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Abstract

The clinical heterogeneity in 22q11.2 deletion syndrome (22q11.2DS) underlies com-
plex genetic mechanisms including variants in other regions of the genome, known as
genetic modifiers. Congenital heart disease (CHD) is one of the most relevant pheno-
types in the syndrome and copy number variants (CNVs) outside the 22q11.2 region
could play a role in its variable expressivity. Since those described loci account for a
small proportion of the variability, the CNV analysis in new cohorts from different
ancestry-based populations constitutes a valuable resource to identify a wider range
of modifiers. We performed SNP-array in 117 Brazilian patients with 22q11.2DS,
with and without CHD, and leveraged genome-wide CNV analysis. After quality con-
trol, we selected 50 CNVs in 38 patients for downstream analysis. CNVs' genetic
content and implicated biological pathways were compared between patients with
and without CHD. CNV-affected genes in patients with CHD were enriched for sev-
eral functional terms related to ubiquitination, transcription factor binding sites and
miRNA targets, highlighting the complexity of the phenotype's expressivity. Cardiac-
related genes were identified in both groups of patients suggesting that increasing
risk and protective mechanisms could be involved. These genes and enriched path-

ways could indicate new modifiers to the cardiac phenotype in 22q11.2DS patients.
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22q11.2 deletion syndrome, congenital heart disease (CHD), copy-number variant (CNV),
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patients (Michaelovsky et al., 2012). These deletions are a result

of non-allelic homologous recombination events between the dif-

The 22q11.2 deletion syndrome (22gq11.2DS) (OMIM #188400; ferent low copy repeats (LCRs) in the 22q11.2 region

#192430) is the most frequent microdeletion in humans with a
prevalence of 1:2148 (Blagojevic et al., 2021). Most individuals
with 22q11.2DS carry the typical ~3 Mb deletion on chromosome
22 (79%). However, smaller nested deletions are described in
approximately 21% of patients (Blagojevic et al., 2021) and atypi-
cal deletions of varying sizes can also be present in the minority of

(Shaikh, 2000).

The syndrome is characterized by a great range of clinical features
with variable expressivity including congenital heart disease (CHD),
dysmorphic facial features, palatal anomalies, immune deficiencies,
different neuropsychiatric disorders, and cognitive impairment
(McDonald-McGinn et al., 2015).
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In the 22g11.2DS, cardiac defects have been reported in 64% of
the patients (Campbell et al., 2018). CHD are primarily comprised of
conotruncal cardiac defects including tetralogy of Fallot, interrupted
aortic arch type B, and ventricular septal defect (Peyvandi
et al., 2013). The variable expressivity of this phenotype is not fully
understood, and it does not seem to be related to race, sex, parental
origin of the deletion (Goldmuntz et al., 2009; Swaby et al., 2011) or
even with the 22q11.2 deletion size (Rozas et al., 2019). An influence
of genetic factors has been suggested since patients with 22q11.2DS
and CHD more frequently present relatives with isolated cardiac
defects when compared to 22q11.2DS patients with normal cardiac
development (Swaby et al., 2011).

CNVs outside of the 22q11.2 region have been described to act
as genetic modifiers in the syndrome (Leén et al., 2017; Mlynarski
et al.,, 2015, 2016). It has been suggested that common CNVs may not
be individually pathogenic, but in the presence of the 22q11.2 dele-
tion, as the primary alteration, they may influence expressivity of car-
diac phenotype (Ledn et al., 2017; Mlynarski et al., 2015, 2016). This
combined action of the 22q11.2 deletion and other CNVs may be due
to the participation of affected genes in common regulatory pathways
as was seen for the modifier KANSL1 gene and the 22q11.2 CRKL
gene (Ledn et al., 2017). In addition, rare CNVs identified in patients
with 22g11.2DS and CHD are enriched for genes related to cardiac
development (Mlynarski et al., 2016).

Although some genes and regions have already been described as
modifiers of the cardiac phenotype in the 22q11.2 deletion, they
explain only a small proportion of its incomplete penetrance, suggest-
ing that other modifiers for this condition remain undiscovered.
Therefore, here we investigated a cohort of individuals with
22q11.2DS to identify new potential genetic modifiers and pathways
possibly involved in the expressivity of the cardiac phenotype.

