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ABSTRACT

BACKGROUND
Some copy-number variants are associated with genomic disorders with extreme
phenotypic heterogeneity. The cause of this variation is unknown, which presents
challenges in genetic diagnosis, counseling, and management.

METHODS

We analyzed the genomes of 2312 children known to carry a copy-number variant
associated with intellectual disability and congenital abnormalities, using array
comparative genomic hybridization.

RESULTS

Among the affected children, 10.1% carried a second large copy-number variant in
addition to the primary genetic lesion. We identified seven genomic disorders, each
defined by a specific copy-number variant, in which the affected children were
more likely to carry multiple copy-number variants than were controls. We found
that syndromic disorders could be distinguished from those with extreme pheno-
typic heterogeneity on the basis of the total number of copy-number variants and
whether the variants are inherited or de novo. Children who carried two large copy-
number variants of unknown clinical significance were eight times as likely to have
developmental delay as were controls (odds ratio, 8.16; 95% confidence interval,
5.33 to 13.07; P=2.11x10738). Among affected children, inherited copy-number vari-
ants tended to co-occur with a second-site large copy-number variant (Spearman
correlation coefficient, 0.66; P<0.001). Boys were more likely than girls to have
disorders of phenotypic heterogeneity (P<0.001), and mothers were more likely than
fathers to transmit second-site copy-number variants to their offspring (P=0.02).
CONCLUSIONS

Multiple, large copy-number variants, including those of unknown pathogenic signifi-
cance, compound to result in a severe clinical presentation, and secondary copy-number
variants are preferentially transmitted from maternal carriers. (Funded by the Si-
mons Foundation Autism Research Initiative and the National Institutes of Health.)
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ENOMIC REARRANGEMENTS ARE AN
important source of genetic and pheno-
typic variation. Rare, recurrent copy-
number variants of pathogenic significance,
termed genomic disorders, were originally identi-
fied in persons with a characteristic set of clinically
recognizable features, such as the Smith—-Magenis
syndrome, the Sotos syndrome, and the Williams—
Beuren syndrome. Although unexplained pheno-
typic variation and differences in severity have long
been recognized among patients with the same ge-
nomic disorder,*> comparatively recent discover-
ies of potentially pathogenic copy-number variants
have broadened the phenotypic range associated
with a given variant to include entirely distinct dis-
eases. High-throughput analyses of patient popula-
tions have implicated the same copy-number vari-
ants in diseases, such as schizophrenia,® autism,’
cardiac disease,? epilepsy,” and intellectual disabil-
ity.1° For example, a recurrent deletion on chromo-
some 15q13.3 has been associated with intellectual
disability,’* schizophrenia,'? autism,*® and 1% of
idiopathic generalized epilepsy.** Similarly, a dele-
tion on chromosome 16p11.2 has been associated
with intellectual disability,*> obesity,® schizophre-
nia,” and 1% of sporadic cases of autism.® The
factors underlying the phenotypic variation associ-
ated with seemingly identical genomic alterations
have not been entirely clear and present challenges
for clinical diagnosis, counseling, and manage-
ment. Although such copy-number variants confer
a risk of disease, they may not be sufficient by
themselves to lead to a specific disease outcome,
fueling speculation that additional risk factors
may account for the variation.%2°
We recently proposed a “two-hit,” or second-
site, model that is based on the observation that
affected persons with a microdeletion on chromo-
some 16p12.1 are more likely to have additional
large copy-number variants than are controls.?!
Our data supported an oligogenic basis, in which
the compound effect of a relatively small num-
ber of rare variants of large effect contributes to
the heterogeneity of genomic disorders, and pro-
vided testable predictions of the cause of syndrom-
ic disorders and those with phenotypic variation.
In the current study, we tested the generalizabil-
ity of this second-site model by analyzing the
genomic context of 72 large, rare copy-number
variants known to be associated with a genomic
disorder or potentially associated with disease.??23

We also examined the relationship between phe-
notypic severity and the total size and number of
copy-number variants.

