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While copy number variation (CNV) is an active area of research, de novo mutation rates within human populations are
not well characterized. By focusing on large (>100 kbp) events, we estimate the rate of de novo CNV formation in humans
by analyzing 4394 transmissions from human pedigrees with and without neurocognitive disease. We show that a sig-
nificant limitation in directly measuring genome-wide CNV mutation is accessing DNA derived from primary tissues as
opposed to cell lines. We conservatively estimated the genome-wide CNV mutation rate using single nucleotide poly-
morphism (SNP) microarrays to analyze whole-blood derived DNA from asthmatic trios, a collection in which we ob-
served no elevation in the prevalence of large CNVs. At a resolution of ~30 kb, nine de novo CNVs were observed from
772 transmissions, corresponding to a mutation rate of p =1.2 X 1072 CNVs per genome per transmission (n=65X% 1073
for CNVs >500 kb). Combined with previous estimates of CNV prevalence and assuming a model of mutation-selection
balance, we estimate significant purifying selection for large (>500 kb) events at the genome-wide level to be s = 0.16.
Supporting this, we identify de novo CNVs in 717 multiplex autism pedigrees from the AGRE collection and observe
a fourfold enrichment (P=1.4 X 10~) for de novo CNVs in cases of multiplex autism versus unaffected siblings, suggesting
that many de novo CNV mutations contribute a subtle, but significant risk for autism. We observe no parental bias in the
origin or transmission of CNVs among any of the cohorts studied.

[Supplemental material is available online at http:// www.genome.org. The microarray data from this study have been
submitted to the NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession no. GSE23645.]

Copy number variants (CNVs) are known to affect a wide range
of human phenotypes (Lupski et al. 1991; Edwards et al. 2005;
Aitman et al. 2006; Fellermann et al. 2006; The International
Schizophrenia Consortium 2008; Slavotinek 2008; Weiss et al.
2008). Despite its importance, the de novo CNV mutation rate has
remained elusive due to limited sample size and source material.
Genome-wide estimates of the CNV mutation rate have previously
been based on extrapolation from mutation rates estimated from
individual loci (van Ommen 2005; Lupski 2007; Turner et al. 2008)
or on indirect estimates using population genetic-based approaches
(Conrad et al. 2009). However, the former is affected by locus-
specific variability, while the latter assumes all CNVs are neutral
mutations. Direct estimates of the genome-wide CNV mutation
rate from family studies have been performed in at least two studies
(Sebat et al. 2007; Xu et al. 2008) but have each been based on few
observations (two or less) in relatively small sample sizes (N < 200),
with one of these studies having a resolution of ~100 kb (Sebat
et al. 2007). A third study screened a large collection of trios and
parent—child pairs for de novo CNVs to identify loci to test for an
association to schizophrenia; however, because parent—child pairs
were not ascertained for duplications (Stefansson et al. 2008), it is
not possible to use this information to estimate CNV mutation
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rates without introducing substantial downward bias. Here, we
seek to expand on previous work and estimate the genome-wide
CNV formation rate through the direct identification of de novo
events in a large number of trios from three different population
sources (HapMap, familial autism, and asthmatic trios). We con-
sider potential artifacts that arise from cell line versus primary
tissue, and use the latter to estimate the de novo CNV mutation
rate. By comparing these estimates with the population preva-
lence, we estimate the extent of selection operating on large CNVs
(>500 kbp). Moreover, we show that different mutation processes
contribute disproportionately to CNVs related to the size of the de
novo event.

Results

In this study, we focused on the identification and characterization
of larger de novo CNVs (median, ~150 kbp), leveraging single
nucleotide polymorphism (SNP) microarray data from three sam-
ple collections (Table 1). We consider each of these analyses in-
dependently.

HapMap analysis

The HapMap Phase I trios represent one of the most well-charac-
terized data sets for human genetic variation and include about 60
trios of Northern European and Yoruban Nigerian descent (The
International HapMap Consortium 2005). After quality control, 54
complete trios were analyzed on the Illumina 1MDuo platform
(Table 1). There was no significant difference in the number of
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Table 1. Overview of data sets Asthma analysis

Source No. of trios 16 (6 the inherent problem with utiliz-

Study Description DNA Array platform (before QC)* | . . .
ing cell line-derived material, we sought
Asthma  Trios, Mexico City; child with asthrma  Blood lllumina 550K 386 (492) ~ Outalarge familial DNA data set derived
HapMap  Trios, Ibadan, Nigeria, and Utah; no  Cell line  lllumina 1M Duo 54 (59) from primary tissue. We selected a sample
ascertained phenotype ) _ collection of 492 trios (386 after CNV-
AGRE Pedigrees, various locations; =1 case  Cell line lllumina 550K 1757 (1996) specific quality control [QC]; Methods)

of autism or similar
Multiplex autism
Simplex autism

1638 collected for studies of asthma where
119 both parents and children had provided

*The relatively large number of excluded trios is due to higher stringency for CNV discovery

(see Methods).

CNVs per individual between trio children and either parent
(Supplemental Table 1). Within the complete trios, we manually
screened 1366 CNVs identified in children for de novo CNVs
(Supplemental Table 2). After several additional filters, we identi-
fied seven candidate de novo CNVs ranging in size from 25 to 260
kb (Supplemental Tables 2, 3). Among the inherited events that
could be assigned to a single parent, there was no significant dif-
ference between maternal and paternal inheritance (374 vs. 333,
P =0.1324 binomial test) (Supplemental Table 2).