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations
Written informed consent was obtained from patients or their parents

as approved by the local ethics committee.

22 | Cohorts

Blood samples were obtained from 117 Brazilian patients diagnosed
with 22g11.2DS. The 22q11.2 microdeletion was previously identified
by multiplex ligation-dependent probe amplification (MLPA). Cardiac
anatomy was evaluated by echocardiogram and patients were divided
in two groups: with and without CHD.

CEL files for 339 Brazilian control individuals from BIPMED con-
sortium (Brazilian Initiative on Precision Medicine, https://bipmed.org/)
(Rocha et al., 2020) previously genotyped with Affymetrix SNP 6.0
arrays were also used. These individuals had no history of birth defects,

oral cleft, rheumatological diseases, or cancer in three generations.

2.3 | SNP-array and quality control in the
22q11.2DS cohort

DNA samples from patients with 22q11.2DS were genotyped with
Axiom™ Precision Medicine Diversity Array (Axiom PMDA, Affymetrix)
according to manufacturer's protocol at Affymetrix's core facility (Santa
Clara, CA, USA). Quality control values were calculated with Affymetrix
Power Tools v. 2.11.3 (Affymetrix) pipeline. Samples with Dish Quality
Control (QC) less than 0.82 or QC call rate below 97% were excluded
according to manufacturer's guidelines. Samples from patients with insuf-
ficient cardiac phenotype information were excluded. Identity by descent
(IBD) analysis was performed to exclude duplicate or related samples
with PLINK 1.9 toolset (www.cog-genomics.org/plink/1.9/) (Chang
et al,, 2015). Only patients with deletions within LCR-A and LCR-D were
included, including patients with A-D, A-B and C-D deletions.

Quality control values for individuals from the BIPMED consor-
tium were also calculated with Affymetrix Power Tools v. 2.11.3
(Affymetrix) pipeline. Samples with contrast QC values below 0.4
were excluded according to manufacturer's instructions.

24 | CNV detection

Extraction of signal intensity data from the raw CEL files was per-
formed with Affymetrix Power Tools v. 2.11.3 (Affymetrix) pipeline
(Appendix S1).

Autosomal CNV detection was performed with an adapted pipe-
line of PennCNV software for both cohorts. The pipeline takes log
R ratio (LRR) and B-allele frequency (BAF) values for each probe and
sample, calls CNVs with PennCNV software (Wang et al., 2007) and
computes a quality score (QS) based on several quality metrics and
CNV features (such as length and number of probes). This QS esti-
mates the probability of a CNV identified by PennCNV to be a true
positive call (Macé et al., 2016). Adjacent CNVs with gaps shorter than
20% of the total length were merged according to default PennCNV
parameters. Details of parameters and reference files used for CNV
detection are found in Appendix S1.

For subsequent analysis of CNVs outside of the 22q11.2 region,
we selected CNVs with a QS 2 |0.5] (Auwerx et al., 2022). After this
selection, CNVs with an overlap of at least 50% with centromere and

telomere regions were excluded.

25 |
content

Copy number variable regions definition and

As CNVs called on SNP-array platforms may present variations in
breakpoints, we clustered CNVs with 50% reciprocal overlap into
copy number variable regions (CNVRs) with R package “CNVgears”
(CNVgears, Simone Montalbano, https://github.com/SinomeM/
CNVgears, 2020). This was done separately for duplications and dele-
tions. CNVR boundaries were defined by the maximum spam of CNVs
in the cluster (Zarrei et al., 2015).
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CNVRs in subjects with 22q11.2DS were annotated with the
NCBI RefSeq gene set downloaded from the UCSC Table Browser of
the hg38 build (http://genome.ucsc.edu/cgi-bin/hgTables?command=
start). An overlap of at least 80% of the gene was needed for annota-

tion. Olfactory receptor genes were excluded from further analysis.

2.6 | Brazilian reference cohort

To assess CNV frequency on a Brazilian reference cohort, CNVRs
were generated separately for deletions and duplications in the
BIPMED consortium samples. The frequency for each CNVR was cal-
culated as: (number of individuals with the CNVR/total number of
assessed individuals) x 100 (see details in Appendix S1).

