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Following recent technological advances there has been an
increasing interest in genome structural variants (SVs), in
particular copy-number variants (CNVs) - large-scale
duplications and deletions. Although not immediately evident,
CNV surveys make a conceptual connection between the fields
of population genetics and protein families, in particular with
regard to the stability and expandability of families. The
mechanisms giving rise to CNVs can be considered as
fundamental processes underlying gene duplication and loss;
duplicated genes being the results of ‘successful’ copies, fixed
and maintained in the population. Conversely, many
‘unsuccessful’ duplicates remain in the genome as
pseudogenes. Here, we survey studies on CNVs, highlighting
issues related to protein families. In particular, CNVs tend to
affect specific gene functional categories, such as those
associated with environmental response, and are depleted in
genes related to basic cellular processes. Furthermore, CNVs
occur more often at the periphery of the protein interaction
network. In comparison, protein families associated with
successful and unsuccessful duplicates are associated with
similar functional categories but are differentially placed in the
interaction network. These trends are likely reflective of CNV
formation biases and natural selection, both of which
differentially influence distinct protein families.
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Introduction

Gene duplication is a major process leading to novel
genes and proteins, which may naively be assumed to
be a relatively slow process in evolutionary terms. How-
ever, recent results from the field of genetics argue that
gene duplication has occurred frequently during the
recent history of the human population and that gene
duplicates occur in humans in variable numbers and may
be constantly generated e novo. Studies measuring
human genome variation are receiving much attention
currently [1], as novel genomics approaches have revealed
an unanticipated level of genetic variation in the human
population (e.g. [2,3,4°%,5-7]). A type of variation that was
recently found to be abundant in the human genome is
genome structural variation [4°%5,7-13,16]. Genome
structural variants are generally defined as (e.g.
[14,15]), Kkilobase- to megabase-sized deletions, inser-
tions, duplications, and inversions. Furthermore, struc-
tural variants cause more sequence differences between
humans than the widely studied single nucleotide poly-
morphisms (SNPs) [4°°,5-7,14,15], if one considers the
total number of nucleotides spanned by both forms of
variation. Even though genome structural variants can
alter the intron/exon-structure of genes by disrupting
exons or fusing genes together [5], they frequently span
entire genes leading to different gene copy-numbers
between individuals. Following the first genome-wide
mapping in humans [8,16], genome structural variants
have been identified in several mammalian genomes (e.g.
[17-20,21°,22]) and at varying levels of resolution (see
Box 1). Here, we use the term copy-number variant
(CNV) to refer to a genome structural variant leading
to changes in gene copy number (rather than an inversion
or a variant not encompassing genes, both of which may
also influence protein function, for example by influen-
cing gene regulation). While there have been ecarly
insights on the origin of small indels (<1 kb) (e.g.,
[23,24]), we are just now beginning to understand which
mechanisms are commonly behind the formation of
CNVs. Recent advances in understanding these for-
mation-mechanisms [5,25] have been fueled by the de-
velopment of approaches for mapping genome structural
variation at the resolution of base-pairs (Box 1).

CNVs are of significance in relation to the human pro-
teome in various ways. First, copy-numbers of protein-

coding genes can be strikingly different between appar-
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Box 1 Recent technological advances led to an improvement of SV
maps

Our understanding of CNVs was considerably enhanced by novel
high-resolution genomics technologies (Figure 4). Genome-wide
microarray technologies on the basis of bacterial artificial chromo-
somes or representational oligonucleotide microarray analysis
(ROMA), which uses short oligonucleotides probing genomic loci at a
density of one oligonucleotide per 30 kb, enabled generation of a first
record of CNVs in the human genome [8,16]. Subsequently,
mapping-resolutions have considerably increased following the
development of computational approaches for mapping fosmid
clone-ends to the reference genome [9], the mining and statistical
analysis of SNP genotyping data [10,11], and the development of
high-resolution oligonucleotide microarray technology [12,25,69,70°]
For instance, high-resolution comparative genome hybridization (HR-
CGH) [70°] based on oligonucleotide tiling arrays enables the
generation of CNV maps at a resolution below 300 bp. Novel
sophisticated computational approaches [65,71,72] have facilitated
scoring and interpreting the data, and allowed mapping the actual
physical boundaries, or breakpoints, of CNVs systematically
[25,65,70°]. Other recent surveys provided records of small and
medium-sized indels based on comparing raw DNA sequence reads
[73] and alternative human genome assemblies [6,74] to the human
reference genome. Furthermore, a recent survey based on next-
generation DNA sequencing provided a genome-wide account at
sub-kilobase resolution of genome structural variants — that is
deletions, insertions and inversions - in two human genomes by
high-resolution and massive paired-end mapping (PEM) [5].

