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ABSTRACT
We study the relation between genome rearrangements, break-
points and gene expression. Genome rearrangement research
has been concerned with the creation of breakpoints and
their position in the chromosome, but the functional conse-
quences of individual breakpoints remain virtually unknown,
and there are no direct genome-wide studies of breakpoints
from this point of view. A question arises of what the bio-
logical consequences of breakpoint creation are, rather than
just their structural aspects. The question is whether prox-
imity to the site of a breakpoint event changes the activity
of a gene. We investigate this by comparing the distribution
of distances to the nearest breakpoint of genes that are dif-
ferentially expressed with the distribution of the same dis-
tances for the entire gene complement. We study this in
data on whole blood tissue in human versus macaque, and
in cerebral cortex tissue in human versus chimpanzee. We
find in both data sets that the distribution of distances to
the nearest breakpoint of “changed expression genes” differs
little from this distance calculated for the rest of the gene
complement. In focusing on the changed expression genes
closest to the breakpoints, however, we discover that several
of these have previously been implicated in the literature as
being connected to the evolutionary divergence of humans
from other primates.

1. INTRODUCTION
The phenotypic consequences of genome rearrangements

in humans, such as infertility or developmental patholo-
gies when these mutations occur in the germ line, and can-
cer when they occur in somatic cells, are well documented
[16] and often understood down to the level of changes in
gene expression. The classic example is the Philadelphia
t(9;22)(q34;q11) translocation creating the Philadelphia chro-
mosome [17] and the BCR-Abl fusion gene whose tyrosine
kinase product has wide-ranging molecular interactions ul-
timately responsible for chronic myeloid leukemia. The sit-
uation with the homozygotic rearranged genomes of repro-
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ductively isolated populations is quite different. The break-
points of the evolutionary rearrangements differentiating these
genomes are known to co-occur with a large number of ge-
nomic features, such as regions that are gene-rich regions,
GC-rich, hypomethylated, duplicated, pericentromeric or sub-
telomeric, as often reviewed (e.g., [18]), but the functional
consequences of individual breakpoints remain virtually un-
known, and there are few direct genome-wide studies of
breakpoints from this point of view. An early comparison
of the chimpanzee and human genomes [15] found genes on
rearranged chromosomes tended to change expression, and
included a report that some, unspecified, genes within 2 Mb
of breakpoints, or in the same chromosomal band region,
changed more than others, but this work was limited by
the small set of breakpoints only known at that time from
cytogenetic studies in the early 1980s [23].

In this paper, we propose a new paradigm for this type of
investigation. The idea is basically to compare any changes
of expression of genes that are close to, or even disrupted by,
chromosomal breakpoints in the comparison of two genomes
with changes affecting the gene complement more generally,
controlled of course for tissue and experimental conditions.
This is not a trivial exercise. There are now high-resolution
techniques to identify breakpoint regions [12, 13, 2], and
thousands of data sets containing the results of whole-genome
microarray assays, but comparative, whole genome data sets,
controlled for tissue, with orthologous chromosomal posi-
tions specified for two species, are not easy to come by [14].

We have been able to make use of two, relatively early,
tissue-controlled comparisons of orthologs in humans and
non-human primates, the first [5] on whole blood tissue in
macaques and humans, and the second [4] on the cerebral
cortex of chimpanzees and humans. The blood compari-
son lacks chromosomal positioning of genes, and does not
examine chromosomal rearrangements. The cerebral cortex
study relies on breakpoint data from early cytological stud-
ies only. Both suffer, for our purposes, from obsolete gene
nomenclature. Although we have implemented a system for
high throughput analysis, the largely manual conversion of
gene names remains a bottleneck that will only be relaxed
when more comparative expression data becomes available
using current gene and marker terms.

In Section 2, we formalize the null hypothesis of no sys-
tematic relationship between gene expression and proximity
to breakpoints. In the Section 3, we describe the ortholog
expression data sets, the breakpoint data sets, and our pro-
tocol for linking the two, as well as the details of our method
and its implementation. In Section 4, we present the sta-
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tistical results of our study on change of expression near
breakpoints. We find little evidence for rejecting the null
hypothesis in either the human-macaque whole blood tissue
data set or the human-chimpanzee cerebral cortex dataset.
For the few genes closest to breakpoints that do change ex-
pression, however, several have previously been tied to the
have some interesting correlates. Then, in the Conclusions,
we discuss the potential for larger scale studies within this
paradigm.

