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Summary
While extensively studied in clinical cohorts, the phenotypic consequences of 22q11.2 copy-number variants (CNVs) in the general

population remain understudied. To address this gap, we performed a phenome-wide association scan in 405,324 unrelated UK Biobank

(UKBB) participants by using CNV calls from genotyping array. Wemapped 236 Human Phenotype Ontology terms linked to any of the

90 genes encompassed by the region to 170 UKBB traits and assessed the association between these traits and the copy-number state of

504 genotyping array probes in the region. We found significant associations for eight continuous and nine binary traits associated un-

der different models (duplication-only, deletion-only, U-shape, and mirror models). The causal effect of the expression level of 22q11.2

genes on associated traits was assessed through transcriptome-wide Mendelian randomization (TWMR), revealing that increased expres-

sion of ARVCF increased BMI. Similarly, increased DGCR6 expression causally reduced mean platelet volume, in line with the corre-

sponding CNV effect. Furthermore, cross-trait multivariable Mendelian randomization (MVMR) suggested a predominant role of

genuine (horizontal) pleiotropy in the CNV region. Our findings show that within the general population, 22q11.2 CNVs are associated

with traits previously linked to genes in the region, and duplications and deletions act upon traits in different fashions. We also showed

that gain or loss of distinct segments within 22q11.2 may impact a trait under different association models. Our results have provided

new insights to help further the understanding of the complex 22q11.2 region.
Introduction

The 22q11.2 region is a structurally complex region of the

genome because of the presence of segmental duplications

or low-copy repeats (LCRs), named LCRA to LCRH, which

predispose the region to genomic rearrangements, result-

ing in deletions or duplications of different segments. Spe-

cifically, deletions within the �3 Mb segment from LCRA

to LCRD represent the main cause of the 22q11.2 deletion

syndrome (22q11.2DS [MIM: 188400]), the most frequent

microdeletion syndrome in humans, with an estimated

incidence between 1:3,000 and 1:6,000 live births.1

Studies in clinical cohorts have investigated the pheno-

typic consequences of the 22q11.2 deletion, which include

cardiac defects; facial and palate alterations; immunodefi-

ciencies; endocrine, genitourinary, and gastrointestinal al-

terations;1,2 developmental delay, cognitive deficits; and

psychiatric disorders, such as schizophrenia.1 In contrast,

the phenotypic consequences of the region’s duplication

(MIM: 608363) remain more elusive. Most of what is

known is based on studies of a few individuals or families,

but the findings indicate pleiotropy and variable conse-

quences, similar to the deletion. Some features, such as

heart defects, velopharyngeal insufficiency, and neurode-

velopmental and psychiatric disorders, are shared with

the 22q11.2DS.3,4 Other 22q11.2 duplication carriers
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exhibit very mild or unnoticeable phenotypes,5 suggesting

variable expressivity and/or reduced penetrance. While

many phenotypes are shared between duplication and

deletion carriers, some may be gene dosage sensitive. The

22q11.2 deletion is a strong risk factor for schizophrenia;

however, the reciprocal duplication seems to be less com-

mon and has been suggested as protective for this pheno-

type.6 In addition, differential impact of duplications and

deletions in psychosis-related traits7 and brain structure8

has been described.

Finally, rare single-nucleotide variants (SNVs) in genes

encompassed by the region have been linked to various

disorders, such as Bernard-Soulier syndrome (MIM:

231200), caused by SNVs in GP1BB (MIM: 138720),9 or

CEDNIK (MIM: 609528) syndrome, caused by SNVs in

SNAP29 (MIM: 604202).10 Overall, the multitude of vari-

ants and phenotypes that have been linked to the

22q11.2 LCRA to LCRD region highlights its clinical

relevance.

Because of their highly deleterious impact, 22q11.2 var-

iants are often investigated in clinical settings. Studied co-

horts are thus heavily biased toward individuals with se-

vere phenotypic manifestation, leading to an incomplete

and biased understanding of these variants’ role in the hu-

man population. This is particularly relevant considering

recent studies that have shown variable expressivity and
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Table 1. PLINK encoding of CNVs into association models

Association model Deletion-only Duplication-only Mirror U-shapea

Deletion TT 00 AA AA

Copy-neutral AT AT AT AT

Duplication 00 TT TT TT

aFor the U-shape model, the ‘‘hetonly’’ modifier in PLINK was used.
incomplete penetrance of SNVs11,12 and CNVs13 that were

previously believed to be highly pathogenic, including at

the 22q11.2 LCRA-LCRD locus.14 To address this gap, we

performed a phenome-wide analysis in the UK Biobank

(UKBB),15 a populational cohort of �500,000 individuals,

to identify associations of 22q11.2 CNVs with traits previ-

ously implicated by their genetic content.
Material and methods

Cohort description
Analyses were performed in the UK Biobank (UKBB), a volunteer-

based cohort from the general UK adult population.15 Gender mis-

matched, related, and retracted samples (by 09/08/2021), as well

as CNV outliers (see ‘‘CNV calling’’) were excluded, resulting in a

total of 405,324 participants (218,719 females and 186,605 males,

self-reported ancestries in Figure S1) used for the analyses. Individ-

uals were aged between 40 and 69 years at recruitment. All partic-

ipants signed a broad informed consent form and data was ac-

cessed through a UKBB application (#16389).

22q11.2 region definition
We defined the 22q11.2 region as chr22: 18,630,000–21,910,000

on the basis of the human genome reference build GRCh37/

hg19 in order to encompass LCRs from A to D. The 90 NCBI

RefSeq genes contained in the region were downloaded from the

UCSC Table Browser (http://genome.ucsc.edu/cgi-bin/hgTables?

command¼start).