ently healthy (‘normal’) individuals (e.g. [4°%,28,29°°]),
with instances of up to 10 additional copies reported for
several protein-coding gene loci (e.g. [28,29°°,30,31]). In
line with this, CNV ¢ novo-formation is thought to be
constantly ongoing in mammalian genomes [21°,26,27],
with obvious implications for protein evolution; in fact,
CNV genesis may occur at rates higher than point
mutations with impact on gene function. Finally, results
from several studies point to a tight relationship of gene
copy-number with messenger RNA and protein expres-
sion-level (e.g. [29°°,32]). Variation at the level of gene
expression may represent the underlying basis for several
phenotypic traits associated with CNVs, such as dietary
preferences across distinct populations [29°°] or the
susceptibility to diseases including HIV [28], breast can-
cer [33], autism [26], and several auto-immune diseases
[30,31,34]. Furthermore, through this ‘gene-dosage’
effect, CNVs may influence protein complex formation
and tightly regulated cellular systems. Since some of
these require their individual components to be
expressed at stoichiometrically precise levels, a CNV
may have potential harmful (or beneficial) effects. Many
additional phenotypic relationships are likely to be dis-
covered in the near future with the ongoing application
and improvement of approaches for ascertaining CNVs
(Box 1) and for associating CNVs and phenotypes [35-
37]. Thus, CNVs are not only relevant to population
genetics, but should to be considered in systems biology
and proteomics studies. CNVs may constitute a source of
redundancy and thus evolvability or robustness, that is
provide ‘replacement proteins’. Often, CNVs will behave
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selectively neutral (similar to most SNPs). Nevertheless,
they represent a genomic pool of evolving transcripts,
genes, and proteins that in longer evolutionary terms may
become fixed in the population as novel genes. Here, we
summarize recent findings in the field of genome struc-
tural variation and discuss implications for the systems
biology and proteomics fields.

An abundance of copy-number variants in the genome
Knowledge on CNVs has dramatically increased follow-
ing recent technological advances (see Box 1). For
instance, a CNV map generated from data of over two
hundred individuals has revealed that 12% or more of the
human genome may be prone to copy-number variation
[4°°]. Recent studies at considerably higher resolution
sufficient to map small CNVs (<50 kb) and to identify the
precise boundaries (or breakpoints) of CNVs have
revealed that the number of genome structural variants
(>1 kb) that distinguish genomes of different individuals
is at least on the order of 600-900 per individual [5,6]. Of
these, approximately ~150 genome structural variants per
individual presumably directly affect protein-coding
genes by intersecting with them [5]. Morcover, recent
surveys have led to a re-estimation of the total amount of
sequence divergence between individuals; while it was
initially assumed that the genomes of two unrelated
individuals differ by ~0.1% (mainly because of SNPs),
it has recently been estimated that at least 0.5% of our
genomes differ [6], with the majority of variation being
owing to CNVs.

Considerations for our understanding of protein
evolution

Recent findings concerning the abundance of CNVs in
the human genome add to current perspectives on gene
duplication and loss — essential processes in genome and
proteome evolution. For nearly a hundred years, dupli-
cation of genetic material has been regarded as an import-
ant factor in the evolution of higher organisms (sece [38]
and references therein) — and protein birth by duplication
is widely considered to be more common than formation
of proteins ‘from scratch’ [39]. Following gene dupli-
cation, one of the newly generated paralogs may escape
selective constraints (purifying selection) and become
free to acquire a new function (neo-functionalization).
Furthermore, both paralogous sequences may experience
decreased selective pressure after duplication, which may
reflect partitioning between paralogs into different func-
tions which had been combined in the multifunctional
ancestral gene [40,41] (sub-functionalization). Gene
duplication is also thought to be a major contributor to
the evolution of protein networks [42], even though it
may not account for the evolution of complex molecular
machines [43]. Duplications may evolve in an effectively
neutral fashion over extended evolutionary time scales
[41]. They further may be advantageous to the cell by
increasing the robustness against mutations (e.g. [37]).
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Moreover, at short evolutionary time scales the potential
to modify gene/protein expression levels through gene
dosage change may promote gene duplications and losses.
In this regard, a genome-wide study [32] has recently
reported relationships between CNVs and mRNA levels.
Furthermore, Perry ez a/. [29°°] found that increased copy-
numbers of the amylase gene reflect higher levels of
protein expression and are correlated with dietary pre-
ferences for starch. Note that a single CNV formation
event — a type of mutation that for some genomic loci
appears to occur more frequently than nucleotide substi-
tutions (see below) — may be sufficient to specifically
promote gene expression modification; thus gene copy-
number changes may facilitate evolutionary adaptation
involving protein abundance change. Nevertheless,
nucleotide substitutions having an effect on the regula-
tion of gene expression are likely to eventually supersede
gene-copy number increase (or decrease), that is take over
in the long run; in particular, maintaining a large number
of identical genes per genome during longer evolutionary
time scales is likely causing significantly increased ‘costs’
related to genome stability and repair.

