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Summary

Copy number variations (CNVs) alter the transcriptional and translational levels of genes by disrupting the
coding structure and this burden of CNVs seems to be a significant contributor to phenotypic variations.
Therefore it was necessary to assess the complexities of CNV burden on the coding genome. A total of 1715
individuals from 12 populations were used for CNV analysis in the present investigation. Analysis was per-
formed using Affymetrix Genome-Wide Human SNP Array 6·0 chip and CytoScan High-Density arrays.
CNVs were more frequently observed in the coding region than in the non-coding region. CNVs were
observed vastly more frequently in the coding region than the non-coding region. CNVs were found to be
enriched in the regions containing functional genes (83–96%) compared with the regions containing pseudo-
genes (4–17%). CNVs across the genome of an individual showed multiple hits across many genes, whose pro-
teins interact physically and function under the same pathway. We identified varying numbers of proteins and
degrees of interactions within protein complexes of single individual genomes. This study represents the first
draft of a population-specific CNV genes map as well as a cross-populational map. The complex relationship
of CNVs on genes and their physically interacting partners unravels many complexities involved in phenotype
expression. This study identifies four mechanisms contributing to the complexities caused by the presence of
multiple CNVs across many genes in the coding part of the genome.

Introduction

Copy number variations (CNVs) are a form of struc-
tural variation in the genome, ranging from 1 kb to
several megabases in size, which disturb the normal
biological balance of the bi-allelic segmental state
(Cheung et al., 2003). These CNVs include duplica-
tions, deletions and insertions, and are found in all
humans. Widespread presence of CNVs in normal
individuals seems to be a significant contributor to
phenotypic variation (Beckmann et al., 2007) and
affects more nucleotides per genome than SNPs.
Analysis of individual as well as population genomes

has revealed unexpected numbers and frequencies of
CNVs in human populations indicating the existence
of diversity in CNV distribution among different
populations (Armengol et al., 2009).

Copy numbers of a segment of recurrent recombin-
ing coding or non-coding DNA hotspots attain
fixation in the genomes of a normal population
when bred over a long period of time and it is during
these times that various molecular mechanisms, in-
cluding gene dosage, gene disruption, gene fusion
and position effects, create Mendelian or sporadic
traits, or become associated with complex diseases
(Zhang et al., 2009). CNVs, especially through gene
duplication and exon shuffling, drive gene and gen-
ome evolution, which can be seen through the recur-
rent frequenting of CNVs in regions of the genome
that bear several multigene families (Niimura et al.,
2003; Go & Niimura, 2008; Sudmant et al., 2010;
Kim et al., 2012; Veerappa et al., 2013 a). However,
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CNVs, which are rare and malignant variants usually,
are more recent and may have been de novo in origin,
or they may have been passed down for only a few
generations within a family (Girirajan & Eichler,
2010). These variants have been observed in patients
with mental retardation, developmental delay, dys-
lexia, schizophrenia and autism. This growing body
of evidence across the genome suggests that CNVs
are a significant cause in contributing towards varying
human phenotypes and disorders (Redon et al., 2006;
Sharp et al., 2006; Sebat et al., 2007; Walsh et al.,
2008; Veerappa et al., 2013 b). Both low- and high-
resolution CNV studies have been performed across
control population cohorts since 2003, majorly cover-
ing Africa, America, Europe, China, Tibet, Taiwan,
India, Germany and Finland (The International
HapMap Consortium, 2003; Lin et al., 2008;
McElroy et al., 2009; Simonson et al., 2010; Chen
et al., 2011; Lou et al., 2011; Gautam et al., 2012;
Zhang et al., 2012; Kanduri et al., 2013; Liu et al.,
2013), but many of these studies have failed to explain
the genotypic complexities caused by the CNVs on
chromosomes as well as in the coding regions.