2. THE NULL HYPOTHESIS
Were there no association between breakpoint creation

and change of expression of neighbouring genes, we would
expect changed-expression genes to be spatially distributed
independently of breakpoint positions. Consider the inter-
val determined by the position a1 and a2 of the two break-
points on either side of a changed- expression gene. Let
u = |a1 − a2|/2. The position of the gene, considered as
a random variable y should be uniformly distributed in the
interval [ymin, ymin + 2u] where ymin = min(a1, a2). The
distance x to the closest breakpoint will then be distributed
as a uniform variable on the interval [0, u].

For visualization purposes, since the scale of intergenic
distances is of the order of hundredths or thousandths of
inter-breakpoint distances, we will study the distribution of
z = log x rather than of x. Since x is uniform on [1, u], the
probability density of z will have the form of a truncated
positive exponential distribution

p(z) = ez−u, (1)

for 0 ≤ z ≤ u, as in Fig. 1a.
Since the distance 2u between the breakpoints will itself

be distributed randomly (as the distance between two or-
der statistics, namely a negative exponential) and depend
on the length of the chromosome and the number of break-
points, the empirical distribution of distances is predicted by
a sum of variables, all with density p(z) but with different
parameters u, as in Figure 1b.

3. THE DATA
To assess this hypothesis, we need to choose two genomes

that are closely enough related that a comparison of gene
expression still carries a signal of events in their recent evo-
lutionary divergence, but distant enough so that there are
numerous rearrangement breakpoints in their genomic align-
ment. For our purposes, we should also have relations of or-
thology established across the two genomes. Of the many ex-
pression databases available, there are few that satisfy these
criteria. In the future, however, we can expect many more
evolution-oriented genome-wide expression projects and this
motivates our preliminary study. The present study is con-
fined to two comparisons, one of the human and macaque
genomes and gene expression in whole blood samples, and
the second of human and chimp genomes and gene expres-
sion in cerebral cortex tissue. The tools we use to ana-
lyze these data, however, are are applicable to much wider
datasets.

3.1 The gene expression data

3.1.1 Whole blood tissue
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Figure 1: a) Distribution of z = log distance to
nearest breakpoint, under the null hypothesis, with
u = e16. b) Predicted empirical frequency distribu-
tion, based on equally weighted u = 15, 16, 17.

Dillman et al. [5] analyzed whole blood tissue in hu-
man and three closely related non-human primates (NHP)
namely the rhesus macaque, the cynomologous macaque,
and the green african monkey. Each of their probe sets was
defined by 54,000 probes, representing 38,500 genes from the
completely sequenced human genome (2004 release).

The gene expression profiles for NHP and human whole
blood tissue were compared in [5] using a variety of statis-
tical techniques (principal components, hierarchical cluster-
ing, analysis of variance) in order to find genes differentially
expressed in humans and NHPs. The results include genetic
elements identified as genes, mRNAs and ESTs.

Note that where these data tell us a gene is expressed more
in one genome than the other, it does not tell us whether ex-
pression increased in the first genome since divergence from
a common ancestor, or whether it decreased in the other.

We extracted 317 genetic elements with significant fold
change from the data to use in testing our hypotheses. It is
important to note that there is no gene coordinate or BPR
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information in the gene expression database. Thus the crux
of our investigation is to relate these unpositioned expression
data associated with gene names to the breakpoint data,
which is simply positional, with no gene names. To do so,
we require a database containing both name and positions
of human genes.

3.1.2 Cerebral cortex tissue
The second case study is confined to the comparison of

the chimpanzee and human genomes and gene expression in
brain tissue. It is based on a separate study by Cáceres et
al. [4] , who analyzed brain tissue in human, chimpanzee
and rhesus macaque using rhesus macaque as an outgroup.
They measured gene expression levels by using Affymetrix
human microarrays. Each of their probe sets was defined by
12,625 probes, representing 10,000 genes.

From the data in [4], we extracted the set of 80 differ-
entially expressed genes that were up-regulated or down-
regulated in chimp.