De novo CNV formation

The abundance of CNVs in the genome indicates that
gene duplication (and loss) probably occurs at a constant
and high rate in humans. For a number of loci in the
genome involved in commonly recurring genomic dis-
orders — regions in which CNVs may recur frequently —
this rate has recently been estimated to be 1e-4 to 1e-6 per
generation [44], which is considerably higher than the rate
at which point mutations are thought to occur (Ze-8; see
refs. in [44]). Furthermore, in a recent analysis involving
inbred mice, CNV formation rates as high as 1e-2 to 1e-3
have been inferred for loci encoding genes [21°]. Note
that in order to properly compare these rates we have to
take into account the fact that the rate at which CNVs
arise has been determined for large loci and large CNVs,
for example of 100 kb in size, whereas the point mutation
rate is given per nucleotide. If we consider that ~1% of
the genome comprises coding sequence, then the rate at
which protein coding sequence will experience a new
point mutation within a given 100 kb locus is approxi-
mately 2e-8 * 1e5 * 0.01 = 2e-5. Conversely, any given
novel CNV of 100 kb would affect protein-coding
sequence in the given locus. Thus, for several gene loci,
CNVs formed de novo may be significantly more likely to
affect coding sequence than point mutations. Frequently,
point mutations will remain silent (e.g. if they fall into
synonymous sites) and may have little or no effect on
protein function. On the other hand, protein duplicates
may not always be expressed, and expression differences
may sometimes have little or no functional consequence.

CNVs, gene duplicates and formation bias
It is evident from genome-wide surveys that CNVs exhi-
bit a highly non-uniform distribution along chromosomes.

"This distribution may have different causes: First, it may
be owing to biases in the ascertainment of CNVs. Second,
locus-specific differences in the rate at which CNVs are
formed may cause this disparity. Finally, the distribution
may be owing to natural selection acting differentially
throughout the genome, that is relative to phenotypic
changes caused by different genomic regions that are

affected by CNVs.

We believe that the fact that several complementary
technologies have detected CNVs at overlapping geno-
mic loci (which becomes quickly apparent when browsing
the Database of Genomic Variants (DGV) [16]) indicates
that technological biases are unlikely to be responsible for
the trend.

However, discerning the remaining two potential causes is
not straightforward. Mutation, population-variation and
fixation by natural selection or random drift have been
studied extensively in relation to SNPs, but much less so
for CNVs. The existence of genomic loci undergoing
recurrent de novo structural rearrangements in relation to
disease [44] suggests that genomic CNV formation biases
exist. In this regard, for instance, subtelomeric regions
represent hot spots for interchromosomal recombination
[45] and segmental duplication of genomic sequence
[45,46]. In line with this, results from Redon ez a/. [4°°]
indicate an enrichment of CNVs in subtelomeric regions
(within 500 kb of the ends of chromosome arms). Con-
sequently, breakage or fusion of chromosomes during the
evolution of mammalian genomes may have influenced the
rate of duplication (and loss) of gene families across species.