The burden of CNV on chromosomes was also
analysed, which will be published elsewhere (A. M.
Veerappa et al., unpublished observations). In brief, col-
lated CNV data from two different arrays and from
those meeting the copy number polymorphism (CNP)
calls with a log10 of odds score510 criteria were selec-
ted for the investigation. CNVs that were chosen by >5
probes and those >100 kb in size were used for CNV
calling in multiple algorithms ensuring CNVs with
only a greater degree of confidence are identified.
CNPs are those that are common and occur in the gen-
eral population with an overall frequency of greater
than 1%, whereas CNVs are less common and appear
to be relatively rare variants when compared to CNPs.
The whole-genome CNV study identified a total of 44
109 CNVs from 1715 genomes across 12 populations
with a mean size of 7000 ± 3000 kb CNV size.
Duplication CNVs were significantly higher than de-
letion CNVs and a significant portion was within 500
kb, also the CNV count considerably declined as the
size of the variation increased. We established the first
drafts of population-specific CNV maps providing a
rationale for prioritizing chromosomal regions. New
World populations showed the highest number of
CNVs across all populations. Larger CNVs were
fewer and limited only to chromosomes 9, 21, X and
Y. CNV count, and sometimes CNV size, contributed
to the bulk CNV size of the chromosome. Population-
specific CNV distribution pattern in p and q chromoso-
mal arms as well as lengthening and shortening of
chromosomes was observed. Almost equal ratios of
CNV counts were observed across all lengths of chro-
mosomes suggesting that CNV occurrence and distri-
bution is length independent. Asian populations

showed adequate loss of genome compared to others,
and sex bias was observed for the CNV presence in sev-
eral populations. Lower CNV inheritance rate was
observed for India, compared to Yoruba in Ibadan,
Nigeria (YRI) and Utah residents with ancestry from
northern and western Europe (CEU) and a total of 33
candidate CNV hotspots were identified across many
chromosomes. Around 19 905 ancient CNVs were iden-
tified across all chromosomes and populations, at vary-
ing frequencies.

In this study, we have made an attempt to identify
the CNV burden on genes in the coding regions across
all populations and to establish a stress centralized
protein interaction network and its comparative bio-
logical and molecular pathways using the CNV
genes to elucidate the possible regions of stress/discon-
nection in the pathways. We also provide several
layers of complexities contributed by CNVs on the
coding genome, which is caused by the presence of
multiple CNVs across many genes in a genome.

Materials and methods

For this study, a total of 1715 individuals involving 43
normalmembers from 12 randomly selected families re-
siding in Karnataka, India, with different age group
members ranging from 13–73 years old, 270 HapMap
samples (The International HapMap Consortium,
2003) covering CEU (CEPH collection), Han Chinese
in Beijing, China (CHB), Japanese in Tokyo, Japan
(JPT) and YRI populations, 31 Tibetan samples, 155
Chinese samples, 472 of Ashkenazi Jews (AJ) replicate
I, 480 of AJ replicate II, 204 individuals from Taiwan,
55 from Australia and 64 fromNewWorld populations
(Totonacs and Bolivians), were selected for the CNV
analysis in the genome. A total of 5 ml EDTA blood
was collected from each member of the Indian study
group and genomic DNA was extracted using a
Promega Wizard® Genomic DNA purification kit.
The isolated DNA was quantified by Bio-photometer
and gel electrophoresis. This research was approved
by the University of Mysore Institutional Human
Ethics review committee (IHEC). Written informed
consent was obtained from all the participants in ac-
cordance with IHEC requirements. The raw, unpro-
cessed data from the Affymetrix Genome Wide SNP
6·0 array for the 31 individuals from the Tibet popu-
lation, submitted by Simonson et al. (2010), and the
remaining populations except India were obtained
from the ArrayExpress Archive of the European
Bioinformatics Institute. The genotyping was per-
formed on all subjects across all study populations
using multiple algorithms. Details of genotyping, data
analysis, breakpoint validations and other programs
used in this study have been described in detail in the
supplementary material (available online).
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Results

We identified 15 185 singleton genes from a total of
126 190 genes from 44 109 CNVs (Supplementary
Table 1) across 12 populations with a mean of 1329
genes per population. Australian genomes bore the
heaviest burden from CNVs with the highest mean
of 27·51 genes per individual and the lowest burden
was observed for AJII (5·28 genes) (Table 1).

CNV burden on genes

CNVs were observed across all regions of the genomes
and we did not see any part of the genome that was
spared from the CNV burden. About 70% of CNVs
were observed in coding regions compared with
about 30% of CNVs observed for non-coding regions.
An excess of duplications compared to deletions was
observed in both coding and non-coding regions,
except in a few instances for populations such as
CHB and JPT where deletions were observed more
in the non-coding region. India, Tibet, Australia,
New World, Taiwan and AJ showed a surplus of
duplications in both coding and non-coding regions,
whereas, CHB and JPT populations showed more
deletions than duplications in both coding and non-
coding regions; however, Africa offered a balanced
level of duplications and deletions against all other
populations (Fig. 1(a)).