3.2 The breakpoint data
Breakpoints can today be determined more precisely than

with the classical cytogenetics methods [12]. Comparing dif-
ferent human genomes the position of the breakpoint can by
determined down to the nucleotide level [1], but this is not
generally for inter-specific comparisons where positional ho-
mology may not be well-defined especially for non-coding
regions [21]. Lemaitre et al. [13] compared the genomes of
human and five mammals: dog, mouse, rat, macaque and
chimp, using a methodology that allowed them to delineate
evolutionary breakpoint regions along the human genome
with a finer resolution than observed previously.

These authors defined a breakpoint region (BPR) in the
human genome as“a region that underwent at least one large
chromosomal structural change, or is orthologous to such
region in a non-human lineage”.

They performed pairwise comparisons between human and
the other mammals and identified 622 non-intersecting BPRs
ranging from 1 to 2,887,673 nucleotides with a mean size of
104 kb. Those 622 BPRs are stored in a database of sets of
coordinates of breakpoints, organized by chromosome.

3.2.1 Breakpoints for the whole blood tissue study
To compare the macaque genome to the human, we ex-

tracted only those breakpoints, 92 of them, on evolution-
ary branches leading to these species from their most recent
common ancestor, namely those labelled in the dataset as
human, human-chimp or macaque, as illustrated in Fig. 2.
All other breakpoints are found in both human and macaque
or in neither.

dog

mouse

rat

macaque

chimp

human

rodent

human-chimp
primate

Figure 2: Phylogeny of species in the breakpoint
database, with branches pertinent to the human-
macaque comparison indicated.

It is important to note that there is no systematic ac-

counting of gene expression or even of gene information in
the BPR database, although these features of the human
genome (but not in other genomes) played a role in the char-
acterization of BPR regions in [13].

3.2.2 Breakpoints for the cerebral cortex study
There are too few breakpoints on the human genome dur-

ing the period of evolutionary divergence from chimpanzee
to be able to carry out our study, and the breakpoints in
[13] are only given in terms of the human genome.

Thus we ran the Cassis software [2] to identify 38 break-
points on the chimp genome during the period of evolution-
ary divergence from humans.

3.3 The genome database
Since the breakpoint data are stored in UCSC Genome

Browser [9] coordinates, we used the entire set of human
genes from the human genome assembly of May, 2004 (NCBI35
or hg17) from this browser as a baseline against which to test
our differentially expressed genes in human and macaque
whole blood tissue. This set is more comprehensive and
more accurately positioned than the original set of ”no changed
expression” genes in the original two studies.

For our cerebral cortex study, we used the entire set of
chimpanzee genes from the chimpanzee genome assembly of
March, 2006 (CHIMP2.1) and the human genome assembly
of February, 2009 (NCBI37 or GRCh37) from the Ensembl
Genome Browser [6] as a basis for comparison of our differ-
entially expressed genes.

3.4 Making connections
We first sketch the general protocol for linking each break-

point dataset with the corresponding expression data set via
the UCSC gene browser. We then describe how we imple-
mented this in a way that can handle data sets much larger
than those available for the present study. As

1. quantitative measures of gene expression become more
accurate,

2. as gene terminology becomes standardized across genomes,

3. as data on multiple tissues are generated, and

4. as we compare more highly rearranged genomes,

it will be useful to have a high throughput system to generate
the data for statistical analysis.

3.4.1 Link breakpoints and expression via gene names
The protocol is as follows.

1. Scan the gene expression database for genes showing
significant fold change in the human-macaque or human-
chimpanzee comparison and extract the human gene
name.

2. Locate the records for these differentially expressed
genes in the genome browser, by matching names in
the two databases. This step is not fully automated
since a good proportion of the “names” in the whole
blood tissue expression database are not gene names
at all, but are ESTs or transcripts of part of the gene,
which can be located in other UCSC browser files, or
obsolete gene names, which have to be tracked down
in gene databanks. A full 50 of the 317 differentially
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expressed elements in the human-macaque study did
not have hits at all in the UCSC browser, and had to
be dropped from our analysis. Eight of the 80 differ-
entially expressed genes in the cerebral cortex study
were discarded for the same reason.

