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ABSTRACT

Phenotypic discordance between monozygotic twins, such as a difference in disease susceptibility,
implicates the role of the environment in determining phenotype. To assess genomewide environmental
effects on “gene expression phenotype,” we employed a published microarray data set for twins. We found
that variations in expression phenotypes between monozygotic twins have biases in their chromosomal
locations. They also showed a strong inverse correlation with gene density. Genomic regions of low gene
density were environmentally sensitive, containing genes involved in response to external signals, cell
differentiation, and development, etc. Genetic factors were found to make no contribution to the observed
regional biases, stressing the role of epigenetics. We propose that epigenetic modifications might occur
more frequently in heterochromatic, gene-poor regions in response to environmental signals while gene-
rich regions tend to remain in an active chromatin configuration for the constitutive expression of

underlying genes.

ENETICALLY identical individuals display a re-
markable variation in phenotype. Differing histo-
ries of environmental exposure produce the phenotypic
discordance. Among examples are the different finger-
print patterns of identical twins and different coat
patterns and personalities between cloned animals (JaIN
et al. 2002; SHIN et al. 2002). The expression level of a
gene, as a quantitative trait, can be considered a phe-
notype (CHEUNG and SPIELMAN 2002) . With the develop-
ment of microarrays, genetic analysis of “expression
phenotype” has recently attracted attention (OLEKSIAK
et al. 2002; CHEUNG et al. 2003; WHITNEY et al. 2003).
Although a fraction of expression phenotypes were
successfully linked to particular genetic markers, genetic
linkage or association was not found for many of them
(BERM et al. 2002; MORLEY et al. 2004; CHEUNG et al. 2005).
The observed expression variation, which has been ac-
cepted as genetic variation, may contain a substantial
amount of environmental diversity. Therefore, there exists
a great need to characterize the contribution of environ-
mental factors to natural variation in gene expression.
Epigenetics serves as a link between the environ-
ment and gene expression. Epigenetics refers to a set
of reversible heritable changes that occur without a
change in DNA sequence. The best-known epigenetic
signal is DNA methylation in CpG islands, which is
generally associated with silencing of gene expression.
Chromatin remodeling is another important epigenetic
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mechanism. Chemical modification of histone tails can
alter chromatin structure, which in turn influences the
activity of adjacent genes. For example, the transcrip-
tion of genes with acetylated histones is usually switched
on. These changes may be induced spontaneously or in
response to environmental factors. Increasing evidence
suggests that “epigenetic modifications can be a molec-
ular substrate for the impact of the endogenous and ex-
ogenous environment” (PETRONIS 2006, p. 347). Indeed,
FrAGA et al. (2005) showed that monozygotic (MZ) twins
have differential epigenetic patterns. Furthermore, the
differences were greater in older twins, underscoring
the responsiveness of epigenetics to environmental
exposures. Of particular importance, epigenetics is
also associated with MZ twin discordance for common
diseases (BERTELSEN e al. 1977; POULSEN et al. 1999;
BjorNssoN et al. 2004). These changes in epigenetic state
lead to changes in the access of transcriptional machinery
to the underlying genetic code. As such, epigenetic mech-
anisms can allow an organism to respond to the environ-
ment through gene expression changes.

We aimed to gain a genomewide insight into the envi-
ronmental or epigenetic variation in expression pheno-
type. The global expression profiles of blood leukocytes
from MZ twins were employed to this end (SHARMA et al.
2005). We first characterized environmentally variable
or invariable genes from a functional perspective and
then attempted to associate the variations with epigenetic
mechanisms. In doing so, we also assessed variations
among genetically unrelated individuals to compare the
effect of genetic factors with that of environmental
factors.
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MATERIALS AND METHODS