Chromosomes 8, 15, 17, 1, 14, 22 and 16 show a
large concentration of genes (∼10–15%) that are
under CNV influence, and this remains consistent
across all populations; however, there are considerable
differences within the populations, for instance, CHB
and CEU in chromosome 8 crosses the 35 and 20%
threshold, and also CEU and JPT show varying
gene concentration crossing 18 and 15% respectively.
Chromosomes 20, 18, 13, 12, 21 and 6 show a

significantly lower number of genes and the pattern re-
mains consistent with all populations. Sex chromo-
somes show 3–4% gene content and few populations
do not show any gene content, the same is also true
for autosomes where a few populations do not show
the presence of any genes under the CNVs in a few
chromosomes (Fig. 1(b)). CNV burden on the amount
of genes was not biased as even the smaller chromo-
somes sometimes showed >5% of gene content com-
pared to the bigger ones, also it is quite evident that
the CNV count and size factors played a relatively
significant role in the concentration of the genes.

CNVs were found to disrupt the gene structure both
entirely and partially, and a significantly higher num-
ber of CNVs were found to disrupt the entire coding
structure and these truncations were largely in the
form of duplications as opposed to deletions. Taiwan,
AJ, Tibet, Australia, India and China show (55–70%)
higher duplications in the intact regions compared
with other populations. Deletion CNVs were consider-
ably balanced and the frequency varied from 5–10%
with AJ and Australia sharing almost equal number
of deletion disruptions followed by the remaining
populations (∼5%). Further, partial gene disruptions
were also found to be more often caused by duplication
CNVs and in only a few instances were equal numbers
of duplications to deletions observed for the disrup-
tions, for instance, New World, JPT and YRI were
observed with a near equal number of duplications to
deletions ratio, whereas, Australia, AJ, Tibet, India
and Taiwan showed elevated duplication CNVs caus-
ing partial disruptions of the gene structure
(Supplementary Fig. 1(a)).

CNVs were found to be enriched in the regions con-
taining functional genes (83–96%) compared with
regions containing pseudogenes (4–17%) (Supplemen-
tary Table 2). Australia and AJI showed the highest

Table 1. Distribution of annotated and singleton genes across 12 populations

Population
Individuals
assessed

Total annotated genes Singleton genes

No. Mean % No. Mean %

HapMap-YRI-Africa 90 3992 44·35 3·16 525 5·83 3·45
HapMap-CEU-Europe 90 3841 85·35 3·04 522 5·80 3·43
Ashkenazi Jews I 464 34807 75·01 27·58 2678 5·77 17·63
Ashkenazi Jews II 480 36167 75·34 28·66 2537 5·28 16·70
HapMap-CHB-China 44 1788 40·63 1·41 372 8·45 2·44
China 155 9184 59·25 7·27 1020 6·58 6·71
Tibet 31 2586 83·41 2·04 812 26·19 5·34
India 38 2854 75·10 2·26 834 21·94 5·49
HapMap-JPT-Japan 45 1826 40·57 1·44 389 8·64 2·56
Australia 53 5952 114·46 4·71 1761 27·51 11·59
New World 41 4950 105·31 3·92 1224 26·04 8·06
Taiwan 184 18243 117·69 14·45 2511 13·64 16·53

CEU, Utah residents with ancestry from northern and western Europe; CHB, Han Chinese in Beijing, China; JPT, Japanese in
Tokyo, Japan; YRI, Yoruba in Ibadan, Nigeria.
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burden (94–96%) in functional genes, while in pseudo-
genes JPT and CHB bore the heavy burden (16–17%).
CNVs partially disrupting genes were found consider-
ably less often than entire overlapping CNVs. Partial
gene CNVs were found at a frequency of 4–15% involv-
ing both partial duplications and deletions and as antici-
pated, duplications were higher than deletions, with
Australia showing the highest partial disruptions
(∼15%) followed by Tibet and AJ. YRI and CHB (5–
6%) showed equal ratios of less partial duplication to
deletions (Supplementary Fig. 1(a)).