Trait selection

Phenotypes linked to the 22q11.2 region’s genetic content were

identified with the Human Phenotype Ontology (HPO) map-

ping,16 an ontology-based system that uses information from

different medical sources, including OMIM and Orphanet. Genes

and their most specific associated HPO term (i.e., not all ancestors)

were downloaded from the HPO database (http://purl.obolibrary.

org/obo/hp/hpoa/genes_to_phenotype.txt; accessed on 22/10/

2021). Overall, 24 out of 90 genes in the 22q11.2 region, all pro-

tein coding, were associated with at least one HPO term, yielding

631 associated HPO terms.

Mapping of HPO terms to UKBB binary traits
To map HPO terms to binary UKBB traits, we used two comple-

mentary approaches. First, we used the online tool EMBL-EBI

Ontology Xref Service (OxO) (https://www.ebi.ac.uk/spot/oxo/)

to map HPO terms to International Classification of Diseases,

10th Revision (ICD-10) codes, followed by manual curation and

grouping of ICD-10 codes into broader phenotypes when appro-

priate according to the Phecode map.17 We mapped remaining

HPO terms to Phecode definitions by using manual curation by

Bastarache et al.18 Mapping was manually curated and only phe-
The America
notypes with at least 500 cases were retained. In addition, individ-

uals with a related ICD-10 code or self-reported disease to the one

studied were excluded from controls in a phenotype-specific

fashion (Table S1). Overall, 218 HPO terms were mapped to

152 UKBB binary traits (Table S2). The number of individuals by

phenotype is reported in Table S3.
Mapping of HPO terms to UKBB continuous traits
We developed an in-house web-scraping approach to map HPO

terms to UKBB continuous traits. We used a list of 1,769 contin-

uous UKBB measures as input on the HPO database (https://hpo.

jax.org/app/) to obtain the webpage’s results for each query. Re-

sults were filtered for HPO terms of interest, i.e., 631 terms linked

to 22q11.2 genes. With this approach, 18 UKBB continuous traits

were obtained from 18 HPO terms (Table S4). The number of indi-

viduals by trait is reported in Table S5.
22q11.2 CNV association scan
CNV calling

CNVs were called with PennCNV v.1.0.5 and underwent quality

control as described in Auwerx et al.13 Briefly, a quality score

(QS) reflecting the probability for the CNV to be a true positive

was assigned to each call and used for filtering (|QS| R 0.5).19

We excluded CNVs from samples genotyped on plates with a

mean CNV count per sample > 100 or from samples with >200

CNVs or a single CNV > 10 Mb to minimize batch effects, geno-

typing errors, or extreme chromosomal abnormalities.

CNV calls were transformed into probe-by-sample matrices with

copy-number state for each probe (deletion ¼ �1; copy-neutral ¼
0; duplication ¼ 1).

PLINK encoding and association models

We converted probe-level matrices to PLINK binary file sets, where

copy-number states were encoded to accommodate analysis ac-

cording to four different association models: duplication-only,

deletion-only, mirror, and U-shape models (Table 1). The duplica-

tion-only model assessed the impact of duplications disregarding

deletions; the deletion-only model assessed the impact of dele-

tions disregarding duplications; the mirror model assessed the ad-

ditive effect of each additional copy of a probe (i.e., duplications

and deletions have opposing effects); the U-shape model assumes

that duplications and deletions have the same effect direction.13

CNV probe selection and number of effective tests

Probes with high genotype missingness (>5%) were excluded,

resulting in 864 CNV proxy probes spanning chr22: 18,630,000–

21,910,000. We retained 504 CNV proxy probes that are highly

correlated (r2 R 0.999) to at least ten other probes, allowing

us to reduce the multiple testing burden while ensuring that

selected probes adequately capture the CNV landscape of the

region.

The number of effective probes (i.e., number of probes required

to capture 99.5% of the variance in the probe-by-sample CNV
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matrices) was calculated according to Gao et al.20 on the basis of

the 504 CNV proxy probes (Neff-probes ¼ 6). We used the same

approach to account for correlation among 18 continuous

(Neff-continuous ¼ 16) and 152 binary traits (Neff-binary ¼ 113). This

resulted in 774 effective tests (Neff ¼ Neff-probes 3 (Neff-continuous þ
Neff-binary)), setting the threshold for significance at p % 0.05/

774 ¼ 6.5 3 10�5.

Continuous traits

The 18 selected continuous traits were inverse normal transformed

and corrected for covariates: age, age2, sex, genotyping batch, and

principal components (PCs) 1–40. Associations between the copy

number (CN) of selected probes and normalized covariate-cor-

rected traits were performed in PLINK v.2.0 according to all four as-

sociation models with linear regression, as previously described.13

Significant associations (p % 6.5 3 10�5) were retained.

Binary traits

For each trait, covariates among age, age2, sex, genotyping batch,

and PCs 1–40 that were significantly associated with the trait

(p% 0.05) were selected with logistic regression in R. Associations

between the CN of selected probes and 152 binary selected traits

were performed in PLINK v.2.0 according to all four association

models with logistic regression and correcting for trait-specific

selected covariates. Significant associations (p % 6.5 3 10�5)

were retained.

Stepwise conditional analysis

The number of independent signals per trait and association

model was determined by stepwise conditional analysis,13 i.e.,

CNV status of the lead probe was regressed out from the trait

and association scan was conducted again until no more signifi-

cantly associated probes remained.