Measuring expression variations: The microarray data
produced by SHARMA et al. (2005) were downloaded from
Gene Expression Omnibus (GEO) (http:/www.ncbi.nlm.nih.
gov/geo) with the following accession numbers: GSM14480,
GSM14481, GSM29053, GSM29054, GSM29055, and GSM29056.
These data correspond to three female MZ twin pairs (F;:Fo,
F5:Fs, and F7Fg, following the notation by the original
authors). They belonged to a similar age group (20-23 years),
lived close to each other, and had similar nutrition habits and
professions. Blood leukocytes were obtained at the same time
of day. Expression variation was calculated for each gene by a
log ratio between the expression values. Within-pair variation
was given by averaging the three ratios for the three pairs:
> llog(E;q/Eq)/n, where E;; and E;» indicate the expression
values for the two individuals of ith twin pair. To assess
between-pair variation, we first calculated the mean expres-
sion of each pairas E; = (E;; + Ep)/2fori=1, ..., n. All pos-
sible comparisons were made between the pairs and the average
of the comparisons was calculated: } 7 _[log(Ei/E)|/,C
for i #j. To estimate experimental variation, we used the
data for three replicates of the same individual (GSM14477,
GSM14482, and GSM14485).

Identification of housekeeping genes: We measured ex-
pression breadth of a gene as the number of tissues where the
gene is expressed. Whether or not a gene is expressed in a
tissue was determined as previously described (Su et al. 2004).
A gene was identified as a housekeeping gene if expressed in
all 79 tissues analyzed. Of 9233 genes, 1605 were identified as
housekeeping genes.

Functional category analysis: For each gene ontology (GO)
category with >50 genes, we computed a normalized expres-
sion variation (zscore) from the variations of all members
of that category. The zscore is defined as z = (Y60 — @)/
(SD(v60)//nco), where Tgo is the average variation for the
genes in the GO category, 7y is the average variation for all
genes in any GO category, SD(vgo) is the standard deviation
for the genes in the category, and ngo is the number of the
genes in the category. The zscores for within-pair variation
and for between-pair variation are shown in supplemental
Table 1 at http:/www.genetics.org/supplemental/.

Positional effects on gene expression: Each transcript was
mapped to the human genome. Expression variation correla-
tion between neighboring genes was calculated. The signifi-
cance of the correlation was estimated by permuting gene
order on the genome. The permutation was repeated 10,000
times. Gene density was defined as the inverse of the average
distance between neighboring genes in a window of 40
adjacent transcripts (CARON et al. 2001). The correlation
between gene density and the average expression variation
of 40 adjacent transcripts was computed and statistically
assessed by the permutation test as described above.

RESULTS

Housekeeping genes are impervious to environmen-
tal changes: Environmental variation was measured by
expression differences within MZ twin pairs (within-pair
variation). Expression differences between MZ twin
pairs (between-pair variation) were deemed to contain
both genetic and environmental variation. We refer to
them as total variation. T'tests demonstrate significant
differences between environmental and total variation
(P<2X107°). Figure 1 shows the scatterplot of environ-
mental vs. total variation. Most of the genes show a

between-pair variation
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F1Gure 1.—Comparison of within-pair variation and between-
pair variation. Within-pair variation is expected to represent
environmental variation while between-pair variation may
contain genetic factors as well as environmental influences.
The higher degree of between-pair variation indicates the con-
tribution of genetic factors to creating expression variation.

substantially higher level of between-pair variation,
indicating large effects of genetic factors on gene ex-
pression. However, environmental variation is not neg-
ligible. To assess pure genetic variation, environmental
components should be taken into account and distin-
guished from genetic components.

SHARMA et al. (2005) showed that housekeeping
genes had a low expression variation within twin pairs.
We confirmed their result: Spearman’s rank correlation
between expression breadth and environmental varia-
tion was significant (R = —0.242). We identified 1605
housekeeping genes of 9233 genes whose tissue profile
was available, in a different way from that of SHARMA
et al. (2005). However, we reached the same conclusion
that housekeeping genes exhibit markedly low environ-
mental variations. It may be that the different histories
of environmental exposure between individuals play only
a minor role in expression polymorphisms of house-
keeping genes. These results are not surprising consid-
ering their essential functions for cellular maintenance.
Random changes in expression level as well as in amino
acid sequence should be minimized. On the other hand,
between-pair variation did not negatively correlate with
expression breadth (R = 0.088). Thus, it is likely that
housekeeping genes may be subject to genetic effects
while remaining resistant to environmental stimuli.