2.7 | CNV frequency

We defined rare CNVs as those with a frequency less than 1% in
three population cohorts: BIPMED, Database of Genomic Variants
(DGV, http://dgv.tcag.ca/dgv/app/home) (MacDonald et al., 2014)
and The Genome Aggregation Database (gnomAD, https://gnomad.
broadinstitute.org/) (Collins et al., 2020) (Appendix S1). CNVs were
considered common when their frequency was 1% or above in at least
one of those cohorts (Appendix S1).

2.8 | Functional terms enrichment analysis

Different gene sets, for each group (229q11.2DS with
CHD x 22q11.2DS without CHD) were individually submitted for
enrichment analysis using the online tool “Gene Set Enrichment Anal-
ysis” (http://www.gsea-msigdb.org/gsea/msigdb/index.jsp)
(Appendix S1). False discovery rate (FDR) procedure was applied as
the correction method and an adjusted-p value of 0.05 was adopted
for significance. Enrichment analysis was separately performed for
seven gene collections from the Molecular Signatures Database
(MsigDB v7.2): Gene Ontology (GO) biological process (n = 7479
genes); GO cellular component (n = 996 genes); GO molecular func-
tion (n = 1708 genes); Human Phenotype Ontology (HPO genes)
(n = 4813 genes); Cell type signature gene sets (n = 673 genes);
microRNA targets (n = 2598 genes) and all transcription factor targets
(n = 1133 genes).

2.9 | Cardiac gene sets enrichment analysis

Three sets of cardiac-related genes were compiled from previously
published work. List 1 represents genes expressed in developing
mouse heart and pharyngeal arches (n = 12,165 genes). Genes were
ranked based on their expression levels and the top 25% of genes
with the highest expression in mouse pharyngeal arch at day E9.5
(Mlynarski et al., 2016) and mouse developing heart at day E9.5

(Mlynarski et al., 2016) and at day E14.5 (Homsy et al., 2015; Zaidi
et al., 2013) were selected. List 2 is the list of genes previously associ-
ated to congenital heart defects (n = 1387). Genes associated with
the term “abnormal heart morphology” were obtained from the HPO
database (https://hpo.jax.org/app/). Genes affected by de novo SNVs,
damaging missense and LoF variants, in a cohort of individuals with
CHD were selected (Homsy et al., 2015). List 3 is a list of genes
expressed in human fetal heart (n = 411) obtained from published
datasets (Iruretagoyena et al., 2014; Wang et al., 2017).

We compared the frequency in which genes affected by CNVs in
the groups 22q11.2DS CHD and 22q11.2DS without CHD appeared
in each list via Fisher's exact test (p < 0.05).

210 | Protein-protein interaction

A protein-protein interaction (PPI) analysis was conducted to address
protein interactions between the coding genes encompassed by the
22q11.2 typical ~3 Mb deletion (N = 50 genes) and the coding genes
contained in the cardiac gene sets that were identified as affected by
the detected CNVs outside of the 22q11.2 region (N = 22 genes)
(Section 2.9). NCBI RefSeq genes contained in the 22g11.2 region
(chr22:18,147,233_21,555,711, GRCh38/hg38) were downloaded
from the UCSC Table Browser (http://genome.ucsc.edu/cgi-bin/
hgTables?command=start). Gene names were converted into their
respective Ensembl protein ID with the online tool BioMart (Ensembl
release 107—July 2022). PPI analysis was performed in String DB
(https://string-db.org/, v11.5) with experiments and databases as

interactive sources and minimal interaction score of 0.7.

211 | Statistics

Fisher exact test or the Wilcoxon rank sum test were used for CNV
comparison between groups with and without CHD as appropriate.
Statistical analyses were done in R version 4.0.2.