Natural selection: enrichment and depletion in biological
processes

Natural selection can be analyzed by studying the overlap
of CNVs with various functional elements. For instance,
recent studies have revealed that protein-coding genes,
and also other genomic elements including highly con-
served non-coding regions, tend to be depleted among
CNVs, indicating purifying selection [4°°,5,47]. In
particular, deletions appear to be under stronger selection
than duplications [4°*]. Furthermore, certain functional
categories of protein-coding genes are more prone to be
affected by CNVs than others. For instance, Table 1
shows a strong enrichment among CNVs for several
protein domains. Our survey presented in Figure 1
extends this analysis by assessing which protein func-
tional categories are most strikingly enriched or depleted
amongst CNVs: consistent with earlier surveys we find
that proteins involved in processes related to environ-
mental response tend to be enriched in CNVs
[4°°,5,8,9,14,48,49] and duplicated genes retained in
the genome [50], whereas proteins involved in funda-
mental cellular functions, such as cellular physiological
processes, tend to be depleted. While the latter trend is
presumably due to purifying selection owing to con-
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Figure 1
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Enrichment and depletion of gene functional categories (gene
ontology (GO) annotation [67], GO biological process, level 3) among
genes affected by CNVs. Significant enrichment (red shading) and
depletion (blue shading) of protein-coding genes were determined
using software published in [68] (Bonferroni-corrected P-value cutoff
of 0.01). Genomic coordinates of CNVs (build hg18) were obtained
from DGV [16] on 30 November 2007. A high-confidence list of
recently successfully duplicated genes was obtained by collecting
RefSeq genes spanned by segmental duplications (SDs) retrieved from
http://eichlerlab.gs.washington.edu/database.html. Gene coordinates
and GO annotations were obtained from Ensembl (http://
www.ensembl.org/biomart/martview). Functional categories observed
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straints, some of the former enrichment may be owing to
positive selection. Such effects should be observable also
in fixed variants. Hence, we extended our survey by
comparing CNVs to ‘successful duplicates’ (i.e. recent
segmental duplications), and ‘unsuccessful duplicates’
(nonprocessed pseudogenes, i.e. duplicated genes that were
recently inactivated by mutation; e.g. [51,52]). The distri-
butions for successful duplicates reveal trends similar to
the ones observed for CNVs and to some degree for
duplicated pseudogenes (Figure 1b). That is, we observe
enrichments for environmental response categories, con-
sistent with earlier surveys (e.g. [51]). Our results are
consistent with constraint (purifying selection) acting on
dosage sensitive genes, leading to the removal of extra
gene copies that cause dosage imbalance.

Additionally, our survey shows that unsuccessful dupli-
cates tend to be longer than successful duplicates
(Table 2), both at the gene and at the protein level.
Although this trend may partially be influenced by the
way successful and unsuccessful duplicates have been
ascertained, the observations are in line with previous
findings that complex genes, such as alternatively spliced
ones that are on average longer than non-alternatively
spliced genes [53], tend be less prone to duplication than
genes with few exons and no or few additional splice
forms [54-56].

Natural selection: relationship of duplications and
protein interaction networks

Selection rarely acts on functions carried out by a protein
‘in isolation’. Most proteins, rather than working as a
single entity, act iz concerr as members of a tightly
regulated pathway or as a large multi-protein complex.
Consequently, the level at which proteins tend to be
affected by CNVs is partially reflected in the protein’s
role in the protein interaction network, that is the entirety
of proteins thought to interact in the cell: Recently, it was
shown that CNVs are more likely to affect proteins at the
periphery of the network (with few interaction partners),
whereas proteins at the network center (many interaction
partners) are less likely to be variable in copy number
[57°,58°]. These observations are consistent with an over-
representation of small protein families (having few or no
paralogs) in the center of protein networks [59] and the
observation that members of large protein families tend
not to be involved in protein complexes [60]. It is plaus-
ible that proteins at the network periphery are under less
evolutionary constraint and are thus freer to evolve. In
contrast, duplicates affecting the network center may be
detrimental and thus more likely to be selectively

(Figure 1 Legend Continued) in less than 2% of genes were
grouped into ‘other’. (a) Depletion and enrichment of GO categories
among CNVs. (b) Depletion and enrichment of GO categories among
successful gene duplicates. (c) Depletion and enrichment of GO
categories among unsuccessful duplicates (i.e. nonprocessed
pseudogenes).
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Table 1