Functional classification of the genes sensitive to en-
vironmental stimuli: To gain insights into functional
aspects of environmentally susceptible expression phe-
notypes, we grouped genes into GO categories. The av-
erage environmental variation for each category was
calculated and normalized as a zscore. The zscore in-
dicates the deviation of the average variation of the genes
in that category from the average variation of all genes
in any category. Therefore, a high zscore for a category
means that the genes in that category rank high in
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TABLE 1

Functional classification of genes with high environmental variation

No. of Between-pair Within-pair
GO category genes variation variation
Extracellular region 440 1.896 5.940
Extracellular space 463 5.131 5.419
Muscle development 110 3.027 4.659
Ion transport 319 0.562 3.871
Hormone activity 101 4.541 3.730
Transport 408 1.383 3.522
Structural molecule activity 292 1.507 3.447
Muscle contraction 116 2.180 3.349
Lipid metabolism 245 0.119 3.213
Cell division 141 —0.945 3.108
Cell differentiation 300 1.966 3.094
Ion channel activity 112 0.449 3.091
Development 461 1.489 2.832
Proteolysis 463 2.960 2.691
Extracellular matrix (sensu Metazoa) 170 2.432 2.549
DNA replication 127 —1.991 2.539
Cell cycle 454 —3.949 2.476
Nervous system development 289 1.024 2.455
Potassium ion transport 154 1.611 2.453
Sensory perception 181 3.149 2.432
Inflammatory response 180 —0.791 2.424
Cytoskeleton 390 2.551 2.383
RNA polymerase II transcription factor activity 152 —1.026 2.307
Iron ion binding 215 0.815 2.296
Sensory perception of sound 120 0.697 2.295
Cell—cell signaling 317 3.636 2.260
Visual perception 161 4.177 2.163
Positive regulation of cell proliferation 139 0.177 2.154
Regulation of transcription from 205 —3.425 2.013

RNA polymerase II promoter

Listed are the GO categories with z> 2.0 (for environmental variation) having >100 genes, sorted by the envi-
ronmental zscores. The full list can be found in supplemental Table 1 at http:/www.genetics.org/supplemental/.
The GO categories were further grouped into four higher categories as follows: response to external signals
(boldface type), cell differentiation and development (italics), cell division and proliferation (underline),

and cellular transport (double underline).

expression variations. The zscores for total variation and
for environmental variation are shown in supplemental
Table 1 at http: /www.genetics.org/supplemental/. The
list of the GO terms with the environmental zscore
>2.0 having >100 genes is given in Table 1. The list is
remarkably enriched for genes involved in response to
external signals (shown in boldface type), cell differenti-
ation and development (in italics), cell division and pro-
liferation (underlined), and cellular transport (double
underlined). A common feature of them is responsive-
ness to environmental signals or conditions. Therefore,
their expression phenotype may reflect the history or
current state of the individual’s adaptations to the
environment.

Of great importance are genes involved in cell dif-
ferentiation and development. Phenotypic discordance
between MZ twins can be best explained in terms of

differences in developmental processes. Here we show
that the expression polymorphisms of developmental
genes, which can contribute most to phenotypic discor-
dance, are highly affected by environmental differ-
ences. Functions associated with response to external
signals are also enriched in the list. Examples include
genes located in the extracellular region and those in-
volved in hormone activity, sensory perception, etc. The
regulation of cell proliferation may also be affected by
environmental conditions, growth signals, etc. In a dra-
matic contrast, apoptosis seems to rely on the intracellu-
lar state independently of the extracellular environment
(z= —6.471 for apoptosis, z= —5.998 for anti-apoptosis,
and z = —4.729 for regulation of apoptosis). We also
found that RNA polymerase II transcription factors
show significantly high environmental variation (Table
1). On the contrary, translation initiation factors have
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Figure 2.—Chromosomal location
effects on expression variation. The ar-
rows indicate the correlation computed
on the real chromosome and the his-
togram shows the distribution of the
correlations computed on permuted
chromosomes. The long arrows indicate
environmental and total variation. The
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Correlation of gene density and expression variation