3 | RESULTS

After excluding individuals that did not pass quality control or meet
inclusion criteria, 95 unrelated patients with 22q11.2DS remained,
56 with CHD and 39 with normal cardiac anatomy. Evaluation of
22q11.2 deletion sizes revealed 89 patients with a deletion between
LCR-A and LCR-D (55 with CHD and 34 without CHD), 5 patients
with deletions between LCR-A and LCR-B (1 with CHD and 4 without
CHD) and one patient without CHD with a deletion between LCR-C
and LCR-D. There was no association between 22q11.2 deletion cate-
gory and CHD phenotype (p = 0.07, two-tailed Fisher's exact test).
Although, the number of individuals with nested deletions in our
cohort may be insufficient to verify a statistical difference, the lack of
association is consistent with previous studies (Ledn et al., 2017,
Mlynarski et al., 2015, 2016; Rozas et al., 2019).
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(Continued)

TABLE 1

CNV frequency

DGV (%)
0.45
3.99
3.99
3.99

22.32

gnomAD (%)

BIPMED (%)

0.96
2.87
2.87
2.87

Cohort frequency

Patients group

CNVR end CNV type

CNVR start
21959377
25279622
25280972
25280972
42115069
42115069
42115069
42126599
42126599

Chromosome

22
22
22
22
22

Patient ID

Rare

Common

Common

Common

Common

Common

22.32
22.32
22.32
22.32
22.32
22.32
22.32
22.32

Common

Common

Common

Common

Common

Common

Common

Rare

Rare

22q11.2DS without CHD
22q11.2DS without CHD
22q11.2DS without CHD
22q11.2DS without CHD

22q11.2DS CHD

Duplication

22219884
25521694
25512027
25512027
42134934
42134934
42134934
42134934
42134934
42134934
42134934
42134934
42143437
42134934
42134934

Duplication

22
23

Duplication

Duplication

19
24
19

Duplication

22q11.2DS without CHD
22q11.2DS without CHD

22q11.2DS CHD

Duplication

22
22
22
22
22
22
22
22
22
22

Duplication

Duplication

21

22q11.2DS without CHD
22q11.2DS without CHD
22q11.2DS without CHD
22q11.2DS without CHD

22q11.2DS CHD

Duplication

11
25

Duplication

42126599

Duplication

42126599

26
27
28
29

Duplication

42126599

Duplication

42130482
42130967
42130967

22q11.2DS without CHD

22q11.2DS CHD

Duplication

Duplication

30

Abbreviations: CHD, congenital heart disease; CNV, copy number variant; CNVR, copy number variable region.
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3.1 | CNVs outside of the 22q11.2
A total of 50 CNVs (QS 2 |0.5]) outside of the 22q11.2 deletion region
were identified in 38 out of the 95 patients, 46 duplications (22 com-
mon and 24 rare) and 4 deletions (1 common and 3 rare) (Table 1).
When comparing patients with at least one CNV, there was no signifi-
cant difference in the number or length of detected CNVs between
individuals with CHD and those with normal cardiac phenotype
(Table 2). Noteworthy, there was significant association in the number
of patients carrying CNVs outside of the 22q11.2 deletion region with
cardiac phenotype (p = 0.033, two-tailed Fisher's exact test, Table 2).
After CNVR definition and genetic content annotation, we identi-
fied 129 distinct genes (106 duplicated and 23 deleted) in the
22q11.2DS CHD group and 102 genes (68 duplicated and 34 deleted)
in the 22g11.2DS without CHD group (Table S1). A total of 17 genes

were identified in both groups.

3.2 | Functional terms enrichment

Pathway analysis revealed a great number of enriched terms for the
gene sets generated from CNVs identified in the 22q11.2DS CHD
group (Table S2). In this group, enriched terms such as ubiquitin like
protein ligase activity, transition metal ion binding, predicted targets
from miR-2355-3p, and several transcription factors binding sites
were observed. On the other hand, a considerably smaller number of
terms was verified for the gene sets generated from CNVs identified
in the 22g11.2DS without CHD group. These terms were only from
the cell type signature and transcription factor target collections
(Table S3). There were no overlapping terms between groups. It is
worth noticing that in this analysis, it is possible for one functional
term to be enriched by the genes contained within a single CNV or by

genes contained in different CNVs affecting distinct individuals.

