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Abstract

Copy number variants (CNVs) play an important role in human disease
and population diversity. Advancements in technology have allowed for
the analysis of CNVs in thousands of individuals with disease in addition
to thousands of controls. These studies have identified rare CNVs asso-
ciated with neuropsychiatric diseases such as autism, schizophrenia, and
intellectual disability. In addition, copy number polymorphisms (CNPs)
are present at higher frequencies in the population, show high diversity
in copy number, sequence, and structure, and have been associated with
multiple phenotypes, primarily related to immune or environmental re-
sponse. However, the landscape of copy number variation still remains
largely unexplored, especially for smaller CNVs and those embedded
within complex regions of the human genome. An integrated approach
including characterization of single nucleotide variants and CNVs in a
large number of individuals with disease and normal genomes holds the
promise of thoroughly elucidating the genetic basis of human disease
and diversity.
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Copy number variant
(CNV): an imbalance
of genomic sequence
(>50 bp) that alters
the diploid status of a
particular locus

Comparative
genomic
hybridization
(CGH): a method
where the DNA from
two individuals are
labeled with different
fluorescent dyes and
hybridized to a
microarray

INTRODUCTION

Recent studies have indicated that copy num-
ber variants (CNVs) are widespread in the
human genome and are a significant source of
human genetic variation accounting for disease
and population diversity. Advances in whole-
genome technologies, including array com-
parative genomic hybridization (CGH), single
nucleotide polymorphism (SNP) microarrays,
and genome sequencing, have enabled the
discovery and characterization of variants that
are intermediate between large chromosomal
aberrations (>1 Mbp) and smaller insertions
or deletions (1–50 bp) (Figure 1). These
intermediate-sized variants, essentially dele-
tions and duplications in the human genome,
are called CNVs. Between any two individuals
the number of basepair differences due to
CNVs is >100-fold higher compared with
SNPs (72). Current advances have also led
to large-scale association studies for common
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Figure 1
Size and frequency of major categories of genetic variants. Different sized
genetic variants as a function of frequency are shown. Overall, single nucleotide
polymorphisms (SNPs) occur at a higher frequency and can be assayed by high
throughput SNP genotyping. Copy number variants are intermediate-sized
variants (>50 bp) and can be assayed by SNP microarrays or array comparative
genomic hybridization. Large chromosomal aberrations are rarer, large, and
microscopically visible after G-banding and are often associated with major
congenital abnormalities (e.g., Down syndrome associated with trisomy 21).

diseases to find not only common copy number
polymorphisms (CNPs) but rare CNVs as well.
Two distinct models of CNV disease associ-
ation have emerged. The first model involves
CNPs that occur at a population frequency
of >1% but often exists in multicopy number
states ranging from 0 to 30 copies per diploid
genome (118). For these, variation in copy,
content, or structure of sequences is important
for understanding disease etiology. The second
model involves CNVs that are individually rare
(<1% frequency) but typically involve larger
chromosomal segments (>100 kbp) and exist
in fewer copy number states (segmental mono-
somy/hemizygous or trisomy). These CNVs
are under strong selection pressure; their fre-
quency in the population is largely contributed
by de novo events, and they can only persist for
a few generations. In this review, we explore the
current state of knowledge in the study of rare
and common CNVs in normal human popu-
lations in relation to human diseases, method-
ologies to study CNV disease associations, and
future directions for research in understanding
of the genetic etiology of complex diseases.

RARE COPY NUMBER VARIANTS
IN NORMAL POPULATIONS

Studies on copy number variation have been
largely restricted to screening disease cohorts
for rare CNVs. Such studies by themselves
cannot necessarily distinguish variants that are
truly pathogenic versus those that occur at a
low frequency in the general population but
are generally benign. Few studies are avail-
able documenting the CNV landscape in the
general population. Itsara and colleagues ana-
lyzed 2,500 individuals by exploiting available
Illumina-SNP microarray data collected from
individuals with either no known disease or rel-
atively mild phenotypic traits (53). Based on the
assumption that these individuals were repre-
sentative of the general population, the study
provided some important insights into the size
and frequency of CNVs. Focusing on only the
largest events, the study found three to seven
variants per person with a total of about 540 kbp
of copy number variable DNA per person.
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Copy number
polymorphism
(CNP): copy number
variant present at
greater than one
percent frequency in a
population and mostly
occurring in multiple
copy number states

Genomic disorder:
rare copy number
variants associated
with
neurodevelopmental
disease

Nonallelic
homologous
recombination
(NAHR): unequal
crossing over between
nonallelic but high
identity sequences,
such as segmental
duplications or Alu
repeats, that generates
recurrent
rearrangements

Segmental
duplication: a large
block (>10 kbp) of
interspersed
duplicated sequences
with >95% sequence
identity constituting
five to six percent of
the genome

Approximately 65% to 80% of individuals carry
a CNV that is at least 100 kbp in size, five
to ten percent of individuals harbor a CNV
at least 500 kbp, and an astonishing one per-
cent of individuals carry a large CNV of at
least 1 Mbp in size. It is important to note that
variants at the larger size range (>500 kbp), if
observed as a de novo event within a gene-rich
region, would usually be considered pathogenic
in a clinical diagnostic setting (83). On an in-
dividual basis, approximately 71% of individ-
ual CNVs greater than 100 kbp are rare, i.e.,
seen in far less than one percent of the popula-
tion, and events greater than 500 kbp were even
rarer and observed in only one individual. This
study also established the basic tenet of CNV
studies: Rare CNVs harbor more genes than
common CNVs and, particularly, homozygous
deletions are significantly gene poor compared
with the genome-wide average (p = 4.7 ×
10−4). However, the authors also note that their
estimate of size-wise CNV burden might be bi-
ased against smaller events due to the sensitiv-
ity of the array. In a follow-up analysis examin-
ing the new mutation frequency of large CNVs
among children with mild to moderate asthma
(54), the authors estimated conservatively that
between 8,000 and 25,000 basepairs of ge-
nomic DNA were added or lost per transmis-
sion (compared with ∼100 basepairs changed
by point mutations) and large CNVs were in
the aggregate under relatively strong selection
(s = 0.16). Thus, although CNVs were individ-
ually rare but collectively common (for exam-
ple, eight percent of normal individuals carry
an essentially private mutation greater than
500 kbp), most of these events would be elim-
inated relatively quickly as a result of purifying
selection. These data argue that the impact of
CNVs on human health must be significant.