Gene concentration in duplication and deletion regions

Gene content was found to be over-represented in
duplication regions of 15 chromosomes, and deletion
regions of six chromosomes and absolute equal ratios
of gene presences were observed in both duplication
and deletion regions in three chromosomes
(Supplementary Fig. 1(b)). The highest gene content
under deletion CNVs was observed for CHB (24·2%)
followed by YRI (14·5%), CEU (12·9%) and AJII
(12·37%) populations, while the highest gene content
under duplication CNVs was observed at 10–12%
across all populations. There were many

chromosomes that showed no gene content under
both duplication and deletion CNV events, 42 such
deletion CNV events in 13 chromosomes and 14 de-
letion CNV events were identified from ten
chromosomes.

Gene categories

About 5901 genes from the total 15 185 singleton
genes identified in the study were divided into three
major categories of biological and functional pro-
cesses and on location using the WebGestalt tool. In
biological processes, a majority of the genes were
identified under metabolic process and biological
regulation, while the lowest burden was observed for
genes involved in growth, proliferation, reproduction
and death (177–410 genes), and ∼2400 genes remained
unclassified under any categories (Supplementary
Fig. 2(a)).

Under molecular function category, genes encoding
protein binding, ion binding and DNA binding
(nucleic acid and nucleotide binding) were signifi-
cantly high, followed by genes encoding hydrolase,
transducer and transferase activity, which were inter-
mediary, while those performing anti-oxidant activity

Fig. 1. Distribution of genes across populations. (a) Coding and non-coding regions across chromosomes for all
populations. Each cluster consists of four bars representing coding region duplication, coding region deletion, non-coding
region duplication and non-coding region deletion respectively. (b) Percentage of genes under copy number variations
across chromosomes for all populations, where each cluster represents the 12 populations in different colours.
Chromosomes 8, 15, 17, 1, 14, 16 and 22 show large concentration of genes (∼10–15%) that are under the copy number
variation influence. Chromosomes 20, 18, 13, 12, 21 and 6 show significantly less number of genes and sex chromosomes
show 3–4% gene content. CHB, Han Chinese in Beijing, China; JPT, Japanese in Tokyo, Japan; YRI, Yoruba in Ibadan,
Nigeria.
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and oxygen binding were under less burden and 2260
genes remained unclassified (Supplementary Fig. 2
(b)). The majority of genes identified coded for pro-
teins that were located in the regions of the membrane
and nucleus, while ∼300 genes were located in various
cell organelles and ∼300 were located in extracellular
regions and ∼2000 proteins remained unassigned
(Supplementary Fig. 2(c)). We analyzed the functional
enrichment of the genes contained in the CNVs from
all populations using the Panther classification system
(Supplementary Table 3). The CNVs were signifi-
cantly enriched with genes involved in olfactory recep-
tor activity, retinoic acid receptor binding and
signalling, transcription factor binding and immuno-
globulin binding.

Phenotypic abnormality of CNV genes

Although these samples are normal and well character-
ized, no medical information (except for HapMap) was
obtained, meaning that structural variation ascertained
from them is not necessarily benign or neutral. Normal
is referred to as the typical or wild-type condition with
no known health defects during the time of sampling
procedure. An effort was made to identify disease-
associated CNV genes by employing a statistical analy-
sis led prediction model involving 15 185 genes, which
are visualized based on organ system as they are bro-
ken down into fine dissected narrow units. The result-
ing network map shows a distinct grouping of genes in
the abnormality of the endocrine system with 32 genes
involved in the abnormality of the thyroid gland.
Abnormalities in skin pigmentation were found for
20 genes resulting in the hypo-pigmentation of the
skin. Abnormalities of prenatal development, by way
of decreased fetal movement and abnormality of hair
through hirsutism were found to be contained in 13
genes each. Abnormality of the urinary system, par-
ticularly of the bladder, consisted of seven genes
involved in the urinary urgency phenotype. Complete
duplication of phalanx, arthritis and anomalous tri-
chromacy phenotypes were found under fewer burdens
(Supplementary Fig. 3).