3.3 | Cardiac gene sets

To address if CNVs in individuals with 22g11.2DS and CHD affected
genes involved in cardiac development and malformation, we exam-
ined three lists of cardiac-related genes. No significant differences
were observed between groups when comparing all the affected
genes or only the genes exclusively affected in each of the groups.
There was also no statistically significant difference when comparing
the number of patients with CNVs affecting at least one of the genes.
Even though we found no statistically significant differences, 25 car-
diac-related genes were identified encompassed by CNVs in individ-
uals with 22q11.2DS (Table 3).

We evaluated whether the proteins encoded by any of these
genes interacted with protein products of the 22q11.2 region to
examine if this could be a potential mechanism involved in the pene-
trance of cardiac defects in the 22q11.2DS. At a high confidence
score threshold of 0.7, MED16 protein was found to interact with
MED15, the latter being coded by a gene localized in the 22g11.2
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TABLE 2 Number and length of autosomal CNVs outside of the 22q11 region.

CHD
Number of patients with CNVs 17
Median of CNVs per subject (IQR) 1(0.75)

Median CNV length (bp) per subject (IQR) (bp)

349,857 (585,057)

Abbreviations: CHD, congenital heart disease; CNV, copy number variant; IQR: interquartile range.

“Two-tailed Fisher's exact test.
PWilcoxon rank-sum test. Only considered individuals with at least one CNV.

TABLE 3 CNVRs and cardiac-related genes.

CNVR CNV type Patients group
chr1:109687833_109698628  Deletion 22q11.2DS CHD
chr11:89197899_92112768 Deletion 22q11.2DS CHD
chr19:855587_1293917 Duplication  22g11.2DS CHD
chr21:45386899_45730952 Duplication  22q11.2DS CHD
chr5:13789193_14182211 Duplication =~ 22q11.2DS CHD
chr11:35717887_36289127 Duplication  22g11.2DS without CHD
chrl6:87727265_87947734 Duplication  22q11.2DS without CHD
chr2:110631098_112316999  Deletion 22q11.2DS without CHD
chr22:21959377_22219884 Duplication  22q11.2DS without CHD
chr4:188413838_190017927  Deletion 22q11.2DS without CHD
chr8:17963420_18228429 Duplication ~ 22q11.2DS without CHD

Without CHD p value
21 0.033°
1(0.75) 0.064°
262,870 (708,207) 0.75°
CNV Number
frequency individuals Genes®
Common 1 GSTM1
Rare 1 CHORDC1
Rare 1 ARID3A, ATP5F1D, CIRBP, CNN2, GPX4,
MED16, MIDN, POLR2E, R3HDM4,
STK11, TMEM259, WDR18
Rare 1 COL18A1, SLC19A1
Rare 1 DNAH5
Rare 1 LDLRAD3
Rare 1 SLC7A5
Rare 1 ANAPC1, BCL2L11, BUB1
Rare 1 TOP3B
Rare 1 FRG1
Rare 1 ASAH1

Abbreviations: CHD, congenital heart disease; CNV, copy number variant; CNVR, copy number variant region.
@Cardiac-genes identified in each CNVR, non-cardiac-related genes are not displayed. Genes highlighted in bold were identified in the list of genes
previously associated to congenital heart defects (List 2). The remaining genes were identified in the list of genes expressed in developing mouse heart and

pharyngeal arches (List 1).

region, with evidence of known interactions from curated databases

and experiments.

4 | DISCUSSION

The aim of our study was to identify new CNVs, outside of the
22q11.2 region, that can act as potential genetic modifiers for the car-
diac phenotype in the 22q11.2DS. The study of modifying CNVs for
CHD in the 22q11.2DS by Mlynarski et al. (2015) and Ledn et al.
(2017) revealed common CNVs involving the SLC2A3 and KANSL1
genes, respectively, which were not identified as affected by CNVs in
our study. The lack of replication concerning genetic modifiers in the
22g11.2DS highlights the complexity and heterogeneity of the
genetic factors involved.

Since there is great variability in the identification of CNVs
depending on the SNP-array platform and the detection tools applied,
false positive results may be obtained (Haraksingh et al., 2017). Thus,
with the aim of obtaining highly reliable results, we applied a pipeline
that calculates the probability of a CNV being identified by two other
independent tools (Macé et al., 2016). The choice of this stringent

CNV filtering is likely the cause of the low number of CNVs identified
(50 CNVs in total).