GENOMIC DISORDERS
AND VARIABLE
NEURODEVELOPMENTAL
PHENOTYPES

Classically, children with specific neurode-
velopmental disorders ascertained by typical

constellation of clinical features were tested
by fluorescent in situ hybridization (FISH) or
molecular karyotyping. Almost two decades
of research resulted in delineating specific
genomic regions to these syndromes, termed
genomic disorders, such as Charcot-Marie-
Tooth disease, Smith-Magenis syndrome,
Williams syndrome, and DiGeorge syndrome
(Figure 2). A large fraction of these variants
arise by a nonallelic homologous recombina-
tion (NAHR) between high-identity segmental
duplications. These genomic disorders are
highly penetrant, recurrent, and can occur on
different haplotype backgrounds in multiple
unrelated individuals in a relatively short
period of time, and they are under strong
negative selection. The frequency of these
rearrangements is thought to be partly dictated
by the size and sequence identity of the flank-
ing segmental duplications (Figure 3); the
22q11.2 deletion is the most common genomic
disorder in children with developmental delay
and intellectual disabilities. For at least 10
known genomic disorders, inversion variants
or polymorphisms associate with directly
orientating segmental duplications leading to
NAHR (5, 6, 33, 36, 37, 93, 139).

Bert de Vries and colleagues estimated the
diagnostic significance of whole-genome array
CGH using bacterial artificial chromosome
clones for a general population of patients with
intellectual disability and developmental delay
(24). This study identified 10% of cases with a
large (size ranging from 500 kbp to 12 Mbp) de
novo CNV—a greater than twofold diagnostic
yield compared with conventional Giemsa-
banded karyotyping. Alternatively, applying
a targeted methodology to discover CNVs at
NAHR rearrangement sites termed genomic
hotspots, Sharp and colleagues identified a
series of novel rearrangements in individuals
with developmental delay (107). In the next few
years, hotspot-mediated rearrangements were
not only associated with intellectual disability
and developmental delay but were also impli-
cated in other complex diseases such as autism,
schizophrenia, bipolar disorder, amyotrophic
lateral sclerosis, attention deficit hyperactivity
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Figure 2
Prevalence of genomic disorders in individuals with developmental delay. The prevalence of rare deletions and duplications associated
with neurodevelopmental disorders, also termed genomic disorders, is shown. The data were generated from an analysis of 15,767
individuals assessed for developmental delay and associated phenotypes (20a). Note that the prevalence of the deletion is higher
compared with reciprocal duplications for most of the disorders. Also note that nonrecurrent rearrangements are generally rarer in
frequency compared with recurrent segmental duplication-mediated rearrangements. The candidate genes within each of these
genomic disorder regions are depicted within the parenthesis.

disorder (ADHD), and Tourette syndrome.
Excluding syndromic rearrangements on
chromosomes 17q21.31 (61, 107, 111), 15q24
(110), and 17q23.3 (9), many recurrent CNVs
are associated with variable penetrance and
expressivity. For example, the 1.5 Mbp deletion
on 15q13.3 was initially identified in individuals
with developmental delay (109). Further stud-
ies showed that the same chromosomal change
was enriched in cases with autism (95) and
schizophrenia (19, 117) and, in fact, accounts
for approximately one percent of cases with
idiopathic generalized epilepsy (46). Similarly,

the ∼1.6 Mbp microdeletion on 1q21.1 was
enriched in individuals with developmental
delay (82), autism (120), schizophrenia (19,
117), and cardiac defects (43). Further, mi-
crodeletions on chromosome 17q12 were first
discovered in cognitively normal children with
renal cysts and maturity-onset diabetes of the
young (RCAD syndrome) (81). The associated
phenotypes were further extended to include
developmental delay, brain malformation,
seizures (89), schizophrenia, and autism (86).
Another example is a microdeletion on 3q29
initially observed in a large set of cases with
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Figure 3
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developmental delay (8, 14, 25), which was
also recently reported in individuals with
schizophrenia (88). Thus, the newly identified
CNVs transcend phenotypic boundaries but
cause concerns of ascertainment bias and
resolution of clinical assessment. It was re-
cently observed that more than one CNV (or
the two-hit model) can contribute to severe
developmental delay and often is responsible
for phenotypic variability associated with ge-
nomic disorders. Interestingly, the cooccurring
CNVs were large (>500 kbp) and contained
several genes, were rare in frequency, and
were sometimes also associated with a known
genomic disorder—as observed in cases with
a 16p12.1 microdeletion (39). These observa-
tions indicate potential involvement of one or

more dosage-sensitive genes within the CNV
interval in early developmental pathways.

Despite the importance of genomic
hotspots, a larger fraction of CNV neurocogni-
tive disease burden is contributed by rearrange-
ments generated by nonrecurrent mechanisms
such as microhomology/microsatellite-
mediated break-induced repair, nonhomolo-
gous end joining or fork stalling, and template
switching mechanisms (reviewed in 44). These
rearrangements do occur at a relatively lower
frequency and may be caused by different
mutational mechanisms, including replication-
based rearrangement and nonhomologous
end joining. Unlike genomic hotspots where
the de novo mutation frequency is elevated,
assessing the pathogenic significance of these
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types of events has been problematic, requiring
the screening of many thousands of patients
and controls to establish pathogenicity. Ex-
amples include duplications involving PLP1
in Pelizaeus-Merzbacher disease (66), PMP22
in Charcot-Marie-Tooth disease (137), and
LMNB1 in autosomal dominant leukodystro-
phy (94). Several nonrecurrent deletions and
duplications have been reported in autism
and schizophrenia, including ASTN2 and
NRXN1 disruptions in both autism (76) and
schizophrenia (60, 126), SHANK2, SHANK3,
and PTCHD1 CNVs in autism (76), and
MYT1L and CNTND2 (126) disruptions in
schizophrenia. Recently, based on the hy-
pothesis that rare CNVs smaller than 500 kbp
that reside in regions other than NAHR
hotspots may contribute to the etiology of
schizophrenia, Vacic and colleagues performed
a large-scale genome-wide scan in 8,290
patients with schizophrenia and 7,431 matched
controls (124). A 362-kbp microduplication
on 7q36.3 overlapping or upstream of the
vasoactive intestinal peptide receptor gene,
VIPR2, was detected in 2.5% of the cases
compared with only 0.03% controls. Further,
functional studies also suggested altered cyclic-
AMP signaling in the cultured lymphocytes of
patients compared with controls.