METHODS

STUDY SAMPLES
We analyzed 32,587 samples from children who
had developmental delay with or without con-
genital malformations; the samples were sub-
mitted to Signature Genomic Laboratories from
2008 through 2010. (Details are provided in the
Methods section in the Supplementary Appendix,
available with the full text of this article at NEJM
.org.) Parents or guardians provided written in-
formed consent, or deidentified data were supplied
by clinicians according to a protocol approved by
the institutional review board.

We performed microarray-based comparative
genomic hybridization (array CGH) with a whole-
genome bacterial-artificial-chromosome micro-
array (SignatureChipWG) for 9207 samples and
an oligonucleotide-based microarray (Signature-
ChipOS, custom-designed by Signature Genomic
Laboratories and manufactured by Agilent Tech-
nologies or Roche NimbleGen) for 23,380 sam-
ples.2#2¢. We obtained data on copy-number
variation (calls) from 8329 persons who had
been found to have no overt neurologic disorders
during screening for other studies (controls) (see
the Methods section in the Supplementary Ap-
pendix). We compared copy-number variants in
the 32,587 samples from children who had de-
velopmental delay with those in the 8329 control
samples; copy-number variants with overlap of
50% or more of their length were considered to
be the same. To assess copy-number variants for
a specific phenotype, we examined children with
sporadic autism as part of the Simons Simplex
Collection. In this analysis, we generated calls
for 841 probands, 1651 parents, and 793 siblings
from Illumina 1M and 1M Duo arrays, using the
same algorithm that was used for control data
with respect to copy-number variants.222%28

DEFINITION OF COPY-NUMBER VARIANTS
We analyzed 72 regions of rare copy-number vari-
ation (primary events) that were previously known
to be associated with neurodevelopmental phe-
notypes or a genomic disorder and placed them
into two broad groups on the basis of the pres-
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ence or absence of associated syndromic features
(Tables S1, S2, and S3 and Fig. S1 through S4 in
the Supplementary Appendix). We designated the
genomic disorders on the basis of the cytoband
location, followed by the candidate-gene symbol
in parenthesis to provide a quick landmark.

We defined second-site copy-number variants
on the basis of the following criteria: the copy-
number variant exceeded 500 kb, mapped to a
genomic location that differed from that of the
first-site copy-number variant (i.e., nonallelic), and
was apparently unrelated to the first copy-number
variant (a criterion that excluded samples carrying
unbalanced translocations and other complex re-
arrangements from this analysis), with a preva-
lence of less than 0.1% of that in the general
population (<8 of the 8329 controls) in order to
exclude potential polymorphic loci that might
confound our interpretation of enrichment of
additional copy-number variants. Our previous
analysis of a large set of cases and controls?22°
supports the fourth criterion, which we did not
apply to copy-number variants that were known
to be associated with a neurodevelopmental dis-
order. To assess the coexistence of large variants
of unknown significance, we excluded all samples
with a copy-number variant that was known to
confer risk or its reciprocal copy-number variant,
which is a variant resulting from a reciprocal
recombination product at a particular disease-
associated genomic region (e.g., the reciprocal
copy-number variant of a 17p11.2 deletion [re-
sulting in the Smith—-Magenis syndrome] is the
17p11.2 duplication [resulting in the Potocki-
Lupski syndrome], and vice versa). We did not
consider copy-number variants that were called
with a relative paucity of probes (for details, see the
Methods section in the Supplementary Appendix).

STATISTICAL ANALYSIS
We performed all analyses using nonparametric
tests. Statistics were calculated exclusively for au-
tosomal second-site copy-number variants because
of the lack of control data on sex chromosomes.
The significance of enrichments for second-site
copy-number variants was determined with the use
of Fisher’s exact test on a two-by-two contingency
table. Owing to the strong probability that a large
copy-number variant would be pathogenic,??2°
we report nominal P values for specific second-
site loci.

