene X is the phenotype of
interest. The genetic determinants of variation in this phenotype
might map near gene X, but it is also possible that they are not in
gene X or even closely linked to it. Recent genetic analyses of gene
expression in yeast provide examples of these possibilities. Brem
et al.1 compared the expression profiles of two strains of the 
yeast Saccharomyces cerevisiae using cDNA microarrays that con-
tained more than 6,000 open reading frames from the yeast
genome. They found that 1,528 genes were expressed differen-
tially (P < 0.005) between the two strains instead of the 23 genes
expected by chance. The expression levels of these genes were
tested further in 40 haploid segregants from a cross between the
two parental strains. After confirming earlier findings by Cavalieri
et al.2 that established expression phenotypes as highly heritable
traits, Brem et al.1 used a genome-wide genetic linkage approach
to map the determinants of variation in gene expression. By test-
ing for linkage with 3,312 markers in the yeast genome, they
found that only 308 genes (20%) of the 1,528 showed linkage to

one or more loci. A simulation experiment indicated that if a sin-
gle locus controlled expression variation, then many more genes
(97%) would have shown linkage. These results suggest that the
expression of most genes is affected by more than one locus. Thus,
it seems that the control of gene expression is highly complex even
in a relatively simple organism such as yeast.

A detailed study of a single phenotype in yeast further illus-
trates the complexity of mapping quantitative traits. Steinmetz 
et al.3 looked for genes (quantitative trait loci; QTLs) whose allelic
variants affect the ability of yeast to grow at high temperatures. A
strain with the high-temperature phenotype (Htg+) was crossed
with one lacking this phenotype, and 19 of the Htg+ segregants
were selected. These segregants and the parental strains were
genotyped on Affymetrix oligonucleotide arrays containing more
than 3,000 markers that spanned the yeast genome. Fine mapping
showed that a QTL region detected on chromosome XIV consists
of three genes, MKT1, END3 and RHO2, that greatly influence the
ability of yeast to grow at high temperature. The resolution of the
QTL into three distinct loci was unexpected, but it suggests that
similar situations might complicate QTL studies in other species,
especially in non-experimental organisms such as humans.

In addition to studies in yeast, studies in Drosophila and mice
have also demonstrated genotypic contributions to variation in
the expression of genes4,5. Jin et al.4 showed that significant dif-
ferences in expression levels of genes could be attributed to sex
and to genotypic differences among strains of Drosophila. Sand-
berg et al.5 compared the brain expression profiles of two mouse
strains and found regional and strain-specific differences. Some
of the genes that showed differences in expression mapped to
chromosomal regions that have been linked in other studies to
complex quantitative phenotypes, such as alcohol drinking
preference and susceptibility to seizures induced by methyl 
β-carboline-3-carboxylate.

Extension to human genetics
The studies in model organisms illustrate the genome-wide view
of gene expression levels as heritable phenotypes. They also sug-
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gest that a similar approach can be used to identify gene expres-
sion phenotypes in humans and to map their determinants. Such
studies will increase our understanding of the genetics of com-
plex traits and diseases.

Microarrays are used in various ways to identify DNA vari-
ants and to analyze gene expression patterns in human studies 
(Fig. 1). It is already possible to couple the growing body of
information about germline variation with high-throughput
methods for assaying differences in gene expression between
individuals. The results from integrating data on sequence varia-
tion and on expression variation will lead to further develop-
ments in human genetics. We comment first on some
implications for carrier identification, and then more specula-
tively on the genetic analysis of mRNA levels as a model for ana-
lyzing complex phenotypes and diseases.
Heterozygous carriers of disease. The parents of an individual
with a rare recessive genetic disease are unaffected, but they are
obligate heterozygotes. They therefore provide an opportunity to
look for a possible subtle expression phenotype resulting from
germline differences. Identification of such a phenotype would
allow carrier detection and might provide basic information
about the control of gene expression.

In a recent study, we compared the gene expression levels of
about 3,000 genes in the lymphoblastoid cells of carriers of ataxia
telangiectasia, a typical autosomal recessive disease, with those of
normal controls8. Whereas individuals affected with ataxia
telangiectasia are rare, heterozygous carriers of the disease are
fairly common (roughly 1 in 100) and cannot be detected reliably
by physical examination or existing medical tests. The possibility
of some phenotype in heterozygotes is supported by several stud-
ies, including one in which mice engineered to carry one
mutated human allele for ataxia telangiectasia developed signifi-
cantly more solid tumors than did wildtype mice9,10.

