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A B S T R A C T

The 22q11.2 deletion syndrome (22q11DS), the most common survivable human genetic deletion disorder, is
caused by a hemizygous deletion of 30–40 contiguous genes on chromosome 22, many of which have not been
well characterized. Clinical features seen in patients with this deletion, including intellectual disability, are not
completely penetrant and vary in severity between patients, suggesting the involvement of variants elsewhere in
the genome in the manifestation of the phenotype. Given that it is a relatively rare disorder (1/2000-6000 in
humans), limited research has shed light into the contribution of these second-site variants to the developmental
pathogenesis that underlies 22q11DS. As CNVs throughout the genome might constitute such a genetic risk
factor for variability in the 22q11DS phenotypes such as intellectual disability, we sought to determine if the
overall burden of rare CNVs in the genetic background influenced the phenotypic variability. We analyzed CNV
and clinical data from 66 individuals with 22q11DS, and found that 77% (51/66) of individuals with the
22q11DS also carry additional rare CNVs (< 0.1% frequency). We observed several trends between CNV burden
and phenotype, including that the burden of large rare CNVs (> 200 Kb in size) was significantly higher in
22q11DS individuals with intellectual disability than with normal IQ. Our analysis shows that rare CNVs may
contribute to intellectual disability 22q11DS, and further analysis on larger 22q11DS cohorts should be per-
formed to confirm this correlation.

1. Introduction

The 22q deletion syndrome (22q11DS), caused by a deletion of 1.5
or 3 Mb on chromosome 22q11.2, is the most common genomic dis-
order caused by a rare copy-number variant (CNV), with an estimated
prevalence of 1 in 2000 to 1 in 6000 (Girirajan et al., 2011a,b). The
syndrome is characterized by a common set of clinical features, in-
cluding congenital heart defects, immune deficiencies, palatal ab-
normalities and hypocalcemia (McDonald-McGinn et al., 2013). Neu-
ropsychiatric features, such as intellectual disability/developmental
delay (ID/DD) (Swillen and McDonald-Mcginn, 2015), features of
autism (Vorstman et al., 2006), a very high risk for schizophrenia in
adulthood (Karayiorgou et al., 1995), and a range of other clinical
features (Schneider et al., 2014) are also variably observed in patients

with 22q11DS.
Despite a relatively clear clinical presentation, very little is known

about which genes in the 22q11.2 region contribute towards specific
clinical features, and whether combinatorial effects of reduced dosage
of multiple genes act in concert to modulate phenotypic variations.
Although expression levels of genes within the deleted region are ex-
pected to be reduced by half in 22q11DS, the remaining allele could be
associated with different mRNA expression levels, as has been demon-
strated for many genes. Indeed, it has been suggested that the 22q11
gene TBX1 (OMIM #602054) has a specific gene dosage threshold, and
that very small reductions in the mRNA level of TBX1 result in a more
severe cardiac phenotype (Baldini, 2006). More than a decade ago,
TBX1 was identified as the major cause of conotruncal defects asso-
ciated with the syndrome by using classical genetics and mouse models
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(Lindsay et al., 2001; Zweier et al., 2007). More recently, duplication of
SLC2A3 (OMIM #138170) and deleterious single nucleotide variants
within histone modifier genes were identified as second-site modifiers
of cardiac phenotypes seen in 22q11DS (Guo et al., 2015; Mlynarski
et al., 2015), and interactions between 22q11.2 genes and fibroblast
growth factor genes were suggested to contribute towards palatal
phenotypes (Widdershoven et al., 2013). Similarly, genetic and mole-
cular dissection of schizophrenia phenotypes in 22q11DS has im-
plicated variants both within and outside the deletion that may mod-
ulate the neurological phenotypes (Fénelon et al., 2011; Paylor et al.,
2006), although one recent study showed that variants on the non-de-
leted allele do not carry a large effect towards schizophrenia pheno-
types (Guipponi et al., 2017). However, which genetic variants con-
tribute to ID features in 22q11DS is not entirely clear. In this study, we
hypothesized that CNVs elsewhere in the genome contribute to the ID
phenotypes observed in 22q11DS. We investigated CNV data from 66
individuals with 22q11DS for whom detailed phenotypic information
was available to determine if large genomic variants in the genetic
background modify the phenotypic expressivity of the observed ID
features.

