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Letter

The impact of genomic neighborhood on the evolution
of human and chimpanzee transcriptome
Subhajyoti De,1 Sarah A. Teichmann, and M. Madan Babu1

MRC Laboratory of Molecular Biology, Cambridge CB2 0QH, United Kingdom

Divergence of gene expression can result in phenotypic variation, which contributes to the evolution of new species.
Although the influence of trans- and cis-regulatory mutations is well known, the genome-wide impact of changes in
genomic neighborhood of genes on expression divergence between species remains largely unexplored. Here, we compare
the neighborhood of orthologous genes (within a window of 2 MB) in human and chimpanzee with the expression levels of
their transcripts from several equivalent tissues and demonstrate that genes with altered neighborhood are more likely to
undergo expression divergence than genes with conserved neighborhood. We observe the same trend when expression
divergence data were analyzed from six different brain parts that are equivalent between human and chimpanzee. Ad-
ditionally, we find enrichment for genes with altered neighborhood to be expressed in a tissue-specific manner in the
human brain. These results suggest that expression divergence induced by this mechanism could have contributed to the
phenotypic differences between human and chimpanzee. We propose that, in addition to other molecular mechanisms,
change in genomic neighborhood is an important factor that drives transcriptome evolution.

[Supplemental material is available online at http://www.genome.org.]

One of the fundamental problems in the postgenomic era is to

understand what mechanisms drive divergence in gene expres-

sion, and how this results in phenotypic changes, ultimately

leading to the evolution of new species (King and Wilson 1975;

White 2001; Carroll 2003; Wray et al. 2003; West-Eberhard 2005;

Khaitovich et al. 2006). For example, changes in the expression

level of Bmp4 (Abzhanov et al. 2004; Wu et al. 2004) and cal-

modulin (Abzhanov et al. 2006) are linked to the evolutionary

variation in beak morphology in finches, resulting in adaptation

to different food sources and ultimately to the emergence of new

species. The genetic material of eukaryotes is organized in a com-

plex, hierarchical manner and is encoded in several linear chro-

mosomes, providing ample opportunity for regulation of gene

expression at several levels (Felsenfeld and Groudine 2003; Wray

et al. 2003). Due to this intricate organization, mutations of dif-

ferent sizes can affect the expression pattern of one or several

genes simultaneously. At one end of the spectrum are small-scale

mutations (e.g., single nucleotide polymorphisms) that affect cis-

regulatory elements, thereby changing the expression of a nearby

gene. At the other end are large-scale mutations (e.g., translocation

and change in ploidy) that involve large DNA segments or chro-

mosome number, thereby affecting the expression of many genes.

Though numerous studies have investigated the contribution of

such mutations to expression divergence, the genome-wide im-

pact of intermediate scale mutations, such as copy number vari-

ation and position effect, has only recently gained attention

(Hurles et al. 2008).

Position effect is a phenomenon that results in an altered

expression pattern of a gene as a consequence of a change in its

genomic neighborhood, which may also lead to a phenotypic

change (Fig. 1). Alteration of the genomic neighborhood can occur

due to insertion or deletion of genetic material (e.g., L1 elements)

around the gene, resulting in altered expression level (Han et al.

2004). Alternatively, a change in genomic neighborhood may be

introduced due to a recombination or duplication event, resulting

in the incorporation of the gene into a completely different region

(e.g., euchromatic or heterochromatic region), thereby affecting

its expression (Xiao et al. 2008). Often such changes in humans

have been associated with genetic disorders (Kleinjan and van

Heyningen 1998; Kleinjan and van Heyningen 2005) and have

been described to be a result of (1) incorporation of a gene into

a constitutive heterochromatic or euchromatic region, giving rise

to position effect variegation (e.g., Saethre-Chotzen syndrome,

which is characterized by facial asymmetry and short digits, is

associated with a position effect mediated expression variation of

the TWIST1 [also known as TWIST ] gene on chromosomes 7p21;

Rose et al. 1997), (2) translocation of a gene next to another gene,

thereby resulting in a competition for the same regulatory element

or juxtaposition with an enhancer element (e.g., Burkitt’s lym-

phoma, where the MYC gene is placed under the control of an

immunoglobulin enhancer thereby resulting in a competition for

the same regulatory element and misexpression of the genes; Joos

et al. 1992), or (3) separation of the promoter from a distal tissue-

specific regulatory element such as an enhancer, locus control

region, or an insulator (e.g., several instances of Campomelic

dysplasia, which result in skeletal malformations, involve mis-

expression of the SOX9 gene in 17q24.3 due to a deletion around

the gene; Velagaleti et al. 2005). Although a change in neighbor-

hood leading to altered expression pattern can be deleterious for

some genes, the effect in other instances may be neutral or may

lead to variation in phenotypes (Jordan et al. 2005) upon which

the beneficial changes can be selected during evolution (Fig. 1).

