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Abstract: Several deletions are observed at the 22q11 locus and are responsible for 22q11.2 deletion syndrome (22q11DS), also known as
DiGeorge syndrome, conotruncal anomaly face syndrome, or velocardiofacial syndrome. These microdeletions on human chromosome 22
range from 0.7 to 3 Mb. Many genes are affected by 22q11.2 deletion. However, despite the well-established clinical signs for the diagnosis of
22q11.2 deletion syndrome, the interactome background of 22q11.2 deletion syndrome is unknown. Here, we analyzed protein—protein
interaction networks (PPIs) to assess the influences of 3 Mb 22q11.2 deletion on this network. We compared the general human PPI
network against a network without 48 genes of the 3 Mb 22q11.2 locus in a homozygous condition: we compared topological metrics,
enrichment of gene ontology terms, community assignments, and edge rewiring. The PPI networks revealed that this deletion affected
the relevance of hundreds of non-deleted genes. Additionally, this 22q11.2 deletion induces intense rewiring of subnetworks, promoting
an accumulation of proteins associated with DiGeorge clinical signs (CTCF, YY1, TFAP2A, PPARG, PAX6, RAX, and E2F3) in a
single community (community 1). Therefore, we identified new genes that may be associated with the 22q11.2 deletion syndrome.

Altogether, the systemic approaches used here yielded new insights into the 22q11.2 deletion syndrome.
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1. Introduction

The 22q11.2 region is one of the most genetically unstable areas
in the human genome [1]. 22q11.2 deletion syndrome (22q11DS), also
known as DiGeorge syndrome, conotruncal anomaly face syndrome,
or velocardiofacial syndrome (OMIM numbers 188400 and 192430),
is a condition characterized by microdeletions on human chromosome
22 ranging from 0.7 to 3 Mb. The microdeletion 22q11.2 is the most
frequently observed microdeletion in humans linked to a clinical
phenotype [2, 3]. 22q11.2DS affects one in every 3,000 to 6,000
live births [2, 4-7].

The 22q11.2 region has a cluster with eight low-copy repeat
sequences (LCRs). LCR22 ranges from LCR22-A to LCR22-H, and
this cluster facilitates nonallelic homologous recombination leading
to several types of deletion [8] with a variety of chromosomal
disorders [1]. Many of these deletions comprise proximal (A-B,
A-D, A-E, and A—F), central (B-D, and C-D), and distal deletions
(C-E, D-E, D-F, and E-F) [4]. A 3 Mb deletion that covers
LCR22A to D occurs in approximately 85% of 22q11.2 deletion
cases (LCR22A-D), affecting many genes.

COMT, PRODH, GNBIL, TBX1, SEPT5/GP1BB, ZDHHCS,
PI4KA, and ARVC are genes linked to the 22ql1.2 deletion
syndrome [9-11]. TBX1 is crucial for the development of the
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craniofacial region, the thymus, parathyroid, aortic arch, and the
cardiac outflow tract [2, 9, 12-14]. The heterozygosity of the DGCR8
gene causes neuronal abnormalities, while CRKL haploinsufficiency
develops cardiac defects. Other genes in the 22q11.2 area, such as
HIRA, COMT, and PRODH, are also involved in the development of
primary DiGeorge clinical signs, such as congenital malformations
and cognitive and/or behavioral deficits [2, 4, 15-19].

The graph theory is used in many fields such as web, airline
connections, language networks, telecommunications, social
networks, and others. In molecular biology, graph theory is used to
model biological networks by connecting biological entities
(e.g., proteins, DNA, RNA, and metabolites). The most common
types of molecular biological networks analyzed are protein-protein
interaction networks (PPIs), gene regulatory networks, signal
transduction networks, and metabolic networks [20, 21]. PPIs are
undirect graphs where each link connects proteins. PPI networks
are widely studied because they are involved in many biological
processes, cell structures, and biochemical reactions [22-25].

Despite well-established clinical signs for the diagnosis of22q11.2
deletion syndrome, the interactome background of LCR22A-D 22q11.2
deletion syndrome is unknown. Therefore, we analyzed PPI networks to
test the hypothesis that deleting genes from the 3 Mb 22q11.2 locus in a
homozygous condition influences molecular networks by rearranging
connections between proteins encoded by the remaining genes.
Analysis of a PPI network simulating a homozygous 3 Mb deletion
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(LCR22A-D) revealed that this deletion increased the influence of
hundreds of coding genes, including those associated with 22q11.2
deletion syndrome. The deletion had a notable impact on network
communities, aggregating multiple proteins with ontologies relevant
to the clinical signs of the 22q11.2 deletion syndrome in a single
community. Finally, network analysis allowed us to rank additional
genes that could be linked to the features of the 22q11.2 deletion
syndrome.