RESULTS

SAMPLE ANALYSES

We analyzed 32,587 samples from children with or
without congenital malformations that had been
submitted to Signature Genomic Laboratories for
array CGH analysis (see the Methods section and
Fig. S5 and S6 in the Supplementary Appendix).
These samples originated from referral centers
located primarily throughout the United States.
We found a precision (the percentage of true pos-
itives in all initially positive results) of more than
0.945 for the discovery of large copy-number vari-
ants on the basis of a previous validation of the
data.?? For children who carried multiple copy-
number variants, we validated the findings per-
taining to these variants using fluorescent in situ
hybridization (FISH, for 213 variants) or array CGH
(for 265 variants). We considered an additional
502 variants to be validated because a parent car-
ried the same variant (Table S4 in the Supplemen-
tary Appendix). We obtained control calls from
samples obtained from 8329 persons who had been
screened for overt neurologic disorders in multi-
ple studies.??

We focused on 2312 children who were deter-
mined to have 1 of 72 primary-site copy-number
variants. These included 23 large, rare, pathogenic
copy-number variants that had previously been
associated with a typical constellation of clinical
features (syndromic disorders), 40 rare copy-num-
ber variants that had previously been associated
with phenotypic heterogeneity,2>22 and 9 large,
rare copy-number variants of uncertain pathogenic
significance (Fig. S5 and S6 in the Supplementary
Appendix). These 72 copy-number variants (39 de-
letions and 33 reciprocal duplications) mapped to
39 distinct genomic regions and were associated
with clinical features involving various organ sys-
tems, including developmental delay or intellec-
tual disability, autism, cardiac abnormalities,
speech deficits, craniofacial features, and other
previously defined congenital malformations.??

ANALYSIS OF PARENTAL DATA

We determined inheritance using the parental data
that were available for 653 probands, who collec-
tively carried 66 of the 72 primary copy-number
variants (Fig. S7 in the Supplementary Appendix).
Of these 66 primary copy-number variants, there
were 18 (found in 64 probands) in which the events
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A Origin of Variants B Frequency of Second-Site Variants
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Figure 1. Inheritance Pattern of Copy-Number Variants and Frequency of Second-Site Variants Associated with a Genomic Disorder.

In Panel A, the histogram shows the inheritance pattern of copy-number variants. Inheritance information for at least 5 children is
shown. The asterisks denote the number of children for whom parental data were available: one asterisk, 5 to 10 children; two asterisks,
11 to 20 children; and three asterisks, more than 20 children. Most copy-number variants that were associated with syndromic disorders
arose de novo, whereas the recently discovered variants associated with variable phenotypes were highly inherited. (A complete list of
inheritance information for all 72 variants included in this study is provided in Table S12 in the Supplementary Appendix.) AS denotes
Angelman syndrome, and PWS Prader-Willi syndrome. In Panel B, the histogram shows the incidence of large secondary copy-number
variants in a representative set of variants associated with genomic disorders in samples obtained from 32,587 children with develop-
mental delay or congenital anomalies. Results are displayed in the descending order of frequency of second-site variants. Frequencies of
another large variant among controls (conditioned for deletions or duplications of >500 kb) and of 2 large variants (>500 kb) in the general
control population (unconditioned) are indicated by black bars. An asterisk indicates a significant enrichment, as compared with controls
who had either a deletion or duplication of the first-site variant. Only four disorders with significant enrichment are represented in this
figure. To account for sex bias and the lack of control data on sex chromosomes, these data represent only autosomal second hits.

were exclusively de novo (Fig. 1). Some of these de was inherited in at least one instance, and the

novo variants are known to cause clinically well-
defined syndromes, such as the Smith-Magenis
syndrome, the Williams—Beuren syndrome, the
Sotos syndrome, and 17q21.31 (MAPT) deletion
syndrome (Fig. S8 in the Supplementary Appen-
dix). Each of the remaining variants (48 of 66)

extent to which they were inherited (vs. de novo
occurrence) ranged from 5.6% to 100%. This sec-
ond set included copy-number variants known to
be associated with a much more variable set of
outcomes, ranging from neuropsychiatric disease
to severe intellectual disability — such as 16p12.1
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A Sex Bias in Genomic Disorders
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Figure 2. Sex Bias in Genomic Disorders Associated with Phenotypic Variation and the Correlation between the Inheritance of Variants