For instance, a recent study (Xiao et al. 2008) has discovered that

duplication and change in genomic neighborhood of SUN in to-

mato plants increased its expression relative to that of the ances-

tral copy. This event has resulted in an enormous variation in

fruit shape that has been subsequently selected for in today’s

domesticated tomato plants.
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We hypothesize that a change in the neighborhood of genes

is likely to introduce variation at the genomic and transcriptomic

level, potentially leading to phenotypic divergence (Fig. 1). In this

work, we set out to investigate the prevalence and role of this

mechanism in gene expression divergence during human and

chimpanzee evolution. By using genomic and transcriptomic data

from human and chimpanzee, we investigate the following

questions: How many genes show an alteration in their genomic

neighborhood in human or chimpanzee after the split from their

common ancestor? Do genes with altered neighborhood display

more expression divergence than other genes? In which parts of

the body are such genes expressed?

Results

Approximately 18% of the orthologous genes altered their
genomic neighborhood either in human or chimpanzee

To identify genes that have alterations in their genomic neighbor-

hood, we first defined a metric called conservation of genomic

neighborhood (CGN) score for every gene. This metric estimates

the extent of conservation of local chromosomal neighborhood of

a gene between two species (Fig. 2A). The CGN score of a given gene

in human is simply the fraction of genes

within a window (of size w) surrounding

it, which are orthologous and are also

present in an equivalent window around

the chimpanzee ortholog (see Methods

section for details). Since single gene du-

plication events, insertion and deletion by

recombination and transposable elements

can alter the genomic neighborhood, and

because such changes in primates gener-

ally affect less than 1 Mb of the genome

(Bailey and Eichler 2006; Sharp et al.

2006), we chose a conservative window

size of 2 Mb to calculate CGN scores to

ensure that we account for such events.

For example, if 27 of the 30 genes (within

a window of 2 Mb centered on the gene of

interest) are orthologous and are also

present in an equivalent 2 Mb window

around the chimpanzee ortholog, then

the CGN score for that gene is 27/30, or

0.9. Unlike other measures, which assess

overall sequence similarity of promoter

regions alone, our proposed metric can

account for large alterations, such as

insertions and deletions in the neighbor-

hood as well as change in chromosomal

position. Therefore, the CGN score is

a pragmatic measure of the magnitude of

change to a gene’s local environment.

Calculation of CGN score

A high CGN score (CGN > 0.5), where

more than half the neighbors are con-

served within a particular window (w = 2

Mb) indicates conservation of its local

chromosomal environment, whereas a

low CGN score (CGN # 0.5), where less

than half the neighbors are conserved means that the gene might

experience a different environment as compared to the reference

species. The extreme values, CGN scores of 0 or 1, represent com-

pletely altered or absolutely conserved genomic context, re-

spectively (Fig. 2B). It should be noted that the CGN scores were

comparable when we considered different window sizes i.e., w = 1

Mb or 3 Mb or when we used a fixed number of neighboring genes

around the gene of interest to calculate the CGN score i.e., a win-

dow of 30 or 40 genes around the gene of interest. These control

calculations show that the definition of CGN score for a gene is

robust to the choice of parameters used (see Supplemental Table S1).

More importantly, the results we describe later in this work are not

qualitatively affected by the cutoff used for identifying genes with

altered or conserved neighborhood suggesting that the reported

results are generally robust to the choice of parameters employed

(see below).

Of the predicted human and chimpanzee genes, we obtained

reliable orthologs for 19,256 genes from Ensembl-Compara, which

assigns orthology mapping by building phylogenetic trees of

homologs using a maximum likelihood approach (Hubbard et al.

2007). For each of the 19,256 human genes, we calculated the CGN

score using chimpanzee as a reference species. To ensure that er-

rors in genome assembly or orthology detection do not affect the

Figure 1. A model describing how change in gene neighborhood might contribute to expression
divergence. The genetic material is shown as a curly orange object and as a black line. The gene of interest
is shown as a circle and box in green color. Neighbors of the gene, which are conserved between two
species, are shown as red circles and boxes. The new neighbors of the gene upon incorporation into
a new neighborhood are shown as blue circles and boxes. If the neighborhood of a gene is altered in one
species relative to the other (and vice versa), the gene is likely to experience a different transcriptional
environment. We postulate that an altered transcriptional environment is likely to lead to expression
divergence between species. This may also result in a spectrum of phenotypic consequences, ranging
from deleterious to neutral or advantageous upon which natural selection can operate.
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calculation of the CGN score, we performed control calculations

and used several filters. First, we used the Macaque genome

sequence as an out-group reference species to remove potentially

spurious instances of genes with altered neighborhood (see Sup-

plemental Table S2). We further removed all genes that are located

in incompletely assembled genomic regions and the chromosomal

band nearest to the telomeres and centromeres since such regions

are often subject to sequencing errors and structural variations. We

also excluded one-to-many, many-to-one, and many-to-many

orthologs and focused only on one-to-one orthologs. This resulted

in 16,868 genes with CGN scores (see Supplemental Table S3) of

which ;18% (3152 genes) have altered their neighborhood either

in human or in chimpanzee. It should be noted that because of the

way in which the CGN score is calculated, the identification of

genes with low CGN would include both the set of genes that have

changed their neighborhood either in the human lineage or in the

chimpanzee lineage after the split from their common ancestor. Of

the 3152 genes, 98 (;0.6%) have a CGN score of 0 suggesting that

they have completely changed their genomic neighborhood, pos-

sibly by being transferred into an entirely different region or due to

an incorporation or deletion of genetic material around the gene

after the split from the common ancestor.