1.1. Patient data

Individuals with 22q11DS were recruited at the UC Davis Medical
Investigation of Neurodevelopmental Disorders Institute, Sacramento,
CA, USA. Participants provided informed consent according to proto-
cols approved by the UC Davis Institutional Review Board. Participants
included 66 individuals (41 males and 25 females, mean age = 11.67
years old, SD = 4.016 years) with a diagnosis of 22q11DS. Each subject
with 22q11DS underwent a neuropsychological assessment, including
full-scale IQ (FSIQ) using the Wechsler Intelligence Scale for Children
(Weschler, 2008). Full-scale IQ ≤ 70 (2 SD below normed means) was
used to define abnormally low FSIQ, in line with the accepted classi-
fications for ID (Amer. Psy. Assoc, 2013). For other clinical features,
patient medical history was collected from parents during visits with
the developmental behavior pediatrician. Demographic, molecular and
clinical information on all patients in the cohort are provided in
Table 1, and clinical features of all patients are summarized in
Supplementary Table 1.

2. Methods

Genomic DNA from each individual was isolated from 3 mL of
peripheral blood leukocytes using standard procedures. The diagnosis
of 22q11DS was first made by fluorescent in situ hybridization (FISH)
using the TUPLE1 probe (McDonald-McGinn et al., 2013) and con-
firmed using droplet digital PCR, as described previously (Hwang et al.,
2014). Based on the FISH and ddPCR assays, we found that 60 subjects
carried the 3 Mb deletion, five subjects carried the smaller 1.5 Mb
deletion and one participant carried an atypical deletion.

Genome-wide CNV data were generated using HumanCytoSNP-
12v2.1 beadchip single nucleotide polymorphism (SNP) arrays, ac-
cording to manufacturer instructions (Illumina, San Diego, CA). CNV
analysis was performed using CNV-WebStore as described previously
(Vandeweyer et al., 2011) using human genome build hg19. We ex-
cluded CNVs spanning less than five SNPs on the microarray, and we
filtered out common CNVs that were seen in greater than 0.1% of a
control population of 8329 healthy individuals (Cooper et al., 2012).
All statistical analysis was performed using R version 3.3.2 (R Foun-
dation for Statistical Computing, Vienna, Austria).

3. Results

We used the genome-wide CNV data from our cohort of patients
with 22q11DS to test our hypothesis that second-site CNVs may con-
tribute to the phenotypic variability of IQ in 22q11DS. We identified
114 rare second-site CNVs greater than 50 kb, with an approximate
1.73 second-site CNVs per individual. Of these, 78 second-site CNVs
included at least one RefSeq gene (an average of 1.20 CNVs per in-
dividual), seen in 51 out of 66 patients (77.2%). These CNVs are listed
in Supplementary Table 2. Overall, each participant had an average
second-site CNV burden of 476 kb, leading to the disruption of ap-
proximately six genes on average. The identified CNVs ranged up to
2.15 Mb in length, with 37 out of 66 individuals having at least
1 second-site CNV greater than 100 kb in length (56.1%) and 18 out of
66 individuals (27.3%) having at least 1 second-site CNV greater than
500 kb in length. We found that the total size of all CNVs in each in-
dividual (including the 22q11.2 deletion and all second-site CNVs)
correlated with the number of affected genes within the CNV regions
(Pearson correlation, r = 0.785, p = 5.927 × 10−15) (Suppl. Fig. 1A).

Based on the cognitive assessment, individuals were divided into
three categories: average IQ (FSIQ>100), below-average IQ (FSIQ
between 70 and 100), and intellectual disability (FSIQ<70). Using
these definitions, we observed that 13 individuals (19.7%) had an
average IQ, 24 individuals (36.4%) had a below-average IQ, and 29
individuals (43.9%) had intellectual disability. We first found that
22q11DS individuals with ID had a trend towards a higher CNV burden
when compared to those with average IQ (Suppl. Fig. 1B). We then
compared the burden of second-site rare CNVs with a minimum size of
50 kb in individuals across each IQ group, and found a trend towards a
higher CNV burden in individuals with ID compared to those with
average IQ (p = 0.0807, one-tailed Mann-Whitney test) (Fig. 1A). A
higher CNV burden was not observed for individuals with below-
average IQ (p = 0.1488, one-tailed Mann-Whitney test).