Panel A shows the proportion of boys with all 72 genomic disorders, including syndromic copy-number variants and those with variable
features. Boys were more likely than girls to be affected with disorders of phenotypic heterogeneity (P<0.001 by the Mann—Whitney test).
Panel B shows the percentage of inherited first-site copy-number variants and the incidence of rare variants at second sites for a representa-
tive set of genomic disorders. Each data point represents a genomic disorder. A strong correlation was observed (Spearman correlation
coefficient, 0.68; P<0.001) when genomic disorders affecting more than five children were analyzed. The two categories of syndromic
disorders and disorders with phenotypic heterogeneity cluster separately according to the percentage of inherited first-site variants. Seven
genomic disorders are represented by a single data point at coordinates 0, 0, and two disorders by a single data point at 0, 5. (Additional
information regarding variants that are not represented in this figure is provided in Fig. S16 in the Supplementary Appendix.) AS denotes
Angelman syndrome, PWS Prader-Willi syndrome, and WBS Williams—Beuren syndrome.

(CDR2) deletion, 3q29 (DLGI) duplication, 15q11.2
(NIPA2) deletion, 22q11.2 (TBX1) duplication,
15q13.3 (CHRNA?) deletion, and 16p11.2 (TBX6)
duplication?® — and rare copy-number variants
that are potentially pathogenic, although their
pathogenicity has not been proved, such as 6q16
(SIM1) duplication, 15q13.3 BP4-BP5 duplication,
and 1524 (PTPN9) duplication.

SEX BIAS IN GENOMIC DISORDERS

On the basis of the partition between syndromic
and phenotypically variable genomic disorders,
we tested for a sex bias (see the Methods section
in the Supplementary Appendix). We found a sig-
nificant male bias among children with genomic
disorders characterized by phenotypic variation,
as compared with children whose disorders were
associated with syndromic features (P<0.001 by
the Mann-Whitney test) (Fig. 2A). This bias was
observed with or without consideration of the
presence of additional large copy-number vari-
ants (Fig. S9 in the Supplementary Appendix).

N ENGL J MED 367;14

ADDITIONAL VARIANTS

Next, we tested for the presence of additional large
copy-number variants at a second site (Fig. S10 and
$11 in the Supplementary Appendix). Of the 2312
aftected children known to carry a primary variant,
200 (8.7%; 87 girls and 113 boys) carried at least
1 additional large variant affecting an autosome.
We observed a total of 211 second-site variants
(median size, 1.37 Mb), with similar numbers of
duplications and deletions (108 and 103, respec-
tively) (Table S5 in the Supplementary Appendix).
In cases in which the second-site variant was also
previously associated with a genomic disorder
45 of 200, or 22.5%), the rarer variant was con-
sidered to be the primary-site variant,?? since its
rarity suggested that it was more likely to have a
severe effect than the more common variant (Table
S6 and Fig. S10 and S12 in the Supplementary Ap-
pendix). Similarly, a third-site large variant, result-
ing in an overall median variant burden of 2.5 Mb,
was observed in 11 of 200 affected children (5.5%)
(Table S7 in the Supplementary Appendix).
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We detected a significant enrichment of second-
site variants in samples from children with a phe-
notypically variable genomic disorder, as compared
with second-site variants in samples from those
with a syndromic genomic disorder (156 of 1509,
or 10.3%, vs. 44 of 857, or 5.1%; odds ratio, 2.13;
95% confidence interval, 1.5 to 3.08; P=4.49x10~°)
(Fig. S13 and S14 and Table S8 in the Supplemen-
tary Appendix).