CHALLENGES IN THE
DISCOVERY AND DIAGNOSIS
OF DISORDERS ASSOCIATED
WITH RARE CNVS

The study of rare CNVs has several associated
challenges. First, discovery of rare variants
requires screening several thousands of well-
ascertained cases and matched controls. The
need for having an ethnicity-matched control
population for comparing the frequency of
identified variant cannot be overstated. For ex-
ample, it is known now that segmental duplica-
tion architecture is stratified in different ethnic
populations and can predispose or protect indi-
viduals for large disease-associated CNVs. Such
stratified regions in the genome have been iden-
tified for CNVs for at least half a dozen regions,

including 17q21.31, 16p12.1, and 7q11.23
(reviewed in 38). Second, although there is
an exponential increase in the throughput of
processing samples for CNVs, the uniformity
of diagnosis at all participating clinical centers,
resolution of assessment, and objective assess-
ment for severity and variability of a particular
clinical feature has often been of concern.
Resolution of clinical assessment and a clinical
acumen for subtle features are exceptionally
important in the diagnosis of early-onset or
variable phenotype. For example, clinical
diagnosis of patients with duplication syn-
dromes is often missed because of the subtle
manifestation of most of the phenotypes,
unlike, for example, Smith-Magenis syndrome
associated with the 17p11.2 deletion, where
sleep disturbance, craniofacial features, overt
behaviors, and obesity are the key constellation
of features (28a, 39a). In contrast, the recip-
rocal duplication of 17p11.2 manifests with
variable features ranging from craniofacial
abnormalities and growth retardation to
idiopathic autism features and ADHD (100).

Another example is the ∼400 kbp dupli-
cation on 15q13.3 containing CHRNA7. Al-
though smaller (114) as well as larger deletions
encompassing CHRNA7 have been associated
with a variety of neurodevelopmental disorders
(46, 95, 109, 125), the smaller reciprocal dupli-
cation of CHRNA7 is of unknown significance
(119). Although deep phenotyping can recover
patients with subclinical features mostly asso-
ciated with duplications, overall the frequency
of patients with deletions is usually higher than
that of duplications. It is noteworthy that a
deletion not only causes haploinsufficiency for
dosage-sensitive genes within the genomic in-
terval but also unmasks recessive alleles within
the region. A good example is hearing loss asso-
ciated with patients with Smith-Magenis syn-
drome due to recessive mutations in MYO15A
(69). Thus, the genome is likely more tolerant
for duplications than for deletions. Analysis of
recombination products using microsatellite
repeats and SNPs within and flanking the re-
arranged chromosomal segments suggests that
recombination between segmental duplications
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De novo variants:
variants observed only
in the proband and not
transmitted or
inherited from the
parents

can occur in three ways: intrachromatid, in-
terchromatid, and interchromosomal (121).
Although all the three mechanisms can gen-
erate deletions, only the latter two can result
in duplications. This mechanism also provides
physical evidence for increased frequency of
deletions compared with duplications.

Clinical DNA microarrays are now rou-
tinely used for molecular testing of children
with intellectual disability/developmental delay
phenotypes. Although analysis of large disease
cohorts has essentially helped identify novel,
rare deletions and duplications, this advance
also led to the discovery of variants ranging
in population frequency between one percent
and five percent, which are deemed of unknown
clinical significance. Conventionally, variants
are considered pathogenic if they arise de novo
in the proband, are rare (<1%) in frequency,
and are not observed in unaffected siblings or
ethnically matched controls. Depending on the
array platform and design of probes, the diag-
nostic yield of cytogenetic laboratories, i.e., the
proportion of referred cases with a pathogenic
CNV, ranges between 5% and 20%. Although
the standard microarray design consists of rela-
tively uniform distribution of probes through-
out the genome, other versions have also been
in vogue with high probe density targeting cod-
ing exons, specific candidate genes, or genomic
hotspot regions, in addition to a uniform den-
sity of probes in the genomic backbone (83).

DE NOVO AND INHERITED
BASIS OF RARE COPY NUMBER
VARIANTS IN COMMON
COMPLEX DISEASES

The extreme genetic heterogeneity of com-
mon complex diseases, including autism and
schizophrenia, and the high de novo muta-
tion rate have hindered linkage studies of in-
herited susceptibility loci. Initial discoveries
of CNVs in complex diseases were based on
locus-specific case-control association models
in which deletions and duplications for a par-
ticular region of the genome were expected to
be more represented in cases than healthy con-

trols. The discovery of CNVs in autism and
schizophrenia was also based on a new mutation
model where only de novo variants were con-
sidered pathogenic (105, 132). Two pioneering
studies exemplify this model. Sebat and col-
leagues utilized the representational oligonu-
cleotide microarray analysis CNV detection
methodology in 165 families affected with
autism and compared with 99 control families.
They identified 7.2% (14/195) enrichment for
de novo variants in cases compared with 1.02%
(2/196) in unaffected controls (p = 0.0005).
This study also observed a higher incidence of
deletions in cases with autism when both CNVs
in the controls were duplications. Similarly,
Walsh and colleagues tested the total genome-
wide mutational burden in individuals with
schizophrenia compared with controls (127).
They studied 150 individuals with schizophre-
nia and compared them with 268 ancestry-
matched controls and identified that, compared
with only five percent frequency in controls,
CNVs of recent origin accounted for 15% of
adult onset (p = 0.0008) and 20% of early on-
set schizophrenia (p = 0.0001). Pathway analy-
sis showed that these mutations disrupted genes
involved in neuronal signaling networks includ-
ing glutamate and neuregulin pathways.