We attempted to validate four candidate de novo CNVs
identified in the CEU trios by performing array comparative ge-
nomic hybridization (CGH) on DNA samples from the extended
CEPH pedigrees (Supplemental Figs. 1, 2). A truly de novo CNV
would be unobserved in the first generation (CEU trio parents),
validated in the second generation (CEU trio children), and, as-
suming no selective effects, transmitted to approximately half of
the individuals in the third generation. Observing transmission of
a CNV would serve to distinguish between a true CNV within the
germline versus a potential cell line artifact. While all four CNVs
were validated by array-CGH in the second generation, transmis-
sion of these CNVs was never observed in any of the 23 grand-
children tested (Supplemental Figs. 2-4). Segregation analysis of
flanking microsatellites and SNPs (CEPH genotype database,
http://www.cephb.fr/en/cephdb/) in the pedigrees confirmed that
in all families, both haplotypes near the predicted CNV were
transmitted to at least one individual in the third generation
without transmission of the associated CNV (Supplemental Figs.
5, 6). We conclude these putative de novo CNVs likely represent
cell line artifacts that arose during passaging of cell cultures or
represent potential somatic mosaicisms that were cloned during
the establishment of the cell culture. Thus, we observed no true de
novo CNVs in this data set (Table 2).

Table 2. Summary of de novo CNVs identified

blood samples as the source of DNA
(Hancock et al. 2009). Cases of non-
paternity in this data set had previously
been removed, and testing SNPs for Men-
delian concordance additionally excluded large-scale uniparental
disomy (see Methods). Although children in this sample showed
mild to moderate asthma based on clinical symptoms or response
to treatment of a pediatric allergist, we found no significant dif-
ference in the number of CNVs called per individual with respect
to parent versus child (P = 0.65, Wilcoxon rank-sum test) (Sup-
plemental Table 4).

Solely for examining the frequency of large CNVs, we in-
cluded both children with (N = 386) or without (N = 25) complete
parental data (N = 411, total). Approximately 9% (35/411) of
children in these trios carried a CNV = 500 kb and 3% (13/411)
carried a CNV = 1 Mb. Neither frequency is significantly different
from previous frequency estimates in the general population (see
Methods; P = 0.60 and 0.12, respectively, two-tailed Fisher’s exact
test). Among inherited events, there were no significant differ-
ences in the paternally versus maternally inherited CNVs (490 vs.
522, P = 0.3298, binomial test) (Supplemental Table 5). These
analyses imply that asthmatics are unlikely to be enriched in large
CNVs and that this cohort allows estimates of de novo rates of
CNVs applicable to the general population.

Among the children, we identified 11 out of 2025 CNVs for
which a corresponding CNV was not observed in either parent
(Fig. 1; Table 3; Supplemental Table 5). Validation was carried out
using conventional array-CGH with custom NimbleGen arrays
(Table 3; Supplemental Fig. 7; Supplemental Table 6). DNA was
available to attempt the validation of nine candidate de novo
CNVs. For all available parental DNA, no CNVs were detected at
these loci. In the children, eight of nine loci validated as copy
number changes. The smallest event, a 33-kb deletion, failed to
validate and was excluded from further analysis. An additional
CNV that validated was subsequently removed from further
analysis based on its overlap with a known site of copy number

Total de Median Mean SD SD De novo CNVs
Study N novo CNVs?® size (kb) size (kb) mediated associated No SDs per transmission
HapMap 54 0 — — — — — —
Asthma 386 9 810 2042 3 1 5 1.2 x 1072
AGRE multiplex 1638 60 (62) 156 693 12 (13) 5(6) 43
Affected 1270 56 (58) 161 729 11 (12) 5(6) 40 22X1072(23%x107?)
Unaffected 368 4 90 168 1 0 3 54x1073
AGRE simplex 119 4(5) 161 150 0 0 4 (5)
Affected 60 2.5(3) 161 133 0 0 2.503) 21 X1072(2.5 %1072
Unaffected 59 1.5 (2) 175 175 0 0 1.5 (2) 1.3x1072(1.7 X 1072)
Combined Data 2197 73 (76) 156 754 15 (16) 6 (7) 52 (53) 1.7 X 1072 (1.7 X 1072)

?Parentheses indicate number of putative de novo CNVs if both CNVs in three instances of potential germline mosaicism are weighted equal to

other CNVs.
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Table 3. de novo CNVs identified in asthma trios

Validated Frequency

Start by array in controls Exclude Exclude sD
Sample Chromosome (Build 36) Size Type CGH (N=2339) mother father fraction Notes
De novo CNVs
10871 Chr 1 106371568 9955627 Gain Y 0 Y Y 0.03
10942 Chr12 98433426 147234 Loss Y 0 Y ND 0
11020 Chr 16 15387380 809653 Gain Y 1 Y ND 0.04  138-kb flanking SD >99% identity
10653 Chr 16 54000488 351314 Gain Y 0 Y Y 0.09  Adjacent to 150-kb SD block
10054 Chr 18 45282024 1912345 Gain ND 0 ND ND 0
10186 Chr 2 60591731 158513 Gain ND 0 ND ND 0
10421 Chr 22 17295347 2497006 Loss Y 0 Y Y 0.22  VCEFS deletion. 162-kb flanking SD,
99% identity
2648 Chr 22 17295963 2486274 Loss Y 0 Y Y 0.22  VCFS deletion. 162-kb flanking SD,
99% identity
10846 Chr 4 179040624 61669 Gain Y 0 Y ND 0
Excluded putative de novo events
723 Chr 11 38249818 33141 Loss N 12 Y Y 0
593 Chr1 195089653 74058 Gain Y 17 Y Y 0.29  Possible CNP, 38-kb flanking SD,

97% identity

ND, Not determined.

polymorphism (CNP), leaving seven de novo CNVs validated by
array-CGH. Based on the high rate of validation in samples for
which DNA was available and the lack of overlap with known
CNPs, the two putative CNVs for which DNA was not available
likely represent true de novo CNVs and were included in along
with the seven validated de novo CNVs in further analyses. In
summary, manual screening for de novo CNVs recovered 11 can-
didate events, two of which we later excluded, yielding nine de
novo CNVs from 386 trios. Finally, we note that two individuals
(10421, 2648) sharing the same deletion at 22q11 (chr22:17.2-
19.7M) were confirmed using SNP genotypes to represent distinct
samples as opposed to mislabeled replicates.

