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because each siRNA for a given target has the same
on-target activity but has different off-target activity.
Observing the same phenotype with multiple independent
siRNAs increases the confidence with which the pheno-
type can be ascribed to silencing of the target gene.

The full extent of the contribution of off-target gene
regulation to phenotypic induction is not known,
especially because there are currently no reports examin-
ing the effect of siRNAs on the proteome. Similar to
miRNAs, the effect of siRNAs on off-target protein
regulation might be even greater than the effect on off-
target transcript silencing. Although the magnitude of off-
target transcript silencing is generally lower than that of
the on-target gene, small changes in the expression levels
of some proteins, such as transcription factors, might
translate to large effects on phenotype. Until proteomic
analyses of siRNA experiments are performed, we will not
know the full consequences of siRNA off-target activity.
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The genomic DNA sequences of humans and chimpan-
zees differ by only 1.24%. Recently, however, substantial
differences in gene-expression patterns between the
two species have been revealed. In this article, we
investigate the genomic distribution of such differences.
Besides confirming previous findings about the evolu-
tion of sex chromosomes and duplications, we show
that chromosomal rearrangements are associated with
increased gene-expression differences in the brain and
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that rearrangements can have both direct and indirect
effects on the expression of linked genes. In addition,
our results are consistent with a role for some rear-
rangements in the original speciation events that
separated the human and chimpanzee lineages.

Although the idea that differences in gene regulation
might be as important as coding sequence changes in
determining the morphological, behavioral and cognitive
differences between humans and other primates is not
new [1], it has recently been strengthened by studies
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unveiling numerous changes in gene-expression patterns
between the two species [2-7] These differences are
particularly remarkable in the human brain, in which
a trend towards increased gene-expression has been
detected [3,4,7] that is consistent with most distinctive
human traits being related to our cognitive capabilities.

In a step towards constructing a genomic map of
human-chimpanzee gene-expression differences, we
gathered gene-expression level data from the cerebral
cortex, liver, heart and fibroblasts of humans and
chimpanzees from published microarray studies [2,4,6].
To estimate expression divergence, the average absolute
fold-change values (FC) of gene-expression levels for the
genes expressed in a given tissue were calculated in both
species as previously described [4]. To avoid bias caused by
sequence differences [4,6,7], we excluded any probes that
were not identical in both species (supplementary data
online). The genomic positions of the genes in the arrays
were determined by mapping to the human genome
(NCBI build 34; http:/www.ncbi.nlm.nih.gov).

Sex chromosomes and segmental duplications

An analysis pooling all tissues together showed that the
levels of expression divergence differ significantly between
chromosomes (Kruskal-Wallis, df=23, P<0.001; Figure 1).
Two main factors that are known to influence sequence
evolution and that, a priori, could also influence
expression differences are the evolutionary dynamics of
sex chromosomes relative to autosomes [8,9] and seg-
mental duplications [10,11]. Table 1 shows the average
absolute FC in the expression level for all tissues classified
according to these factors. As predicted by classical
population genetics models [8,9], and as previously
shown for sequence divergence data [12,13], chromosomes
X and Y differ markedly from autosomes in the accumu-
lation of gene-expression differences. These differences
are particularly striking in the brain. When comparing the
FC values of all genes expressed in cortical tissue from the
study by Caceres et al. [4], we found that chromosome X
presents less expression divergence (FC=1.43) and
chromosome Y presents more expression divergence
(FC=2.14) than the autosomes (FC=1.51). These differ-
ences are significant. Segmental duplications are another
factor contributing to the differential rates of evolution
between chromosomes. Duplications are not randomly
distributed across the genome [14] and their expression
patterns have been shown to diverge rapidly [10,11].
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Figure 1. Average absolute fold change (FC) values between gene-expression levels
of humans and chimpanzees in all tissues pooled together. Mean FC values and two
standard errors (SEs) for each individual chromosome are shown.

A permutation test shows that duplicated genes present
higher divergence in expression patterns in all tissues
(P<0.001). After the removal of these genes (Table 1),
differences in expression divergence between chromo-
somes X, Y and autosomes are still significant, because
of their strong differences in the gene-expression diver-
gence levels in the cortex (Table 1).