Some studies did not find enrichment for
large, rare CNVs in cases compared with con-
trols, as described by Walsh and colleagues (40,
52, 91, 112). For example, Shi and colleagues
analyzed 155 cases with schizophrenia and 187
matched controls—all recruited from the Han
Chinese population in Shanghai. No signifi-
cant enrichment was observed for rare CNVs
(>100 kbp) in the case cohort compared with
controls in this study. No increase in rare CNV
(>500 kbp) burden was also reported by Ikeda
and colleagues (52) after analyzing 575 patients
with schizophrenia and 564 control subjects
from Japan. Similarly, Glessner and colleagues
(40) analyzed CNV data from 977 cases with
schizophrenia and 2,000 healthy controls of
European ancestry and then followed up the
positive findings in another set of 758 cases of
schizophrenia and 1,485 controls. They were
unable to replicate the previously reported
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ASD: autism
spectrum disorder

overrepresentation of rare CNVs affecting
many genes in schizophrenia compared with
controls. Need and colleagues (91) also tested
the large CNV enrichment in 1,013 cases with
schizophrenia and 1,084 matched controls.
They could not provide strong support for the
hypothesis that schizophrenia patients have a
significantly greater load of large (>100 kbp),
rare CNVs. It is important to note that such
observations could be due to differences
in sample quality, cell line artifacts, probe
resolution, GC content, lack of genotype in-
formation, subphenotype characterization and
clinical heterogeneity, age of onset of disease,
and platform-specific biases. In all of these
studies, previously reported loci, including
1q21.1, 15q11.2, 15q13.3, and 22q11.2 and
NRXN1 deletions, were supported, although
at a nominal significance.

In a family-based study of 359 individ-
uals with schizophrenia, Xu and colleagues
observed an eightfold increase in de novo
CNVs in cases with sporadic schizophrenia
compared with controls (132). In comparison,
rare inherited CNVs were only modestly
enriched (1.5-fold compared with controls) in
sporadic cases. The same group also found that
although rare de novo CNVs were not enriched
compared with sporadic cases, individually
rare inherited CNVs were more frequent in
multiplex families with schizophrenia (133).
This observation replicated a similar result
obtained by Marshall and colleagues wherein
higher rates of de novo variants were detected
in families with single affected cases with
autism spectrum disorder (ASD) compared
with families with two or more affected siblings
(76). Searching for common inherited factors
segregating in a recessive fashion to result in
autism, Morrow and colleagues recruited 104
families, including 79 simplex and 25 multiplex
families (87). A large proportion of these
families had a history of parental consanguinity
with cousin marriages (88/104, 19 multiplex
and 69 simplex). Using homozygosity mapping,
homozygous deletions involving genes asso-
ciated with synaptic functions such as DIA1,
PCDH10, ROBO2, NHE9, and SCN7A were

identified. Overall, the frequency of de novo
CNVs segregating with ASD was null (0%) in
consanguineous multiplex families (0/42) and
1.9% in consanguineous simplex families (1/52
patients). This estimate is considerably lower
than that reported by Sebat and colleagues
(105) for nonconsanguineous families, suggest-
ing an increased role for inherited factors in
autism families with shared ancestry.

Considering the impact of de novo CNVs
and the inherited basis of complex disease, two
studies exemplified the genetic basis of simplex
and multiplex autism. Zhao and colleagues ana-
lyzed autism risk in multiplex families from the
Autism Genetic Resource Exchange (AGRE)
and found strong evidence for dominant trans-
mission to male offspring (138). They put forth
a model of autism risk in which the families fall
into two categories: those in which the autism
risk is low, as in the majority of families, and
those in which the risk is high. Under this
model, sporadic autism occurs because of a
spontaneous mutation with high penetrance,
particularly in males from low-risk families, and
multiplex autism occurs in high-risk families in
which the susceptible-allele carrying mother
has low or no penetrance, and inheritance of
this allele occurs in a dominant fashion with
male-specific penetrance. Itsara and colleagues
proposed an alternate model that unifies all
these observations by analyzing 717 multiplex
pedigrees from the AGRE cohort for de novo
CNVs (54). They found that the de novo CNVs
within multiplex autism families segregated
disproportionately to affected siblings over
unaffected siblings. In fact, there was a fourfold
enrichment of de novo CNVs in the affected
cases of multiplex autism compared with un-
affected siblings. Under their model, simplex
cases are enriched for high risk, causative
mutations and therefore have a significantly in-
creased frequency of new mutations compared
with the general population. In contrast, multi-
plex autism cases are not enriched for causative
mutations but carry some inherited predispo-
sition for disease, and hence the overall rate of
de novo CNVs within multiplex pedigrees is
not any different from the general population.
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However, when de novo CNVs arise within
multiplex autism pedigrees, they occur on
an already sensitized genetic background for
disease and hence de novo CNVs segregate
disproportionately to affected versus unaffected
siblings. Thus, although rare, causative variants
may cause sporadic disease such as autism, in
multiplex families autism is a result of multiple
cooccurring mutations. The inherited pre-
disposition in many instances is not sufficient
enough to reach a threshold of full-blown
disease. Girirajan and colleagues proposed the
necessity in some families for a second muta-
tional hit to manifest severe neuropsychiatric
disease (39). It is therefore plausible that many
of these CNVs by themselves are not fully
penetrant, but in concert with other genetic
factors they would provide a molecular etiology
for the genetic complexity of these diseases.

METHODS TO STUDY RARE
COPY NUMBER VARIANT
DISEASE ASSOCIATIONS

The locus and mutational heterogeneity of
CNVs have created difficulties in traditional
data analysis, and as a result new disease-
association methods and disease models have
been proposed to explain prevalence of com-
plex neurocognitive and neurobehavioral dis-
eases (Figure 4). Glessner and colleagues, for
example, resorted to identifying perturbed gene
pathways based on CNVs on different loci and
determining if specific biological pathways were
enriched in cases with schizophrenia (40). This
approach identified a significant enrichment of
synaptic transmission genes in the cases com-
pared with controls. A pathway-based approach
was also utilized in a study of ADHD by Elia
and colleagues in a set of 335 cases and 2,026
unrelated healthy individuals (28). In addition
to genes important for synaptic transmission
and central nervous system development, genes
previously implicated in autism, schizophre-
nia, and Tourette syndrome, such as AUTS2,
A2BP1, CNTNAP2, and IMMP2L, were
identified.