We estimate the genome-wide frequency of de novo CNVs
tobe 1.2 X 1072 (nine of 772) per haploid genome per generation
(p=6.S5 X 1072 for CNVs >500 kb) (Fig. 2). This estimate is not
significantly different from rates observed in control samples in
previous studies with smaller sample sizes (Supplemental Table 7;
Supplemental Fig. 8; Sebat et al. 2007; Xu et al. 2008). The de novo
CNVs ranged in size from 62 kb to 10 Mb (Table 3). Although our
estimate is not significantly different from previous estimates, it
is likely to be conservative, as it does not account for CNVs over-
lapping CNPs, regions for which there is inadequate probe cover-
age, and regions, such as segmental duplications (SDs), that are
often refractory to CNV detection using array-based techniques.
If the distribution of CNP is taken as an indicator of how many
CNVs are missed due to SDs, it is possible that this estimate may
be 15%-30% higher (Kidd et al. 2008; McCarroll et al. 2008;
Conrad et al. 2009).

SDs in both direct and inverted orientation flanked three of
the nine de novo CNVs identified, and an additional de novo CNV
had SDs adjacent to its distal breakpoint (Table 3). A duplication at
chr16:15.4M is flanked by 138 kb of sequence with >99% identity
in direct orientation and 176 kb of sequence with >98% identity in
inverted orientation. Similarly, two deletions at chr22:17.3M are
flanked by 162 kb of sequence with 99% identity in direct orien-
tation and 126 kb of sequence with >96% identity in inverted
orientation. The presence of SDs in direct orientation suggests
these CNVs were generated via nonallelic homologous recom-
bination (NAHR). In contrast, none of the CNVs observed in the
HapMap were flanked at either breakpoint by SDs, although this

depletion was not significant compared with the asthma data set
(zero of seven vs. three of nine, P = 0.21, two-sided Fisher’s exact
test) (Table 3; Supplemental Table 3).

De novo CNV mutations and selection

Because we ascertained our CNVs using the same platform and
CNV discovery procedure described previously (Itsara et al. 2009),
we assume comparable sensitivity and false-negative rates in
detecting large CNVs. We therefore estimated the average genome-
wide selection coefficient for large CNV deletions and duplications
using a simple mutation-selection balance model (Methods; Sup-
plemental Methods). For CNVs >500 kb, . =(5/772) = 6.5 X 1073,
By using a control set of CNVs (Methods), we estimate the fre-
quency of CNVs >500 kb in the population to be g = 0.04.
Assuming a dominant effect of CNVs (h = 1), this yields s = 0.16

—— AGRE multiplex affected (N=1270)
- — — AGRE multiplex unaffected (N=368)
o 4 e Asthma, this study (N=386)
o
(52}
Q —
- o
o
c
Q
3
o
14
w oN
g <+
3 o
o
©
©
S
S
o
Q -
o

10 50 100 500 1000 5000

minimum CNV size (kb)

Figure 2. Observed frequency of de novo CNVs as a function of mini-
mum CNV size.
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(95% confidence interval [CI] 0.02-0.31). The CI on this estimate
is large, mainly owing to uncertainty in the CNV mutation rate
(Supplemental Methods). A conservative, but more precise, esti-
mate of the mutation rate can be obtained by combining de novo
CNV rates from this study and other studies that have detected
CNVs using lower-resolution arrays (Sebat et al. 2007; Stefansson
et al. 2008). One of these studies examined about 10,000 trans-
missions, but about 5500 were from parent—child pairs for which
no duplications and only a subset of deletions could be detected
(Stefansson et al. 2008). This conservative estimate of the mutation
rate >500 kb corresponds to a selection coefficient s = 0.09 (95% CI
0.06-0.12) (Supplemental Table 8).

It should be noted that this estimate does not apply to regions
of the genome where there is inadequate probe coverage to esti-
mate both mutation rate and allele frequency, including many
duplication-rich regions of the genome that remain poorly ascer-
tained on even the best-available SNP platforms (Cooper et al.
2008). In regions where there is adequate probe coverage, this es-
timate is based off a mutation rate estimate that excludes known
sites of CNP and therefore likely represents a lower bound.

AGRE autism analysis

Numerous studies have shown that individuals with neuro-
cognitive disease are enriched for large de novo CNVs (de Vries
et al. 2005; Sharp et al. 2006; Sebat et al. 2007; Walsh et al. 2008).
This effect is most pronounced for simplex cases compared with
familial cases where slight but insignificant increases in the de
novo rate have been observed (Sebat et al. 2007) compared with
unaffected individuals. We re-examined SNP microarray data
generated from one of the largest collections of autism (AGRE
[Autism Genetics Resource Exchange]) in an effort to compare de
novo rates between affected and unaffected siblings. After ac-
counting for pedigree information, QC, and monozygotic in-
dividuals in multiple births, 3896 distinct individuals from the
AGRE data set were available for further CNV analysis. From this
sample set, it was possible to form 1757 trios, including 1638
multiplex and 119 simplex pedigrees (Table 1). There was no sig-
nificant difference in the number of CNVs per individual between
parents and children (Supplemental Table 9).

Of 10,839 CNV calls examined, 7616 were assigned as
inherited (Supplemental Table 10). For 1454 of the 7616 inherited
CNVs, a single parental origin could not be assigned. Among the
remaining 81%, there was no significant difference in the rate
of maternal versus paternal inheritance of CNVs (3103 vs. 3059,
P =0.5838, binomial test).

