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Although similarities in gene expression among tissues
are commonly inferred to reflect functional constraints,
this has never been formally tested. Furthermore, it is
unclear which evolutionary processes are responsible
for the observed similarities. When examining genome-
wide expression data in mouse, we found that patterns
of expression similarity between tissues extend to genes
that are unlikely to function in the tissues. Thus, ectopic
expression can seem coordinated across tissues. This
indicates that knowledge of gene expression patterns
per se is insufficient to infer gene function. Ectopic
expression is possibly explained as expression leakage,
caused by spreading of chromatin modifications or the
transcription apparatus into neighboring genes.

Introduction

It is common practice to summarize gene expression data
across different tissues by hierarchical clusters [1].
Although these clusters formally resemble phylogenetic
trees, they are often assumed to represent functional
relationships [1-6]. However, this functional assumption
has never been formally tested. Zhang et al. [7] analyzed
the similarity of expression among individual genes and
found that groups of coexpressed genes are enriched in
functionally similar genes, as classified by the Gene
Ontology (GO) database. However, the expression pat-
terns of individual genes alone (e.g. tissue-specificity [7])
seem to be of limited utility in predicting gene function —
probably because a substantial proportion of gene
expression is non-functional, a point of view supported
by a multitude of recent observations (reviewed in
Ref. [8]).

Thus, it currently remains unclear if expression
similarity between tissues, measured across the complete
transcriptome, reflects similar tissue functions. There are
at least three plausible models that could explain these
gene expression patterns. These models, outlined in detail
below, are not mutually exclusive.
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(i) Expression similarity among tissues might solely be
driven by selection on gene function. Thus, tissues
might express overlapping sets of genes because they
perform similar functions, for example, skeletal and
heart muscle. In this model, expression patterns arose
independently in different tissues during evolution,
and any similarities are a consequence of parallel
selective  forces. This process is termed
convergent evolution.

(i) Alternatively, expression similarity might reflect
the evolutionary relatedness of tissues. The emergence
of new tissues can be viewed akin to the emergence of
new genes. New tissues (if they are not simply a
conversion of a complete precursor tissue) arise by a
process we term ‘tissue duplication’: either one part of
the precursor tissue retains its original function while
another part takes up a new function, or the functions
of the ancestral tissue are split between two specialized
descendants. For example, the tissue lineages of
cerebellum and frontal cortex started to diverge from
a primitive ancestral brain ~530 million years ago [9].
This evolutionary model rests on the assumption that
gene expression patterns evolve independently in the
descending tissues, and that expression evolution
occurs sufficiently slowly to retain ancestral patterns
over substantial timescales.

(iii) Expression similarity among tissues might be a
consequence of expression leakage, where functionally
important expression of one gene results in the ectopic
expression of its neighbors. This can happen through:
(i) direct neighborhood effects (e.g. overshooting tran-
scription, possibly reflected in the massive transcripts
observed in the mouse transcriptome [10]); (ii) modifi-
cations of the properties and accessibility of chromatin
(e.g. histone modifications, which might be inherited
epigenetically [11]); or (iii) combinatorics of transcrip-
tion factor (TF)-binding sites [8], where neighborhood is
in regulatory rather than chromatin space.

Both the model of evolutionary relatedness and a

special case of the transcriptional leakage model were
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suggested as possible explanations for the findings by
Khaitovich et al. [12], who showed that expression
differences among brain tissues in primates increased
almost uniformly over time (i.e. in a clock-like manner).

We analyzed previously published mouse gene
expression data to distinguish between the three models
described (for details of the methods, see the supplementary
material online). First, we constructed a tree of tissue
relationships based on expression distances (i.e. on quanti-
tative differences in gene expression measured across the
complete transcriptome). We showed that tissue clusters are
recovered from gene sets that are unlikely to have a function
in the studied tissues, demonstrating that the functional
convergent evolution model by itselfis insufficient to explain
the observations. Next, we attempted to differentiate
between the two remaining models.

The mammalian tissue tree

We re-analyzed microarray data [13] that compared the
expression patterns of 16 004 Ensembl genes across 47
adult mouse organs, tissues and cell types (for simplicity
referred to as ‘tissues’). To measure expression differences
among tissues, we calculated Euclidean distances between
the gene expression vectors (i.e. the square-root of the
summed squared expression differences per gene; similar
results were obtained using mean squared differences,
data not shown). From these distances, we constructed the
tissue tree in Figure 1 with the neighbor joining method.
This tree is a graphical representation of expression
similarity among tissues. Its topology is remarkably
robust, as shown by bootstrap (Figure 1) and replicate
analyses (Figure S1 in the supplementary material
online). Many groups in Figure 1 seem consistent with a
clustering by tissue functions: for example, we recovered
clusters comprising brain tissues (approximately resolved
into front-, mid- and hind-brain), the immune system or
the digestive tract. However, other clusters, for example,
the grouping of adipose tissue, lung, trachea and adrenal
gland, lack obvious functional similarities. Some clusters
are consistent with ontological relationships (e.g. the
grouping of central nervous system tissues; Figure 2),
but this does not apply to others (e.g. the grouping of heart
with skeletal muscle).