Another measure of selective pressure act-
ing on individuals with a disease and healthy
controls is to perform size-wise comparison of
frequency of CNVs. Such analysis can further
be utilized to generate the odds of observing
a CNV of a particular size in individuals with
disease compared with controls and would also
be a better model for comparing CNV data
from disparate phenotypes or subphenotypes.
Not conforming to candidate gene or genomic
region based associations, Glessner and col-
leagues analyzed two independent cohorts of
cases and controls to identify CNVs confer-
ring susceptibility to ASD (41). They applied
a segment-based or sliding-window scoring ap-
proach that scans the entire genome in overlap-
ping windows for consecutive probes with more
frequent copy number changes in cases com-
pared with controls. This approach will identify
CNV regions (CNVRs) and, using a Fisher’s
exact test or permutations, p values for signifi-
cant CNVR enrichment in cases compared with
controls can be deduced. Alternatively, a gene-
based scoring approach that examines CNVs
within regions of the genes for specific enrich-
ment in cases compared with controls can be
applied. Using this approach, Glessner and col-
leagues identified seven genes within or sur-
rounding CNVs with an increased frequency
in cases compared with controls. Interest-
ingly, these genes, including UBE3A, PARK2,
RFWD2, and FBXO40, are involved in the
ubiquitin pathway, thereby suggesting a novel
pathogenesis for ASD (41). The gene-based
sliding window approach is advantageous be-
cause the CNVs targeting different parts of the
gene but falling within the same segment would
have been missed by a segment-based approach.

A more functionally relevant model is to
focus on variants disrupting genes. A compar-
ison of the number of genes affected by CNVs
in individuals with disease compared with
controls is also a good measure of contribution
of CNVs to pathogenicity. Such analysis has
been performed by Walsh and colleagues for
schizophrenia (127) and more recently by Pinto
and colleagues (98). Because association of indi-
vidual, rare CNVs often has insufficient power
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to discriminate benign variants from disease-
causing variants, Pinto and colleagues sought
to find whether genes and CNVs previously
associated with ASD and intellectual disability
were enriched in cases compared with controls.
Using this criterion, they defined three gene
sets: an ASD-implicated list consisting of those
genes strongly implicated in autism and also
observed in cases with intellectual disability,

genes implicated in intellectual disability but
not ASD, and ASD candidate genes from
previously reported studies. Although they
found a higher proportion of cases with
rare CNVs overlapping ASD-implicated and
intellectual disability genes, there was no
enrichment for the ASD candidate genes.
The authors further applied pathway analysis
and identified a significant enrichment for
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GTPase/Ras signaling, cellular proliferation,
synaptic transmission, and glutaminergic
pathways. These analyses also suggest poten-
tial pathways and genes specific to a particular
manifestation, such as idiopathic autism or
Asperger syndrome, or indicate the culmi-
nation of genes and pathways common to
intellectual disability and ASD.

PROPERTIES OF COPY
NUMBER POLYMORPHISMS

Although the CNVs associated with neurocog-
nitive disease are rare, CNVs can, on occasion,
rise to high frequency in human populations.
These variants are generally termed as CNPs.
Two types of CNPs may be distinguished: those
that simply represent a gain or loss of a particu-
lar segment of DNA, called biallelic CNPs, and
those where the underlying sequence can exist
as a series of whole integers, termed multicopy
CNPs. Surveys of CNPs in the general popula-
tion have identified large numbers of these vari-
ants in the human genome and have informed
our understanding of the genomic mutational
landscape (16, 18, 22, 47, 51, 56, 78, 80, 106,
108). CNPs are not distributed uniformly in
the genome but are enriched in segmental du-
plications (7). Multiple studies have estimated a
fourfold to tenfold enrichment of CNPs within

regions of segmental duplications (21, 70, 101,
108, 131). Many of the same mechanisms that
lead to the formation of rare pathogenic CNVs
likely contribute to patterns of CNPs. Recent
efforts in CNV breakpoint sequencing have re-
vealed that microhomology of sequence at the
breakpoints, NAHR, and L1 retrotransposition
are the most common mechanisms leading to
the formation of CNVs (17, 57). Therefore,
CNPs in segmental duplication-rich regions
likely have a higher mutation/recurrence rate
compared with CNPs in unique regions of the
genome because of the propensity of segmental
duplications to drive NAHR. Not surprisingly,
almost all cases of multicopy CNPs correspond
to regions previously identified as segmental
duplications (7). This observation is supported
by studies of structural variation in nonhuman
primates. Specifically, significant overlap be-
tween CNV loci in humans and nonhuman pri-
mates has been observed, and these loci are
highly enriched for segmental duplications in
the compared species (65, 97). It is highly un-
likely that these CNVs are ancestral polymor-
phisms; instead, the enrichment for segmental
duplications in these shared CNV loci supports
a higher rate of recurrent CNVs in segmen-
tal duplication-rich regions. An interesting as-
pect with respect to human evolution has been
the apparent acceleration of duplication in the

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4
Methods for associating rare copy number variants (CNVs) to neurodevelopmental disease.
(a) Pathogenicity has been classically associated with a de novo or new mutation model. Pathogenic variants
are expected to be strongly selected and the prevalence of these CNVs is essentially maintained by de novo
occurrence. (b) Case-control association study to infer pathogenicity for a CNV. Locus-specific CNV
frequency is compared in cases and controls under the assumption that the pathogenic CNV is enriched in
cases that manifest the disease. This comparison is only valid when both the cohorts are matched for age, sex,
and ethnicity and assayed on the comparable CNV detection platform. (c) Sliding window or segment-based
approach to identify pathogenic regions in the genome. Such analysis can identify a specific genic region or a
locus enriched in cases compared with controls. (d ) Size-wise comparison of CNV data as a function of
frequency is a good estimate of selective pressure on CNVs. This method provides an estimate of the odds
ratio for a particular sized variant. (e) Pathway-based analysis for assessing pathogenicity of the individually
rare but collectively common CNVs. This model is generally applicable in the study of complex
neuropsychiatric disease wherein related genes are thought to interact in a common neurological pathway.
An altered homeostatic state resulting in disease is inferred when two or more genes within the same
pathway are disrupted. ( f ) The global CNV rate and gene disruptions as a function of pathogenic
association. The total number of rare CNVs and the number of genes disrupted by deletion or duplication
can also be considered for testing pathogenicity. Such a method was recently utilized by Pinto and colleagues
in a large-scale study of individuals with autism (98).
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common ancestor of humans and African great
apes (75). Taken together, these studies of seg-
mental duplications demonstrate that these re-
gions of the genome are highly dynamic.