Overall, the fraction of probands with a CNV >500 kb was
9.9% (233/2352) and 3.7% (88/2352) for CNVs >1 Mb. Compared
with a set of Caucasian controls analyzed on the same platform
(N = 1370; Methods), this represents a slight but significant ele-
vation in the occurrence of large CNVs (odds ratio [OR] =1.31, P =
0.03 and OR=2.09, P=0.001, respectively, two-tailed Fisher’s exact
test). We found that large CNVs in the AGRE data set were more
likely to affect genes than were CNVs found among controls (1.86-
fold enrichment, P = 0.0073, two-sided Wilcoxon rank-sum test);
this remained significant after further correcting for CNV size (P =
0.03, two-sided Wilcoxon rank-sum test). These enrichments are
strikingly similar to previously observed enrichments (case-control
ratios of 1.32 and 1.79 for CNV frequency and gene content, re-
spectively) in a study of rare CNVs and schizophrenia (The In-
ternational Schizophrenia Consortium 2008). While enrichment
in frequency of large CNVs in autism may in part be due to subtle

ascertainment differences, our results benefit from having ascer-
tained our CNVs using the same calling algorithm and genotyping
platform across all cases and controls.

After removing CNVs overlapping known sites of somatic
rearrangement, excluding trios that failed familial validation, and
excluding CNVs whose phase could not be deduced based on
overlap with CNPs, there were 67 putative de novo CNVs (62 in
multiplex trios, five in simplex) representing 64 independent
events (Tables 2, 4; Supplemental Table 10). In three instances, de
novo CNVs were identified in a pair of nonmonozygotic siblings
representing potential germline mosaicism and were counted as
single events. Several de novo CNVs occur both at loci previously
associated with variable phenotypes, including autism (Amos-
Landgraf et al. 1999; McDermid and Morrow 2002; Veltman et al.
2005; The International Schizophrenia Consortium 2008; Kumar
et al. 2008; Mefford et al. 2008; Weiss et al. 2008; Ben-Shachar et al.
2009; Bijlsma et al. 2009; Miller et al. 2009), as well as sites of re-
current CNV not previously associated with autism (Kurotaki et al.
2002; Bochukova et al. 2010; Walters et al. 2010).

To our knowledge, our analysis represents the largest number
of samples in the AGRE collection systematically screened for de
novo CNVs (Supplemental Table 11). To assess the performance of
our analysis, we compared previously reported de novo CNVs in
five analyses (Sebat et al. 2007; Szatmari et al. 2007; Kumar et al.
2008; Weiss et al. 2008; Bucan et al. 2009) of AGRE families to our
results (Supplemental Table 12). We identify 59 de novo CNVs
previously unreported in these five studies. Excluding six CNVs
that have apparently been mislabeled in the Bucan et al. (2009)
study and one CNV too small to detect in the Szatmari et al. (2007)
study, we were able to identify 18 of 20 previously reported de novo
CNVs. Subsequently, we confirmed eight as de novo CNVs, ex-
cluded eight as inherited events or mosaic deletions, and could not
confirm or exclude the remaining two CNVs due to unavailable
parental sample data (Supplemental Fig. 9; Supplemental Table 12).

Over one-quarter (17/64) of de novo CNVs in the AGRE col-
lection were flanked by SDs in direct orientation (12/64) or had
one of the breakpoints mapping within a cluster of SDs (Table 2).
We refer to the latter as SD-associated to distinguish it from events
likely created due to NAHR. Combining these results with those
from the asthma trios shows a strong trend toward larger de novo
events being preferentially associated or mediated by SDs (Fig. 3A).
Based on the median size of events (~165 kbp), we find that larger
events are more likely to be mediated (P =0.001, two-tailed Fisher’s
exact test) by SDs. To eliminate potential artifacts arising from cell
line passage, we repeated the analysis with a set of 70 de novo
CNVs derived from blood (Stefansson et al. 2008) and observed
a similar trend (Fig. 3B).

A small number (N = 60) of samples in the AGRE collection
represent individuals with simplex autism, many of which were
previously analyzed by Sebat et al. (2007). After correcting for
overlapping sample sets, the rate of de novo CNVs in the study of
Sebat et al. (2007) remains significantly elevated. However, the
small number of AGRE simplex autism cases in our analysis does
not permit statistical distinction between de novo rates observed
in the study of Sebat et al. (2007) and unaffected individuals
(Supplemental Table 13).

Among the 1638 multiplex autism trios, 1270 had an affected
child and 368 had an unaffected child (Table 2). Although cell line
artifacts are expected to be enriched in the AGRE collection, we
found no significant difference in the rate of de novo CNVs
(Fig. 2) between individuals with asthma (nine of 772) and unaf-
fected (four of 736) individuals of the multiplex autism pedigrees
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Figure 3. Comparison of de novo CNV size and potential underlying mechanisms. We classified de
novo events into three categories: segmental duplication (SD)-mediated (CNV breakpoints were
flanked by directly orientated SDs), SD at one breakpoint (a cluster of SDs one side), or no SDs (no SDs
were identified). SDs were defined as segments >1 kbp and >90% sequence identity. (A) Using de novo
events from the AGRE and asthma trios, the cumulative distribution (scatter plot) of CNV size and the
frequency of CNV classes in each CNV size quartile are shown. Both SD-mediated and associated events
are significantly enriched for de novo events above the median size (P = 3.1 X 10~” and 0.018 re-
spectively, two-tailed Fisher’s exact test) where they account for 63% (24/38) of the events. (B) The
analysis was repeated for a recent analysis of controls obtained from blood DNA (Stefansson et al. 2008).
In this study, SD-mediated events were enriched for events above the median CNV size (P = 0.00964,
two-tailed Fisher’s exact test), while SD-associated events were not (P= 1, two-tailed Fisher’s exact test).