Chromosomal distribution

We observed that the genes with low CGN score map to all the

human chromosomes and are scattered over the entire length of

the chromosomes (see Supplemental Table S4). We then in-

vestigated the chromosomal distribution of genes with CGN

scores to identify those chromosomes that showed an enrichment

to contain genes with low or high CGN when compared to the

genome-wide distribution using the Mann-Whitney two-tailed

test. We found that chromosome (chr) 19 (n = 1016 genes, P-value =

<2.2 3 10�16), chr 17 (n = 943 genes, P-value = 6.99 3 10�12), and

chr 11 (n = 1037 genes, P-value = <2.2 3 10�16) were the ones that

were enriched in genes with high CGN score (i.e., genes with

conserved neighborhood). On the other hand, apart from the sex

chromosomes (chr X, n = 607 genes, P-value = <2.2 3 10�16 and

chr Y, n = 28 genes, P-value = 3.63 3 10�7), we find that chro-

mosomes chr 18 (n = 248 genes, P-value = 1.23 3 10�5), chr 7 (n =

780 genes, P-value = 2.2 3 10�16), and chr 13 (n = 270 genes,

P-value = 1.93 3 10�13) show enrichment to contain genes with

low CGN. While these observations about chromosomal distri-

bution are intriguing, the biological and evolutionary implica-

tions of such patterns remain to be addressed in future studies. For

Figure 2. (A) Definition of conservation of genomic neighborhood (CGN). The gene of interest is shown in green and the neighbors of human genes
are shown in red, labeled 1–4. The different evolutionary scenarios, resulting in a CGN score between 0 and 1, while comparing the neighborhood of
orthologous chimpanzee and human genes are illustrated. Orthologs of the neighbors of the human gene in chimpanzee are shown in red and labeled
19–49. Neighbors of the chimpanzee gene that are not neighbors of the human ortholog are shown in blue. Because of the way in which the CGN score is
calculated, the identification of genes with low CGN would include both the set of genes that have changed their neighborhood either in the human
lineage or in the chimpanzee lineage after the split from their common ancestor. (B) An example of a gene with highly conserved genomic neighborhood
(CGN = 0.88, ZNF512) and completely altered genomic neighborhood (CGN = 0, MAGOHB). (C) A CGN score was calculated for every one-to-one
orthologous gene in human using chimpanzee as a reference genome and a histogram of the distribution is shown below. Genes with conserved
neighborhood (CGN > 0.5) are shown in red while those with altered neighborhood (CGN # 0.5) are shown in blue.

Genomic neighborhood and transcriptome evolution
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instance, it is well known that a significant part of the human

chromosome 17 maps to a single large segment on chromosome

11 in mouse, highlighting the high conservation of genomic

neighborhood of genes encoded in this chromosome during

mammalian evolution (Zody et al. 2006).

The impact of structural polymorphisms

Though the proportion of genes (;18% or 3152 genes) that have

altered their neighborhood either in human or in chimpanzee

appears to be substantial, it is not surprising since a comparable

number of genes experience insertions, deletions and copy number

variations in the current human population (Sharp et al. 2006) and

after the split from the common ancestor of human and chim-

panzee (Demuth et al. 2006). It should be noted that not all cases of

alteration of genomic neighborhood reported in our study may be

fixed in the human or chimpanzee lineage, as some of them might

reside in structurally polymorphic regions in the current human

and chimpanzee populations. To assess the impact of structural

polymorphisms, we analyzed several recent data sets describing (1)

copy number variations that are specific to human, specific to

chimpanzee, and shared between the two species (Perry et al. 2008),

(2) insertion and deletion polymorphisms in human populations

(Iafrate et al. 2004), (3) segmental duplications in human (She et al.

2004), and (4) inversion polymorphisms in human populations

(Bansal et al. 2007) (see Supplemental Table S5). We found that

;350 genes are affected by segmental duplication, ;350 genes by

CNV (insertion and deletion), and ;60 genes by inversion poly-

morphism. While the distribution of CGN scores of genes that re-

side in regions showing structural polymorphism tends to be lower

when compared to the genome-wide distribution, removal of these

genes did not qualitatively affect our conclusions discussed later.