2. Research Methodology

2.1. Research design

We conducted a number of PPI network analyses to evaluate the
interactome of 22ql11.2 deletion. Patients with 3 Mb 22ql1.2
(LCR22A-D) deletion exhibit a heterozygous condition. However,
due to the limitation of network analysis using graph theory, we
simulated a homozygous condition with 3 Mb 22q11.2, although
this is a condition not observed in patients with this deletion: we
performed this simulation in an attempt to investigate how a
simulated homozygous 3 Mb 22q11.2 deletion could impact the
network.

The initial network analysis determined the influence of the
deletion of 3 Mb 22q11.2 on the interactome. Subsequently, we
evaluated the influence of the deletion of 3 Mb 22ql11.2 at the
community network level: communities are subnets whose nodes
(in our case, proteins) are densely connected to each other rather
than to nodes outside the community [22]. We also analyzed the
significance of the remaining genes after the 3 Mb 22qll1.2
deletion to identify new genes likely associated with the DiGeorge
phenotype by analyzing communities.

An overview of our workflow is presented in Figure 1.

2.2. Network construction and analysis of the
systemic impact of the 22q11.2 deletion

Overall, we modeled a PPI network to emulate the 3 Mb
22q11.2 deletion in a homozygous condition (hereafter referred to
as the homozygous network, HN) by removing these genes and
connections from the global human interactome (hereafter referred

to as global network (GN), which emulates an individual
unaffected by deletion) (further detailed).

Human PPI networks with >3 million interactions were
retrieved from the public databases HuRI [26], HumanNet (v. 1)
[27], ComPPi [28], and Biogrid (v. 4.4.210) [29]: the data were
obtained at June 2022. Experimentally validated interactions were
selected, protein identities were standardized to UniProt ID,
redundant interactions were removed, and pseudogene were not
filtered out to create the GN. To simulate HN, we eliminated from
GN a total of 48 nodes related to proteins encoded by genes at the
-3 Mb 22q11.2 locus (chr22:18,168,234 — 21,206,711, human
genome version Hg38) [30], including their connections (the GN
and HN networks and the genes removed are presented at the
Supplementary Table S1, retrieved from https://figshare.com/s/3ba
9¢70ea933f19b238c).

To determine whether the 3 Mb 22q11.2 deletion significantly
altered HN, we compared the degree (number of connections of
each protein in the network), betweenness, and the eigenvalue of
GN and HN. Centralities of these nodes were evaluated using
Igraph [31], the normal distribution of metrics was estimated by
applying the Shapiro—Wilk test, and the Mann—Whitney U test
was used to evaluate the significance of differences between
comparisons.

2.3. Analyzing GN and HN communities

The GN and HN communities were delimited using the
fastgreedy.community algorithm from Igraph [31] (the largest
communities are shown in Supplementary Data 1A, retrieved from
https://figshare.com/s/bd2d409096a90ba3a57c).

We examined the effect of deletion within each community by
evaluating the relevance of the remaining proteins in the HN. First,
we identified in GN the first proteins connected to proteins encoded
by genes from the 3 Mb 22q11.2 locus (henceforth referred to as
“neighbor nodes”) and subsequently mapped neighbor nodes in
the HN communities. Using Igraph, the degree and betweenness
centralities were estimated for each neighbor node in the GN and
HN communities [31], and the Log2-fold-change for each
parameter was obtained when comparing GN with HN. Using
WEKA’s “SimpleKmeans” algorithm, each Log2-fold-change was
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Figure 1. An overview of the analysis workflow performed here
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grouped into one of three groups (clusters) signifying low, medium,
or large fold-change (raising the features in the HN) [32]. As
previously noted, the normal distribution of metrics and statistical
tests were performed to identify the significance of the differences
between the GN and HN neighbor proteins. We evaluated whether
neighbor nodes related to genes with increased relevance in HN
communities were associated with 22ql1.2 deletion syndrome
traits using the DisGeNET database in Cytoscype (gene—disease
network, selected source = curated, evidence level = strong) [33].
Additionally, we determined a group of genes in HN whose
relevance was reduced to 0 (betweenness = 0) and vice versa.