Sensitivity analysis

Due to the low frequency of CNVs within the 22q11.2 region,

alternative tests were performed to ensure the confidence of signif-

icant associations. For significant associations with continuous

traits, we performed aWilcoxon rank-sum test as a sensitivity anal-

ysis to assess agreement with linear regression. Significant associa-

tions with binary traits were retained only when confirmed by at

least one of two approaches: (1) Fisher’s exact test (p % 0.005)

for the duplication-only, deletion-only, and U-shape models and

Cochran-Armitage test (p % 0.0005) for the mirror model; (2)

linear regression (p% 0.005) of the inverse-normal-quantile-trans-

formed trait residuals obtained from the logistic regression model

of the binary outcome on the selected covariates.
Enrichment analysis
For each gene, two groups of traits were defined: traits linked to the

focal gene implicated by HPO versus other traits related to other

genes in the 22q11.2 region but not to the focal gene. Association

p values for each probe within the gene (þ/� 10 kb) and each as-

sociation model were compared between traits in the two groups

with a one-sided Wilcoxon rank-sum test (i.e., Ha: unrelated traits

have lower association p values with the focal gene than related

ones). We calculated the number of effective tests (see ‘‘CNV probe

selection and number of effective tests’’) for each gene and used

this to define gene-specific significance thresholds. Genes were

considered significant when the probe with the smallest p value

reached that threshold. We only performed the comparison for

genes with at least four continuous traits and ten binary traits in

each group to avoid selecting genes associated with very few traits

that would not have sufficient statistical power to test for enrich-

ment. We performed a binominal enrichment to establish
302 The American Journal of Human Genetics 110, 300–313, Februar
whether the number of genes significant in the Wilcoxon rank-

sum test was higher than expected by chance with the pbinom

function in R.
Transcriptome-wide Mendelian randomization (TWMR)
TWMR was conducted as previously described21 to identify

changes in transcript levels of genes in the 22q11.2 region that

causally modulate traits found to be associated with 22q11.2

CNVs by our association scan and, if this was the case, in which

direction (i.e., whether increased gene expression associates with

increased or decreased phenotype value). Briefly, the exposure

(i.e., transcript level) and outcome (i.e., trait) are instrumented

with independent genetic variants (instrumental variables [IVs];

r2 < 0.01). Given their genetic effect sizes on these two quantities,

a causal effect of the exposure on the outcome can be estimated

with two-sample Mendelian randomization (MR). Genetic effect

sizes on transcript levels originate from whole blood expression

quantitative trait loci (eQTLs) provided by the eQTLGen con-

sortium (cis-eQTLs at false discovery rate [FDR] < 0.05, two-cohort

filter).22 Effect sizes on the traits stem from genome-wide associa-

tion study (GWAS) summary statistics conducted on the UK

Biobank (Neale’s lab: http://www.nealelab.is/uk-biobank/; Pan-

UKBB team: https://pan.ukbb.broadinstitute.org) (Table S6). Prior

to the analysis, eQTL and GWAS data were harmonized and palin-

dromic SNPs were removed, as well as SNPs with an allele fre-

quency difference > 0.05 between datasets. For increased robust-

ness of the estimated causal effects, R5 (independent) IVs were

required. MR estimates were considered significant when p %

0.05/17 ¼ 0.003 to account for the testing of 17 transcripts with

at least 5 IVs and only significant genes overlapped by the CNVas-

sociation signal were reported.

TWMR results were used for validation of themirror model asso-

ciations. It is expected that TWMR andmirror model effects are di-

rectionally concordant, i.e., increase/decrease in copy number has

the same direction of effect on a trait as an increase/decrease

in gene expression. For this purpose, nominally significant

(p < 0.05) TWMR effects were retained and their direction was

compared to the direction of the probe with the smallest nomi-

nally significant p value (p< 0.05) in the mirror associationmodel

for the corresponding gene (510 kb) and trait.
Multivariable Mendelian randomization (MVMR)
We performed MVMR to assess the causal relationship between

significantly associated traits and compute a phenotype network.

IVs were obtained from Neale Lab UKBB (http://www.nealelab.is/

uk-biobank) and Pan-UKBB (https://pan.ukbb.broadinstitute.org)

(Table S6) GWAS summary statistics for all eight significant contin-

uous traits and nine significant binary traits. Data were harmo-

nized with genetic variants in the UK10K reference dataset and

variants with minor allele frequency (MAF) % 0.01 were filtered

out. Genetic variants were clumped at r2 ¼ 0.001 with UK10K as

a reference panel in PLINK v.1.9. MR analysis was performed in

two steps. First, potentially causal effects were identified with a

univariable inverse-variance weighted (IVW) MR for all expo-

sure-outcome combinations (i.e., pairs of associated traits). Sec-

ond, all exposures with nominally significant IVW causal effect es-

timates for a given outcomewere included in anMVMR analysis as

exposures. To reduce bias due to potential reverse causation, we

performed Steiger filtering in all MR analyses (p < 5 3 10�3).

MVMR established the causal relationships among assessed

traits by using genetic variants as IVs. To infer whether the
y 2, 2023
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Figure 1. 22q11.2 CNVs landscape
(A) EachUKBBCNV carrier is displayed through a segment than spans the genomic coordinates of the CNV. Duplications are represented
in the top part of the graph, while deletions are at the bottom. Shades of blue and red represent different duplication and deletion cat-
egories, respectively, according to their localization in reference to the LCRA to LCRD. The number of duplications and deletions for each
category is displayed in the boxes.
(B) Boxplot representing the number of ICD-10 codes reported in individuals grouped according to their copy-number state in the
22q11.2 region. N indicates the sample size for each category; dots show the mean; boxes show the first (Q1), second (median, thick
line), and third (Q3) quartiles; lower and upper whiskers show themost extreme value within Q1minus and Q3 plus 1.53 the interquar-
tile range; outliers are not shown.
(C) Probe-level duplication (top, blue) and deletion (bottom, red) frequencies [%] for 864 probes plotted against the 22q11.2 genomic
region. Frequency was calculated as the number of duplications or deletions divided by the total number of individuals assessed for the
probe.
pleiotropic effect of CNVs is vertical (indirect) or horizontal