Our findings suggest incomplete fixation of these events and that

such events may contribute to variation in gene expression within

the current human and chimpanzee populations. We also note that

the existing data on structural polymorphisms are not complete

and therefore believe that high-resolution, population-level struc-

tural variation data for both species will be necessary to assess the

extent of fixation and the true impact of structural polymorphisms on

the reported observations.

Genes with altered neighborhood tend to display high
expression divergence

Given that a change in the genomic neighborhood can affect the

expression of a gene (Kleinjan and van Heyningen 1998, 2005;

Xiao et al. 2008), we investigated whether an alteration in geno-

mic neighborhood is linked with gene expression divergence on

a genome-wide scale.

Expression divergence in different tissues

We compared the CGN scores of human–chimpanzee orthologous

gene pairs with the extent of expression divergence of the

orthologous genes in equivalent organs using the data set from

Khaitovich et al. (2005). In short, Khaitovich and colleagues

compared expression levels of ;21,000 orthologous genes from

six humans and five chimpanzees using probes that are identical

between the two organisms on the U133plus2 Affymetrix gene

chip. The expression levels of these genes from five different tis-

sues, i.e., heart, kidney, liver, brain, and testis were analyzed from

both organisms. For 9248 genes, which were detected as being

expressed in at least one of the tissues, Khaitovich et al. (2005)

reported expression divergence values (see Methods).

Integration of the CGN score with expression divergence

data of the genes for each tissue (Fig. 3) revealed the following

trend: When the gene neighborhood is altered (i.e., low CGN),

orthologous genes are more likely to undergo expression di-

vergence (see Supplemental Table S6). Interestingly, the trend is

most significant for the genes that are expressed in the brain

(P-value = 3.23 3 10�5, Fig. 3). More importantly, the pattern that

we discovered is consistent and is statistically significant across the

five different tissue types studied (Fig. 3; see Supplemental Table

S6). In fact, the significance of the reported trend becomes higher

when we compared the highest value of expression divergence

among the five tissues against the CGN score for the genes (P-value =

4.4 3 10�7, Fig. 3; see Supplemental Table S6). Conversely, an

analysis of the data after grouping genes, which showed expres-

sion divergence between human and chimpanzee (i.e., controlling

for expression level), revealed that if the expression levels are

different, then the gene neighborhood is more likely to be altered

compared to genes that had similar expression levels (see Sup-

plemental Table S6). These results collectively suggest that

a change in genomic neighborhood is likely to introduce alter-

ations in expression pattern during human evolution. While the

CGN score provides an estimate of the degree of change in the

neighborhood of a gene, its relationship with the extent of ex-

pression divergence need not be linear for several reasons: (1) if the

event (e.g., insertion, deletion, inversion, or translocation) that

changedtheneighborhoodof thegenedidnotalter the cis-regulatory

elements around the gene or (2) if it did not result in alterations to

the higher order chromatin structures (e.g., euchromatin or het-

erochromatin) or nucleosome modification pattern (e.g., histone

modification or DNA methylation), the effects are likely to be

neutral. Therefore, while a large change in the neighborhood

increases the chance of involving regulatory changes, the extent

of gene expression divergence need not be proportional.

It should be noted that the results presented here are not af-

fected by the cutoff used for identifying genes with altered (CGN #

0.5) and conserved (CGN > 0.5) neighborhood as we obtain similar

results when we analyze the (1) the top 10% of the genes with low

CGN (CGN < 0.416) and high CGN (CGN > 0.775) scores or (2)

when we chose the median value (CGN = 0.637) to group genes

into the low CGN (CGN # 0.637) and high CGN (CGN > 0.637)

group (see Supplemental Table S7). This suggests that the reported

findings are robust to the definition used for identifying genes with

altered or conserved neighborhood.

If we consider only those genes with conserved neighbor-

hood, about half the genes display high expression divergence (see

Supplemental Table S6). In addition, considering only those genes

with high expression divergence, about three-quarters have con-

served gene neighborhood (see Supplemental Table S6). These

observations are not surprising and only support the fact that

factors other than alterations to gene neighborhood, such as trans-

and cis-regulatory mutations, contribute to expression divergence.

In total, the observations described above are consistent with our

understanding that gene expression divergence is not driven by

a single factor, but by multiple mechanisms (Wray et al. 2003).

Taken together, our findings linking expression divergence

and change in genomic neighborhood in human and chimpanzee

implicate higher order effects, such as local chromosomal and

chromatin environment in transcriptome evolution. More im-

portantly, our findings suggest that such mechanisms act in

combination with changes that affect trans- and cis-regulatory

De et al.
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elements, in order to drive gene expression divergence. It is im-

portant to emphasize that the data on expression divergence were

available for only five organs, which are in fact made up of mul-

tiple cell types. The pattern of expression divergence in other tis-

sues remains unknown, and the estimates of expression divergence

are likely to be dampened due to the presence of multiple cell

types (i.e., higher noise-to-signal ratio compared to populations of

pure cell types from equivalent tissues). Therefore, the findings

reported here should be treated as a conservative estimate of the

impact of alteration of genomic neighborhood on transcriptome

evolution, which are nevertheless significant.