Box 1. Possible causes of an association between rearrange-
ments and larger genetic divergence

Several mechanisms might contribute to an association between
rearrangements and larger divergence. A new class of speciation
models [16,20,21] suggests that chromosomal rearrangements
might have a role in speciation processes, based on their recombi-
nation-reducing effect in heterokaryotypes [16,24]. Rearrangements
segregating in an ancestral species would act as genetic barriers to
gene flow between chromosomes with different organizations,
which can eventually result in two daughter species with different
chromosomal structures. Under these models, divergence time will
be longer, and differentiation greater, in rearranged than in colinear
chromosomes in the two species. Another group of alternative or
complementary explanations postulates that rearrangements tend
to occur, or be favored, in genomic regions that have undergone fast
molecular evolution because they are regions of low functional
constraint or contain clusters of genes under positive selection
[16,18]. Also, it is possible that chromosomal rearrangements have
direct positional effects (i.e. the establishment of rearrangements
mightinduce changes in the expression patterns of associated genes
[16,25]). Indeed, experimental evidence suggests that expression
patterns can be altered around the breakpoints of chromosomal
rearrangements [26-29].

Table 1. Average absolute fold change (FC) values between gene-expression levels of humans and chimpanzees?

Tissue Total (SE) Autosomes (SE) Chromosome X Chromosome Y P value® Segmental
(SE) (SE) duplications (SE)
All tissues 1.569 (0.0057) 1.571 (0.0059) 1.502 (0.0252) 1.909 (0.1363) <0.001 1.655 (0.0296)
Cortex® 1.505 (0.0110) 1.506 (0.0114) 1.431 (0.0365) 2.142 (0.2933) 0.004 1.585 (0.0531)
All tissues 1.565 (0.0059) 1.567 (0.0060) 1.510 (0.0268) 1.799 (0.1025) <0.001 -
(excluding
duplications)
Cortex® 1.501 (0.0113) 1.504 (0.0116) 1.423 (0.0379) 2.020 (0.2071) 0.004 -
(excluding
duplications)

#Values for autosomes, sex chromosomes and segmental duplications are shown. Tissues are pooled together by averaging the FC values of every gene in different tissues.
Sex chromosomes and segmental duplications differ significantly from autosomes (see main text).
PKruskal-Wallis P-value for the comparison of FC in autosomes, X chromosome and Y chromosome. All tests are performed with 2 df.

°Data are from Ref. [4].
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Figure 2. Average fold change (FC) values of colinear (red) and rearranged (blue) chromosomes between humans and chimpanzees in cortical samples given in Ref. [4]. The
mean FC values and two standard errors (SEs) for each individual chromosome are shown.

In fact, both the effect of sex chromosomes and that of
duplications are strongest in cortical samples (supplemen-
tary data online) and reinforce previous results [2-5],
indicating that the human brain displays a distinctive
pattern of gene expression compared with other tissues.
Therefore, we will focus only on gene-expression patterns
in the brain excluding genes located in segmental
duplications and sex chromosomes.

Chromosomal rearrangements

Since their separation from a common ancestor, six-to-
seven million years ago, the genomes of humans and
chimpanzees have diverged via chromosomal rearrange-
ments, which are on a much larger scale than differences
in nucleotide sequences or differences in gene expression.
Although the extent of these differences awaits full-
genome comparisons, ten major rearrangements can be
detected in metaphase chromosomes [15]: they include
nine pericentric inversions (human chromosomes 1, 4, 5, 9,
12, 15, 16, 17 and 18) and a fusion of two ancestral
acrocentric chromosomes that produced human chromo-
some 2. Recently, an association between rates of

chromosomal and molecular evolution has been described
in several species including humans and chimpanzees
[16-21], although other studies have failed to find any
significant relationship [22]. To investigate the existence
of a relationship between chromosomal rearrangements
and gene-expression divergence, we compared the FC
values of rearranged chromosomes with those of colinear
chromosomes. We detected an association between
chromosomal evolution and expression level divergence
in cortical tissue data from the study by Caceres et al. [4]
(Figure 2 and Table 1 in the supplementary material
online). Genes in rearranged chromosomes present larger
expression differences than genes in colinear chromo-
somes (FC =1.54 versus 1.46, permutation test, P <0.001).
Similar results can be obtained [5] using the cortex
dataset from Ref. [2]. Remarkably, this association was
not detected in other tissues (supplementary data online).