Even though we found a significantly larger number of individuals
from the group 22q11.2DS without CHD carrying at least one CNV, a
considerably larger number of enriched terms were found for the
group of patients with CHD, suggesting greater biological connectivity
of genes affected by CNVs in this group. Some of the identified terms
in the 22q11.2DS CHD group are related to ubiquitination, a process
to maintain protein homeostasis on cells (Zhang et al., 2020) that has
been related to cardiac pathogenesis (Li et al., 2018) and to tetralogy
of Fallot (You et al., 2020). These enrichments were driven by CNV-
affected genes from the TRIM family, which has been associated to
different cardiac functions and conditions, such as heart failure and
arrhythmia (Zhang et al., 2020).

In addition, we have identified one enriched term for miRNA tar-
gets and a larger number of functional terms referring to targets of
different transcription factors. Although the specific miRNA, miR-
2355-3p, has not yet been related to heart development or cardiac
pathogenesis, the role of miRNAs in regulation of gene expression
during cardiovascular development and disease has been described

(Liu & Olson, 2010). Heart development is also controlled by a

85US017 SUOLILLOD BAERID 8 qeo!|dde sy} Aq peusenoh ae S3joe YO ‘8sn JO S9IN 10y Afeiq 1 BUIIUO AS]IA UO (SUOTIPUOD-PLIE-SWISH LD A3 | 1M AReiq1Bu1|uo//SdNL) SUO BIPUOD pue swia | 84} 83S *[£202/20/62] U0 Ariqi aulluo A1 ‘AiseAlun preaeH Aq SiTeg™e Bule/z00T 0T/I0p/woo A3 | im Azeiq Ul |uo//sdny woiy papeojumoq ‘0 ‘€e8resST



ZAMARIOLLI ET AL

conserved network of transcription factors (Olson, 2006) and, there-
fore, abnormalities involving these transcription factors could lead to
improper development and consequently CHD. One of the transcrip-
tion factors enriched in our work, ZSCAN5B, is expressed in develop-
ing mouse heart(Sun et al., 2016). Altogether, these findings may
indicate the complexity of regulatory mechanisms involved in the pen-
etrance of the cardiac phenotype in the 22q11.2.

It is also worth noting that, in the 22q11.2DS with CHD group,
enriched terms were observed only for genes affected by rare CNVs
and not for genes affected by common CNVs. This suggests that a dis-
turbance in these biological pathways can be damaging, since they do
not appear enriched in CNVs that are more frequent in the general
population, reinforcing the biological relevance of these findings.

Among the 25 cardiac-related genes affected by CNVs, 20 of
them had been identified in studies of gene expression related to car-
diac development in mice (Homsy et al., 2015; Mlynarski et al., 2016).
Thus, CNVs involving these genes may have affected their expression,
contributing to the appearance of the cardiac phenotype in conjunc-
tion with the deletion of the 22q11.2 region or acting in a protective
way for individuals without CHD.

To further investigate these genes in the context of the
22q11.2DS, we performed a PPl analysis that revealed interaction
between the proteins encoded by MED16, a gene expressed in devel-
oping mouse heart and pharyngeal arches (List 1, see Section 2.9), and
MED15, deleted in the 22q11.2DS. Both are components of Mediator,
a multiprotein complex conserved among eukaryotes that plays a role
in transcriptional regulation (Ansari & Morse, 2013). In Saccharomyces
cerevisiae, both components are required for the recruitment of Medi-
ator by Hsf1 (heat shock factor 1) in a non-redundant manner (Kim &
Gross, 2013). A synthetic lethality interaction between them has also
been shown in yeast (Balciunas et al., 2003). This observation rein-
forces the idea of an interaction between genes deleted in the
22q11.2 region and genes affected by genetic variants elsewhere in
the genome driving the variable penetrance and expressivity of a
phenotype.

In conclusion, this work reinforces that exploring different
cohorts, with various backgrounds, and genetic variant types allows
for the identification of new genes or regions relevant to the cardiac
phenotype. Further investigations involving these regions in the con-
text of the 22q11.2DS, will enable a greater understanding of the can-
didates for genetic modifiers and their relationship with the 22q11.2
deletion region.
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