CNV genes interaction network

Discerning the components of protein interactors and
networks is a fundamental step towards understanding
the protein dynamics in a cell. Proteins identified by
CNV genes in the protein interaction network rep-
resent a mixture of both direct and indirect interac-
tors. This analysis led to the creation of 8365
high-confidence interactions (0·05% false-discovery
rate) involving 14 297 interactions, which are visua-
lized as a network (Fig. 2), the p-values have been cor-
rected for multiple testing. The network shows a
distinct grouping of >1500 proteins as the giant sub-

complexes of the network encompassing >800 com-
plexes with an elevated degree of interconnectedness.
A following group of >50 sparsely connected com-
plexes defined by the network are not connected to
other major complexes. The clustering coefficient
was found to be 0·226 with a similar centralization
value of 0·217, and the mean neighbours for a node
was ∼18·5 with a network heterogeneity of >2.
There were no isolated nodes, self loops nor even
multi-edge node pairs in the network. Betweenness
centrality, which measures the frequency of a node ap-
pearing in a short path between nodes, was found con-
centrated at 0·16–0·25 with 1–800 nodes appearing in
regions with <0·05. The closeness centrality, which
measures the mean distance from a starting node to
all other nodes, were found aggregated (>10–300
neighbours) from 0·15–0·35.

Distinct clusters of protein complexes were
observed in the CNV genes network, which showed
intense stress on certain centralized protein compo-
nents. These major protein components further show
dense connectivity to sub-nodes with similar func-
tional groups. A total of >100 clusters in the map
show significant enrichment for gene ontology (GO)

Fig. 2. Copy number variation genes protein interaction
map. Network of protein interaction clusters of genes
under copy number variations identified across
populations labeled with gene ontology accession terms.
S indicates stress regions. The network generated has a
clustering coefficient of 0·226 and the network
heterogeneity is >2. Each gene has an average of ∼18·5
neighbours. Distinct clusters showed intense stress on
certain major centralized protein components, which
further show dense connectivity to sub-nodes with similar
functional groups. A total of >100 clusters in the map
show significant enrichment for gene ontology terms, and
functional pathways (p < 0·01).
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terms, and functional pathways (p < 0·01) indicating
that members share common biological or functional
attributes. These >100 annotation-enriched clusters
include >2200 proteins that lacked any annotation.
Assessment of protein complexes provides insights
into specific as well as general functional aspects of
the map.

CNV gene enrichment pathways

Genes of the similar functional group are expected to
be enriched for GO (Panther Classification and
GO enRIchment anaLysis and visuaLizAtion tool
(GORILLA)) annotations, share the same pathways
(WikiPathways, KEGG and Pathway Commons),
enabling the integrated use of these systems to establish
biological, molecular and cellular pathways based
on the genes enriched in CNVs. The statistical analysis
to score gene enrichment on the pathway map
revealed varying enrichment along both biological
and molecular pathways (Supplementary Fig. 4 and
Supplementary Fig. 5). The biological pathway begins
from several thousands of genes, which are under
CNVs, and continues to dissect until the precise point
of significant enrichment is reached. The pathway

analyses revealed an exhaustive sum of genes to be
under the broad marquee of regulation of metabolic
processes, signalling and development (Fig. 3). Genes
for negative regulation of metabolic processes were
enriched (p-value: 10−7–10−9) compared with positive
regulation of primary and cellular metabolic process
(including nitrogen compounds) (p-value: 10−3–10−5).
Negative regulation continued to be enriched along
the downstream of the pathway with few instances of
positive regulation. Gene enrichment (p-value: 10−7–
10−9) for negative regulation was specifically observed
for nucleo-base containing compounds, macromole-
cules and other bio-synthetic processes compared with
genes enriched for regulating gene expression, RNA
metabolism and for other cellular bio-synthetic pro-
cesses (p-value: 10−3–10−5); however, the former
processes also showed negative regulation further
downstream and the enrichment of genes reached the
crucial and definitive point for DNA dependent tran-
scription regulation (p-value: 10−9).

On the enrichment of genes in the regulation of sig-
nalling and development front, the regulation process
continued to be under burden, with regulation of both
types being balanced. Genes for positive regulation
were found to be enriched for cell proliferation while

Fig. 3. Enrichment of genes under copy number variations in molecular, cellular and biological pathways. A gradient
p-value colour scale from 10−3–10−9 has been allotted for the various processes.
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genes for negative regulation were over-represented
for cell communication/signalling, especially for reti-
noic acid receptor signalling (p-value: 10−7). Genes
for cell death were significantly enriched throughout
the pathway with no deviations, and genes for regu-
lation of apoptotic processes followed by negative
regulation of programmed cell death enhanced the
pathway leading to significant negative regulation of
apoptotic process (p-value: 10−9). Genes were slightly
under-represented in pathways involving golgi orga-
nelles (protein localization and tagging, and vesicle
recycling) and digestion processes (p-value: 10−3).