3. Extract the chromosome and coordinates of these genes
in the human genome, and in the case of the cerebral
cortex study, in the chimpanzee genome.

4. Compute the distance in nucleotides to the closest BPR
in the BPR database.

5. Similarly, for all the human genes in the full genome
browser that do not match those differentially expressed
genes previously identified, compute the distance in
nucleotides to the closest BPR.

Having extracted all these data on 267 differentially ex-
pressed genes from the whole blood tissue expression database,
or the 72 differentially expressed genes from the cerebral cor-
tex expression database, as well as the corresponding infor-
mation on the rest of the human gene complement, we are
now in a position to treat them statistically.

4. RESULTS

4.1 Whole blood tissue
Fig. 3(top) compares the distance to the nearest break-

point of differentially expressed genes to that of the entire
set of human genes located in all of the chromosomes that
contains breakpoints. While the shape of the distribution
is generally as expected from our model in Section 2, it is
clear that there is little difference between the distributions
for the differentially expressed genes and the rest of the hu-
man gene complement. This is what we would expect if
rearrangement generally has no impact on gene expression.
However, this does not mean that rearrangement never has
this effect.

This prompted us to inspect more closely the small num-
ber of differentially expressed genes close to BPRs for each
chromosome that contains breakpoints: one in chromosome
16 where d = 216 and four in chromosomes 1,2 and X with
d < 105. As a visualization tool, our distribution on a log
scale depicts this neatly, as in Fig. 4 for genes in chromo-
some 16.

4.1.1 NBPF
Though the few differentially expressed genes close to break-

points that we found do not seem to be functionally re-
lated, it is of interest that one of those on human chro-
mosome 1 is member 10 of the Neuroblastoma breakpoint
family (NBPF). This family was so named because of a pa-
tient with a constitutional translocation t(1;17)(p36;q12-21)
breakpoint near a gene family member, thought to suppress
formation of this tumour, eventually developed a neurob-
lastoma [10]. This gene family is known to evolve rapidly
in the primates, by full and partial duplication and diver-
gence [22], has undergone a rapid recent expansion reflected
in copy number variation in humans [20], and is thought to
play a role in the physiological divergence of primate species.
Thus it is of particular interest that one family member near
an evolutionary breakpoint has changed expression level in
the whole blood tissue study.
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Figure 3: Histogram of distances from genes to clos-
est BPR for differentially expressed genes vs. not
differentially expressed genes for all chromosomes.
Top: whole blood tissue. Bottom: cerebral cortex
tissue

4.2 Cerebral cortex study
As in the blood study, Fig. 3 (bottom) compares the dis-

tance to the nearest breakpoint of differentially expressed
genes to that of the entire set of chimpanzee genes located
in one of the chromosomes that contains breakpoints, in the
cerebral cortex data. Again the shape of the distribution is
as expected from our model in Section 2, so that there is lit-
tle difference between the distributions for the differentially
expressed genes and the rest of the human gene complement.

Again, however, we examined a number of differentially
expressed genes close to BPRs in chimpanzee for each chro-
mosome that contains breakpoints: one in chromosome 1
where d = 9.5 Kbp and four in chromosomes 19, 15, and 17
where d between d = 2.2 and d = 3.2 Mbp. As a visualiza-
tion tool, our distribution on a log scale depicts this neatly,
as in Fig. 5 for genes in chromosome 1 in the chimpanzee
genome.

It is interesting to note the two closest differentially ex-
pressed genes to a BPR in chromosome 19 shared the same
BPR where d = 2.2 and d = 2.6 Mbp, respectively.
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Figure 4: Histogram of distances from genes to clos-
est BPR for differentially expressed genes vs. not
differentially expressed genes for chromosome 16 in
whole blood tissue.
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Figure 5: Histogram of distances from genes to clos-
est BPR for differentially expressed genes vs. not
differentially expressed genes in cerebral cortex tis-
sue for chromosome 1.