short arrow indicates experimental
variation that was obtained from three
replicates of the same individual. The
permuted chromosomes have random-
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ized gene order. (A) Correlation of expression variation between neighboring genes on the chromosome. The left long arrow
is for environmental variation (R = 0.106) and the right one is for total variation (R = 0.125). (B) Correlation between gene
density and expression variation. Gene density was defined as the inverse average distance between neighboring genes in a window
of 40 adjacent transcripts. The average expression variation was calculated in the same window. The left long arrow is for total
variation (R = —0.506) and the right one is for environmental variation (R = —0.498).

markedly low environmental variation (z = —3.298,
see supplemental Table 1 at http:/www.genetics.org/
supplemental/). These findings imply that transcrip-
tion, rather than translation, may be responsive to
environmental signals. Some categories, especially cell
cycle- or polymerase-related ones, show a low between-
pair variation (Table 1). Expression polymorphisms of
these genes seem attributable only to environmental
factors, independently of genetic factors.

Environmental effects have regional biases across
the genome: There is increasing evidence that neigh-
boring genes show similar expression patterns in spe-
cies as diverse as humans (LERCHER et al. 2002), flies
(SpELLMAN and RuUBIN 2002), worms (Roy et al. 2002),
and yeast (COHEN et al. 2000). The role of higher-order
chromatin structure has been suggested in respect to
these patterns. Here we first asked whether neighboring
genes maintain similar levels of environmental changes
in expression. Spearman’s rank correlation of environ-
mental variations between neighboring genes on the
real genome was highly significant as compared to that
on randomly permuted genomes (Figure 2A). These
findings imply that environmental effects have regional
biases in the genome, creating hot and cold regions with
housekeeping genes probably located in the cold ones.
More interestingly, the hot domains tend to be rich in
genes while the cold domains are poor in genes: we
observed a strikingly high correlation between gene
density and environmental variation (Figure 2B). This
suggests that the expression of dispersed genes may be
prone to environmental stimuli while that of clustered
genes may be resistant.

Experimental variation was calculated from three
replicates of the same individual. We observed marginal
correlations as indicated by the short arrows in Figure 2.
Considering that high expression levels tend to pro-
duce low variations, the correlations are possibly due to
the clustering of highly expressed genes (CARON et al.
2001). However, as shown in Figure 3, this effect
seems only marginal. Moreover, LERCHER et al. (2002)
showed that the apparent clustering of highly expressed

genes is an artifact of the clustering of housekeeping
genes.

Housekeeping genes exhibit low environmental var-
iation. Does the clustering of housekeeping genes
explain the biased distribution of environmental varia-
tion? LERCHER et al. (2002) were not able to find
chromosomal dispersion of tissue-specific genes. A
significant correlation was not found between expres-
sion breadth (b) and gene density (d), Rpq = 0.042.
From our data, the correlation of expression breadth
(b) and environmental variation (v) was found to be
Ry, = —0.242. Therefore, we cannot expect Ry,q and Ry,
to produce the correlation of gene density (d) and
environmental variation (v), R3, = —0.498. Taken to-
gether, the clustering and dispersion of environmen-
tally invariable and variable genes cannot be explained
by expression level effects or expression breadth effects.