CNPs can overlap genes (18, 51, 56, 101,
106), and CNPs are enriched for coding
sequences (21). Genes overlapped by CNPs
are enriched for immune and environmental
response pathways (18, 21, 101). This enrich-
ment suggests that CNPs are candidates for
local, adaptive selection in human populations,
which may be indicated by large differences in
frequency between populations. Several anal-
yses have identified such CNPs with potential
clinical relevance. For example, individuals of
African ancestry tend to have more copies of
CCL3L1 than individuals of European ancestry
(42). CCL3L1 encodes a chemokine ligand,
which binds to the coreceptor for HIV. There
is controversial evidence for a role of copy
number variation of this locus in HIV infection
(11, 34, 42, 45, 123). A deletion in APOBEC3B,
which functions in innate immunity, is most
frequent in East Asian individuals (58). Other
population differentiated CNPs overlap
UGT2B17 (78), which is involved in steroid
metabolism, OCLN (13), which is required for
hepatitis C viral entry, and a taste receptor
cluster on chromosome 12 (13). Several of
these genes are located in segmental duplica-
tions, and much, but not all, of the association
of CNPs with genes can be accounted for by
the enrichment of genes in segmental duplica-
tions (21). Furthermore, several genes within
segmental duplications show strong evidence
of positive selection (55, 99), and these genes
are highly copy number variable in humans (4,
118). The importance of CNPs in segmental
duplications is underscored by the fact that
the most copy number variable genes in the
human genome are in segmental duplications
(4, 70, 108, 118) and by the finding that CNPs
in segmental duplications are more likely to
have frequency differences across populations
compared with CNPs in unique regions of
the genome (13). Therefore, CNPs, especially
those within segmental duplications, represent

an important class of human genetic diversity
with potential implications for human diseases.

METHODOLOGIES FOR
ASSESSING COPY NUMBER
POLYMORPHISMS

Surveys of CNPs have identified large numbers
of these variants; however, in most cases the
lists of variants do not show complete overlap
(3). Many studies have identified and/or geno-
typed CNPs using microarray hybridization
approaches. Array CGH involves hybridizing a
sample of interest and a reference sample, each
labeled with a different fluorescent dye, to mi-
croarrays of DNA probes covering regions of
interest. Differences in hybridization between
the two samples can indicate the presence of a
copy number difference between the samples.
High-density SNP arrays can also be employed
for copy number measurement. In these exper-
iments, deviations from the expected intensities
of the two alleles across nearby SNPs are sug-
gestive of a copy number change in a specific
sample (22, 80). However, SNP microarray
platforms tend to have a paucity of probes in
duplication-rich regions of the genome and
are unable to capture a large number of known
CNPs (22, 29, 70). Around half of simple dele-
tion variants are not well captured by even the
highest-density SNP arrays, and this number
increases when more complex multicopy vari-
ants within segmental duplication-rich regions
are considered (22). Most SNP microarray and
array CGH platforms are designed relative to
the human genome reference sequence. How-
ever, recent work has led to the identification
of insertions of sequences not in the reference
genome assembly (56, 68, 128). In fact, many
of these novel insertions are polymorphic
in human populations and, thus, represent
genetic variants that will be missed by using
microarrays designed to the reference genome
assembly (59). Recently, methods based on
massively parallel sequencing data have been
used to survey the landscape of copy number
variation. CNVs can be identified as regions

214 Girirajan · Campbell · Eichler

A
nn

u.
 R

ev
. G

en
et

. 2
01

1.
45

:2
03

-2
26

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n 
on

 1
1/

14
/1

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GE45CH10-Eichler ARI 1 October 2011 15:57

with an excess or a paucity of mapping sequence
reads (3, 7, 136). In addition, paired-end reads
that map abnormally compared with the
distribution of insert sizes may be indicative of
the presence of a CNV (49, 56, 63, 122). When
applied to whole-genome sequence data,
these approaches have revealed smaller CNVs
than microarray-based studies (84) and can
accurately assess the copy number of segmental
duplications, which are often intractable with
microarrays (4, 118). As whole-genome se-
quencing becomes feasible in large numbers of
individuals, these methodologies hold promise
for disentangling the role of CNVs in disease.

ASSOCIATION TESTING
OF COPY NUMBER
POLYMORPHISMS TO DISEASE

In order to test CNPs for association to
disease, a diploid copy number is usually
assigned to all subjects in the analysis. Many
studies have genotyped CNPs based on clear
separation hybridization values for individuals
with distinct copy number genotypes (18, 22,
80). Integer copy numbers are assigned to
each cluster of individuals based on population
genetic assumptions (18, 80), SNP allele
hybridization (SNP microarrays) (22, 80), or
single channel intensity data (array CGH)
(13, 59, 96). In order to perform association
testing on CNPs with discrete integer copy
numbers, the counts of diploid copy numbers
can be compared between cases and controls
(Figure 5). For CNPs with higher copy
numbers, it is currently difficult or impossible
to assign integer copy numbers, especially from
microarray hybridization data. Such variants
are often within segmental duplications and
are often excluded from further analysis. Given
the potential importance of CNPs in seg-
mental duplications discussed above, it will be
important to test these variants for association
to disease. One approach to testing such CNPs
for association to disease is to compare the
distributions of copy numbers in cases and
controls to look for enrichment of low or high

copy number in the cases (Figure 5). However,
this approach is susceptible to false positive re-
sults when there are small systematic differences
between the processing of cases and controls
(10). Read-depth copy number estimates from
whole-genome sequence data have shown good
concordance with FISH (4, 118). As whole-
genome sequencing becomes feasible on large
numbers of individuals, it will be possible to test
CNPs in segmental duplications for association
to disease using these methodologies.