Tissue clusters are recovered in the absence of gene
function

The convergent evolution (or functional) model is based on
the assumption that tissue similarities are caused by
selection on gene expression in response to gene function.
In this model, only genes that have a function in at least
some of the tissues under study can support the clusters
observed in Figure 1. Thus, if we can identify a set of
functionally well-characterized genes, and then restrict
the analysis to tissues where those genes have no
annotated function, we expect the clusters observed in
Figure 1 to disappear. In this context, it is important to
distinguish between tissue-specific expression and tissue-
specific function. Although these two are often implicitly
equated, many genes might be expressed in tissues in
which they have no selected function (ectopic expression)
[8,14,15].
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To test the validity of the functional assumption
underlying the convergent evolution model, we analyzed
two sets of genes with experimentally confirmed tissue-
specific function: genes involved in germ cell formation
(functioning in testis and oocyte), and genes with brain-
specific function. Stringent literature checks were made
for every gene, ensuring that functional specificity was
experimentally supported (supplementary material
online). After exclusion of the tissues in which these
genes have a documented function, we found that each of
the other clusters in Figure 1 was still supported by most
genes (Table 1). A complementary measure based on
Euclidean tissue distances gave similar results (Table S1
supplementary material online). Thus, many genes with a
tissue-specific function are expressed non-randomly in
other tissues, and this expression reproduces the tissue
relationships in Figure 1. Although it is likely that gene
annotations are incomplete, with some of the genes
performing unknown additional functions in other tissues,
this is unlikely to apply to more than a few genes in a few
tissues. Because most genes in each subset support the
clusters (Table 1), this should not affect our conclusions.

We can derive a second, related prediction from the
convergent evolution model. If we restrict our analysis to a
set of genes that together perform the same function in all
tissues, then selection should act in exactly the same way
on each gene in the set. Although convergent evolution can
cause the set as a whole to be similarly up- or down-
regulated in tissues with related functions, we do not
expect any systematic variation in the relative abundance
of different transcripts. Thus, after controlling for
abundance of the set as a whole, any remaining variation
should not support the clusters in Figure 1. To test this
prediction, we first selected 56 genes encoding oxidative
phosphorylation proteins [16,17], which are essential for
energy production in the mitochondria. To correct for
variations in mitochondria number and morphology
across tissues, we normalized the expression data from
the set by dividing the expression intensities of each tissue
by the mean of the 56 genes for this tissue (supplementary
material online; similar results are obtained without this
normalization). Each of the clusters in Figure 1 was
supported by most of the genes in this normalized set
(Table 1), again contradicting the assumption underlying
the convergent evolution model. Similar results were
obtained from a set of genes with products that are part of
the spliceosomal complex [18] (Table 1).

We conclude that even genes that do not experience
distinct selective pressures across tissues recover the
clusters in Figure 1. Thus, convergent evolution of gene
expression owing to parallel selection pressures is not
sufficient to explain the observed similarities in gene
expression patterns among tissues.

Tissue clusters are recovered from expression of both
old and new proteins

Could the evolutionary relatedness of tissues be respon-
sible for the non-functional expression similarity that we
observed? It is conceivable that two tissues (e.g. cerebel-
lum and frontal cortex) developed from a common
precursor, and retained part of the ancestral expression
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Figure 1. A tissue tree constructed from Euclidean distances between expression vectors with the neighbor-joining method. Bootstrap support for branches is given as
percentages. The major clusters (each with bootstrap support >95%) are colored; see Table 1 for the proportion of genes that support each cluster.

pattern even in the absence of a relevant selection
pressure. In the light of previous evidence that gene
expression tends to evolve rapidly [19-21], it might seem
unlikely that this evolution still proceeds sufficiently
slowly to retain remnants of ancestral expression patterns
over the timescale of tissue evolution, which spans several
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hundred million years. However, we cannot dismiss this
model without further examination.

Proteins can be classified according to their phylo-
genetic age [22]. Although in most cases new proteins
were the product of gene duplication, rapid divergence of
amino acid sequence and expression patterns after
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Figure 2. Ontogenetic relationships between mammalian tissues [30]. Colored branches indicate clusters of tissues identified through common gene expression patterns (see

Figure 1).

duplication [19-21] are likely to have obscured any
ancestral patterns in those genes that show a restricted
phylogenetic distribution. Thus, we expect that genes can
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record only the evolutionary history of tissues that arose
after their own emergence. Under the evolutionary
relatedness model, this predicts that whereas universal
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Table 1. Support for the tissue clusters from gene subsets®?