(genuine), we estimated what would be the expected CNV effect

on the outcome trait (bexpected outcome) if that outcome is a down-

stream result of the exposure trait as suggested by theMVMR anal-
The America
ysis (vertical pleiotropy). bexpected outcome was determined as

bexposure 3 bIVW, where bexposure is the effect size of the best probe

in the mirror model for each exposure (i.e., observed CNV-expo-

sure trait association) and bIVW is the causal estimate for each
n Journal of Human Genetics 110, 300–313, February 2, 2023 303



Table 2. Continuous traits associated with CNVs in the 22q11.2 region with different models

Phenotype Genomic Position

Duplication-only model Deletion-only model U-shape model Mirror model

b 95% CI p value b 95% CI p value b 95% CI p value b 95% CI p value

Mean platelet
volume (fL)

chr22: 19,639,383 �0.54 [�0.67, �0.41] 1.16 3 10�15 1.66 [0.99,2.32] 1.13 3 10�6 �0.46 [�0.59, �0.33] 4.97 3 10�12 �0.58* [�0.71, �0.45]* 1.31 3 10�18*

Body mass
index (kg/m2)

chr22: 20,765,989 1.65 [1.15,2.16] 1.55 3 10�10 �0.06 [�2.23,2.12] 0.96 1.56* [1.07,2.06]* 4.9 3 10�10* 1.57 [1.08,2.06] 4.23 3 10�10

Whole body
fat mass (kg)

chr22: 20,765,989 3.17 [2.18,4.16] 3.70 3 10�10 �1.74 [�6.37,2.88] 0.46 2.95 [1.98,3.92] 2.33 3 10�9 3.11* [2.14,4.07]* 3.35 3 10�10*

Fluid
intelligence
score

chr22: 19,343,881 �1.21 [�1.64, �0.79] 2.25 3 10�8 �3.76 [�6.04, �1.49] 0.001 �1.3* [�1.72, �0.88]* 1.12 3 10�9* �1.04 [�1.46, �0.63] 9.54 3 10�7

Weight (kg) chr22: 20,765,989 3.83 [2.33,5.32] 5.63 3 10�7 �4.28 [�11.28,2.73] 0.231 3.47 [2.01,4.94] 3.44 3 10�6 3.85* [2.38,5.31]* 2.70 3 10�7*

Height (cm) chr22: 21,219,710 �0.6 [�1.23,0.03] 0.064 �4.86* [�6.96, �2.77]* 5.51 3 10�6* �0.95 [�1.56, �0.35] 0.002 �0.14 [�0.75,0.46] 0.64

Height (cm) chr22: 19,518,079 �1.94 [�2.72, �1.15] 1.43 3 10�6 �6.02 [�10,�2.04] 0.003 �2.09* [�2.86, �1.32]* 1.14 3 10�7* �1.64 [�2.41, �0.86] 3.26 3 10�5

Platelet count
(109 cells/L)

chr22: 19,738,355 16.68 [9.56,23.8] 4.43 3 10�6 �100.09 [�135.83, �64.35] 4.05 3 10�8 12.22 [5.24,19.21] 0.0006 19.86* [12.88,26.85]* 2.48 3 10�8*

Calcium level
(mmol/L)

chr22: 19,207,491 0.01 [0,0.02] 0.089 �0.13* [�0.18, �0.08]* 2.86 3 10�7* 0.003 [�0.01,0.01] 0.64 0.02 [0.01,0.03] 0.004

Reported effect sizes and p values for each model are referring to the lead signal of the most relevant model for each phenotype (denoted by asterisks).
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The America
exposure-outcome pair obtained from IVW MR. We then

compared bexpected outcome with the observed CNV effect on the

outcome trait (bobserved outcome) obtained from the mirror associa-

tion model.

Software versions
Genetic analyses were conducted with PLINK v.1.9 and PLINK

v.2.0. Statistical analyses were performed with R v.3.6.1, and fig-

ures were generated with R v.4.2.0.
Results

22q11.2 CNVs in the UKBB

After CNV calling and quality control in 405,324 unrelated

individuals of the UKBB, we identified 1,127 individuals

with a duplication and 694 individuals with a deletion

overlapping the 22q11.2 LCRA-D region (Figure 1A).

CNVs varied in size: duplication length ranged between

71 kb and 8.8 Mb (i.e., breakpoints extending beyond

the defined region) with a median of 132 kb, while dele-

tion length ranged between 80 kb and 2.8 Mb also with a

median of 132 kb.

To assess whether individuals with these CNVs (mean

number of diagnoses ¼ 8.6) had a higher disease burden

than individuals that are copy neutral within this region

(mean number of diagnoses ¼ 8), we compared the re-

ported number of ICD-10 codes and identified no statisti-

cal difference (two-sided Wilcoxon rank-sum test: pdel ¼
0.44; pdup ¼ 0.053) (Figure 1B).

CNVs were classified according to their localization as

defined by LCRA-D. Between LCRs A and B, duplications

were identified at a frequency of 0.01% and deletions at

0.002%; CNVs from LCR A to D had a frequency of

0.06% and 0.001% for duplications and deletions, respec-

tively; from LCR B to D, duplications had a frequency of

0.002% and no deletions were identified; between LCRs

C and D, duplications were identified at a frequency of

0.04% while deletions were identified at 0.008%. CNVs

that did not fall into these categories were considered as

atypical and had a frequency of 0.16% for both duplica-

tions and deletions (Figure 1A).

To account for all CNVs and bypass issues related to

breakpoint variability, CNV calls were converted into

probe-by-sample matrices for the CNV association scan.