Genes in molecular functions were enriched in sig-
nalling mechanisms preceded by receptor binding
events, while those involved in catalytic activity were
less represented. Immunoglobulin binding, G-protein
coupled olfaction signalling and hormone-receptor
binding were significantly enriched with genes
(p-value: 10−9), but the hydrolysing functions of
alpha-amylase were decently represented (p-value:
10−5). Component wise genes enrichment was observed
for proteins located in the plasmamembrane and extra-
cellular region (p-value: >10−3) compared to all other
regions (Fig. 3 and Supplementary Fig. 6).

Complexities of multiple hits in personal genomes

On further investigation of the complexities of CNVs,
we found a unique CNV influence phenomenon on the
genomes of the study subjects. CNVs across the gen-
ome of an individual showed multiple hits/presences
across many genes, whose proteins interact physically
and function under the same pathway (Fig. 4(a–h)).
We identified varying number of proteins (1–15) and
degrees (1–10 interactions) within protein complexes
of single individual genomes. These multiple CNV
hit protein complexes were found to contain proteins
whose genes were either deleted or duplicated and
sometimes even both. The intact or partial disruptions
of genes were computed along with copy number
(CN) states for each CNV event within multiple
CNV hit protein complexes. These complications aris-
ing from the CNVs were not limited to enrichment of
one or multiple pathways, but instead showed diverse
occurrences across multiple pathways and were largely
determined by the number of the CN states for each
gene of the protein complex that showed haplo-insuffi-
ciency for a certain amount of genes, while complete
knock out of the genes were observed resulting in no
protein.

Breakpoint validations

Successful amplification of four recurring CNV break-
points was performed on 400 randomly chosen indivi-
duals from India validating the presence of the CNVs.
Varying frequency and amplification status was

observed for breakpoints. About 48–54% frequency
for the chosen breakpoints was observed for the cho-
sen group.

Discussion

Identification of CNVs across diverse populations
helps in the understanding of the organization and dis-
tribution pattern of CNVs, evolutionary dynamics of
the human genome and accounts for differences
in the expression of genes (Nguyen et al., 2006).
There have been increasing numbers of CNV survey
studies using different ethnic backgrounds; however,
there have not been many that comparatively include
populations across all continents to study notable var-
iations on the genome, particularly on genes. This
study represents the first draft of a population-specific
CNV genes map as well as a cross-populational map.
Here we present a comprehensive global CNV gene
spectrum by identifying 15 185 singleton genes across
12 populations. The genes and CNVs were synergistic
and conferred tremendous burden on the coding gen-
ome. Genetic diversity in humans affects both disease
and normal phenotypic variation. Presence of CNVs
alters the transcriptional and translational levels of
overlapping or nearby genes by disrupting the coding
structure or by altering gene dosage thereby confer-
ring differential susceptibility to complex diseases
(Gonzalez et al., 2005; Aitman et al., 2006;
Fellermann et al., 2006; Park et al., 2006; Fanciulli
et al., 2007; Yang et al., 2007; Hollox et al., 2008).

CNVs were observed in both coding and non-
coding parts of the genome and interestingly, all
populations showed a consistent rate of CNVs in cod-
ing as well as non-coding regions, but with the former
region showing more number of CNVs than the latter.
CNVs across the human genome have been found to
be associated with normal genetic heterogeneity as
well as for a number of diseases and disorders.
Previous studies have identified CNVs more in non-
coding regions than in coding regions hence their
role and correlations is often not clear (Feuk et al.,
2006; Redon et al., 2006). However, it can be reasoned
that non-coding regions may play an important regu-
latory role for the distant genes by acting like enhan-
cers or suppressors. Whereas, for CNVs that occur in
coding regions, knowledge of individual genes under-
lying these regions, followed by correlating this
knowledge with the biological pathways may help ex-
plain the role of CNVs on disease phenotypes.