Most significantly enriched protein domains in CNVs

Interpro ID Enrichment P-value Domain-function
among CNVs (Bonferroni-corrected)
IPR0O10630 2.0 1.9E-10 Domain of unknown function (DUF1220); suggested
to be involved in brain functions [62]
IPR012604 6.8 2.3E-10 C-terminal domain found in certain RNA-binding proteins
IPR0O00725 1.2 2.4 E-10 Olfactory receptor (GPCR)
IPR003597 1.3 2.4E-10 Immunoglobulin C1-set
IPRO03006 1.3 5.9E-10 Immunoglobulin/major histocompatibility complex motif
Figure 2
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Gene duplicates and the human protein interaction network. (a) Recently successfully duplicated genes are significantly enriched at the periphery of
the protein network, as evidenced from a significantly decreased average betweenness centrality with P < 0.01 (the interaction network was
constructed and the P-values generated as described in [57°]). (b) Unsuccessful duplicates are significantly enriched at the network center, P < 0.01.
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Figure 3 Table 2
Influence of the lengths of protein coding genes
(a) OMIM-association of protein domains present in i
copy-number variable genes Peptide length Gene length
(Difference is significant at P<0.01 based on permutations) (@amino acids) (base pairs)
90% Genome-wide average 641 75,912
80% 1 Successful duplicates 398 15,638
70% CNVs 583 38,299
60% Unsuccessful duplicates 736 52,126
50% 1
40% 1
30% 1 Natural selection: other influences on copy number
04, 4 - -
fg o’;“ variation
0‘;: | Besides purifying selection, positive or directional selec-
: Copy-number variable Other tion has been implicated in influencing the distribution of
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copy-number variable genes For instance, genes frequently affected by CNVs were
. (Difference is significant at P<0.01 based on permutations) reported to exhibit elevated rates of amino acid change in
ige evolution [48], which may be an indicator for positive
16% selection. Moreover, a recent case study focusing on the
14% 1 salivary amylase protein Amy1 has concluded that AMY7
%% 1 . . . .
1(2];" ] gene copy number in human populations likely underlies
o P .. .
8% diet-related positive selection pressures [29°°]. Further-
6% 1 more, CNVs are, similar to positively selected nucleotide
() . . . .
% changes, biased to the protein interaction network per-
2% . .. : . . .
0% | iphery [57°]; thus, adaptive evolution — involving SNPs or
Copemumbervansbio o R CNVs — may act at the periphery of the network rather
Current Opinion in Structural Biology . .
than the center. Concerning successful gene duplicates,

Disease associations of protein domains in genes affected by copy-
number variation. (a) CNVs are significantly associated with disease
genes. Associations between protein domains and diseases were
retrieved from OMIM (http://www.ncbi.nim.nih.gov/omim). (b) Enrichment
of protein domains of cancer-related genes among CNVs. Genes
implicated in cancer were obtained from CGC (http://www.sanger.ac.uk/
genetics/CGP/Census; data downloaded on 4 January 2007).

removed. The latter is strongly supported by the fact that
unsuccessful gene duplicates are observed at the network
center at a significantly higher frequency than successful
duplicates (Figure 2).

Figure 4

several groups have reported signs of positive selection (at
the level of amino acid replacements) for recently gener-
ated gene duplicates in primates (see e.g. [61,62]) and
rodents [63]. Finally, a recent computational analysis has
presented evidence for substantial positive selection in
hotspots of recently formed segmental duplications in
humans [64°]; these hotspots are presumably subject to
recurrent e novo gene duplication.

At least for some genes it appears that gene copy-number
may evolve in a neutral fashion: for instance, Nozawa ¢z a/.
[56] reported that no significant difference exists in the
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Efficient high-throughput functional genomics technologies used for identifying CNVs in a genome-wide fashion. Figure adapted from [75].
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amount of CNVs between functional and nonfunctional
(i.e. pseudogenic) sensory receptor genes, a gene family
particularly prone to structural variation (e.g. [4°%,5]). On
the other hand, the positive effect of gene duplication or
loss in the case of CNVs spanning more than one gene
may in some instances balance or overshadow the poten-
tially negative impact of protein dosage imbalances and
may drive the fixation of CNVs in particular regions of the
genome.

Nevertheless, negative effects of commonly occurring
CNVs are also visible in current CNV datasets
(Figure 3). In particular, a survey in which we linked
protein domains present in CNVs to the Online Mende-
lian Inheritance in Man (OMIM) and the Cancer Gene
Census (CGCQ) [66] databases revealed an enrichment of
copy-number variable genes amongst disease-related
genes; indeed, potentially positive effects of CNVs need
to be balanced against harmful influences of genome
structural variation. Improved techniques for extensively
mapping structural variation in the genome (Figure 4) will
soon enable studying associations of CNVs and diseases
comprehensively at high resolution.

Conclusions

CNVs should be considered in systems biology and
proteome evolution-related studies owing to their effect
on protein expression, function and the phenotype, and
their likely contribution to protein family evolution. After
formation and subsequent fixation following selection or
random drift, CNVs may give rise to gene duplicates or
losses; thus they represent important genomic intermedi-
ates in genome and proteome evolution.
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