Expression divergence in different brain parts

Having made the observation that the genes with altered neigh-

borhood are more likely to undergo expression divergence and

that this trend was most significant in the brain, we investigated

if the individual parts within the brain also showed a similar

trend. To investigate this question, we used the data on expression

divergence between human and chimpanzee for the different

brain parts from Khaitovich et al. (2004). In short, the authors

measured gene expression levels using the U95AV2, U95B, U95C,

U95D, and U95E gene chips and reported expression divergence

in six equivalent brain parts (prefrontal cortex, primary visual

cortex, anterior cingulate cortex, caudate nucleus, cerebellum, and

Broca’s area) from human and chimpanzee subjects. Expression

divergence data in at least one of the six tissue types were available

for 5517 genes (Ensembl v48), for which

4783 also had a CGN score available (see

Methods).

Consistent with the results of the

tissue-level analysis described in the pre-

vious section (Fig. 3), we found that

when the genomic neighborhood is al-

tered, orthologous genes expressed in

equivalent brain parts are more likely to

diverge in their expression level. More

importantly, this pattern is consistent

and statistically significant for all the six

brain parts analyzed (Fig. 4). While the

caudate nucleus, which plays an impor-

tant role in learning and memory showed

the highest statistical significance (P-

value = 1.55 3 10�4, Mann-Whitney

test), the prefrontal cortex, which plays

a role in planning complex cognitive

behavior and in personality expression,

showed marginal significance (P-value =

9.2 3 10�2, Mann-Whitney test). The

other parts still showed the same trend

whose significance lie between these two

values. The results described here were

qualitatively similar when we used alter-

native CGN cutoffs to identify genes with

altered or conserved neighborhood (see

Supplemental Table S8). We did not an-

alyze genes that are specifically expressed

exclusively in one brain part as the

number was too low to estimate statisti-

cal significance reliably.

While several factors (e.g., purity of

the RNA samples, age of the human and

chimpanzee subjects, sample preparation, storage, etc.) can in-

crease the noise in expression data, it is difficult to control for all

these possible factors. However, the consistency in the observed

trends from the five different tissues and the six brain parts, taken

from two independent experiments, imply that such factors are

unlikely to have biased our conclusions. Thus, these observations

suggest that alteration in genomic neighborhood is an important

factor for expression divergence in the various tissues, including

the different brain parts.

Human brain shows an enrichment to express genes with
low CGN in a tissue-specific manner

Having identified genes with altered neighborhood and estab-

lished a link with expression divergence, we focused on where

such genes are expressed in humans. In particular, we investigated

if any tissue (1) showed an enrichment to express genes with low

CGN and (2) had an enrichment to express genes with low CGN in

a tissue-specific manner. To address these questions, we obtained

the expression levels for 33,495 transcripts from 17,185 genes

across 72 noncancerous human tissues from Su et al. (2004). CGN

scores and expression levels were available for 13,963 genes of

which 2574 genes had a low CGN. A transcript was considered to

be expressed in a tissue if its expression level in that tissue was

above the median value of all genes across all tissues. A transcript

was considered to be expressed in a tissue-specific manner if it was

expressed in less than 10% of the 72 tissue and cell types (i.e.,

Figure 3. Assessing the link between alteration in gene neighborhood and gene expression di-
vergence. Distributions of the expression divergence value for genes with conserved (red) and altered
(blue) neighborhood are compared using the Mann-Whitney test for five tissue types: brain, heart,
kidney, liver, and testis. For visual clarity, median expression and sample size (i.e., number of genes) for
genes with conserved and altered neighborhood categories are shown for each tissue. Y-axis is in log-
scale. Maximal expression divergence values for a gene across all five tissues versus maximal expression
divergence values for these two categories are compared using the Mann-Whitney test and the result is
shown in the bottom panel. See Supplemental Table S7 for control calculations.

Genomic neighborhood and transcriptome evolution
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expression breadth < 0.10). This resulted in the identification of

4009 transcripts that showed a strong tissue-specific expression

pattern of which 683 map to genes with altered neighborhood

(i.e., low CGN).

To investigate the first question, i.e., if any tissue shows an

enrichment to express genes with low CGN, we first calculated the

ratio of the number of transcripts from genes with low CGN that

were expressed in a particular tissue to the total number of tran-

scripts that were expressed in that tissue. An investigation of this

ratio revealed, as expected, that on average ;18% of all transcripts

that were expressed in a given tissue map to genes with low CGN,

representing the average behavior of ;18% of genes with low

CGN. This value was comparable across the different tissues sug-

gesting that most tissues express genes with low CGN to a similar

extent (Fig. 5A). To investigate the second question, i.e., whether

any tissue showed an enrichment to express genes with low CGN

in a tissue-specific manner, we calculated the proportion of tran-

scripts of genes with low CGN among the total number of tissue

specifically expressed transcripts in that tissue (Fig. 5B). One

consistent theme, which stood out in this analysis, was that most

(16 out of 17) brain tissues expressed an above-median proportion

of tissue-specific transcripts from genes with low CGN when

compared to all other tissues (Fig. 5; Supplemental Table S9) with

the prefrontal cortex showing the highest enrichment (Supple-

mental Table S9). Expression data were not available for several of

the other brain parts (e.g., caudate nucleus), which were analyzed

in the previous section.