Our study identified 71 genes whose expression was signifi-
cantly different (P < 0.01) between carriers of ataxia telangiecta-
sia and normal controls. But in combination the expression
levels of just four genes (LIM, CDKN2D, TFRC and ARF6)
allowed the correct classification of 19 out of 20 individuals
tested. We suspect that carriers of other diseases can be identified
by similar methods. Our result also illustrates that even for a
recessive disease, heterozygous carriers may have a distinctive
phenotype.

Most individuals are likely to be heterozygous for several
recessive diseases, and some combinations of recessive muta-
tions might confer susceptibility to common diseases. For exam-
ple, a person heterozygous for mutations in several genes in the
DNA repair pathways may have an increased risk for several can-
cers. Thus, the expression phenotypes of recessive diseases

might lead us to identify sets of genes that play a
role in complex human diseases such as diabetes
and hypertension. Of course, it is likely that only a
small part of variation in expression phenotypes is
due to heterozygosity for genes involved in recessive
diseases. Therefore, instead of starting with het-
erozgyous carriers for known mutations, we would
like to identify highly variable expression pheno-
types in the general population and then find the
genetic determinants by linkage mapping and other
genetic analyses.

Genetics of natural variation in gene expression. Studies of
genome-wide expression in humans have not yet considered
inherited variation, except for assessing the effects of single-gene
mutations. How might the genetics of expression phenotypes
actually be approached? We can imagine an extension of the
study of the ataxia telangiectasia carriers8 in a framework similar
to that of Brem et al.1. This involves broadening the viewpoint of
the ataxia telangiectasia studies in two ways. First, expression
phenotypes would be studied in a random sample of subjects
(and ideally also in family members), not only in patients or car-
riers of a known genetic disease. Such a genome-wide approach
would provide an estimate of natural variation in gene expres-
sion in humans as a starting point. Second, the goal would be to
determine how variation in expression phenotypes can be
accounted for by considering DNA sequence variation anywhere
in the genome, not only in one ‘disease’ gene.

Classically, genome scans are done to find genes for complex
phenotypes such as cholesterol level, body mass index or dia-
betes. In other words, the phenotypes are measured directly in
individuals, and, ideally, whole families are studied. Similarly,
when the expression levels of genes are defined as phenotypes,
genetic analysis can be done to map, identify and characterize
the genetic determinants that are responsible. Such studies will
advance our knowledge of the genetic basis of gene expression
and also provide simpler models for the situation in complex
traits and diseases. As illustrated by the findings for the high-
temperature growth phenotype in yeast, current methods and
expectations will probably need to be refined as they are used
to examine complex traits in humans3. However, gene expres-
sion phenotypes in humans are probably simpler than complex
traits and disease phenotypes, and they may therefore repre-
sent an intermediate level of complexity between the pheno-
type of mendelian diseases and that of complex genetic disease.
Thus, genetic analysis of gene expression will also advance the
tools and methods necessary to study other complex pheno-
types in humans.

Variation in DNA sequence
Dissecting the genetics of variation in gene expression requires
both the phenotyping described above and the mapping of
genetic determinants. Below we describe briefly how variation in
DNA sequence makes the genetic mapping possible.

Unlike most mendelian diseases, complex diseases are com-
mon, and the genes that are responsible for them are likely to be
polymorphic; that is, to show high-frequency allelic variation.
This idea has been called the ‘common disease, common variant’
hypothesis11,12. Of course, the actual variants that contribute to
most complex diseases are not known, but the most common

Variation in gene expression
Mendelian diseases, tumors,

complex diseases/phenotypes,
natural variation

Variation in DNA sequence
Mendelian diseases,

complex diseases/phenotypes,
natural variation

Disease
Classification/Diagnosis

Pathogenesis:
Pathways

Expression Phenotypes

Gene Mapping:
Linkage & Association

Population Structure:
Inter- & Intra-

Species Variation

Microarrays Fig. 1 Microarray analysis of genetic variation. Current studies
focus on variation in either gene expression or DNA sequence.
Microarray studies that merge the two types of variation will
yield better understanding of the genetic basis of complex
human traits and diseases.
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form of variation in DNA sequence is the single-nucleotide poly-
morphism (SNP); SNPs are present at a frequency of about 1 in
1,000 nucleotides in humans13. Thus, an essential step in map-
ping complex traits is to determine which SNPs, among the large
number in the genome, influence disease risk.