(P =0.27, two-sided Fisher’s exact test). Notably, we did observe
a dramatic difference in rate of de novo mutation between affected
and unaffected siblings from the same autism families. Our anal-
ysis indicates that the frequency of de novo CNV carriers is en-
riched approximately fourfold for affected versus unaffected in-
dividuals (P = 1.6 X 1073, two-sided Fisher’s exact test). The
statistical significance is even greater when considering only in-
dividuals with a strict diagnosis of autism (P = 9.2 X 10 (Sup-
plemental Table 14) and is unlikely the result of cell line artifacts
since there were no systematic differences in the rate of growth
during establishment of cell lines from affected and unaffected
individuals (D. Fugman, pers. comm.). Interestingly, this effect re-
mains when separately considering CNVs <500 kb or >500 kb in

de novo CNVs, binned by size quartile

1st Quartile 2nd Quartile 3rd Quartile  4th Quartile
(5kb-57kb)  (57kb-163kb) (163-729kb) (729-9956kb)

Size Quartile

de novo CNVs, binned by size quartile

1st Quartile 2nd Quartile 3rd Quartile  4th Quartile
(28-187kb) (187-473kb) (473-1350kb) (1.35-14.7Mb)

Size Quartile

size (P = 0.03 for both) (Supplemental
Table 15). If there is an existing pre-
disposition to autism within a family, an
otherwise low-risk de novo CNV may
possibly exacerbate and result in phe-
notypic consequences (Girirajan et al.
2010).

H No SDs
B SD mediated
B SD at one breakpoint

1

Parental origin of de novo CNVs

By analyzing the B-allele frequency (BAF)
in de novo CNVs, we were able to un-
ambiguously determine the parental ori-
gin for 47 of 73 de novo CNVs in the
asthma, AGRE multiplex autism, and
AGRE simplex autism data sets (Table 2;
Supplemental Table 16). We identified 21
paternal and 26 maternal de novo events
(mean size = 1.25 Mb and 1.19 Mb, re-
spectively) and therefore no evidence for
a parent-of-origin preference (P = 0.56).
This trend holds irrespective of the study
design or the relationship of these events
to SDs (Supplemental Table 16). Although
the number of CNVs that could be as-
signed a parental origin was relatively
small (N = 47), we have 95% power to
detect a bias in the fraction of CNVs
arising in one parent versus another of
0.26 or more from the null hypothesis
of 0.5.

B No SDs
B SD mediated
B SD at one breakpoint

[

Discussion

Using Illumina 550K SNP array data gen-
erated with peripheral blood DNA, we es-
timate a genome-wide de novo CNV rate
of 1.2 X 1072 events per transmission per
generation (95% CI 5.3 X 1073-2.2 X
1072). This estimate is consistent with
previous studies’ estimates ranging from
0.5%-3% (Supplemental Fig. 8; Sebat
et al. 2007; Xu et al. 2008; Conrad et al.
2009). As expected, our estimate falls be-
low that calculated using high-resolution
CNV arrays and above that of lower-res-
olution arrays (Sebat et al. 2007; Conrad
et al. 2009). Our estimate has the benefit
of being a direct estimate based on ap-
proximately twice the number of trios as previous work Although
there is less uncertainty in our estimate of the genome-wide CNV
mutation rate, it is likely to be conservative as it does not account
for regions of the genome not adequately covered by our platform,
such as SDs or common sites of CNV as these regions were excluded
in our analysis. Conversely, SDs and CNPs cover ~5%-6%, so that
our estimate is largely applicable to ~94% of the human genome.

The extent to which the exclusion of CNPs has biased our
estimate of the de novo CNV mutation rate is difficult to de-
termine. Common CNVs may be of higher frequency by virtue of
a combination of an elevated mutation rate and/or reduced puri-
fying selection. Under the assumption that CNPs are under the
same degree of purifying selection as de novo CNVs, we have
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identified here, this bias could be significant (15%-30%) (Kidd
et al. 2008; McCarroll et al. 2008; Conrad et al. 2009). However,
previous studies of common CNVs have suggested that most dial-
lelic CNPs with a minor allele frequency of >5% are largely an-
cestral mutations (McCarroll et al. 2008; Conrad et al. 2009) and
that many CNVs observed at ~1% within a population share
a single mutational origin (McCarroll et al. 2008). These observa-
tions suggest that much of the increased frequency of CNPs is not
due to a substantially increased mutation rate but rather relaxed
purifying selection compared with rare CNVs.

Whereas previous estimates of de novo point mutation rates
range from about 35-90 substitutions per generation (Nachman
and Crowell 2000; Kondrashov 2003; Roach et al. 2010), mean
CNV sizes of 693 kb and 2 Mb in the AGRE and asthma data sets,
respectively, suggest an average of 8-25 kbp de novo CNV se-
quence per genome. Thus, although de novo CNVs occur at lower
overall frequency than point mutations, about 100-fold more base
pairs of sequence are affected per generation. A comparison be-
tween the chimpanzee and human genomes reported only a four-
fold difference in the number of CNV base pairs versus single-base
pair substitutions (Cheng et al. 2005; The Chimpanzee Sequencing
and Analysis Consortium 2005). We propose that this discrepancy
reflects a large difference in the selection pressure operating on
new CNV mutations versus de novo SNPs.

Our calculated de novo CNV rate is based on trios from
Mexico City for which the child was affected with asthma. Ac-
cordingly, there are several sources of potential bias in our de novo
CNV rate estimate that may affect its generalizability. First, some of
the events we considered as validated de novo CNVs may reflect
somatic mosaicism. While the allelic balance in the de novo CNVs
detected suggests that they are not mosaic events within blood, we
are unable to exclude the possibility that these are somatic events
specific to hematopoietic cells. Second, the age of children of our
trios at the time of collection was between 5 and 17 yr (Hancock
et al. 2009), and neurocognitive disease cannot be definitively
excluded. If de novo CNVs cause disease with onset later in life,
then the prevalence of de novo CNVs will be biased upward rela-
tive to an unaffected cross-section of the population. Finally, if de
novo CNVs contribute to the risk of asthma, then our estimate of
the CNV mutation rate will be elevated by a factor approximately
equal to the average relative risk of asthma in individuals with
a de novo CNV. The extent to which de novo CNVs contribute to
the risk of asthma is unclear, but our results suggest no enrichment
compared with other groups unaffected for neurocognitive disease
(Supplemental Table 8).