Probe-level CNV frequency after excluding LCRA probes

(mean duplication frequency: 0.07%; mean deletion fre-

quency: 0.004%) ranged between 0.004% and 0.1% and

0.001% and 0.01% for duplications and deletions, respec-

tively (Figure 1C).

Associated traits

CNV association scan revealed significant links for eight

continuous (Table 2, Figure S2) and nine binary traits (Ta-

ble 3, Figure S3), which were associated under different as-

sociation models. Eight traits (four binary and four contin-

uous) were associatedmost significantly under the U-shape

model, three continuous traits did so under the mirror
n Journal of Human Genetics 110, 300–313, February 2, 2023 305
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Figure 2. 22q11.2 CNVs and body mass index (BMI)
(A) Top: the negative logarithm of the association p value for the U-shape CNV-BMI association scan is plotted against the 22q11.2
genomic region. Each point represents a CNV proxy probe and the lead signal (chr22: 20,765,989) is shown in black. The red dashed
line indicates significance threshold (p < 6.5 3 10�5). Bottom: low-copy repeat (LCR) A–D region as well as the 90 genes contained
in the region. The 24 genes linked to traits according to HPO are labeled and genes linked to BMI through HPO are labeled in black.
ARVCF expression was found to causally influence BMI through TWMR and is shown in green.
(B) Boxplot representing BMI in individuals grouped according to their copy-number state of the lead signal probe (chr22: 20,765,989).
N indicates the sample size for each category; dots show the mean; boxes show the first (Q1), second (median, thick line), and third (Q3)
quartiles; lower and upper whiskers show themost extreme value within Q1minus and Q3 plus 1.53 the interquartile range; outliers are
not shown.
(C) Representation of the TWMR analysis showing SNPs as instrumental variables (IVs), ARVCF gene expression as exposure, and its
causal effect size (b ¼ 0.05) on BMI.
model, four binary traits were associatedmore significantly

under the duplication-only model, and two traits under

the deletion-only model (one continuous and one binary),

highlighting the importance of testing models mimicking

different dosage mechanisms.

Among the identified continuous traits, body mass in-

dex (BMI) was found associated under the U-shape model

(b ¼ 1.56 kg/m2, p ¼ 4.9 3 10�10) throughout LCRA to

LCRD (Figure 2A), indicating that both duplications and

deletions increase BMI level (Figure 2B). TWMR analysis

showed that increased expression of ARVCF (MIM:

602269) increases BMI (b ¼ 0.05, p ¼ 10�4), concordantly

with the positive association found by the mirror CNV as-

sociation scan (Figure 2C).

Mean platelet volume (MPV) was found associated under

the mirror model (b ¼ �0.58 fL, p ¼ 1.3 3 10�18), and the

strongest association occurred in the LCRA to LCRB region

(Figure 3A). The signal replicated in both the duplication-

only (b ¼ �0.54 fL, p ¼ 1.16 3 10�15) and deletion-only

(b¼ 1.66 fL, p¼ 1.133 10�6) models, providing further ev-

idence of a ‘‘true mirror’’ effect, despite the deletion effect’s

being slightly stronger than the duplication one

(Figure 3B). In line with this effect, TWMR revealed that

increased DGCR6 (MIM: 601279) expression causally re-

duces MPV (b ¼ �0.03, p ¼ 0.001) (Figure 3C). It is worth
306 The American Journal of Human Genetics 110, 300–313, Februar
noting that this trait is negatively correlated with platelet

count (also significant under the mirror model, b ¼ 19.86

109 cells/L, p ¼ 2.5 3 10�8). As expected, MVMR showed

bidirectional causality between both traits, highlighting

the challenges on interpreting their association separately.

Unlike other phenotypes, height was associated under

different models in distinct regions. The U-shape model

appeared as the most significant model in the region span-

ning LCRA to LCRB (b ¼ �2.09 cm, p ¼ 1.1 3 10�7), while

the deletion-onlymodel was the only significant one at the

distal portion between LCRC and LCRD (b¼�4.86 cm, p¼
5.53 10�6) (Figure 4A). Given this unexpected pattern, we

stratified CNVs according to LCR categories (Figure 1A) to

inspect their impact on height. Within LCRA-LCRB and

LCRA-LCRD (Figures 4B and 4C), both duplications and

deletions were associated with a height decrease in concor-

dance with the U-shape model. However, duplications and

deletions within LCRC and LCRD had opposing effects on

height, in line with a mirror model, which was confirmed

by linear regression (b ¼ 0.17 cm, p ¼ 0.0003) (Figure 4D).

Given the low number of deletion carriers affected by bi-

nary outcomes (0–3 carriers) (Table S7), associations found

under the U-shape or mirror models often reflect the effect

of duplications (i.e., the most common CNV type) in

these phenotypes. One example is gastroesophageal reflux
y 2, 2023
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Figure 3. 22q11.2 CNVs and mean platelet volume (MPV)
(A) Top: the negative logarithm of the mirror association p value for the CNV-MPV association is plotted against the 22q11.2 genomic
region. Each point represents a CNV proxy probe and the lead signal (chr22: 19,639,383) is shown in black. The red dashed line indicates
significance threshold (p < 6.5 3 10�5). Bottom: low-copy repeat (LCR) A–D region as well as the 90 genes contained in the region. The
24 genes linked to traits according to HPO are labeled and genes linked to mean platelet volume through HPO are labeled in black.
DGCR6 expression was found to causally influence mean platelet volume through TWMR and is shown in orange.
(B) Boxplot representing mean platelet volume in individuals grouped according to their copy-number state for the lead signal probe
(chr22: 19,639,383). N indicates the sample size for each category; dots show themean; boxes show the first (Q1), second (median, thick
line), and third (Q3) quartiles; lower and upper whiskers show themost extreme value within Q1minus and Q3 plus 1.53 the interquar-
tile range; outliers are not shown.
(C) Representation of the TWMR analysis showing SNPs as instrumental variables (IVs),DGCR6 gene and its causal effect size (b¼�0.03)
on MPV.
disease (MIM: 109350), which was found to be associated

under the duplication-only model (OR ¼ 2.72,

p ¼ 2.53 3 10�8) and had a stronger association occurring

in the LCRA to LCRB region (Figure 5A), indicating an

increased prevalence of gastroesophageal reflux disease

among duplication carriers (Figure 5B).