4.2.1 MAPT

The MAPT gene was the closest differentially expressed
gene to a breakpoint in chromosome 17 in the chimpanzee
vs. human comparison, where d = 3.2 Mbp. This gene codes
for Tau, a protein involved in the nucleation, elongation,
and stabilization of microtubules [11]. It is associated with
a group of human neurodegenerative diseases characterized
by the presence of filamentous Tau deposits in nerve cells
and glial cells [11, 3], such as Alzheimer’s disease (AD), pro-
gressive supranuclear palsy (PSP), and frontotemporal de-
mentia and parkinsonism linked to chromosome 17(FTDP-
17)). The chimpanzee brain has a relative resistance to de-
veloping Tau pathology [7]. Since humans and great apes
have very similar Tau protein sequences, differences in in-
tronic sequence might explain their differential susceptibil-
ity to developing filamentous Tau inclusions, in particular,
the apparent resistance of the chimpanzee to developing a
filamentous Tau pathology in the brain [8]. The proximity

of the MAPT gene to an evolutionary breakpoint that we
have pointed out here, in connection with its changed ex-
pression level in chimpanzee brain tissue, suggests that the
wider chromosomal environment of the gene may also play
a role in the resistance of the chimpanzee to developing Tau
pathologies.

4.2.2 The retinoblastoma genes

The Retinoblastoma 1 gene RB1 on chromosome 13 reg-
ulates cell growth and proliferation in the brain and other
organs, and the suppression of both copies of this gene is as-
sociated with an embryonic neoplasm of retinal origin called
retinoblastoma. A study of the high degree of sequence con-
servation of RB1 in human and primates supports a hypoth-
esis of purifying selection in RB1 throughout the history of
primates [19].

We found that the Retinoblastoma-like 2 (RBL2) gene
was the closest differentially expressed gene to a breakpoint
in chromosome 16 in the chimpanzee vs. human compari-
son, where d = 7 Mbp. This gene, down-regulated in chim-
panzee, regulates RB1.

In addition, in our survey, we found that the retinoblastoma-
binding protein 5 (RBBP-5) was the closest differentially ex-
pressed (up-regulated) gene to a breakpoint in chromosome
1 in the same comparison, where d = 9.5 Kbp.

The facts that both RBL2 and RBBP-5 interact with the
highly conserved RB1, and that both change expression con-
sequent to rearrangement events, suggest a possible role of
the rearrangement process in concert with purifying selec-
tion processes, in maintaining or adjusting the function of
RB1.

5. CONCLUSIONS
Genome rearrangement research has been concerned with

the creation of breakpoints and their position in the chro-
mosome. The question arises of what the biological conse-
quences of breakpoint creation are, rather than just their
structural aspects.

We have asked whether proximity to the site of a break-
point event changes the activity of a gene. We investigated
this by comparing the distribution of distances to the near-
est breakpoint of genes that change expression after rear-
rangement with the same distribution for those that do not
change. This question has not been investigated previously
on a genome-wide basis.

The data currently available on individual gene expression
change across entire genomes for different species is limited.
Nevertheless, we have been able to exploit two data sets
from published comparisons of gene expression, one of ex-
pression in whole blood tissue in humans and macaques and
the other of expression in cerebral cortex tissue in humans
and chimpanzees. We used published data on breakpoints
in the human genome and available software to calculate
breakpoints in the chimpanzee genome.

We compared the distribution of distances to the near-
est breakpoint of genes that change expression after rear-
rangement with the same distribution for those that do not
change. The two distributions were indistinguishable, both
in the human-macaque comparison and in the human chim-
panzee comparison.

In focusing on the chromosomal regions closest to the evo-
lutionary breakpoints, however, we do find suggestive ten-
dencies for the genes that change expression to be those pre-
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viously documented as being associated with primate evo-
lution. In this sense, our analysis is detecting a new kind of
functional evolutionary signal.

There is a trade-off between evolutionary depth and func-
tional comparability that limits our the applicability of our
analysis, at present to an unknown extent. Statistical analy-
sis would benefit from increasing the evolutionary divergence
of the genomes to be compared, since this would increase the
number of rearrangements intervening between the two ex-
tant genomes, and hence the amount of breakpoint data.
At the same time, however, we cannot expect the functional
comparisons to be as meaningful in highly diverged species
with disparate physiologies.

With the advent of Next Generation Sequencing, quan-
titative RNA sequence data on many tissues from related
species should soon become available. Our analytical proto-
col may be of utility at that time.
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