SAFE was used to independently assess the gene ontology (GO)
enrichment of the three largest GN and HN communities [34]. We
designed a matrix that includes the terms of the biological process of
each protein for each community (Supplementary Data 2, retrieved
from https:/figshare.com/s/4d4ea6783504fde27c44). Using the
mapper tool in Cytoscape [35], we mapped the proteins’ UniProt
IDs to HGNC IDs to facilitate protein identification in subsequent
phases. The SAFE was independently executed for each community
using the matrices mentioned (Supplementary Data 2, retrieved from
https:/figshare.com/s/4d4ea6783504fde27c44) and assuming
undirected edges, distance = ‘“Map-weighted”, threshold = “0.5
percentile”, background = “all nodes in the network”, multi-regional
landscapes = “remove”, minimum landscape size = “10”, landscape
similarity = “Jaccard”. SAFE reports GO enrichment terms as
domains of each investigated network: the domain is a classification
for a collection of proteins that share comparable GO terms based on
their network structure [34]. REVIGO (small mode, removing
obsolete GO terms, Homo sapiens species, and semantic similarity
measured by SimRel) was used to summarize the GO enriched terms
of each domain identified by SAFE for each community [36]: the
main GO was regarded as the most representative one for each
domain. The GO terms were accessed in June 2022.

2.4. Identified new candidate genes related to the
22q11.2 deletion-like phenotype

Initial tests revealed that the two largest communities
(communities 1 and 2) had a considerably increased number of
proteins in HN than in GN (further detailed). Then, we explored
whether genes in communities 1 and 2 not directly related to the 3
Mb 22q11.2 deletion may play a role in the DiGeorge clinical signs.

Communities 1 and 2 of HN were categorized into two groups:
1) the “HN-shared” subnetwork, which contains proteins and
interactions present in communities 1 and 2 from both HN and GN,
and 2) the “HN-exclusive” subnetwork, which contains proteins
and interactions present only in communities 1 and 2 of HN. Using
DisGeNET implemented in Cytoscype (gene—disease association,
selected source = curated, evidence level = strong) [37], we
investigated which HN-shared and HN-exclusive proteins were
associated with any human disorders. Using Cytoscape [38], we
calculated the node’s degree, betweenness, and edge’s betweenness
for proteins associated with human disorders from HN-shared and
HN-exclusive networks; these centralitiecs obeyed a power-law
distribution. Then, we selected the most important interactions and
proteins as those with the highest edge betweenness, followed by
the proteins with the highest degree and betweenness (cutoffs are
presented in Supplementary Table S2, retrieved from https:/figsha
re.com/s/3ba9c¢70ea933f19b238c). The disorders associated with
each chosen protein were then depicted within the network.

The CTCF, YY1, and TFAP2A proteins of the HN-shared
community 1 are among the selected disorder-associated proteins
mentioned, according to the preliminary analysis: these three proteins
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were associated with traits “intellectual disabilities”, “‘congenital
small ears”, and “cleft upper lip” (further detailed), features of
DiGeorge syndrome. Therefore, we sought additional proteins
associated with disorders exhibiting DiGeorge-like traits and whether
their subnetwork structure was significantly altered in HN. First,
CTCF, YY1, and TFAP2A were jointly searched in community 1 of
GN and HN using the diffusion algorithm implemented in Cytoscape
[39]. From GN and HN, the top ~100 ranked adjacent proteins and
adjacent connections were chosen (Supplementary Data 3A, retrieved
from https:/figshare.com/s/951db97a3f4ab4c4977). These
subnetworks were compared using Dynet (undirected networks and
prefuse force-directed layout) [40], and proteins and interactions only
present in HN were selected (Supplementary Data 3B-C, retrieved
from https:/figshare.com/s/951db97a3f4ab4c4f977). Human diseases
associated with selected proteins were annotated using DisGeNET
implemented in Cytoscype (gene—disease association, selected source
= curated) [37]. Then, we selected proteins associated with disorders
whose phenotypes are similar to those of 22q11.2 deletion syndrome
(e.g., heart failure, craniofacial abnormalities, and intellectual
disabilities) (Supplementary Data 3D, retrieved from https:/figshare.
com/s/951db97a3f4ab4c4f977). Finally, we retrieved the selected
proteins from both GN and HN communities to identify to which
communities they were assigned.