Enrichment analysis

For continuous traits, six out of eight assessed genes were

found to have significantly greater association p values

for the group of unrelated traits compared to the group

of linked traits for all association models (see ‘‘enrichment

analysis’’ for the definition of these groups). Binomial

enrichment analysis indicated that CNV probes in genes

linked to a given HPO term are 15 times more likely

(p < 63 10�9) to show stronger association with the corre-

sponding UKBB continuous trait. For the binary traits,

however, only two out of 19 assessed genes were significant

in the mirror model, which does not indicate an enrich-

ment (p ¼ 0.07).

Concordance in the direction of effect between

association scan and TWMR

Besides showing that differential expression of two

22q11.2 genes (ARVCF and DGCR6) causally affects two
The America
associated traits (BMI and MPV), TWMR results were

also used to reinforce reliability of CNV associations. We

evaluated concordance in the direction of effect sizes

from nominally significant (p < 0.05) results of the mirror

CNV association scan and nominally significant (p < 0.05)

TWMR results (Table S8). As expected, we observed a signif-

icant agreement in effect size directions between both

when fitting a linear regression line (b ¼ 1.6, p ¼ 0.01;

Figure 6).

Causal links between traits and CNV pleiotropy

Cross-trait MVMR was performed for all 17 significantly

associated traits. Out of a total of 289 trait-pair combina-

tions, we identified 48 pairs that are causally linked to

each other at nominal significance (p < 0.05) by using

the IVW MR method. MVMR was then applied on these

48 combinations and 17 trait-pairs were significant

after Bonferroni correction (p < 0.05/289 ¼ 0.0002)

(Figure 7A). Most traits were associated in a bidirectional

manner, indicating that many (closely related) traits

are mutually related to each other, most likely because

of high genetic correlation. To distinguish between

horizontal and vertical pleiotropy, we plotted the CNV

effect on the outcome expected under vertical pleiotropy

(bexpected outcome) against the effect observed in the
n Journal of Human Genetics 110, 300–313, February 2, 2023 307



USP18>

DGCR6>

PRODH<

DGCR2<

ESS2<

SLC25A1<

CLTCL1<

HIRA<

UFD1<

CDC45>

GP1BB>

TBX1>

TXNRD2<

COMT>

ARVCF<

TANGO2>

DGCR8>

RTN4R<

SCARF2<

PI4KA<

SERPIND1>

SNAP29>

CRKL>

LZTR1>

LCR−A LCR−B LCR−C LCR−D

0

2

4

6

18.5 19.5 20.5 21.5
Chromosome 22q11.2 [Mb]

−l
og

10
(P

)
Model

Deletion−only
Duplication−only
Mirror
U−shape

A

140

150

160

170

180

190

Deletion
(N = 9)

Copy−neutral
(N = 403'503)

Duplication
(N = 50)

H
ei

gh
t [

cm
]

LCRA−BB

140

150

160

170

180

190

Deletion
(N = 5)

Copy−neutral
(N = 403'503)

Duplication
(N = 236)

H
ei

gh
t [

cm
]

LCRA−DC

140

150

160

170

180

190

Deletion
(N = 31)

Copy−neutral
(N = 403'503)

Duplication
(N = 172)

H
ei

gh
t [

cm
]

LCRC−DD

Figure 4. 22q11.2 CNVs and height
(A) Top: the negative logarithm of the association p value for the CNV-height association according to a deletion-only (red), duplication-
only (blue), mirror (orange), and U-shape (green) is plotted against the 22q11.2 genomic region. The red dashed line indicates signifi-
cance threshold (p< 6.53 10�5). Bottom: low-copy repeat (LCR) A–D region as well as the 90 genes contained in the region. The 24 genes
linked to traits according to HPO are labeled and genes linked to height through HPO are labeled in black.
(B–D) Boxplots representing height in individuals with (B) LCRA-B, (C) LCRA-D, and (D) LCRC-DCNVs grouped according to their copy-
number state. N indicates the sample size for each category; dots show the mean; boxes show the first (Q1), second (median, thick line),
and third (Q3) quartiles; lower and upper whiskers show the most extreme value within Q1 minus and Q3 plus 1.53 the interquartile
range; outliers are not shown.
association scan (bobserved outcome) to examine the concor-

dance in effect direction (Figure 7B; ‘‘multivariable Mende-

lian randomization (MVMR)’’). This analysis revealed

agreement only for very closely related trait pairs (driven

by strong genetic correlation), such as platelet count-

mean platelet volume, and indicated that, in general,

pleiotropic CNV associations are not due to vertical but

rather due to genuine horizontal pleiotropy.
Discussion

Most of our knowledge regarding the impact of CNVs in

the 22q11.2 region in the general population stems from

genome-wide studies.13,23–27 Here, we focused on this re-

gion specifically and developed a tailored set of analyses

with more lenient, yet appropriate, significance threshold
308 The American Journal of Human Genetics 110, 300–313, Februar
and in-depth follow-up analyses that allowed us to detect

plausible associations missed by genome-wide studies

(e.g., hearing loss, cardiomegaly, diplopia, and disorders

of binocular vision). Our findings show that 22q11.2

CNV carriers in the general population that are likely on

the milder end of the phenotypic spectrum are associated

with traits previously implicated by genes in the region,

shedding light on the variable expressivity and penetrance

of CNVs impacting this complex genomic region.