VARIANTS OF UNKNOWN SIGNIFICANCE
On the basis of these results, we expanded our
analysis to determine whether a second-site model
for copy-number variants (i.e., the increased clin-
ical effect of two or more independent large vari-
ants) also applies to variants of unknown signifi-
cance. To assess the significance of the occurrence
of multiple copy-number variants in affected chil-
dren, we compared the prevalence of two or more
large variants among the case samples with the
prevalence among the control samples. As with
our ascertainment of case samples, we conditioned
the control samples first according to the pres-
ence or absence of a large primary-site variant and
then according to the size (>300 kb or >500 kb)
and type (deletion or duplication) of identified
variants. Once again, we considered only autoso-
mal variants. We excluded all case and control sam-
ples with variants known to cause a genomic dis-
order (including reciprocal events) and analyzed
only samples from children with rare variants
(<0.1% in controls). Strikingly, the presence of
two variants exceeding 500 kb and of unknown
significance was eight times as likely to occur in
a sample from a child with developmental delay
or intellectual disability as in a control sample
(odds ratio, 8.16; P=2.11x10738). This enrichment
remained significant even after conditioning for
the presence of at least one variant of unknown
significance (and exceeding 500 kb) in case and
control samples (odds ratio, 3.53; P=2.9x1071Y),
which suggests that children with two or more
large and rare variants were much more likely to
be affected (see the Methods section in the Sup-
plementary Appendix).

ENRICHMENT FOR SECOND-SITE VARIANTS
To further investigate whether second-site variants
are a distinctive feature of a subset of phenotypi-
cally variable genomic disorders, we stratified our
findings in the case samples according to spe-
cific primary variants and observed a nominally
significant (P<0.05) enrichment for the presence

of at least one additional large variant at a second
site for 7 of 72 genomic disorders (as defined by
the primary variant), as compared with control
samples, including the 15q11.2 (NIPA2) dele-
tion,'23° 16p11.2 (TBX6) duplication,*>*” 16p12.1
(CDR2) deletion,?* 16p11.2 (SH2B1) distal duplica-
tion, 3q29 (DLG1) duplication,?* 17p13.3 (YWHAE)
duplication,3* and 15q23q24 (ETFA) deletion.* Re-
peating the analysis after removal of very large
copy-number variants (>30 Mb) still resulted in
significance for the enrichment of second-site
variants for the 7 disorders (Fig. S15 and Tables
$9 and S10 in the Supplementary Appendix). Giv-
en the reduced power of a primary-site—specific
analysis (owing to smaller numbers of affected
children carrying site-specific variants), we did not
expect many P values to remain significant after
multiple-testing corrections. However, the most
common variant (a 15q11.2 deletion in NIPA2,
which was found in 166 children) remained sig-
nificant even under a stringent Bonferroni cor-
rection (P=0.04). The prevalence of second-site
variants was lowest (£5%) in children with the
Smith-Magenis syndrome, the Williams—Beuren
syndrome, the Sotos syndrome, the Potocki—Lupski
syndrome, or the 17q21.31 (MAPT) deletion syn-
drome. The underrepresentation of second-site
variants in the syndromic genomic disorders is
probably due to negative selection (i.e., persons
with syndromic disorders are already severely af-
fected, and an additional imbalance of gene dos-
age is likely to be incompatible with life).

INHERITANCE STATUS
We investigated the inheritance status of first-
and second-site large copy-number variants for
46 children (see the Methods section in the Sup-
plementary Appendix) and determined that 33 of
46 of the second-site variants (72%) were inher-
ited. No parental bias was observed for the pri-
mary variants (P=0.12 by binomial test). However,
we observed a significant bias toward maternal
inheritance for second-site variants, with 22 ma-
ternally inherited variants versus 11 paternally
inherited variants (P=0.02 by binomial test). We
next considered patterns of coinheritance between
first- and second-site variants — both were de
novo in 5 cases (Table S11 in the Supplementary
Appendix). In 12 cases, the 2 variants were inher-
ited from the same parent (8 maternal and 4 pa-
ternal), whereas in another 12 cases, the 2 variants
were inherited from different parents, suggest-
ing no particular bias in coinheritance (P=0.16
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by a binomial test), although our sample size was
limited.