SNP variants that are closely linked do not occur indepen-
dently of each other. Instead, there is marked non-random 
association, known as ‘linkage disequilibrium’ (LD), between
neighboring SNPs. These groups of correlated SNPs typically
span about 40 kb of DNA but can sometimes extend over 
1,000 kb (refs 14,15). The resulting conserved sequences of DNA
are termed ‘haplotype blocks’ and contain SNP sites in very
strong LD with each other16. Several studies14–17 are under way
to catalogue all of the haplotype blocks in the human genome.
The resulting haplotype maps or ‘HapMaps’18 of LD will pro-
vide new materials for many population genetic and disease-
mapping studies.

The great abundance of SNPs, and the finding that they occur as
clusters of sites in strong LD, have focused attention on the use of
association methods, rather than classical linkage mapping, to
locate disease genes19,20. The premise is that the DNA variants that
contribute to complex diseases will often be embedded in haplo-
type blocks, thereby forming ‘disease haplotypes.’ As a result of the
LD, all of the SNPs in the block will show association with disease.
Thus, to reveal the location of the disease gene, it may be possible
to type one SNP per block and use it as a proxy for the others. If
the haplotype blocks in the region are small, for example less than
50 kb (as is common), the finding of disease association implies
the presence of a predisposing allele at a very nearby gene. By con-
trast, classical linkage methods applied to complex diseases can
rarely narrow the candidate region to less than a few megabases.
This potential power of association studies for locating genes has
led to several associated-based statistical methods21–24.

Classical linkage mapping relies on recombinants in families,
and the frequency of recombination in humans permits a set of
350 markers (at roughly 10 Mb intervals) to extract most of the
available information for linkage. By contrast, association-based
tests require markers that can capture LD between blocks and
disease genes, and so the intervals must be much smaller, perhaps
40–100 kb. This density can be achieved with SNPs as markers
but requires the typing of 30,000 to 100,000 SNPs per individual.
Thus, the shift from linkage to association methods demands
techniques for typing many more polymorphic markers.

Various high-throughput genotyping methods25–32, including
several that use microarrays, are being developed to meet this
need. The next generation of SNP typing microarrays will need
to provide genome-wide or region-specific SNP typing for asso-
ciation, presumably by using SNPs that capture the variation in
haplotype blocks. As the SNP collections and the microarrays for
genotyping improve further, association studies based on haplo-
type blocks may become the methods of choice for the genetic
analysis of complex human diseases.

Although SNP-based genome-wide association studies are
conceptually straightforward, they still face technical and statis-
tical obstacles. First, reliable and efficient techniques are needed
to type the large number of markers required. Whereas expres-
sion-profiling technologies have improved greatly in the past
several years, SNP genotyping technologies have lagged 
behind. Compared with mRNA, genomic DNA is highly com-
plex and repetitive, so it is more difficult to analyze markers in
genomic DNA by hybridization-based array technologies. Nev-
ertheless, microarrays are already available to genotype a few
thousand SNP markers that span the human genome (see
Affymetrix: http://www. affymetrix.com; and Illumina: http://
www.illumina.com).

Second, although it is not practical to type all of the known
SNP markers, it is also not clear which are the most informative
markers or what density will be needed for association studies.
The HapMap project is expected to provide some of this infor-
mation18. Third, the genotype data must be analyzed with meth-
ods that can detect small contributions from several genes, while
also dealing with the errors that arise when so many markers are
tested. Last, existing molecular and statistical methods usually do
not take into account gene–gene or gene–environment interac-
tions, which are likely to have a key role in susceptibility to dis-
eases. As new methods that surmount these obstacles are
invented, our ability to understand the genetics of complex
human phenotypes and diseases will improve greatly.

The Chipping Forecast in human genetics and genomics
The goal of human genetics is to understand how the phenotypic
variation seen in normal and clinical contexts is related to
underlying sequence variation in the genome. The development
of microarrays has made it possible to expand the phenotype to
include another form of variation: genome-wide gene expres-
sion levels. At the same time, the expanding catalogue of SNPs
has provided new information about the underlying variation in
the genome.

Figure 1 summarizes our view of various aspects of phenotypic
and sequence variation. Our discussion of work in this area has
focused on understanding how sequence and expression varia-
tion determines complex traits and diseases in individual organ-
isms. However, parallel investigation of expression variation
among populations6 and species7 have also been carried out. Of
course, it is unlikely that complex human traits can be under-
stood by studying the expression of transcripts alone; ultimately,
it will be necessary to extend the studies to include variation in
proteins. At present, however, microarrays have made it possible
to analyze phenotype at the transcript level. The analysis of DNA
sequence variants that contribute to expression and other pheno-
typic differences promises to provide the field of genetics with
new ways of understanding human variation.
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