Assessed traits linked to 22q11.2 genes have been previ-

ously identified in different contexts including the

22q11.2 deletion and duplication syndromes, clinical con-

ditions caused by variants in a single gene, and complex

conditions associated with the locus (Figure S4). Therefore,

using the HPO database to select investigated traits allowed

us to leverage information from different genetic variants

in a clinical context16 to identify associations in the
y 2, 2023
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Figure 5. 22q11.2 CNVs and gastroesophageal reflux disease (GERD)
(A) Top: the negative logarithm of the duplication-only association p value for the CNV-GERD association is plotted against the 22q11.2
genomic region. Each point represents a CNV proxy probe and the lead signal (chr22: 19,998,655). The red dashed line indicates signif-
icance threshold (p < 6.5 3 10�5). Bottom: low-copy repeat (LCR) A–D region as well as the 90 genes contained in the region. The 24
genes linked to traits according to HPO are labeled and genes linked to mean platelet volume through HPO are labeled in black.
(B) Bar plot representing prevalence (cases/total) of GERD grouped according to copy-number state for the lead signal probe (chr22:
19,998,655). 95% confidence interval for deletion is truncated at zero.
general population. For instance, we show that CNVs can

impact traits previously known to be associated with indi-

vidual genes in the region, such as cardiomegaly (LZTR1

[MIM: 600574, 616564]) and other venous embolism and

thrombosis (SERPIND1 [MIM: 142360, 612356]), that

were both associated under the duplication model in the

distal region between LCRC and LCRD, which harbors

these genes.

Our enrichment analysis showed that for continuous—

but not binary—traits, leveraging the HPO database for

trait selection was an effective approach. This observation

may stem from the fact that continuous traits are better

powered and more accurate than binary traits, which

may ignore underlying continuous phenomenon. In addi-

tion, because association p values for binary traits are

closer to the multiple testing threshold, we expect weaker

enrichment p values.

Our results validated several known associations and

furthermore shed light on traits that have not yet been

extensively studied in the context of 22q11.2 CNVs. For

instance, gastroesophageal reflux disease is not a vastly

explored clinical feature in 22q11.2 deletion or duplication

syndromes. While LCRA to LCRD duplications have been

previously associated with this trait in the UKBB cohort,23

replication of the association in our study emphasizes its

relevance in 22q11.2 CNV carriers. Another relevant asso-

ciation identified in our study is with adult BMI. Obesity

(MIM: 601665) (BMI > 30) has been previously described

in adults with 22q11.2DS.28 Even though this phenotype
The America
is not well described in clinical studies characterizing the

22q11.2 duplication syndrome, an increase in BMI has

been associated with duplications in other studies assess-

ing the UKBB cohort.13,24 We have further shown a causal

effect of differential expression of ARVCF—a gene whose

product is part of the catenin family and is involved in pro-

tein-protein interactions at adherent junctions—on BMI.

Recently, a rare ARVCF missense variant of unknown sig-

nificance has been identified in an individual with early-

onset severe obesity,29 suggesting that ARVCF may play

an important role in the etiology of obesity.

Besides validating the link between CNVs in the 22q11.2

region and platelet count,13 we revealed a new association

with mean platelet volume, which exhibits a ‘‘true mirror’’

effect, reinforcing the role of this genomic region in phe-

notypes such as thrombocytopenia. Thrombocytopenia

(MIM: 313900) is a well-known clinical hallmark in

22q11.2DS1 but is not yet recognized as a clinical feature

of the 22q11.2 duplication syndrome. GP1BB represents

a top candidate to explain the observed platelet pheno-

types as bi-allelic loss of function variants in the gene are

responsible for Bernard-Soulier syndrome, a platelet disor-

der, and inclusion of GP1BB in the deleted region has

been implicated in reduction of platelet count levels in

22q11.2DS-affected individuals.30 Because of lack of suffi-

cient IVs, GP1BB could not be assessed by TWMR analysis,

which instead revealed a causal effect of DGCR6 differen-

tial expression on MPV. While DGCR6’s function is not

yet clearly defined, it has been implicated in regulating
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mass index, SLC25A1; (13) calcium levels, CLTCL1; (14) platelet
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loss, SLC25A1; (23) hypotension, DGCR2.
other genes in the 22q11.2 region,31 suggesting that mul-

tiple genes in the region influence platelet phenotypes.

Usage of four different association models allowed for

the identification of deletion-specific effects (e.g., calcium

level) as well as traits in which duplications and deletions

act in the same or in opposite directions. By performing as-

sociation scans at the probe level, we also showed that gain

or loss of distinct segments within 22q11.2 may impact a

trait following different association models, as was seen

for height. Short stature has been identified for the

22q11.2DS1 but variable height measures have been

described for the 22q11.1 duplication syndrome.4,32,33 In

concordance with our study, both duplications and dele-

tions (LCRA to LCRD) have been previously associated

with a decrease in height in the UKBB cohort.24 However,

our study shows a mirror behavior involving the LCRC to

LCRD region. The impact of CNVs in the LCRC-D region is

often overlooked or considered in combination with LCRA

to LCRB. However, the unexpectedly distinct impact of

CNVs in this region on height, as well as certain traits

that were only significant in this region (such as weight,
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cardiomegaly, other venous embolism and thrombosis,

dental caries), reveals the value of a more refined study of

CNVs overlapping this complex region. It is important to

note that gene dosage might not be the only mechanism

underlying the CNVs’ clinical impact, and gain/loss of

different segments within 22q11.2 region could have

distinct impacts over regulatory contacts, with diverse

positional effect outcomes,34 adding complexity to the

functional interpretation of the association models here

described.