CORRELATION BETWEEN INHERITANCE
AND SECOND-SITE VARIANTS

To assess our ability to discriminate between
syndromic copy-number variants and those with
phenotypic variation, we compared the inheritance
pattern and prevalence of second-site variants for
each child with a first-site variant. We observed a
significant increase in both the proportion of in-
herited first-site variants (P<0.001 by the Mann—
Whitney test) and the prevalence of additional vari-
ants at a second site (P=0.02 by Mann-Whitney
test) in disorders with phenotypic variation, as
compared with syndromic disorders (Table $12 and
Fig. S16 in the Supplementary Appendix). In ad-
dition, we observed a positive correlation between
the inheritance rate of a primary-site variant and
the proportion of children carrying a second-site
variant (Spearman correlation coefficient, 0.66;
P<0.001) (Fig. 2B).

When the first-site variant was primarily de
novo (inherited in less than 30% of cases) and the
prevalence of a second-site variant in the affected
population was less than 10%, the associated dis-
order was more likely to be classified as syndrom-
ic. This observation is consistent with the subjec-
tion of syndromic variants to stronger negative
selection (i.e., persons carrying the variants rarely
reproduce), and such variants are therefore main-
tained in the population primarily by sporadic
mutation. In contrast, variants associated with
phenotypic variation are subjected to weaker nega-
tive selection. Our data suggest that the preva-
lence of each type of variant is influenced, to dif-
ferent extents, by the rate of de novo mutation and
by the likelihood that a variant will be transmit-
ted to offspring.

CLINICAL EFFECT OF ADDITIONAL VARIANTS
To understand the effect of additional copy-num-
ber variants, we examined reported clinical case
histories'>2%:32:33 and attempted to gather addi-
tional clinical information on 161 children with
at least one large variant (96 children carrying
only a primary variant and 65 with multiple large
variants). A qualitative clinical reassessment of
these samples confirmed that among children with
the same genomic disorder, those with multiple
variants had deficits in more domains than those
with a single variant (Table S13 in the Supple-
mentary Appendix). To assess this with more ob-

jective criteria, we focused on three of the vari-
ants showing an association with the most phe-
notypically variable disorders and adopted a
scoring system based on a checklist of clinical
features described for subtelomeric** and bal-
anced de novo chromosomal rearrangements3>
(Tables S14 and S15 in the Supplementary Appen-
dix). This checklist comprises overt clinical fea-
tures that are discernible during evaluation of a
patient, scored on a scale from 1 (few features) to
14 (many features) and thus captures additional
phenotypes, although the severity of any particular
clinical feature is not measured. The following
clinical features were added to the list to account
for the breadth of phenotypic heterogeneity ob-
served for some of these variants: neuropsychiat-
ric features such as autism, schizophrenia, atten-
tion deficit-hyperactivity disorder, aggressive
behaviors, and sleep disturbance; epilepsy or sei-
zures; and specific organ defects.

We scored phenotypes for 16p11.2 (TBX6) dele-
tions and duplications, 1q21.1 (GJA8) deletions,
and 16p12.1 (CDR2) deletions and compared the
scores of children carrying only these disease-
associated copy-number variants with those of
children who also carried second-site variants.
The phenotypic scores for children with only one
variant ranged widely, reflecting the initial broad
ascertainment. The scores for children with mul-
tiple large variants, however, were consistently
higher, indicating an increased prevalence of ad-
ditional disease features. We observed significantly
higher scores for affected children with variants
in addition to the 16p11.2 deletion (P=0.008 by
the Mann-Whitney test) and the 1q21.1 deletion
(P=0.006 by the Mann-Whitney test) than for
those with a single primary variant (Fig. 3A, and
Fig. §17 in the Supplementary Appendix). Among
children with the 16p12.1 deletion and another
large variant, there was a trend toward increased
phenotypic scores (P=0.13 by the Mann-Whitney
test), which suggests that other factors might be
contributing to the variation in children with the
16p12.1 deletion, as hypothesized previously.2*