Aside from environmental effects, gene expression is
greatly affected by genetic factors (as shown in Figure
1). Surprisingly, however, we observed that the correla-
tions for total variation were almost the same as or only
marginally higher than those for environmental varia-
tion (R = 0.125 and 0.106 for the correlations of
neighboring genes; R = —0.506 and —0.498 for the
correlations with gene density, shown in Figure 2, A
and B). This suggests that environmental factors alone
should create the biased distribution of expression vari-
ations on the chromosomes. Genetic polymorphisms
seem to make little or no contribution to the regional
biases. On the assumption that the distribution of ge-
netic polymorphisms over the genome has a similar
pattern to that of somatic mutations, we can also rule
out the effect of somatic mutations. If this is the case,
environmental factors may act mainly through epige-
netic mechanisms. Aside from this speculation, the
accumulation of genetic mutations is expected to occur
at a much slower rate than that of epigenetic mutations
(FrAGA et al. 2005). First, the consequences of genetic
mutations are probably more dramatic in the survival of
cells. Second, cells have correction mechanisms for
genetic mutations, but not for epigenetic defects.
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F1GURE 3.—Whole-chromosome
view of gene density, inverse envi-
ronmental variation, inverse total
variation, and open chromatin sig-
nature. Gene density is shown on a
log scale. Open chromatin signa-
ture was obtained by the hybrid-
ization of the open chromatin
fraction from sucrose gradient
sedimentation onto a genomic
DNA microarray (GILBERT et al.
2004). The array was assembled
from clones spaced at ~1-Mb in-

tervals. Mean log 2 ratios of open to control hybridization signal for four replicate experiments were mapped to corresponding
chromosomal positions. The similar pattern between environmental and total variation indicates that chromosomal distribution
of expression variation should be due to environmental, not genetic, effects. Shown is a view for chromosome 7. The other chro-
mosomes are shown in supplemental Figure 1 at http:/www.genetics.org/supplemental/.

Indeed, epigenetic mutations in aging mouse tissues
were shown to be two orders of magnitude greater than
genetic mutations (BENNETT-BAKER et al. 2003). Therefore,
we can safely rule out genetic effects (genetic polymor-
phisms) and environment-gene interactions (genetic
mutations), leaving environmental effects (epigenetic
mutations) alone.

Potential role of epigenetics in regional biases of
environmental variation: How is epigenetics associated
with the regional biases in expression variation? A study
by GILBERT et al. (2004) provides a clue for this issue.
They identified open chromatin fiber structures by su-
crose sedimentation and hybridization to genomic
microarrays. It was shown that open chromatin struc-
tures correlated with regions of high gene density: re-
gions that were rich in genes tended to be in open
chromatin structures, whereas regions that were poor in
genes tended to be in close or compact chromatin. In
addition, their results show that it is not simply
expression level that determines or is determined by
chromatin structure. They suggest that open chromatin
indicates transcriptional constancy rather than tran-
scriptional activity, supporting the clustering of envi-
ronmentally robust (or housekeeping) genes but not
that of highly expressed genes (LERCHER et al. 2002).

We also made use of the data of Kim et al. (2005). They
detected active promoters using antibodies that recog-
nize the RNA polymerase II (RNAP), transcription
factor IID (TFIID), dimethylated lysine 4 on histone
H3 (MeH3K4), and acetylated histone H3 (AcH3).
Interestingly, we found that despite tight correlations
between these four signals, chromatin modification
signals (MeH3K4 and AcH3) showed significant cor-
relations (R = 0.295 and 0.149, respectively) with gene
density while transcriptional activity signals (RNAP and
TFIID) showed relatively low correlations with gene
density (R=0.083 and 0.075, respectively). Again, gene
distribution seems to correlate better with chromatin
modifications than with expression level.

Gene density, expression variations, and open chro-
matin signature are plotted together for each chromo-

some (supplemental Figure 1 at http:/www.genetics.
org/supplemental/). As an example, chromosome 7 is
shown in Figure 3. Again, the similar pattern between
environmental and total variation indicates that the
chromosomal distribution of expression variation should
result from epigenetic, not genetic, factors. These find-
ings hint that the effect of gene distribution on expres-
sion variation might be attributable to epigenetics such as
chromatin structure. Chromatin structure of high-density
regions may constitutively remain in an active configura-
tion to ensure the constitutive activation of housekeeping
genes. By contrast, epigenetic states of low-density regions
may undergo sporadic changes in response to internal
or external signals. The consequent alteration in the ex-
pression of the underlying genes may lead to variations
in phenotype, which are subject to selection under envi-
ronmental pressure. Selected epigenetic phenotypes of
progenitor cells can be inherited through many cell di-
visions to give rise to expression variations between cell
populations from individuals.