A drawback of studying pathogenic CNVs in a general

population such as the UKBB is that the number of affected

participants is low, as carriers of 22q11.2 CNVs with larger

phenotypic impact are less likely to participate, a phenom-

enon often described as the ‘‘healthy volunteer’’ selection

bias.35 As such, frequencies of the 22q11.2 deletions and

duplications have not been precisely estimated outside of

clinical cohorts. This task is complicated by the low fre-

quency of 22q11.2 CNVs, which means that very large

sample sizes are required to obtain precise estimates. For

instance, a population-based French-Canadian cohort

(n ¼ 6,813) did not identify any 22q11.2 deletion carriers

and only six duplication carriers,36 while a slightly larger

study conducted in the Norwegian MoBa population-

based cohort (n ¼ 12,252) identified one 22q11.2 deletion

carrier and six duplication carriers, resulting in frequency

estimates of 0.008% and 0.05%, respectively, considering

CNVs that overlapped in at least 50% with the region be-

tween LCRA and LCRD.37 In the general population, using

different available datasets, frequency of deletions and

duplications encompassing the LCRA to LCRB region

have been estimated at 0.02% and 0.08%, respectively.38

Another study, in a population-based Danish cohort

(n ¼ 76,128), estimated a frequency of 0.03% for deletions

and 0.07% for duplications considering the typical 3 Mb

and 1.5 Mb CNVs.39 In our work, the frequency of CNVs

in LCRA to LCRB and LCRA to LCRD is 0.07% for duplica-

tions and 0.003% for deletions. It is worth noting that we

consider smaller nested CNVs between LCRA and LCRB

that were not appreciated in previous studies, indicating

that if we applied similar definitions to these works, our

frequency estimates would be lower. Although clinically

ascertained cohorts overestimate the 22q11.2 carrier fre-

quency, our study, because of healthy volunteer bias, un-

derestimates it. However, adjusting carrier frequency esti-

mates for such ascertainment is very difficult because the

estimated frequency is very low, and we lack population

reference data with variables relevant to the presence of

22q11.2.

While the absolute number of CNV carriers considered

in our study is still larger than the sample size of some

clinical cohorts, these individuals tend to exhibit milder

phenotypes. This hampers statistical power to detect asso-

ciations, especially for binary outcomes for which trait

definition through grouping of ICD-10 codes is imperfect

and arbitrary and case number can be extremely low. We

offer corroborating evidence of our findings’ reliability by
y 2, 2023
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performing sensitivity analyses and examining the concor-

dance of CNV findings with TWMR effects. Importantly,

effects observed in our study are potentially smaller than

the ones observed in clinical cohorts,40 as they are mainly

derived from CNV carriers with sub-clinical phenotypes

and thus represent lower bound estimates. While in theory

estimates from clinical cohorts might offer upper bound

estimates, their poor and unstandardized reporting makes

it difficult to establish accurate comparisons. Still, we hope

that our study offers a better understanding on the spec-

trum of phenotypic consequences exerted by 22q11.2

and will improve diagnostic rates in individuals with low

expressed phenotypes, as molecular diagnostic of genomic

syndromes still often relies on recognition of characteristic

signs to guide genetic testing. The co-occurrence of a series

of sub-clinical signs in the same individual should increase

the support for a diagnosis of a genomic imbalance at

22q11.2. In addition to diagnostic improvement, as the

genotyping-first approach becomes more common in clin-

ical practice, the accurate description of the phenotypes

associated with 22q11.2 variants can benefit the prognosis

of individuals in which a genomic variant was already

detected.

Conclusion

We found that 22q11.2 CNVs affect traits compatible with

clinicalmanifestations seen in the genomic disorderswithin

the general population. The probe-level association scan re-

vealed that dosage of different segments within the
The America
22q11.2 regionmay impact a trait through different mecha-

nisms, as illustratedwithheight. Besides, yielding further in-

sights into the complex 22q11.2 region, our study provides a

framework that canbe adapted to study the phenotypic con-

sequences of other clinically relevant genomic regions.
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Supplemental Figures and legends 



 



Figure S1 | Scatterplot of the first two principal components (PC1 vs. PC2) of UKBB individuals. The values for the second principal 

component (PC2) are plotted against the values for the first principal component (PC1) for the UKBB individuals evaluated in the study. Points 

are colored based on self-reported ancestry. Total number of individuals (N) per ancestry is reported with the plot legend.  

 

 



 



Figure S2 | 22q11.2 CNVs and significant continuous traits. Top: The negative logarithm of the association p-value for the CNV-trait association 

for the model indicated in the legend is plotted against the 22q11.2 genomic region. Each point represents a CNV proxy probe. The red dashed line 

indicates significance threshold (p < 6.5 × 10-5). Bottom: Gray bars represent low copy-repeat region (LCR) A-D, as well as the 90 genes contained 

in the region. The 24 genes used for trait selection are labeled in black.  

 

 



 



Figure S3 | 22q11.2 CNVs and significant binary traits. Top: The negative logarithm of the association p-value for the CNV-trait association 

for the model indicated in the legend is plotted against the 22q11.2 genomic region. Each point represents a CNV proxy probe. The red dashed line 

indicates significance threshold (p < 6.5 × 10-5). Bottom: Gray bars represent low copy-repeat region (LCR) A-D, as well as the 90 genes contained 

in the region. The 24 genes linked to traits according to HPO are labeled in black.  

 

 



 

Figure S4 | HPO terms linked to 22q11.2 genes through different genetic variants. Barplot showing the number of HPO terms used in this 

study linked to conditions caused by 22q11.2 CNVs (green), genetic variants affecting a single gene in the region (pink) or linked to the 22q11.2 

gene loci (orange). 
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