SIMONS AUTISM STUDY
To assess the effect of additional copy-number
variants on a more specific phenotypic feature,
we examined samples from a cohort of children
with autism, the Simons Simplex Collection, in
which detailed, standardized phenotypic assess-
ments had been performed for each proband.?®
We found a strong association between median
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IQ and the number of genes affected by rare vari-
ants (<0.1% in controls and all siblings), which is
consistent with earlier observations.?® The median
IQ crossed the threshold for intellectual disabil-
ity (<70) in probands with 18 or more disrupted
genes (P=0.002 by the Wilcoxon rank-sum test), as
compared with samples with fewer than 18 genes
(Fig. 3B and 3C). We then analyzed calls from
841 probands and 793 siblings for the presence
of two large variants anywhere within the auto-
somes. Although only 6 children in this set car-

Figure 3. Phenotypic Variation Associated
with Additional Large Copy-Number Variants.

Panel A shows phenotypic scores for four copy-number
variants found in children with developmental delay,
according to whether they had a single variant (1 hit)
or an additional large variant (2 hits). The scores range
from 0 to 14, with higher scores indicating extensive
phenotypic heterogeneity. (Details of the scoring system
are provided in Tables S13 and S14 in the Supplemen-
tary Appendix.) Phenotypic scores for children with
multiple large variants were consistently higher than
those for children with a single variant, indicating the
increased prevalence of additional features of the dis-
order. The numbers of children with each variant were
as follows: 1g21.1 (GJA8) deletion: 54 with a single
variant and 10 with two large variants; 16p11.2 (TBX6)
deletion: 16 with a single variant and 13 with two large
variants; 16p11.2 (TBX6) duplication: 10 with a single
variant and 8 with two large variants; and 16p12.1
(CDR2) deletion: 16 with a single variant and 7 with
two large variants. The horizontal line within each box
represents the median value; the bottom and top lines
of the box represent the 25th and 75th percentiles, re-
spectively; and the horizontal lines below and above
the box represent the lowest and highest values, re-
spectively. Panel B shows phenotypic severity as an
outcome of the burden of rare copy-number variants
for autism. The data points represent the analysis of
full-scale 1Q (y axis) in the context of the number of
genes (x axis) disrupted by rare copy-number variants.
Red data points represent samples with two large
(>500-kb) variants. The trend line running through the
data points shows correlation. Panel C shows the asso-
ciation between median I1Q and the minimum number
of genes disrupted by copy-number variants, indicating
a striking reduction in median IQ with an increasing
number of affected genes. In probands with 18 or more
affected genes, the median full-scale IQ drops below
the threshold for intellectual disability (70 points) and
is significantly reduced, as compared with probands
with fewer than 18 affected genes (P=0.002 by the
Wilcoxon rank-sum test).

ried two or more large variants, 5 were among
the most severely affected, suggesting a correlation
between severity and variant burden (Fig. 3B).