3. Results

The GN comprised 21,492 proteins (nodes), whereas the HN lacked
48 nodes related to proteins encoded by the 3 Mb 22q11.2 locus genes
(Table 1; Supplementary Table S1, retrieved from https:/figshare.com/s/
3ba9c70ea933f19b238c). The networks exhibited a power-law degree
distribution, and the specific topological properties of GN and HN
were comparable (Table 1; Figure 2A).

Table 1. Topological properties of the global network (GN) and
the homozygous network (HN)

Topological property GN HN
Number of interactions 682,911 679,817
Number of proteins 21,492 21,444
Avg. degree 63.5 63.4
Avg. betweenness 18,693.76 18,660.42
Avg. eigenvalue 0.031 0.031

Avg. diameter 8 8
Avg. path length 2.74 2.74

Note: Avg: average

GN and HN had 13 and 27 communities, respectively, and had
2,404 and 2,389 neighbor nodes (Table 2). The distribution of Log2-
fold-changes comparing GN versus HN was skewed to the right
side, indicating that the HN communities exhibited greater degree
and betweenness than GN communities (Figure 2B-C). A total of
361 proteins had a significant increase in relevance in HN, of which
111 proteins were related to the 22ql1.2 deletion syndrome
(Supplementary Figure S1; Supplementary Table S3, retrieved from
https://figshare.com/s/3ba9¢70ea933f19b238c).  Moreover, 112
neighbor nodes are proteins associated with human diseases
(Supplementary Table S4, retrieved from https:/figshare.com/s/3ba
9¢70ea933f19b238c). Additionally, three proteins related to neighbor
nodes (nodes present in both GN and HN linked to proteins encoded
by the 3 Mb 22ql11.2 loci) had null betweenness in the HN
(SEPTIN 10, SLC37A1 and SOWAHC): SEPTIN 10 interacts with
SEPTIN 7, SLC37A1 interacts with GABPA, SP1, and SOWAHC
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Table 2. Features of GN and HN communities

interacts with PEX12. Conversely, 2 proteins had a substantial increase
in importance in HN (Table 3).

] PI;(I::;?I;S N1121121 flroztell:; of szg;lel;or GO enrichment analysis of the three largest communities of HN and
Community 4> GN revealed that network rewiring caused by 3 Mb 22q11.2 deletion
GN HN GN GN HN altered the functional properties of the communities (Supplementary
1 7,734 10,882 25 497 675
2 4,338 5,517 6 464 667
3 4217 3,884 7 468 1,025 Table 3. Proteins with high changes in betweenness when comparing
4 2,819 343 7 699 18 GC vs. HC
5 1,630 741 4 274 3 GN HN
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D: degree centrality. BET: betweenness centrality
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Figure 2. The main topological features of GN and HN networks. (A) Boxplot comparing the degree, betweenness, and eigenvalue of
GN and HN. (B—C) Boxplots on the left report the degree and betweenness of the neighbor nodes from the GN and HN communities.
The frequency distribution on the right represents the Log2-fold-change comparing the degree and betweenness of neighbor nodes
from GN and HN communities.
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Figure S2; Supplementary Table S5, retrieved from https:/figshare.com/
s/3ba9%c70ea933f19b238c). Interestingly, the two largest HN
communities contain more terms (absolute values) associated with the
DiGeorge phenotypes than the GN communities 1-3, including terms
associated with signal propagation between neurons, the heart, and
skeletal development (Figure 3). We highlight the presence of TSSK2
among proteins with terms enriched in GN (establishment of cell
polarity, cell division, regulation of mitotic cell cycle, cell cycle,
intracellular signal transduction, protein autophosphorylation, and
protein phosphorylation).

The subsequent analysis focused on the two largest communities
because they had significantly more proteins in HN than in GN
(Figure 4A-B; Table 2; Supplementary Data 1A, retrieved from
https://figshare.com/s/bd2d409096a90ba3a57¢c). The HN-shared and
HN-exclusive subnetworks are derived from HN communities 1 and
2, and their protein counts differ significantly (Figure 4C;
Supplementary Data 1B, retrieved from https:/figshare.com/s/
bd2d409096a90ba3a57c). Few HN-shared and HN-exclusive proteins
are associated with human disease, with CACNAI1B, CTNNDI,
CTCF, YY1, and TFAP2A being the most relevant genes
(Figure 4D-E; Supplementary Data 1C, retrieved from https:/figshare.
com/s/bd2d409096a90ba3aS7c): these genes are involved in
DiGeorge-like phenotypes. Other proteins that interact with CTCF,
YY1, and TFAP2A and are associated with disorders with DiGeorge-
like traits include PPARG, PAX6, RAX, and E2F3 (Supplementary
Data 3D, retrieved from https:/figshare.com/s/951db97a3f4a
b4c41977). Interestingly, the PPARG, PAX6, RAX, and E2F3
proteins were relocated to a single community in HN (Figure 4F).
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4. Discussion