Two of the de novo CNVs observed in our asthma data set
were 22q11 deletions for which the phenotype has previously
characterized as associated with Velo-Cardio facial syndrome
(VCES) or DiGeorge syndrome. It is unclear whether individuals
with 22q11 deletions are at increased risk for asthma (Staple et al.
2005). Compared with previous prevalence estimates of one in
3900, observing two deletions in 386 represents a significant ele-
vation (P = 0.02, two-sided Fisher’s exact test). It is unlikely that
these individuals were erroneously ascertained individuals with
cardiovascular malformations, as the classification of asthma was
based on spirometry. However, one in 3900 is believed to represent
a minimal estimate of the prevalence of VCFS, having been based
on ascertainment of individuals with cardiac anomalies (Goodship
et al. 1998; Botto et al. 2003; Oskarsdottir et al. 2004). In contrast,
22q11 deletions are known to be highly variable in presentation
(Bassett et al. 2005; Kobrynski and Sullivan 2007), with reports in
some cases of individuals only being identified after diagnosis in

their children (McDonald-McGinn et al. 2001), making it unclear
whether this represents a significant elevation above the true
prevalence of VCEFS deletions.

Unlike SNPs or chromosomal aneuploidy events, we find no
parent of origin effect, with roughly equal numbers arising from
mother and father irrespective of disease study. These results
are consistent with a meiotic-based mechanism such as unequal
crossover, as opposed to replication-based mechanisms (Lee et al.
2007), as the primary force for driving CNV formation. For ex-
ample, if replication-based mechanisms were responsible for most
de novo CNV formation (Lee et al. 2007), one might expect a pa-
ternal bias, as has been observed for point mutations (Crow 2000).
One should caution that the number of de novo events in this
study is relatively few (47), and the events are in general quite large
(median = 150 kbp). Different mutational mechanisms contrib-
ute disproportionately to the spectrum of structural variation,
and as smaller events are more routinely ascertained, we might
expect to discover different biases.

A detailed analysis of the underlying de novo events identi-
fied in this study suggest that larger deletion and duplication
events are much more likely to be mediated by duplicated se-
quences. This observation is consistent with previous reports that
indicated that the role of NAHR is more pronounced for larger CNV
events compared with small events (Tuzun et al. 2005; Korbel et al.
2007; Conrad et al. 2009). Among putative NAHR events, the
similarity and length of the SD are extraordinary (average, 98.8%
with an average length of 124 kbp). While we find an excess
of deletions versus de novo duplications (31 vs. 42) for all events,
this trend reverses itself for events in excess of 500 kbp (13 gains vs.
nine losses), consistent perhaps with stronger prenatal selection.
Ten of 16 de novo events greater than 1 Mbp in size were either
bracketed by SDs or had one of their breakpoints mapping within
the vicinity of SDs (Fig. 3). The former is consistent with a NAHR
of directly orientated duplicated sequences. The latter, however,
suggests some other SD-associated mechanism that does not de-
pend directly on sequence similarity but rather is a reflection of the
instability conferred by these regions during repair or replication
(Lee et al. 2007). The observation of so many SD-associated events
may help to explain the phenomenon of primate duplication
shadowing whereby lineage-specific duplications were 10 times
more likely to occur adjacent to regions of SD (Cheng et al. 2005).

Estimating the CNV mutation rate on the Illumina 550K SNP
arrays allows us to compare the frequency of large de novo CNVs to
that previously observed in the general population using the same
platform and examine the potential effects of selection. A value of
§=0.16 (95% CI 0.02-0.31) suggests that large (>500 kb) CNVs on
average are deleterious. Although the CI on this estimate is wide,
even the most conservative estimates suggest that s ~ 0.1 (Sup-
plemental Table 8). However, the relation between negative se-
lection and clinical phenotype remains to be elucidated. For ex-
ample, the value of s for large CNVs is comparable to previously
calculated values for porphyria variegata, lipoid proteinosis, and
BRCA1 mutations (Supplemental Table 17; Mgorch and Andersen
1941; Crow 1986; Stine and Smith 1990; Pavard and Metcalf 2007).
Porphyria variegata has a wide range of manifestations ranging
from skin sensitivity to mental retardation, suggesting a broad
range of symptoms upon which negative selection may act (Hift
et al. 2004). In contrast, negative selection at BRCA1 has been hy-
pothesized to occur only on the fraction of individuals with onset
of cancer early enough to affect fertility (Pavard and Metcalf 2007).
Finally, although the clinical manifestations of lipoid proteinosis
are inherited in an autosomal recessive manner, heterozygotes
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are believed to be selectively disadvantageous with s = 0.07 under
a dominant model of selection (Stine and Smith 1990).

The results presented here are consistent with previously
proposed models of neuropsychiatric disease (Zhao et al. 2007;
Girirajan et al. 2010). Zhao and colleagues, for example, put for-
ward a model of autism risk in which families fall into two major
categories: those in which the overall risk for autism is low, repre-
senting the majority of families, and those in which the risk is much
higher due to a disease allele with a dominant mode of transmis-
sion and sex-dependent penetrance. Under this model, simplex or
sporadic autism represents the situation in which autism occurs in
a low-risk family due to a spontaneous mutation of high pene-
trance, whereas multiplex autism occurs due to the inheritance of
an existing allele from a mildly affected or asymptomatic parent.