There are several possible mechanisms that might
contribute to such striking association (Box 1). We first
examined the possibility that rearrangements accumulate
in regions of fast molecular evolution using data from
macaques, the outgroup for the dataset studied. The
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Figure 3. Average fold change (FC) values between humans and chimpanzees in cortical samples given in Ref. [4]. The mean values and two standard errors (SEs) are shown.
The green bars represent FC values for the breakpoints of rearranged chromosomes. The blue bars represent FC values for the whole chromosome excluding ‘parallel’ genes
(i.e. those genes that present more changes in the same lineage that harbors the new chromosomal arrangement, see main text for details). The average FC for colinear

chromosomes is represented as a red line.
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Figure 4. A schematic representing the direct (positional) and indirect (recombina-
tion-mediated) effects of rearrangements on gene-expression patterns in humans
and chimpanzees. The figure represents the evolution of two kinds of chromo-
somes (the collinear chromosomes are represented by lighter lines and the
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sequence divergence with respect to humans and chim-
panzees (~4%) makes the expression measurements in
this species less reliable, but it still provides information
about the degree of change in each lineage. Regions
rearranged between humans and chimpanzees do not
show larger expression divergence from macaques (results
not shown). In addition, we tested for the existence of
clusters of rapidly diverging genes using the approach by
Williams and Hurst [23]. No clustering was detected in the
genome as a whole or when we separated colinear and
rearranged chromosomes in two groups. Thus, the
possibility that the rearranged regions studied happen to
contain a large number of rapidly diverging genes is not
supported by current data (supplementary online data).
We then inspected how much of the association between
expression divergence and chromosomal rearrangements
can be attributed to local effects on genes close to
breakpoints. To that end, we classified the genes on
rearranged chromosomes as near or far from known
breakpoints [15]. Genes were considered near a break-
point if they were within 2 Mb of the breakpoint or if they
were in the same cytological sub-band as the breakpoint.
After excluding these genes, rearranged chromosomes
still present significantly larger differences in gene
expression levels (Figure 3 and Table 1 in the supplemen-
tary material online; permutation test, P=0.002). Overall,
genes close to breakpoints present the largest expression
divergence between humans and chimpanzees. However,
the great variation between breakpoints suggests that some
rearrangements induced local expression changes, whereas
others did not (Table 1 supplementary material online).

Direct versus indirect effects of rearrangements

Little is known about how alterations in expression
patterns that are directly induced by rearrangements
could extend along a chromosome and, thus, we cannot be
sure that their positional effects have been properly assessed
by the previous tests. Moreover, models of recombination-
mediated effects of rearrangements [16,24] also predict
larger divergence around breakpoints, where gene-flow
between different chromosomal arrangements has the
strongest reduction. These questions can be evaluated by
means of a phylogenetic test using an outgroup. The test is

rearranged chromosomes are represented by darker lines) and the speciation event
separating the two lineages. Branches with increased expression divergence are
marked with dark squares below each kind of chromosome for each species.
A black arrow represents the generation of a chromosomal rearrangement and a
triangle recombination mediated effects of rearrangements that affect both the
ancestral and the new chromosomal organizations. (a) Direct effects of a
rearrangement around the time of split of the two lineages. Humans maintained
the new chromosomal structure and genes linked to the rearrangement would
display increased divergence only in the human branch. (b) Direct effects of a
rearrangement that occur further down the human lineage. Increased divergence
would only be displayed by the human branch. (c) Recombination-mediated effects
of rearrangements further down the human lineage. If a chromosomal rearrange-
ment triggers the speciation process separating a hypothetical species from
humans, this results in increased divergence in the newly restructured and the
standard chromosomes, but it cannot be distinguished from the previous two
scenarios in comparisons between humans and chimpanzees. (d) Recombination-
mediated effects of a rearrangement around the time of the human—chimpanzees
split. If a rearrangement triggered the separation of humans and chimpanzees, the
branch leading to chimpanzees should also experience increased divergence. This
scenario could, in principle, be detected using another species (e.g. macaques) as
an outgroup by means of the test proposed in the main text.
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based on the different consequences that would result
from a rearrangement becoming established at different
points in the phylogeny of two species. First, expression
differences that are the direct effects of a new rearrange-
ment should occur only in the lineage harboring this
rearrangement (Figure 4a,b). A similar pattern should be
observed whenever the rearrangement occurs after the
split of the two daughter species, even if the differences
accumulated because a given rearrangement took part in
a recent speciation process (Figure 4c). A second scenario
can be produced if a rearrangement that was present at
the time of the split of the two lineages did not directly
cause changes in gene expression, but rather had indirect
effects by reducing recombination during the period in
which the two lineages were becoming separate species
(perhaps even taking part in the speciation process itself).
In this case one should expect to find gene-expression
changes in both daughter lineages (Figure 4d) because the
rearranged and ancestral chromosome segments will be
isolated from each other for a longer period of time and will
accumulate more differences than colinear chromosomes.

