Genetics of Quantitative Variation in Human Gene Expression
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The extent of variation among individuals at the DNA
sequence level has been well characterized. The goal of
many genetic studies is to determine the consequences of
these sequence variants, for both normal and disease phe-
notypes. We have extended the study of genome variation
from the sequence to mRNA transcript level, with the goal
of understanding natural variation in gene expression in
humans. We began by measuring the quantitative differ-
ences in expression levels of genes among normal individ-
uals and determining whether there is an inherited compo-
nent to this variation. We found a set of genes whose
expression levels are highly variable in lymphoblastoid
cells prepared from white blood cells of normal individu-
als. For these genes, we observed that genetically related
individuals tend to have more similar transcript levels than
unrelated individuals. This suggests that there is a genetic
component in gene expression phenotype. Next, we are
identifying the sequence differences that control variation
in gene expression phenotype in a cis- or trans-acting man-
ner. Like other quantitative traits, baseline variation in
gene expression levels is likely to be regulated by a variety
of genetic determinants, as well as environmental effects.

GENOME VARIATION

The study of genetic polymorphisms in the human
genome has evolved from analysis of variation in proteins
to DNA sequence and now mRNA. Early characterization
of the extent of variation was performed on blood proteins
using electrophoretic techniques. During the 1960s, poly-
morphic variants of many proteins were discovered (Har-
ris 1966, 1969). Subsequently, as methods for analysis of
DNA became available, the frequency of DNA sequence
variants was estimated for specific regions of the genome
and then extrapolated to genome-wide estimates (Jeffreys
1979; Ewens et al. 1981). These studies provided esti-
mates of the extent of natural variation in DNA sequence
and in proteins in humans. Information about the fre-
quency of DNA sequence variants (about 1 per 1000 bp)
has been important for understanding population structure
and also for disease gene mapping.

Recent advances in microarray technology have al-
lowed extension of the study of variation at the mRNA
level to a genomic scale. The extent of intra- and inter-
species variation in gene expression has been assessed in
primates (Enard et al. 2002), and various approaches have
shown that there is appreciable variation in gene expres-

sion in other species, including mice, fish, and yeast
(Cowles et al. 2002; Enard et al. 2002; Oleksiak et al.
2002; Steinmetz et al. 2002; Townsend et al. 2003). The
genetic control of variation in gene expression has been
explored in various organisms from yeast to man (Cowles
et al. 2002; Enard et al. 2002; Yan et al. 2002; Cheung et
al. 2003; Schadt et al. 2003; Yvert et al. 2003), mainly by
focusing on preferential expression of one allele in het-
erozygous individuals (Cowles et al. 2002; Yan et al.
2002; Lo et al. 2003). The systematic study of natural
variation in human gene expression is still in its infancy.

HUMAN GENE EXPRESSION AS A
COMPLEX TRAIT

There are several reasons for focusing our interest on
natural variation in gene expression in humans. First,
with development of high-throughput tools such as mi-
croarrays and serial analysis of gene expression, there
have been many studies that compared expression pro-
files of normal versus diseased cells. However, few stud-
ies have analyzed natural variation in unaffected control
individuals. This baseline information is important for as-
sessing the significance of the gene expression in disease.
Second, expression level of genes is a phenotype that can
be measured quite precisely in a large number of unre-
lated and related individuals. Therefore, the “expression
phenotype” can be analyzed genetically as a quantitative
trait in order to identify the determinants of the variation
in gene expression. The mechanisms that control tran-
scription remain largely unknown. Globally, some con-
trol mechanisms are known, such as regulation (1) at the
synthesis step, by modulating transcription initiation and
elongation and (2) at the decay step, by changing the sta-
bility of transcripts. However, for most individual genes,
the specific regulatory mechanisms are unknown. Link-
age-based methods allow us to map genetically variable
transcriptional control elements in the genome without
having to know in advance whether regulation occurs via
a cis- or trans-acting mechanism.

Finally, expression levels of genes are intermediate
phenotypes that will be useful in developing better meth-
ods for analyzing quantitative traits. Studies of the ge-
netic basis of monogenic (qualitative) conditions have
been very successful. However, the genetic basis of most
common complex traits remains poorly understood, in
part because of the difficulties they pose for statistical ge-
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netic analysis. Expression phenotypes are good models
for developing molecular and statistical tools for analyz-
ing quantitative traits more generally. In comparison to
other human phenotypes, it is relatively easy to measure
a large number of expression phenotypes at once in the
same person. There are various mechanisms that might
regulate gene expression in humans. In some cases, the
expression level of a gene is regulated only by a cis-act-
ing element. In others, the expression level is regulated by
several genes that act in frans or a combination of regula-
tory elements. These levels of complexity make expres-
sion phenotypes good models for the many components
underlying complex traits and diseases in humans.