Gene set Number Tissue clusters

of genes C, C, Cs Cs Cs Cs C; Cs Co
All genes 16 004 0.97° 0.81° 0.82° 0.83° 0.76° 0.81°¢ 0.71° 0.76° 0.75°
Germ cell formation 39 0.92° 0.69° 0.74¢ 0.72° 0.74¢ 0.51 0.64 0.59 0.59
Brain 29 - 0.86° 0.97°¢ 0.93° 1° 0.9°¢ 0.79¢ 0.9° 0.9°
Oxidative phosphorylation 56 1°¢ 0.89° 0.84° 0.82¢ 0.95°¢ 0.82°¢ 0.86° 0.8° 0.84°
Spliceosome 50 1° 0.88° 0.9° 0.92° 0.82° 0.82° 0.56 0.68° 0.84°

For a list of the tissue clusters, see Figure 1.

bIndividual values report the fraction of genes that support each cluster (i.e. that show greater similarity in expression within the cluster compared with across cluster).

°P<0.0001.
4p<0.001.
°P<0.01.
fP<0.05.

or eukaryote-specific genes (those mammalian genes with
orthologs in yeast) should be informative for the history of
all tissues, the expression patterns of mammalian-specific
genes should have recorded only the history of mamma-
lian-specific tissues. Contrary to these expectations, we
found that genes of all age classes recover the tissue
clusters in Figure 1 equally well, both when using all
genes and when restricting to gene subsets that are
unlikely to have a selected function in the studied tissues
(Table 2). Expression similarities of brain-specific genes in
the non-brain tissues were not dependant on the age of the
genes (supplementary material online).

Expression evolution seems to proceed at a regular pace
[12,19,20]. If gene expression similarities reflect evolution-
ary relatedness, then — in close analogy to the evolution of
duplicated genes — the overall expression difference
between tissues resulting from the duplication of a tissue
should be independent of later speciation events. To test
this prediction, we examined 8323 genes across 26 tissues
for which expression profiles were available in both mouse
and human [13]. Contrary to expectations, we found only a
weak (although statistically significant) correlation
between tissue expression distances measured within
human and within mouse (*2=0.229, P<10~'%). This is
also consistent with the finding of shorter within- than
between-species distances for primate brain regions [12].
Taken together, these results suggest that similarity in
tissue expression profiles is unlikely to represent rem-
nants of ancestral expression patterns.

Is transcriptional leakage responsible?

What then might cause the systematic tissue associations?
Recently, genomic analyses in a wide range of eukaryotes
have identified chromosomal clusters of coexpressed genes
(reviewed in Ref. [23]). Although such clusters can reflect
the association of housekeeping genes [24] or essential
genes [25], there are often no obvious functional associ-
ations among genes comprising a cluster [26]. This has led
to the suggestion that clusters of coexpressed genes are a
consequence of transcriptional leakage [26] (e.g. by
chromatin modifications granting the transcription
machinery access [11,23] to a genomic region containing
both target and non-target genes).

To test this idea, we turned again to the sets of
functionally well-characterized genes. For each gene in
our brain-specific set, we examined its expression
outside the central nervous system (CNS). For each
non-brain tissue, we classified the brain-specific genes
into those that were expressed above average in that
tissue (compared with all genes) and those that were
below average. Above-average brain genes were closer to
their nearest genomic neighbor expressed in that tissue
compared with below-average genes (3.9 Mb versus
4.7 Mb, P=0.045). Thus, ectopic expression seems to be
associated with the tissue-specific expression of neigh-
boring genes. However, when we applied the same test
to genes involved in germ-cell formation, we did not find
any significant difference between above- and below-
average gene-tissue combinations (3.9 Mb versus 3.8 Mb,

Table 2. Young and old genes support the same tissue associations®

Gene set Number Tissue clusters

of genes  C, C, Cs Cq4 Cs Ce G, Cs Co
Universal 981 0.99° 0.84° 0.86° 0.87° 0.76° 0.85° 0.75° 0.81° 0.83°
Eukaryotic 1411 0.98° 0.85° 0.84° 0.86° 0.79° 0.85° 0.76° 0.81° 0.8°
Metazoan 1070 0.95° 0.85° 0.83° 0.85° 0.76° 0.83° 0.72° 0.81° 0.78°
Mammalian 736 0.97° 0.83° 0.83° 0.9° 0.8° 0.87° 0.76° 0.81° 0.79°
Functionally well-characterized genes without annotated function in the tissues examined
Universal 30 = 0.9° 0.97° 0.87° 0.97° 0.83° 0.77° 0.8° 0.87°
Eukaryotic 32 = 0.81° 0.84° 0.84° 0.88° 0.88° 0.78° 0.81° 0.81°
Metazoan 16 - 0.81¢ 0.75° 0.81¢ 0.88° 0.75° 0.81¢ 0.81¢ 0.81¢
Mammalian 15 = 0.8¢ 0.87° 0.93° 0.87° 0.87° 0.93° 0.87° 0.87°