CNV counts and its size distribution affect the
genes underlying them. Since distribution of genes
on chromosomes is not even, therefore, the CNV
count and size will vary from one CNV to the other.
CNV burden on genes was found highest in the 8th
chromosome across all populations with CHB domi-
nating the group. Though the CNV count was
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observed more in chromosome 14 than in chromo-
some 8, the CNV burden on genes was observed
high on the 8th chromosome but intermediate on the
14th chromosome. Although there is not much differ-
ence in the gene count between chromosomes 8 and
14, the CNV presence in chromosome 8 was found

enriched with genes, and on the contrary, the 15th
chromosome showed an abundance of both CNV
and gene counts. Besides, the least number of genes
was found in chromosomes 13, 18, 20 and 21, with a
minimum of two populations failing to show any
count on any of the chromosomes. On the whole,

Fig. 4. Complexities of copy number variation effect on genes. Representation of the different levels of complexities (a–h)
present in the genome as a result of copy number variation influence.
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CNV count was found to be directly proportional
with the gene concentration and the majority of the
CNV count was found in the gene poor regions except
in the instance of chromosome 8. Previous studies
reported CNVs to be abundant in the gene poor
regions; however, the present study indicates the
CNV presence in both gene rich and poor regions.
CNVs were observed to be abundant in coding regions
of the genome compared with non-coding regions,
with CEU, CHB and JPT populations showing bias
towards more deletions in both coding and non-
coding regions. The higher proportion of CNV over-
laps in the coding regions could be interpreted to
reflect selection favouring the fixation of gene-
containing structural changes and we believe it is
these changes that drive gene and genome evolution.

CNVs overlapping entire and partial genes

Many CNVs were found to be overlapping genes in
the genome, sometimes entirely or partially. Partial
overlaps of genes truncated either in the exon or
intron regions of the gene, whereas complete overlap
of genes truncated from a little upstream involving
the regulatory region or sometimes from the coding
region. All populations showed >45% of entire gene
duplication, whereas entire gene deletion ranged
from 12–45%. The data points for the entire gene
duplications and deletions plot were a reflection of a
mirror image (when halved), with populations show-
ing duplications on the higher side, and lower number
of deletions on the diametrically opposite side; for in-
stance, Taiwan showed higher number of entire gene
duplications (∼72%) in regards to the least number
of entire gene deletion (12%), and this pattern
remained consistent for all populations.

Of the 15 185 singleton genes identified in the study,
the majority of genes were identified under metabolic
processes and biological regulation, while lowest bur-
den was observed for genes involved in growth, pro-
liferation, reproduction and death. We believe the
extent of mutational burden on genes involved in the
metabolic pathway demonstrates the tolerable limit
the human system can bear since metabolism is
involved only in the performance of an individual un-
like other sensitive organ systems, which would be
fatal with such a burden. This elasticity enables the
sustainment of the variation burden in metabolic
pathways.

Genes encoding protein binding, ion binding and
DNA binding were found to be significantly high
under CNVs and these genes are typically the consti-
tutive genes that are required for the maintenance of
basic cellular function, and are expressed in almost
all cells in both normal and pathological conditions.
Some of these genes usually express at relatively con-
stant levels, however, presence of CNVs alters the

expression levels by either decreasing or increasing
them, and the possible effects of such changes on the
genome are yet to be seen.

CNVs were found to be significantly enriched with
genes involved in olfactory receptor activity, retinoic
acid receptor binding and signalling, transcription fac-
tor binding and immunoglobulin binding across all
populations. Some of these pathways were also found
enriched in the variations reported from a recent
study (Azim et al., 2013). Genes under previously
known CNVs were mainly related to processes such
as development, cell adhesion and regulation of gene
expression (Krzywinski et al., 2009). However, our
results indicate deviation towards the over-
representation of genes related to growth, development
and signalling, and slightly overlaps with previous stu-
dies in processes such as secretion, cell adhesion and
immunity-related proteins in CNV burdened genes.

CNV genes based pathways indicated an enrichment
of genes involved in the abnormalities of thyroid, skin
(hypo-pigmentation) and bone (arthritis), these medi-
cal conditions impair the general population by fre-
quenting in 2–8% of the population. Abnormality of
thyroid is the non-functioning of the thyroid resulting
from the low/high activity or even due to lack of thy-
roid gland, and is also found to be associated with
increased stress. A study by Abu-Helalah et al., (2010)
concluded that about 8% of women >50 years old
and men >65 years old in UK have a medical condition
from an under active thyroid. Hypo-pigmentation is
another condition, found enriched in CNVs, which
results in the loss of skin colour. It is caused by melano-
cyte or melanin depletion, or due to a decrease in tyro-
sine. The CNVs identified here can be described as
frequent variations in the population and argues for
an involvement of CNVs in the etiology of these condi-
tions. Though the present study focuses on the signifi-
cantly enriched pathways, singling out specific genes
to identify up/deregulated pathways will further help
in the understanding of the frequent burden of CNVs
on the genome.