ANALYSIS OF NATURAL VARIATION IN
HUMAN GENE EXPRESSION

Our goals are (1) to define the extent of variation in
gene expression in normal individuals and (2) to deter-
mine the genetic basis of that variation. We analyzed the
expression levels of genes in lymphoblastoid cells from
50 unrelated individuals from the Utah pedigrees of the
Centre d’Etude du Polymorphisme Humain (CEPH) us-
ing microarrays (Affymetrix Human Genome Focus
Chip) that contain about 8500 human genes. Expression
profiling for each sample was performed in duplicate. As
a measure of variation in gene expression, for each gene,
we calculated the variance ratio (variance among individ-
uals divided by mean variance between microarray repli-
cates on same individual). This allows us to characterize
variation among individuals relative to measurement
noise (Cheung et al. 2003). We ranked the genes by vari-
ance ratio and focused on those that are the most variable
(i.e., with the highest variance ratio) since they are likely
to be more amenable to genetic dissection. Then, we mea-
sured the expression levels of some of these “variable”
genes in individuals in large families and also in sets of
monozygotic twin pairs.

LYMPHOBLASTOID CELLS AS RNA SOURCE
FOR GENE EXPRESSION ANALYSIS

We have chosen to use lymphoblastoid cells in our study
for several reasons. First, we need an RNA source that can
be obtained from a large number of normal individuals in
large pedigrees. Immortalized lymphocytes (transformed
by EBV) are available from all the members of the CEPH
pedigrees. These are exceptionally large three-generation
families that have been studied extensively. Genotypes for
genetic mapping are available for many of these families,
which will facilitate our effort to map the genetic determi-
nants of variation in gene expression. Second, lym-
phoblastoid cells from our study subjects can be grown un-
der near-identical conditions. It has been shown that large
differences are found in expression levels of genes that are
studied on different occasions in fresh blood samples from
the same individual (Whitney et al. 2003). With the lym-
phoblastoid cells, we can control the growth conditions in
order to minimize environmental variation.

We were concerned about how transformation may af-
fect gene expression. To examine this issue, we compared

the differences in expression levels of 15 highly variable
genes among unrelated individuals to those between
monozygotic (MZ) twins. We found that in these trans-
formed cells, the variance within MZ twin pairs, as a frac-
tion of variance among unrelated individuals, ranged
from 0.002 to 0.57 (mean 0.19, median 0.19). These find-
ings indicated that the expression levels of genes are
highly correlated among monozygotic twins compared to
unrelated individuals. Differences in expression levels of
genes in lymphoblastoid cells reflect germ-line genetic
differences, despite the transformation process.

VARIABLE GENES

We analyzed data for ~3800 (45%) of the 8500 genes,
restricting attention to those that were expressed in at
least 10 out of the 50 unrelated individuals who were
studied. Among these genes, the variance ratios ranged
from 0.2 to 48.9 (mean 2.6, median 1.6). For most of the
genes, the variance of expression levels between individ-
uals is higher than the variance between microarray repli-
cates (Fig. 1). This shows the reproducibility of the mi-
croarray data. In our data, some genes have variance
ratios that are approximately 1; for these genes, there is
no evidence for meaningful variation among individuals.
Therefore, in order to maximize the chance to detect ge-
netic differences that account for variation in gene ex-
pression, we focus on the genes with variance ratio ap-
preciably greater than 1. We expect that these are the
genes where variation is most likely to be biologically
meaningful, and therefore potentially due to genetic dif-
ferences. The points in red in Figure 1 represent the genes
(top 5%) with the highest variance ratios.

We examined the genomic location of these “variable”
genes (Fig. 2). We found that they were not clustered in
the genome; instead, they mapped to many sites across
the genome. Figure 2 shows the chromosomal locations
of the 50 most variable genes. For these genes, the range

o | .
o«
. L]
a®
L
g °] o0
° o
= o | 8,
-g o et &
5 . " e Al
Q @ | .’ * . = Highest 5%
E o8,
© . LI
m b .
Q = .
o ~ 7 b
§ C
.% o ®
®
> 24 e 3
L™
e
=
T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0

Variance Between Replicates

Figure 1. Scatter plot of variance in expression levels between
individuals and between microarray replicates for ~3800 genes.
The genes with the highest variance ratios (top 5%) are high-
lighted in red. The solid line indicates a variance ratio of 1.0.
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Figure 2. Genomic locations of 50 most variable genes. Chromosomes that do not contain any of these genes are not included in the

figure.
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Figure 3. The expression levels measured by microarrays for
eight highly variable and two relatively nonvariable genes in 50
individuals. Each point represents the expression level for an in-
dividual.

of expression levels among the individuals studied was
from 14- to 48-fold. The expression levels of 8 of the
highly variable genes and 2 relatively nonvariable genes
for the 50 unrelated subjects are shown in Figure 3.