In another model, Girirajan et al. (2010) proposed the ne-
cessity in some families for a second mutational hit to lead to se-
vere neuropsychiatric disease. He observed that individuals with
childhood developmental delay are enriched approximately four-
fold for a rare 520-kb 16p12 deletion. In nearly all cases examined
(22/23), the deletion was inherited. Thus, similar to the model
proposed by Zhao et al. (2007), 16p12 deletions appear to be an
example of inherited predisposition to neuropsychiatric disease
with dominant transmission. However, these individuals were
more likely to carry a second large (>500 kb) CNV than were
matched controls, and clinical features of those with a “second-
hit” were typically more severe and recognizable than those with
the 16p12 deletion alone. This supports a disease model in which
the presence of a 16p12 deletion by itself results in predisposition
to disease and, in combination with other risk-conferring variants,
can exacerbate neuropsychiatric phenotypes. Thus, for childhood
developmental delay (1) there exist rare variants of moderate to
high risk that (2) alone or in combination with one another may
result in neuropsychiatric disease. In particular, the observed en-
richment of second-hit large CNVs suggests that such genetic var-
iants appear to fulfill criteria 1 and 2 and supports the claim that
such variants are under purifying selection.

We propose that multiplex autism pedigrees represent a situ-
ation where there is an existing inherited predisposition to neu-
ropsychiatric disease, but this alone is not sufficient to cause dis-
ease. Secondary insults such as large CNVs as observed in Girirajan
etal. (2010) or de novo CNVs as observed in this study are required
to manifest as autism. Consequently, the observation of de novo
CNVs disproportionately among affected siblings compared with
unaffected siblings can be thought of as a depletion of second-hits
in the unaffected sib due to this sensitized familial background. The
abundance of inherited and de novo CNVs in the general pop-
ulation provides ample opportunity for multiple affected persons to
appear within families. We propose that many of these CNVs, by
themselves, are not fully penetrant but in combination with other
genetic factors provide a molecular etiology for autism and as such
are ultimately eliminated by selection. Finally, it is interesting to
note that we observe this enrichment for de novo CNVs smaller
than 500 kb, suggesting that a broad size range of CNVs, many of
which are rare, may act as moderate risk variants for neuropsychi-
atric diseases.

Methods

SNP microarray and sample collections

For the purposes of CNV detection, samples were required to pass
initial QC applied by the Illumina BeadStudio Genotyping Mod-

ule as well as additional CNV-specific QC filters (Supplemental
Methods). Complete trios were screened for de novo CNVs only if
the child passed CNV-specific QC filters. In order to estimate a
genome-wide de novo CNV mutation rate, we considered SNP
microarray data obtained from three different sources: (1) Illumina
1M Duo genotype data from 60 HapMap trios (54 after CNV-
specific QC) obtained from 89 CEU and 90 YRI lymphoblastoid cell
lines (GEO accession nos. GSE16894 and GSE16896). (2) Cell line-
derived DNA from 4271 individuals in multiplex and simplex
AGRE (http://www.agre.org) pedigrees genotyped on the Illumina
HumanHap550v1 and v3 SNP array originally generated at Chil-
dren’s Hospital of Pennsylvania (Bucan et al. 2009). After valida-
tion of familial relationships (see below) and CNV-specific QC, this
included 1757 validated trios, of which 1638 and 119 were from
multiplex and simplex pedigrees, respectively. (3) The final source
was blood DNA from trios in which the child was affected by
asthma. Illumina HumanHap550 SNP microarray data were pub-
lished previously (Hancock et al. 2009). Probands consisted of
children aged 5- to 17-yr-old with a mild-to-modest asthma di-
agnosis given by a pediatric allergist at the allergy referral clinic of
a large public pediatric hospital in central Mexico City (Hospital
Infantil de México, Federico Gémez). Four-hundred-ninety-eight
case-parent triads were genotyped at the University of Wash-
ington, Department of Genome Sciences. After initial quality
control, 492 complete trios with validated parentage remained in
this data set. Three-hundred-eighty-six trios remained after addi-
tional CNV-specific QC filters. Note these QC metrics are more
stringent for CNVs than for SNP genotype calls. In addition, we
generated a CNV call-set from additional control samples. [llumina
Hap550 genotyping data used for this purpose consisted of lym-
phoblastoid cell line DNA from 671 neurologically normal Cau-
casian controls from a study of Parkinson'’s disease (dbGaP acces-
sion no. phs000089; Simon-Sanchez et al. 2007) and peripheral
blood DNA from 699 individuals of European ancestry from the
InCHIANTI study of aging (http://www.inchiantistudy.net; Melzer
et al. 2008).

CNV discovery

Discovery of de novo CNVs was carried out as an extension of
a previously validated method that identifies CNVs from Illumina
SNP microarray data (Itsara et al. 2009). Illumina GenomeStudio
software was used to generate two summary quantities for each
SNP: the LogR ratio, representing the total signal intensity, and the
BAF, representing the allelic balance. In order to minimize batch
effects, the LogR ratio and BAF for a given sample were generated
using genotype clusters defined by the batch in which each sam-
ple itself was originally run. Thus, the HapMap sample genotypes
and intensities were generated using the default GenomeStudio
cluster file (defined by the HapMap itself), the asthma intensities
were based off a cluster file generated by the asthma samples
themselves, and similarly for the AGRE collection. Due to diffi-
culties normalizing the LogR ratio and BAF in sample collections
with both males and females, CNV discovery was restricted to
autosomes.

A hidden Markov model (HMM) examines the LogR Ratio and
BAF in order to identify duplications, deletions, and homozygous
deletion events. Briefly, we specify a four-state HMM correspond-
ing to copy number O through 3 based on LogR intensities, trans-
formed into standard normal measurements (Z-scores) over
a chromosome, and the square root of a quantity we termed the
b-deviation. The b-deviation of a probe was defined as the deviation
from the expected BAF given the genotype. For homozygotes, this
was defined as the minimum of BAF and 1 — BAF, while for het-
erozygotes, this was defined as the absolute value of (BAF — 0.5).
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For failed genotypes or CNV probes, the b-deviation was the
minimum value of BAF, 1 — BAF, and the absolute value of (BAF —
0.5). All analyses were performed using human genome assembly
Build 36 (hgl8) coordinates and were restricted to autosomes.
Further details on CNV discovery are available in Supplemental
Methods.