CNV genes interaction network

Determining the consequence on complexes of func-
tional protein networks and their interactions is an es-
sential step towards the understanding of the altered
protein dynamics caused due to the presence of
CNVs on the genome (Guruharsha et al., 2011). The
protein interaction network was constructed in an ef-
fort to identify the interconnected stress regions of
the functional pathways caused by the presence of
CNVs near the genes. The network showed high-
confidence interactions involving >14 000 connections
and revealed several stress bearing regions involved in
pathways with an elevated degree of interconnected-
ness. Distinct clusters of protein complexes were
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observed in the CNV genes network, which showed
intense stress on certain centralized protein compo-
nents. These major protein components showed
further interconnectedness to sub-nodes of similar
functional groups. The regions of the network with
various functional groups converging and interlinking
initiated by few protein representatives from each
functional pathway were more strained, these regions
further provided insight into the sensitiveness of func-
tional pathways and on genes/complexes that are
under such tension.

Minor allele frequency

We identified a total of 51 singleton genes from 15 185
genes across 12 populations with a frequency of >50%,
these 51 genes were found to be under tremendous
influence of CNVs and were found to participate in
diverse pathways (Table 1 and Supplementary Fig. 7).
Singleton refers to a representative gene taken from a
set of repetitive occurrences of that gene, under CNVs
inmultiple individuals. Our analysis of different popula-
tions allowed an assessment of population-specific genes
(Krzywinski et al., 2009) (Supplementary Fig. 8). We
did not find any single factor that might explain the rea-
son behind the force of CNVs on these genes, but it
seems highly plausible that these genes have originated
due to a high rate of multiplicity. Though some
among these 51 genes confer a population-specific
phenotype, most of them are found across all popula-
tions at similar frequencies indicating a universal effect
of CNVs on these gene-bearing regions.

Genotypic complexities provided by CNVs

CNVs in genes influence expression by either increasing
or reducing it. Studies on the implications of CNVs on
disease genes have been extensively studied; however,
the layers of complexities remained unidentified.
Although there have been numerous investigations to
find the influence of CNVs on gene-expression pheno-
types, only a few studies have effectively been able to as-
sociate themwith diseases (Girirajan et al., 2012), while
for the most part CNVs still need to be explored in
order to understand phenotypic differences. In the pres-
ent investigation, several layers of complexities created
due to the presence of multiple CNVs across many gene
regions, which physically interact among themselves
within a genome, was extensively studied to unravel
the complex mechanism of CNVs towards the pheno-
type. This was performed by identifying the protein
interactions of genes, which were disrupted by the pres-
ence of CNVs. The following CNV complexities were
identified in the genomes of individuals: (i) CNVs dis-
rupted the coding structure of 5–25 genes either by
duplications or deletion of the entire or partial genes;
(ii) the presence of CNVs in the genomic regions of

the immediate interacting protein partners were also
identified in the same individual; (iii) identification of
knock out of multiple genes or protein complexes due
to CNVs; and (iv) correlation between duplication
and deletion events with gene overlaps/non-overlaps
along with CN state of all the genes involved in the pro-
tein complexes (Fig. 4(a–h)). For instance, CNVs were
identified to be disrupting the genes GTF2I (-), CCR1
(+), CCL3L1 (-), EIF2AK2 (+), HISTH2AC (+) and
CDY1 (-) in an individual, and all the protein forms
of these genes were found to physically interacting
among each other through the STAT3 (-) intermediary.
The ‘+’ and ’-’ sign beside each gene indicates the CNV
type of duplication and deletion in an individual.
Instances such as these were found in the genomes of
many individuals. The layers of CNV complexities
are amplified with the increase of interacting partners
among the disrupted genes.

This complex effect of CNVs on genes and their
immediate interacting protein partners, brought
about by the burden of CNVs, unravels the complex-
ities involved in gene function and phenotypic ex-
pression. We propose four different types of
mechanisms that create the complexity in gene func-
tion, indicating that multiple CNV–genes–protein
partners are potential functional variants and these
three proposed mechanisms should be considered as
criteria while performing genotype–phenotype associ-
ation and gene-regulation studies. This complex
effect of CNVs on genes and their physical interact-
ing partners due to the presence of CNVs, unravels
the many complexities involved in phenotype
expression.
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