In addition to direct measurements of copy
number, CNPs have also been assessed using
indirect linkage disequilibrium (LD) based
approaches. LD occurs when nearby genetic
variants are correlated because of human
demographic history. LD exists between SNPs
and some CNPs (16, 18, 47, 70, 80). After
identifying common SNPs associated with
disease from genome-wide association studies,
one can look for variants that are in LD with
the most associated SNPs. Several studies
have identified CNPs associated with disease
using this approach (18, 79, 115, 129). It is
important to consider the properties of CNPs
in high LD with SNPs before concluding that
imputation of CNP genotypes from SNP data
allows for comprehensive association testing
of CNPs. Many studies of LD between SNPs
and CNPs have focused on simple deletions
and duplications (i.e., biallelic), which can be
accurately assigned copy number genotypes.
The majority of these biallelic CNPs are in
high LD with SNPs (13, 18, 80). However,
CNPs in segmental duplication-rich regions
show less LD to SNPs (13, 70). The reduction
of LD of CNPs in segmental duplications is not
due to a lower SNP density in duplication-rich
regions of the genome (13, 104) but may be
explained by the presence of dispersed copies of
duplicated CNPs or by recurrent mutation of
CNPs in segmental duplications (13, 70, 104).
Nevertheless, the lack of LD between CNPs in
segmental duplications and SNPs implies that
variants will be intractable using imputation-
based methods and must be measured
directly.
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Figure 5
Methods for associating copy number polymorphisms (CNPs) to disease. (a) For a CNP with discrete copy
number genotypes, the counts of each copy number genotype can be compared across cases and controls.
(b) For a CNP where discrete copy number genotypes cannot be assigned, the distribution of copy numbers
can be compared between cases and controls. (c) CNPs associated to disease can be identified indirectly
through the association of a single nucleotide polymorphism in linkage disequilibrium.

COPY NUMBER
POLYMORPHISMS ASSOCIATED
WITH HUMAN DISEASE

Numerous CNPs have been associated with
complex human diseases (Table 1). Many of
these associations are to immune-related phe-
notypes; however, this may be due to the fact
that CNPs are enriched for immune-related
genes, and these genes are considered candi-
dates for these phenotypes. CNPs in the human
leukocyte antigen (HLA) region have been
associated with multiple diseases, including
Crohn’s disease, rheumatoid arthritis, and type

1 diabetes (20). SNPs in the HLA region have
been strongly associated with many diseases
(113) and given the strong LD across this locus,
it is not surprising that CNPs in this region also
show association to disease. A large number
of the CNPs associated with disease are in
segmental duplications highlighting the role of
these regions in disease, including association
of copy number of the β-defensin locus on
chromosome 8 with psoriasis and Crohn’s dis-
ease (32, 48) and low copy number of FCGR3B
associated with lupus (30). Several studies of
CNPs in segmental duplications have revealed
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Table 1 Selected copy number polymorphisms associated with complex diseases

Gene Disease/trait Variant type Associated allele Reference
DEFB4, DEFB103, DEFB104 Psoriasis Amplificationa,b High copy number (48)
DEFB4, DEFB103, DEFB104 Crohn’s disease Amplificationa,b Low copy number (2, 32)
CCL3L1 HIV/AIDS Amplificationa,b Low copy number (34, 42, 45, 123)
C4 Lupus Amplificationa,b Low copy number (135)
FCGR3B Glomerulonephritis in Lupus

patients
Amplificationa,b Low copy number (1, 30)

FCGR3B Lupus Amplificationa,b Low copy number (30)
IRGM Crohn’s disease Upstream deletion Deletion (79)
CFHR1, CFHR3 Age-related macular degeneration Deletiona No deletion (50, 116)
CYP2D6 Reduced drug metabolism Deletiona Deletion (35)
RHD Rh-negative blood group Deletiona Deletion (15)
OPN1LW, OPN1MW Color blindness Deletion Deletion (27, 90)
LPA Coronary heart disease Amplificationa,b Low copy number (64)
SMN2 Severity of spinal muscular atrophy Amplificationa,b Low copy number (130)
AZFc region Spermatogenetic failure Deletiona Deletion (102)
CYP21A2 Congenital adrenal hyperplasia Amplificationa,b Two copies/chrom (62)
UGT2B17 Osteoporosis Deletionb No deletion (134)
UGT2B17 Graft-versus-host disease Deletionb Deletion (77)
LCE3B, LCE3C Psoriasis Deletion Deletion (23)
NEGR1 Obesity Upstream deletion Deletion (129)
NBPF23 Neuroblastoma Deletiona,b Deletion (26)
TSPAN8 Type 2 diabetes Amplificationa,b Low copy number (20)
HLA Crohn’s disease, rheumatoid

arthritis, type 1 diabetes
Multiple CNVsa Various (20)

GPRC5B Obesity Upstream deletion Deletion (115)

aMulticopy CNP, more than three diploid copy numbers observed in the population.
bCNP is in a segmental duplication.

the difficulty of conducting association studies
with these variants. The lower copy number of
CCL3L1 has been associated with susceptibility
to HIV infection (42), but other studies have
failed to replicate this association (34, 123). It
is unclear whether this lack of reproducibility
is an indication that the original result was
spurious or was caused by the difficulty in
accurately genotyping CNPs, especially seg-
mental duplications like the CNP containing
CCL3L1 (45). Followup analysis has also failed
to replicate the association of β-defensin copy
number with Crohn’s disease using different
copy number genotyping methods (2, 32).
Therefore, although CNPs in segmental dupli-
cations are likely important for human genetic

diversity, accurate genotyping methods are
required to test these variants for association to
disease.