The results presented here are consistent when a different

threshold was used to identify transcripts that were expressed in

a tissue-specific manner, i.e., transcripts with expression breadth

of <0.075 (genes expressed in five or fewer tissues) and <0.015

(genes expressed only in one tissue) (see Supplemental Table S9),

suggesting that our observations are generally robust to the choice

of parameters used. The list of genes with alterations in their ge-

nomic neighborhood and that are expressed in a tissue-specific

manner are provided in Supplemental Table S9. It should be

stressed that the genes with low CGN could have altered genomic

neighborhood either in human or in chimpanzee lineage, thereby

resulting in altered expression in that particular lineage. Since the

data on gene expression in the different chimpanzee tissues are

not available, it would not be currently possible to identify the

impact of alteration of genomic neighborhood on tissue-specific

expression pattern in chimpanzee. However, we believe that the

specific candidate genes identified in this study provide ideal

starting points to independently investigate the evolutionary

consequences of alteration of genomic neighborhood for future

studies.

Discussion

In summary, our work provides the first genome-wide view of the

impact of change in genomic neighborhood on expression di-

vergence during the evolution of human and chimpanzee. By

integrating genomic and transcriptomic data for human and

chimpanzee, we show that (1) a considerable fraction of genes

have changed their genomic neighborhood in human and chim-

panzee after the split from the common ancestor, (2) this is linked

to divergence in gene expression levels of such genes in the dif-

ferent tissues and brain parts, and (3) the human brain shows

enrichment to express such genes in a tissue-specific manner.

These observations reveal the genome-wide impact of alteration of

genomic neighborhood on expression divergence.

Though several factors (e.g., cis-regulatory elements, trans-

factors and genomic context) contribute to expression divergence

(Supplemental Table S10), it is difficult to quantify and tease

apart the contribution of individual factors for several reasons.

First, identification of true cis-regulatory elements in human

promoters and linking their mutation patterns to expression di-

vergence is not straightforward and only limited work has

addressed issues related to this question (Haygood et al. 2007;

Prud’homme et al. 2007; Wray 2007). Second, while studies by

Wittkopp et al. (2004, 2008) have compared the relative contri-

bution of cis- and trans-mutations in gene expression divergence

for a set of genes in fruitfly, no such study at the genome scale

has been carried out for humans. Third, changes in the neigh-

borhood of a gene of interest (as measured by our CGN metric) will

also be associated with potential alterations in non-coding regu-

latory elements. For instance, it was recently reported that

single nucleotide mutation rate increases close to sites of insertion

or deletion of genetic material in eukaryotes (Tian et al. 2008).

Finally, gene expression divergence between human and chim-

panzee has been studied only for a small number of tissues

Figure 4. Investigating the impact of alteration in gene neighborhood on gene expression divergence in different brain parts. Distributions of the
expression divergence value for genes with conserved (red) and altered (blue) neighborhood are compared using the Mann-Whitney test for six different
brain parts. Y-axis is in log-scale. For visual clarity, median expression and sample size (i.e., number of genes) for genes with conserved and altered
neighborhood categories are shown for each brain part. See Supplemental Table S8 for control calculations.
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Figure 5. Distribution of the fraction of transcripts that map to genes with low CGN which are expressed (A) and expressed in a tissue-specific manner
(expression breadth < 0.1) (B) for the various tissues. 13,963 genes for which expression data and CGN score are available were investigated. (A) The ratio
of transcripts that map to genes with low CGN to all the transcripts expressed in that tissue is shown for each of the 72 tissue types. (B) The ratio of tissue-
specific transcripts from genes with low CGN to all transcripts that are expressed in a tissue-specific manner in that tissue is shown. The mean value across
all tissues is shown by a continuous line and the first standard deviation represented by a broken line. Prefrontal cortex, which has the highest over-
representation of tissue-specific expressed transcripts that map to genes with altered neighborhoods, is marked with a red asterisk. All brain tissues with
above-mean proportion of tissue-specific transcripts from genes with altered neighborhoods are highlighted by a dashed green box.
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(Khaitovich et al. 2004, 2005, 2006). Therefore, the currently

available data and literature on expression divergence in humans

and the role of these factors on transcriptome evolution on

humans are insufficient to make a rigorous comparison of the

different effects.