EVIDENCE FOR HERITABILITY

We assessed the heritability of expression variation in
two ways. In the first method, we used data from sets of
individuals with different degrees of relatedness, and in
the second, we used the resemblance between offspring
and parent. Figure 4 shows the results from the first ap-
proach and compares the variance in expression level
among three groups of subjects: 50 unrelated members of
CEPH families (parents of the large CEPH sibships), 10
sets of siblings (also CEPH sibships), and 10 pairs of MZ
twins. We found that the variance is largest among the un-
related individuals (a sample from the European popula-
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Figure 4. Variance in expression level for five genes. Quantita-
tive RT-PCR data for 50 unrelated individuals, 89 offspring in

10 CEPH sibships, and 10 sets of monozygotic twins.

tion) and smallest between members of the MZ twin pairs.
For all 5 genes shown in Figure 4 (and for 10 others that
we have tested), we found the following pattern: as the de-
gree of relatedness increases, the variance in expression
levels decreases, suggesting that genetic (germ-line) dif-
ferences contribute to variation in gene expression.

Although this kind of comparison of variances pro-
vides a valid initial assessment of evidence for heritabil-
ity in some sense, other, more standard methods have the
advantage of providing numerical estimates of the con-
ventional measure, the so-called “narrow-sense” heri-
tability. In addition to data for the CEPH parents, we have
obtained gene expression data for their parents (CEPH
grandparents). It is known that the regression of offspring
on mid-parent value (in standard linear regression) pro-
vides an estimate of the desired heritability (Falconer and
MacKay 1996), so we used the expression data for the un-
related CEPH parents and their parents to estimate this re-
gression coefficient. A striking example is shown for glu-
tathione S-transferase M2, GSTM?2, in Figure 5. We have
estimated the regression of parent on mid-grandparent
this way for all ~3800 genes on the microarray that were
expressed in the lymphoblastoid cells. Approximately
50% of these values are negative, and thus give no evi-
dence for a heritable component. Viewing the collection
as a whole, if no genes showed evidence for heritability,
we would expect that the distribution of regression esti-
mates would have as many negative as positive values.
Instead, we find an excess of large positive values. The
regression coefficient (b) is greater than 0.5 for 94 genes,
but b <— 0.5 for only 48. Similarly, we find » > 0.75 for
9 genes, but » <—0.75 for only 4 genes.

Of course, we consider these estimates at best crude in-
dicators of heritability, especially since we have looked at
so many genes. However, our interest in the estimate of
heritability is not mainly as an end in itself; we use it in
conjunction with the variance ratio to select genes for fur-
ther study. In the follow-up studies, usually by RT-PCR,
we will carry out group comparisons (sibships, twins,
etc.) like those shown in Figure 4, tests of closely linked
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Figure 5. Regression plot of expression level of GSTM?2 for 50
offspring—midparent pairs. The slope (represented by solid line)
for the regression is 0.75 with a standard error of 0.45.
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SNPs for association with expression level, and genome
scans to identify unlinked genetic determinants that in-
fluence expression.

CONCLUSIONS

In this study, we have assessed the extent of natural
variation in gene expression in humans. Our results sug-
gest that there is a genetic component to this variation.
Next, we will identify the genetic determinants for this
variation. Identification and characterization of these de-
terminants, called “expression control elements (ECEs)”
by Cheung et al. (2003), will lead to a better understand-
ing of transcriptional control. Less than 10% of the
genome represents coding regions. Comparative genomic
studies have shown that a substantial portion of the non-
coding sequence is conserved between species, so it is be-
lieved that these conserved noncoding regions play a role
in regulating gene expression and function. By using ge-
netic approaches such as genome scans and methods of
quantitative trait locus (QTL) analysis to map the deter-
minants of gene expression, we expect to identify new el-
ements that regulate gene expression. Some of these
ECEs will regulate transcription in a cis-acting manner,
whereas others will act via trans-acting mechanisms. We
expect that a combination of association studies and
genome scans will allow us to discover both types of de-
terminants.

So far, we have considered the expression level of each
gene as a separate phenotype. However, it is also possible
to consider the coordinated expression of correlated genes
as a single complex phenotype. It is likely that trans-act-
ing regulators influence expression of several to many
genes, directly or indirectly. Thus, it is reasonable to ex-
pect to find these determinants by clustering the genes by
their expression phenotypes, and using these clusters as
“super-phenotypes” in QTL mapping. Clustering of corre-
lated genes has been done in many studies to find coregu-
lated genes (Eisen et al. 1998; Golub et al. 1999; Yvert et
al. 2003), in most cases, the correlations between genes
were useful for identification of common pathways that
were defective in diseased cells, or in the case of tumor
samples, for classification purposes. In our study, the co-
ordinated expression should minimize the number of
genome scans that need to be performed, since the genes
can be analyzed as groups rather than as singletons.

Observations in experimental organisms including
plants, yeast, fish, and mice (Cavalieri et al. 2000; Jansen
and Nap 2001; Brem et al. 2002; Oleksiak et al. 2002;
Yvert et al. 2003) reveal that levels of gene expression,
like the genes themselves, show abundant natural varia-
tion. This variation is viewed here as an expression phe-
notype which is itself under genetic control. By combin-
ing the power of microarray and classical genetics, we
expect to identify the determinants for natural variation in
human gene expression.
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