®Values are derived as detailed in Table 1; only genes of known age are included. The shaded part includes only functionally well-characterized subgroups (Table 1); here

cluster C1 is excluded because one of the gene sets is functionally specific to the brain.

®P<0.0001.
°P<0.001.
9p<0.01.
©P<0.05.
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P=0.33); this could reflect a lack of power, because only
five genes in this set had ectopic expression of >20%
above average.

If transcriptional leakage was an important source of
ectopic expression, we would expect that genes would
change their ectopic expression patterns if they move into
a new genomic neighborhood. Thus, when comparing two
species, we would expect to find that expression patterns
among orthologs located in syntenic regions were more
similar than among those located in different genomic
environments. We found that the correlation between
human and mouse gene expression vectors [13] in
conserved neighborhoods (r=0.231+0.004, N=6703)
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Figure 3. A schematic representation of neutral variability in gene expression. The
expression levels across different tissues are depicted. (a) A gene that has a selected
function only in the first tissue. (b) A gene performing the same selected function in
all tissues. The colored areas indicate the allowed ranges of neutral variation, with
the dashed lines indicating approximately where stabilizing selection starts to set
in. In the first tissue in (a), the lower limit for neutral variation is more than zero (i.e.
selection favors expression of the gene). In all other tissues in (a), the lower limit is
zero, such that the gene can be either off or expressed at low levels. It is conceivable
that the upper limit of neutral variation for tissues without a selected function might
overlap with the range of neutral variation for the tissue with a selected function;
expression levels could then be greater in tissues without a function than in those
with a function. The simplified representation in this figure ignores temporal
variation and variation across individuals, which could be included as additional
dimensions of neutral expression.
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was greater than in non-conserved neighborhoods
(r=0.197+0.021, N=201); however, this difference was
not statistically significant (P=0.107 from ¢-test).

In sum, current data seem consistent with the notion
of transcriptional leakage: expression of tissue-specific
genes can ‘overflow’ into neighboring genes that have no
function in the respective tissue. Accordingly, ectopic
expression patterns might represent the ‘shadows’ of
functional associations. However, the results are only
suggestive, and further studies are necessary to confirm
or reject this model. Alternative ideas must also be
considered, such as the overlapping specificities of
combinations of distinct TF-binding sites [8].

Selection and neutrality in gene expression profiles
The observation of systematic non-functional gene
expression is consistent with several recent studies that
have questioned the functional impact of variability in
gene expression [12,27,28]. How can we interpret such
neutral variability in gene expression, in particular, in the
light of the model of transcriptional leakage favored by our
tests? Let us assume that for optimal fitness (+the range
1/(2N,) that cannot be seen by selection, where N, is the
effective population size), the expression pattern of a gene
has to lie within a certain range. Selection would act only
on extreme expression patterns outside of this range,
permitting a range of selectively neutral variation
(Figure 3). In some cases, the allowable range might
have a lower limit of zero (i.e. the gene can be turned on or
off in a tissue without consequence). Our results then
suggest that some bias leads to a systematic use of the
available expression space, such that neutral expression
patterns might mirror functional expression of other
(probably physically neighboring) genes.

Concluding remarks

The transcriptional leakage model, and, in particular, our
observation that expression patterns are informative even
for tissues where the analyzed genes have no function,
further suggests that there is little selection against
unnecessary transcription in many mouse genes; this was
noted previously based on PCR of individual genes [14,15].
Although unnecessary transcription seems wasteful,
repression of transcription can also be energetically costly.
More-stringent selection can operate on protein
expression, mediated through post-transcriptional control
mechanisms [29]. Thus, we must be cautious before
inferring selected function from context-specific mRNA
expression. This is consistent with recent findings that
tissue-specific gene expression per se is a poor predictor of
gene function [7]. Leaky transcription is likely to occur
gene by gene. Therefore, coordinated transcription of a
group of genes across different tissues might be more
informative; this was confirmed by Zhang et al. [7].
However, analogous to sequence evolution, selected gene
expression can only be inferred rigorously if conservation
of expression patterns across species exceeds neutral
levels; estimation of such neutral levels must include the
effects of transcriptional leakage.
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