De novo CNV identification

Because of relatively high false-negative rates, it is insufficient to
use CNV calls from the CNV discovery phase alone to identify
candidate de novo events. We estimated that manual curation
outside of SDs has high sensitivity (100% and 94.7% for the Illu-
mina 550K and Illumina 1MDuo platforms, respectively) to detect
CNVs at a given locus and therefore used it as a screen against
inherited CNVs (Supplemental Methods; Supplemental Tables 18,
19). For each CNV identified in a trio child from the discovery
phase, SNP array data at the same locus were manually inspected in
each member of the corresponding trio. CNVs in each child were
then annotated as maternal inheritance, paternal inheritance,
unclear inheritance (cases in which either parent could have
transmitted a CNV), inheritance from both parents (for homozy-
gous deletions), potential de novo events, or ambiguous. Although
not explicitly filtered out, all CNVs flagged as potentially de novo
using this technique had >50% of their length outside of SDs. For
all data sets, the number of CNVs marked as false-positives were
consistent with the previously estimated true-positive rate for our
CNV discovery procedure (Itsara et al. 2009). For the AGRE data set,
this process was partly automated by marking CNV calls in chil-
dren with more than 50% mutual overlap with a CNV call in either
parent as inherited.

Candidate de novo CNVs were subsequently subjected to
three filters: removal of common sites of immune somatic rear-
rangement or complexity (>50% overlap with immunoglobulin or
T-cell receptor loci, or HLA) (Supplemental Table 20), exclusion of
sites of common CNPs (McCarroll et al. 2008) because of an in-
ability to unambiguously resolve phase (N = 33), and confirmation
of familial relationships. Since the HapMap was from the higher-
resolution Illumina 1M Duo platform, candidate de novo CNVs in
the HapMap were additionally required to contain less than 50%
mutual overlap with any other CNV detected in the HapMap.

To confirm chromosomal transmission and exclude errors in
sample labeling and large-scale uniparental disomy, 100 random
SNPs were selected on each autosome (2200 SNPs total) and tested
for Mendelian inheritance. Parent—child relationships were con-
firmed by assessing Mendelian inheritance of SNP genotypes (see
Supplemental Methods).

Parental origin was determined for each de novo event by
analyzing the transmission of the SNP alleles from each parent to
the child. In duplications, this was done by using the BAF to ge-
notype heterozygous SNPs as either “AAB” (BAF < 0.4) or “ABB”
(BAF>0.6), thereby determining the duplicated allele. For all CNV's
in which informative genotypes existed, SNP inheritance was
consistent with inheritance from one parent. De novo CNVs were
classified as SD-mediated if flanked by paralogous SDs in direct
orientation (Bailey et al. 2001), or as SD-associated if one of two
breakpoints mapped within a cluster of SDs (>90% identity; >1
kbp).

Array CGH validation and sensitivity estimates

Validation experiments for de novo events were completed with
array CGH using a customized design (NimbleGen 12x135K) tar-
geting de novo events. To determine whether a targeted region of
N consecutive probes was validated, we compared the mean signal

in the targeted region to mean signals in all windows contain-
ing N probes on the array not predicted to be a CNV. A CNV
was considered validated if its mean signal corresponded to a
P-value < 0.05.

With respect to CNV discovery, the sensitivity of our method
in regions with sufficient probe coverage was previously estimated
at ~60% with a true-positive rate >77% (Itsara et al. 2009). Con-
sistent with previous estimates of the true-positive rate, we were
able to validate predicted copy number changes for eight of nine
CNVs tested.

Frequency of large CNVs in the general population

The frequency of large CNVs in the general population was esti-
mated using Illumina 550K SNP array data from a total of 1370
individuals. This control included SNP genotypes from both lym-
phoblastoid cell lines (N = 671) and peripheral blood material (N =
699; see above). Previously, we observed, using our CNV discovery
technique, that the use of cell line DNA versus peripheral blood
DNA is not a major contributor to estimates of CNV burden
(Itsara et al. 2009). The fraction of individuals with at least one
CNV>500kband>1Mbwas 7.7% (106/1370) and 1.8% (25/1370),
respectively. These values are similar to previously reported esti-
mates (Itsara et al. 2009). The number of CNVs per haploid genome
for CNVs >500 kb was 0.04 (109/[1370 X 2]).

Population genetic analysis

We calculated the selection coefficient based on modifications of
the classic mutation-selection balance model (Haldane 1932; Crow
1986) by constructing two models assuming either linked muta-
tions at distinct loci with no recombination or unlinked mutations
within a haploid genome (Supplemental Methods). If the limit
that the genome-wide mutation rate (u) and equilibrium fre-
quency of mutation-bearing genomes (q) is small, both models
converge to the classical approximation that s = u/q.

De novo CNV enrichment calculation in AGRE pedigrees

Relative CNV enrichment was calculated within multiplex autism
pedigrees using all children, defined as individuals with SNP array
data for both parents. In the cases of monozygotic siblings, a single
representative was included in the analysis. Individual phenotypes
were determined with the AGRE phenotypic database (http://www.
agre.org) using the preassigned “Scored Affected Status,” which
categorizes affected individuals as autism (meets diagnostic criteria
for autism using the ADI-R scoring algorithm), not quite autism
(NQA), or broad spectrum. The latter two classifications represent
individuals failing to meet the strict criteria for autism and may
represent a wide range of phenotypes. Relative CNV enrichment
was initially calculated between all affected (autism, NQA, and broad
spectrum) and unaffected individuals. Additionally, the enrich-
ment calculation was stratified comparing autism or the com-
bination of broad spectrum and NQA classifications against
unaffected individuals.
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