The findings presented in this study illustrate the evolu-

tionary significance of an emerging concept: the local chromo-

somal and chromatin environment and spatial organization of the

genome in the nucleus affect gene expression (Misteli 2004; Fraser

and Bickmore 2007; Lanctot et al. 2007; Babu et al. 2008). For

instance, a recent study demonstrated that the human genome is

organized into discrete domains of transcriptional activity (Guelen

et al. 2008). Another study (Gierman et al. 2007) reported that

identical green fluorescent protein (GFP) reporter constructs

integrated at several different chromosomal positions showed

expression levels that correspond to the activity of the domain of

integration. Given the existence of such domains of transcrip-

tional activity, alterations in gene neighborhood could well lead

to changes in gene expression pattern, thereby contributing to

the transcriptome-level evolution. Interestingly, since most mul-

ticellular eukaryotes are diploid (or polyploid) a change in geno-

mic neighborhood of one copy of a gene could contribute to allele-

specific expression divergence between individuals in a pop-

ulation. Given the recent discovery that mono-allelic expression

is a widespread phenomenon (Gimelbrant et al. 2007) and can

have important consequences (e.g., issues with dosage balance;

Birchler et al. 2005), our findings also suggest a possible mech-

anism that contributes to creating diversity in individual cell

types.

Some previous studies have suggested that gene expression

divergence is largely neutral (Khaitovich et al. 2006), while

others have suggested that they may be selected during evolution

(Haygood et al. 2007) and this has been a topic of intense debate in

recent times (Pennisi 2008). Our observation that change in

neighborhood is linked with gene expression divergence, together

with our finding that the tissue-specific genes in the human

brain tend to have altered genomic neighborhood, prompts us to

speculate that expression divergence due to alterations in neigh-

borhood could be one of the factors that contributed to the dif-

ferences in cognitive abilities and other traits between human

and chimpanzee. This hypothesis is particularly interesting in

light of the fact that very little evidence is found for the differences

in coding sequences between orthologous genes, which could

explain the disparity in cognitive abilities of human and chim-

panzee (The Chimpanzee Sequencing and Analysis Consortium

2005; Khaitovich et al. 2005). Although most of the observed gene

expression divergence might be neutral, those which confer a fit-

ness advantage would be selected during evolution. Even if the

effects of gene expression divergence may be subtle, a minor

change in expression of a regulator, pleiotropic, or developmental

gene could have major phenotypic consequences (Abzhanov et al.

2004, 2006; Wu et al. 2004). This is also likely to be true for

genes that function as evolutionary capacitors (Yeyati et al. 2007;

Levy and Siegal 2008; Yeyati and van Heyningen 2008) and those

that display expression-level dependent phenotypes (Dipple and

McCabe 2000; Van Heyningen and Yeyati 2004).

To infer the real impact of alterations in genomic neigh-

borhood of specific genes, carefully designed experiments are

required as the effects are likely to be context dependent and

subtle. In this regard, we believe that the candidate genes identi-

fied in our work will serve as a good starting point for future

studies.

Methods

Data set
Chromosomal location of the genes and other relevant in-
formation for human (Homo sapiens, NCBI 36), chimpanzee (Pan
troglodytes, PanTro 2.1), and macaque (Macaca mulatta, MMUL1.0)
genomes were obtained from Ensembl Release 48 (Hubbard et al.
2007). Orthologs of human genes were obtained from Ensembl-
Compara Release 48, which identifies orthologs by building phy-
logenetic trees of homologs using a maximum likelihood ap-
proach (Hubbard et al. 2007).

Calculation of the conservation of genomic neighborhood
score

We define a metric called conservation of genomic neighborhood
(CGN) (see Fig. 2A) to estimate the extent to which the neigh-
borhood of a gene is maintained between the species of interest
(human) and the reference species (chimpanzee or macaque). For
every human gene AHS that has an ortholog APT in chimpanzee, we
first identify all the neighbors (NA

HS) of AHS within a window (w)
of 2 Mb centering on the gene. We then identify all the neighbors
(NA

PT) of the chimpanzee ortholog APT within a window of 2 Mb
and identify how many genes in NA

HS have orthologs in NA
PT,

denoted as NA. The CGN score for the gene AHS is computed as NA/
NA

HS. In other words, the CGN score represents the proportion of
neighboring genes that is conserved between the two species
within 2 Mb around a gene of interest. It should be noted that
because of the way in which CGN score is calculated, the identi-
fication of genes with low CGN would include both the set of
genes that have changed their neighborhood either in the human
lineage or in the chimpanzee lineage after the split from their
common ancestor. For a highly conserved neighborhood, the
CGN score is closer to 1, and approaches 0 if the genomic neigh-
borhood is completely altered. Since most of the primate dupli-
cation events, insertions or deletions via transposable elements are
less than 1 Mb (Bailey and Eichler 2006) and because such events
affect the genomic neighborhood, we chose a conservative win-
dow size of 2 Mb to calculate the CGN score of orthologous genes
to capture such effects. Genes with CGN scores of #0.5 or >0.5
were defined as those that either altered or conserved their geno-
mic neighborhood, respectively. See Supplemental Table S3 for the
list of genes and their CGN scores.