DISCUSSION

In our study, we observed considerable variation
in the phenotypes associated with several recurrent
copy-number variants (specific variants that are
relatively prevalent). This finding was complicated
by the identification of apparently normal or
mildly affected carrier parents with 16p11.2,15:1718
1q21.1,32 or 16pl2.12* copy-number variants,
suggesting that these variants are critical but not
sole determinants of phenotype. Our data are con-
sistent with locus heterogeneity and a modest
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number of high-impact variants contributing to a
spectrum of disease severity within families. The
interpretation of variants associated with pheno-
typic variation remains challenging at the clinical
level, but our study provides a step toward under-
standing factors that contribute to the phenotypic
outcome, which may be used for counseling.
Several of our observations are consistent with
a simple genetic model: additional copy-number
variants or larger variants increase the number of
disrupted haplosensitive or triplosensitive genes,
resulting in an additive or synergistic effect on
neurodevelopmental pathways and disease out-
come (Fig. S18 and S19 in the Supplementary Ap-
pendix). First, when only considering the first-site
variants, we found that children with syndromic
variants had significantly more disrupted genes
(as a consequence of their first-site variant) than
did those with variants associated with more vari-
able features (P<0.001 by the Mann-Whitney test).
When we took into account the number of genes
affected by additional (second-site and third-site)
variants, we observed no significant difference in
the total gene-disruption burden between children
with syndromic features and those with pheno-
typic variation (P=0.95 by the Mann-Whitney test).
Second, an analysis of the known functions of
genes affected by both primary-site and second-
site variants suggests that the phenotypic effect of
second-site variants is probably due to the disrup-
tion of genes that interact, with respect to func-
tion, with genes disrupted by the primary-site
variant (Table S16 in the Supplementary Appendix).
We propose that a combination of rare and
disruptive variants of large effect can contribute
to different phenotypic outcomes, including in-
tellectual disability, epilepsy, autism, and schizo-
phrenia. We distinguish primary mutations that
sensitize persons to disease from secondary mu-
tational events, which compound at the molecu-
lar level to modify the outcome and severity. The
mode of inheritance for both primary and sec-
ondary mutations, as well as the size and gene
content of copy-number variants, is a critical
determinant in distinguishing syndromic disor-
ders from mutations with phenotypic variation.
Even after excluding known pathogenic variants,
we found that children with two or more rare
and large variants of unknown significance were
eight times as likely to be classified as having
developmental delay as were population controls.
These data strongly suggest that the overall bur-
den of genes that are affected by large variants

may eventually be of prognostic usefulness, allow-
ing clinicians to better anticipate long-term out-
comes when the variants are discovered in af-
fected persons. However, caution must be exercised
in interpreting these analyses in the context of
prenatal testing, since we obtained our data from
well-ascertained cases with severe developmental-
delay phenotypes. The positive predictive values
for disorders enriched for second-site variants
range from 0.06 to 0.17, indicating that testing
for variants in the context of prenatal evaluation
would be of little value. However, positive-likeli-
hood ratios range from 2.6 to 9.0; therefore, we
recommend that children for whom there is a
clinical suspicion of developmental delay (and thus
enriched pretest odds) should be tested for second-
site variants (Tables S17 and S18 in the Supple-
mentary Appendix).

With respect to inheritance, we also found a
significant bias toward maternal transmission of
second-site variants (P=0.02). Independently of
this analysis, we found a significant enrichment
of boys with variably expressive (but not syndrom-
ic) genomic disorders (P<0.001). Combined, these
results suggest that females are less vulnerable
to the effects of large variants than are males.
We propose that males, by virtue of carrying a
single X chromosome, are already at least partially
sensitized because of the inherent exposure to
weakly deleterious mutations on the X chromo-
some. Thus, an average male will require fewer
mutational events to cross the threshold to dis-
ease. This would explain the long-standing ob-
servation of an increased prevalence of neurode-
velopmental and neuropsychiatric disease by a
factor of 2 to 4 among males as compared with
females.?*37 Females are more likely to transmit
secondary variants (because they are less likely to
be physically affected by them), whereas males are
disproportionately affected by de novo events.?”

Our study represents a step toward deconvolut-
ing the effect of copy-number variants in disease
and understanding, more broadly, the causes of
neurologic disease. Our analysis shows that the
phenotypic variation of at least seven genomic dis-
orders may be partially explained by the presence
of additional large variants. Although we re-
stricted our analysis to large variants, it is likely
that other disruptive copy-number variants, such
as smaller variants, single-nucleotide changes, and
epigenetic or stochastic factors altering the expres-
sion of genes within functionally relevant path-
ways, also contribute to phenotypic variation.?®
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