To distinguish between these two scenarios, we mapped
chromosomal rearrangements and gene-expression changes
onto the tree of human and chimpanzee evolution, again
using macaques as the outgroup. There are three major
rearrangements that are unique to the human lineage
(on chromosomes 1, 2 and 18), and seven that are unique
to chimpanzees (on chromosomes 4, 5,9, 12, 15, 16 and 17)
[15]. Using this information, we eliminated from our
analyses every gene in a rearranged chromosome that
changes in ‘parallel’ with the rearrangement (i.e. every
gene that presents more divergence in the lineage
harboring the rearrangement than in the lineage with
the ancestral chromosome). After removing these genes,
we still found a highly significant association between
rearrangements and expression differences in the cortex
(FC=1.59 in rearranged versus 1.46 in colinear chromo-
somes, permutation test P <0.001, Figure 3, Table 1 in the
supplementary material online). This association must be
due to indirect effects of rearrangements that took place
while they were segregating in the same population,
rather than because of direct positional effects. Interest-
ingly, this association is strongest at the breakpoints
(FC=1.69), which suggests that recombination-protective
effects of breakpoints might be at least as important as
their direct positional effects. The signature of indirect
(recombination-mediated) effects is especially apparent in,
for example, chromosome 5.

Concluding remarks

The results presented here confirm that, when considering
gene-expression divergence, sex-linked genes evolve
under different pressures than autosomes and that
duplicated genes tend to evolve faster than single-copy
genes. Furthermore, we have shown that rearranged
chromosomes have accumulated greater differences in
brain gene-expression patterns between humans and
chimpanzees than colinear chromosomes. Our results
therefore suggest several conclusions. First, there is an
association between rearrangements and higher diver-
gence in gene-expression levels in the brain. Second,
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positional effects of rearrangements on the expression of
genes located close to the breakpoints might exist, but only
for certain rearrangements. Third, certain rearrangements
might have exerted their influence on gene-expression
levels by inhibiting recombination in an ancestral popu-
lation around the time of the split of the two lineages.
These observations are consistent with the model of
chromosomal speciation suggested by Navarro and Barton
[16,24]. Recent studies using the same datasets did not
detect a significant association between chromosomal
rearrangements and expression divergence [22] although,
in our view, these analyses were somewhat limited
(supplementary online data). Of course, the possibility
remains that rearrangements and rapid expression
divergence are linked to a third, as yet unknown, factor
[16-18]. Also, the intrinsic noise associated with gene-
expression data and the obvious shortcomings of cyto-
logical information make it necessary to undertake more
detailed and thorough comparisons of the sequence and
expression differences in humans with those of chimpan-
zees. These studies will shed light on these crucial
questions, and will perhaps answer how and when we
became human.
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Analysis of the centromeric regions of the human

genome assembly
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The sequence of the human genome is not yet complete,
and major gaps remain at the centromere region of each
chromosome, which is comprised of repetitive « satellite
DNA. In this article, we describe the sequences in the
vicinity of the centromere that are included in the cur-
rent genome assembly, analyze the ~7 Mb of « satellite
that have been assembled thus far and anticipate the
nature of the sequences that remain to be accounted for.

The centromere of most complex eukaryotic chromosomes
is a specialized locus comprising repetitive DNA that is
responsible for chromosome segregation during mitosis
and meiosis [1,2]. Normal human centromeres consist of
megabases of o satellite DNA, a repeat family containing
~171-bp monomers [3]. These monomers can be arranged
either in a highly homogeneous, multimeric organization
or in a more heterogeneous monomeric form that lacks
this higher-order periodicity [4—6]. Despite their obvious
functional significance, centromeric regions and their
constituent o satellite sequences were largely omitted by
the Human Genome Project because of their repetitive
nature and the expected paucity of genes [7]; the reported
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assemblies [8,9] of each chromosome arm thus end an
uncertain distance from the functional centromere [10].
Although such regions are often considered to be difficult
to sequence, in fact it is the assembly, not the sequencing
itself, which presents a challenge because of the high
degree of sequence homogeneity among many hundreds or
thousands of copies of a given repeated sequence.

Alpha satellite organization and function

Alpha satellite DNA has been identified at every human
centromere [5,6]; however, among reported chromosome
assemblies, the amount and type of o satellite varies.
There are two major types of o satellite DNA: higher-order
and monomeric [4,5] (Figure 1). Higher-order o satellite
DNA consists of ~171-bp monomers organized in arrays
of multimeric repeat units that are highly homogeneous
(typically 97-100% identical); by contrast, monomeric
o, satellite DNA lacks any higher-order periodicity, and
its monomers are only on average ~70% identical [11]. In
addition to their different sequence organization, mono-
meric and higher-order a satellite DNA also differ in their
functionality. Higher-order o satellite DNA was shown to
be associated with centromere function on the basis
of genomic [10,12], biochemical [13,14] and artificial
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