Quality control and control calculations for CGN score

CGN scores were computed for all the human–chimpanzee
orthologs after removing (1) genes residing in regions of in-
complete assembly, (2) one-to-many, many-to-one and many-to-
many orthologs, and (3) genes residing in the band next to the
telomeres and centromeres of all chromosomes (see Supplemental
Table S2). To identify spurious cases of genes that appeared to have
a low CGN score due to genome assembly errors, or arising from
complications with ortholog identification, we computed the
CGN values using macaque as a reference species (see Supplemental
Table S2). By comparing the CGN scores obtained using chim-
panzee and macaque as a reference species, we identified and re-
moved such problematic genes (< 1% of all genes) from further
analysis (see Supplemental Table S2). To ensure that the CGN score
for a gene obtained using the above definition was not sensitive to
the choice of the parameters used, we recalculated the scores using
alternative methods: (1) by using different values of the window
size (i.e., w = 1 Mb or 3 Mb) and (2) by using a variable window size
but a fixed number of neighboring genes around the gene of in-
terest (i.e., NA

HS = 30 or 40 genes). The CGN score obtained using
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these definitions were largely similar suggesting that the CGN
scores are generally robust to the choice of the parameter used (see
Supplemental Table S1).

Structural variation analysis

Copy number variations specific to human and chimpanzee lin-
eages and those shared between the two species were obtained
from Perry et al. (2008). The positions of human segmental
duplications were obtained from the Segmental Duplication Da-
tabase (She et al. 2004). Positions for insertions and deletions in
the human populations were obtained from the Database of Ge-
nomic Variants where InDel information was culled from several
published studies (Iafrate et al. 2004). Inversion polymorphism for
the human HapMap population was obtained from Bansal et al.
(2007).

Expression divergence analysis for the five tissue types

Data on gene expression divergence were obtained from Khaitovich
et al. (2005). The authors investigated expression divergence be-
tween human and chimpanzee using the U133plus2 Affymetrix
gene chip containing probes for ;21,000 genes. Expression di-
vergence values were available for 9248 orthologous genes in at
least one of the five tissues (brain, heart, kidney, liver, and testis).
Expression divergence was defined by the authors as an average
squared difference in normalized gene expression across all probes
with detectable gene expression between species. A gene was de-
fined as differently expressed in both human and chimpanzee in
a particular tissue if it was detected and had a consistent direction
of change in all pairwise comparisons of the probes. Genes num-
bering 8176 had both CGN score and expression divergence data
available (see Supplemental Table S6 for details of the calculation
and an extended discussion). The results described here were
similar when we used alternative cutoffs to identify genes with
altered or conserved neighborhood (see Supplemental Table S7).

Expression divergence analysis in six brain parts

Data on expression divergence of genes in six brain parts were
obtained from Khaitovich et al. (2004). The authors investigated
expression level of transcripts using the U95AV2, U95B, U95C,
U95D, and U95E gene chips and reported expression divergence
value for six equivalent brain parts (prefrontal cortex, primary
visual cortex, anterior cingulate cortex, caudate nucleus, cerebel-
lum, and Broca’s area) between human and chimpanzee. Average
signal log ratio between human and chimpanzee (AVE_SLR) and
standard deviation (SD) of measurement for each probe was
available. We excluded the probes, which could not be mapped
to Ensembl genes (v48) and those that mapped to multiple genes.
If multiple probes map to the same genes, we observed that
the extent and direction of expression divergence between such
probes were not necessarily consistent. Therefore, we excluded
such probes (and the corresponding genes) from further analysis.
Expression divergence data in at least one of the six tissue types
were available for 5517 genes, of which 4783 also had the CGN
score calculated. Statistical analysis was performed on the genes
for which the signal-to-noise ratio is not very low (AVE_SLR/SD >

0.5). The results described here were similar when we used alter-
native cutoffs to identify genes with altered or conserved neigh-
borhood (see Supplemental Table S8).

Tissue-specific expression analysis

Mas5 condensed expression data (GNF1H) for 33,689 probes from
72 normal human tissues were obtained from Su et al. (2004).

Probes were mapped onto 33,495 transcripts from 17,185 human
genes, of which 26,038 transcripts from 13,963 genes had CGN
score available. A transcript was considered to show tissue-specific
expression if it was expressed in at least one tissue and had above-
median expression (>321 a.u.) in less than 10% (i.e., expression
breadth < 0.1) of the tissue types considered (see Supplemental
Table S9). The results presented here were similar when a different
threshold was used to identify transcripts that were expressed in
a tissue-specific manner, i.e., expression breadth of <0.075
(expressed in five or fewer tissues) and <0.015 (expressed in only
one tissue) (see Supplemental Table S9).
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