When we examined the burden of large second-site CNVs at dif-
ferent size ranges, we found a higher burden of CNVs larger than 100 kb
(p = 0.0938) and 200 kb (p = 0.0486, one-tailed Mann-Whitney test)
in individuals with ID compared to those with average IQ (Fig. 1C). No
trends were found for either size range in individuals with below-
average IQ (p = 0.2714 for 100 kb and 0.1844 for 200 kb) (Fig. 1B),
and we did not have a large enough sample size to examine burden of
CNVs over 500 kb. The CNV burdens were also greater in individuals
with intellectual disability when CNVs containing> 75% segmental
duplications (Bailey et al., 2002) were removed from the analysis
(Suppl. Fig. 2).

4. Discussion

CNV burden, defined as the total number of base pairs affected by
CNV in an individual, has previously been linked to an increased risk in
intellectual disability (Girirajan et al., 2012) and autism (Girirajan
et al., 2013). Our data supports these previous findings, and suggests
that a significant correlation between burden of large rare CNVs
(> 200 kb) and intellectual disability also exists in individuals with
22q11DS. 22q11DS is a complex genetic disease characterized by a
wide phenotypic variability, where phenotypes caused by the genetic

Table 1
Demographic, molecular, and full-scale intelligence quotient (FSIQ) data for study par-
ticipants.

Demographic Data

Participants Male (n = 41) Female (n = 25) Total (n = 66)
Average age (SD) 11.34 (4.526) 12.2 (3.014) 11.67 (4.016)
22q11.2 Deletion Type
3 Mb Deletion 37 (90.24%) 23 (92.00%) 60 (90.91%)
1.5 Mb Deletion 3 (7.32%) 2 (8.00%) 5 (7.58%)
Atypical Deletion 1 (2.44%) 0 (0.00%) 1 (1.52%)
Clinical Phenotypes
Average IQ (FSIQ>100) 10 (24.39%) 3 (12.00%) 13 (19.70%)
Below Average IQ

(70< FSIQ<100)
15 (36.59%) 9 (36.00%) 24 (36.36%)

ID (FSIQ<70) 16 (39.02%) 13 (52.00%) 29 (43.94%)
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variation are not seen in all individuals with the variation. In our cohort
of 66 patients with 22q11DS, we observed a similar phenotypic pene-
trance for below-average intellect (36.2%) and intellectual disability
(44.8%) as previously reported (Bassett et al., 2016). For many devel-
opmental disorders, second-site variations have been found to explain
this phenotypic variability (Girirajan et al., 2010, 2012). We find that
51 of 66 patients in our 22q11DS cohort had at least one rare second-
site CNV containing a RefSeq gene, indicating most individuals in our
cohort have these potential sources of phenotypic variability.

IQ has previously been used to measure the correlation between
second-site CNV burden and cognitive ability in neurodevelopmental
disorders (Rees et al., 2016). For this study, we were only able to de-
termine a significant association between the burden of large CNVs>
200 kb and ID, in addition to non-significant trends between CNV
burden and IQ for other CNV size ranges. One of the limitations of our
study is the size of the 22q11DS cohort; it is possible that a larger cohort
of patients with 22q11DS would provide enough statistical power to
identify a significant association between rare CNVs and IQ. However,
it is also possible that second-site CNVs are not sufficient on their own
to cause the observed phenotypic variability in 22q11DS. Second-site
variants in single genes (loss-of-function or pathogenic missense mu-
tations) related to neurodevelopment, or allelic variants in the genes
within the CNV, could also contribute to the phenotypic variability.
These variants should be considered along with CNVs when explaining
the phenotypic variability in 22q11DS. Future whole-exome or whole-
genome sequencing will help to more fully evaluate the contribution of
second-site hits on phenotypic variability.
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