Interestingly, CNPs can be modifiers of
rare disease-causing mutations. For example,
spinal muscular atrophy (SMA) can be caused
by homozygous deletion of SMN1 (67). SMN1
only differs by eight basepair differences from
SMN2, which is a highly identical paralog
duplicated in close proximity (67). A silent
paralogous sequence variant in SMN2 leads
to skipping of exon 7; therefore, the presence
of SMN2 cannot completely compensate for
the SMN1 deletion in SMA patients (71, 85).
However, the higher copy number of SMN2 in
SMA patients can reduce the severity of disease.
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Specifically, individuals with the most severe
form of SMA usually die before the age of two
and have only one to two copies of SMN2 (12,
31, 73). In contrast, individuals with the mildest
form of SMA often have three or more copies of
SMN2 and survive into adulthood (12, 31, 73).
The relationship between the copy number
of SMN1 and SMN2 suggests that CNPs may
interact with rare pathogenic variants and lead
to phenotypic variability. Because the sequence
identity of segmental duplications containing
SMN1 and SMN2 is so high, the paralogs
cannot be distinguished with microarrays.
Thus, microarray hybridization experiments
only allow for the determination of the total
copy number of SMN genes. However, to

know an individual’s SMA status, it is critical
to know the sequence of specific paralogous
sequence variants that differ between SMN1
and SMN2 (31). Copy number variation of the
segmental duplications containing the SMN
genes points to the importance of the sequence
content of copy number variable regions as
well as absolute copy number (Figure 6). In
addition, recurrent CNVs can have slightly
different breakpoints that cannot be resolved
by microarrays but may have important pheno-
typic consequences (56) (Figure 6). Massively
parallel sequencing data has the potential to
uncover the effects of sequence content in
addition to copy number. Paralogous sequence
variants can be cataloged and sequencing

5q13 structure Phenotype

Exon 7 splice
site variant

Array CGH

*
*

*
*

Mild SMA - survival
to adulthood

+

–

*
Severe SMA - death
in infancy

+

–

*
*

Unaffected SMA
carrier

+

–

Unaffected
+

–

SMN2 SMN1

*
*

log2 ratio

+

–
Unaffected

Pathogenic
deletion

Pathogenic
deletion

Pathogenic
deletion

Segmental duplications

Figure 6
The importance of assessing copy number and sequence content. A simplified diagram of the survival of
motor neuron (SMN) locus is depicted based on the reference genome assembly; however, it is known that
this region is highly variable and can exist in multiple configurations (103). Copy number variation at this
locus is likely mediated by many pairs of paralogous segmental duplications (arrows). Spinal muscular
atrophy is caused by homozygous deletion of SMN1. The phenotypic effects of this rare copy number variant
are modified by a copy number polymorphism encompassing SMN2, a highly identical paralog of SMN1,
which differs from SMN1 by a splice site variant that leads to skipping of exon 7. Different structures of the
SMN locus are diagrammed with the expected result of hybridizing individuals with these structures against
an individual with four total SMN copies (the reference assembly configuration). Note that array CGH can
be used to estimate total copy of the SMN genes, and the sequence content of these copies is critical for
phenotypic outcome.
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read-depth over these positions allows for the
determination of paralog-specific copy number
(118). Furthermore, there are new methods to
obtain breakpoint resolution from sequencing
read data (59, 63, 84). Such methods and
sequencing data on more individuals will allow
for the CNP landscape to be comprehensively
tested for association to disease.

FUTURE DIRECTIONS

CNVs are abundant and impactful but can be
difficult to discover and genotype accurately.
Their importance in human disease has be-
come increasingly apparent over the past five
years. We now appreciate that at least 15% of
human neurodevelopmental disease is due to
rare and large copy number changes that result
in local dosage imbalance for dozens of genes.
Other large CNVs, both inherited and de
novo, have been implicated in the etiology of
autism, schizophrenia, kidney dysfunction, and
congenital heart disease. Surprisingly, studies
of the general population suggest that although
such alleles are rare, collectively they are quite
common and under strong purifying selection.
These features mean that a significant fraction
of the human population carries an unbalanced
genome. Such individuals may be sensitized
for the effect of another variant that could po-
tentially interact with these CNVs in a digenic
manner. The cooccurrence of multiple, rare
CNVs has been used to explain the comorbidity

and variable expressivity associated with partic-
ular variants in cases of severe developmental
delay. There is circumstantial evidence that
the full complement of both CNVs and SNPs
may be important for understanding genetic
diseases more broadly (92). It is clear that
investigations into the genetic basis of disease
without consideration of CNVs will miss an
important component of the heritability (74).

Despite numerous advances, the landscape
of copy number variation still remains largely
unexplored especially for CNVs below the rou-
tine detection limit of SNP microarrays (20–
30 kbp). Genome sequencing and CNV charac-
terization of a large number of normal genomes
will be required in order to interpret poten-
tially pathogenic CNVs. Moreover, the role of
multicopy CNVs and the genes therein warrant
further exploration. Such variants are the most
likely to recurrently mutate, the least likely to be
tagged by a flanking SNP, and will vary not only
in copy but also in content, as both functional
genes and nonfunctional pseudogenes of near-
perfect sequence identity are gained and lost.
Although next-generation sequencing will open
these genes to more accurate genotyping, dis-
ease association will depend on a fundamental
understanding of the genetic diversity of these
regions at the sequence level. If the past decade
was a boon for CNV discovery, the next should
focus on integrating all classes of genetic vari-
ation (SNPs, CNVs, and indels) into a more
complete model of human disease.

SUMMARY POINTS

1. Rare CNVs contribute significantly to the human neuropsychiatric disease burden.

2. Several of these rare variants are individually rare but collectively common even in the
normal populations but are enriched in individuals with the disease.

3. Rare variants are under tremendous selective pressure and hence their frequency in the
population is contributed by de novo or new mutations.

4. Considerable phenotypic variability has been uncovered for each of the rare pathogenic
variants and can be explained by a two-hit model for complex disease

5. CNPs are enriched in segmental duplications making these variants challenging to assess;
however, CNPs are important contributors to human genetic diversity and disease.
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6. CNPs can contain genes that are enriched for immune and environmental response
functions, and several CNPs have been associated to human phenotypes.

7. In addition to differing in copy number, segmental duplications can differ in copy, se-
quence content, and structure.

FUTURE ISSUES

1. Availability of high quality sequences will allow for the genotyping of not just copy
numbers but also sequence content and structure of complex regions of the human
genome.

2. To fully explore the relationship of CNVs with disease, a comprehensive analysis of
genetic diversity in these loci from different population of normal individuals is needed.

3. There is a need for an objective and complete phenotypic assessment of individuals with
disease for comprehensive genotype-phenotype correlation studies.

4. Integration of all genetic variation, including rare and common CNVs as well as single
nucleotide variants, is important to study complex disease.

5. Functional analysis of CNVs using model organisms or cell-culture strategies are the
important next step in providing evidence for causality of the identified variants.

6. Development of novel treatment strategies from CNV studies.
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