DISCUSSION

Our study demonstrated chromosomal location ef-
fects on variations in gene expression. Surprisingly, en-
vironmental components were able to account for most
of the positional variation in gene expression changes.
Genetic variation, although responsible for much ex-
pression variation, does not seem to contribute to the
regional biases in it. These findings support the key role
of epigenetics, adding to a growing body of evidence
that it mediates the translation of environmental signals
into biochemical changes. Importantly, we proposed
that epigenetic changes tend to occur in gene-poor re-
gions, which are mostly maintained in an inactive chro-
matin state.

The extension of primary sequence organization to
a three-dimensional (3D) chromosomal structure may
provide another clue for understanding the effect of
gene distribution on environmental expression varia-
tion. At the chromosomal level, most gene-dense
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regions of the human genome are preferentially located
in the nuclear interior with gene-poor regions located
progressively toward the nuclear periphery (BoyLE
et al. 2001). This is in accordance with the most widely
known feature of genomic 3D organization, namely the
differential enrichment of euchromatin and hetero-
chromatin in the nuclear interior and periphery, respec-
tively. These patterns tend to be recapitulated by local
chromosomal regions, where gene deserts are located
more peripherally while gene clusters aggregate and
locate themselves more centrally (SHOPLAND et al. 2006).
Gene expression was also shown to correspond with these
patterns (Lukasova et al. 2002). The effects of chemical,
electrical, and mechanical signals from the outside of the
nucleus may be reduced progressively toward the nuclear
interior. In this regard, it is tempting to postulate that
chromatin modifications and subsequent gene expres-
sion changes may frequently occur in exposed gene-
poor regions rather than in interior gene-rich regions.

Epigenetic variation can be also generated by sto-
chastic events during development and aging (BARBOT
et al. 2002; BENNETT-BAKER et al. 2003). Stochastic varia-
tions can possibly occur without any specific environ-
mental effect (PETRONIS 2006). Since our study focused
on the MZ twins who usually lived in the same macro-
environment, some of the observed expression changes
may be attributable to stochastic alterations in epige-
netic patterns (RicHARDS 2006). Developmental noise is
an example of the stochastic variations in epigenetics.
We found high levels of expression variation in genes
involved in cellular differentiation (Table 1). In em-
bryonic stem cells, chromatin is globally in an open,
decondensed state. As differentiation progresses, cells
accumulate condensed heterochromatin structures with
an increase in silencing histone marks (ARNEY and
FrsHEr 2004; MESHORER and MisTELI 2006). We specu-
late that stochasticity in this process may create variations
in heterochromatin distribution between individuals.
As such, developmental noise in epigenetics may also
explain expression variation mostly observed in gene-
poor regions.

Although we are convinced of the role of epigenetics,
further experimental evidence should be pursued. First
of all, the correlation of gene distribution pattern and
epigenetic variation should be confirmed by experi-
ments. There is a need for a global high-density measure
of epigenetic differences between MZ twins. Also, it
should be determined if they are coupled with gene
expression divergences. Further, it would be of great
interest to see if epigenetic variations are higher in
chromatin regions located toward the nuclear periph-
ery rather than in the interior. Interestingly, FRAGA et al.
(2005) showed that most epigenetic changes between
monozygotic twins are found at repeated and hetero-
chromatic DNA regions, which tend to be located near
the nuclear periphery. High environmental variations
observed in gene-poor regions may be linked to the

frequent epigenetic changes of heterochromatic re-
gions that may be close to environmental signals from
the outside of the nucleus. Another issue to be dealt
with is the characterization of pure stochastic variation
that is independent of environmental stimuli.
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