The network as a whole was not affected by 3 Mb 22q11.2
deletion, as both GN and HN displayed a power-law degree
distribution; this distribution fits the Barabasi-Alberts model,
reflecting on the robustness against random perturbation (in this
case, random effects unlikely perturbs highly connected proteins),
and indicating the reliability of our networks [41]. However, the
simulated 3 Mb 22ql11.2 homozygous deletion altered the
significance of the remaining proteins, the number of proteins/
connections within each network community, and consequently
the main functions of each community. Finally, 3 Mb 22ql1.2
homozygous deletion had a huge impact on community-level
systems rather than on the systems as a whole.

The marked increase in systemic significance of numerous
proteins demonstrates the profound network impact of the 3 Mb
22q11.2 deletion. These proteins bind to proteins encoded
by 22q11.2 3 Mb genes in GN, of which ~30% are associated
with 22ql11.2 deletion syndrome (e.g., TBX1 and DGCRS,
corroborating previous findings [13, 42—44]). However, some
increased relevance proteins, such as SEPTIN 1 and NUBI,
were never associated with the 22ql11.2 deletion syndrome;
NUBI is associated with Huntington’s disease [45], which also
causes some traits observed in patients with 22q11.2 deletion.
Interestingly, the simulated 3 Mb 22q11.2 homozygous deletion
nullified the relevance of other genes, such as SEPTIN 10,
SLC37A1, and SOWAHC. These genes were never associated
with 22ql11.2 deletion syndrome, although deletion of
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Figure 3. Annotation of GO terms associated with the DiGeorge phenotype in the three largest HN and GN communities
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Figure 4. Analyses of the HN and GN communities. (A) The largest HN and GN communities. (B) Distribution of protein counts of the
first thirteen GN and HN communities. The dashed box outlines the communities in which the number of proteins in HN is higher than
that in GN. (C) Substructures of HN communities 1 and 2. The proteins of the HN-exclusive subnetwork are not present in GN
communities 1 and 2, whereas the proteins of the shared subnetwork are fully presentin GN communities 1 and 2. The percentages are
the number of proteins in relation to the full HN. (D) The subnetworks containing proteins associated with any human disorder
described in DisGeNET. (E) The main proteins (and their interactions) associated with human disorders. The node’s colors
correspond to the communities depicted in A. (F) Analysis CTCF, YY1, and TFAP2A interactors to identify additional proteins
associated with diseases displaying DiGeorge-like traits. The node’s colors correspond to the communities depicted in A.

SLC37A1 (G6PT2) causes failure to thrive, doll-shaped facial
appearance, and short stature [46]. SEPTIN 10 interacts with
SEPTIN 7, SLC37A1 interacts with GABPA, SP1, and
SOWAHC interacts with PEX12. Interestingly, SEPTIN 7 is
related to the impaired angiogenesis [47], and GABPA is
related to cognitive disorders [48].

Furthermore, the impact of homozygous deletion appears to
significantly alter the functionalities of communities. Indeed, we
found that in the presence of homozygous deletion, terms
associated with DiGeorge traits, such as skeletal, heart, and
neuron development and the neuron activity terms, shifted from
multiple communities to communities 1 and 2.
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Altogether, to maintain relatively regular network activity in the
presence of 3 Mb 22q11.2 homozygous deletion, we propose that the
systems undergo intensive community rewiring that alters the
relevance of hundreds of proteins. This rewiring is responsible for
the repositioning between bulky proteins, creating simpler subnets,
and shortening the information flow among these proteins, which
might facilitate the emergence of DiGeorge clinical signs.

Deeper analysis of communities 1 and 2 of the HN revealed that
the CTNND1, CTCF, YY1, TFAP2A, PPARG, PAX6, RAX, E2F3,
and CACNAIB non-deleted genes might be associated with the
phenotypes of 22ql11.2 deletion, such as intellectual disability,
craniofacial abnormalities, heart failure, congenital small ears, and
upper lip cleft. Most of the proteins related to these genes were
found in community 1 of HN, whereas they were dispersed in 3
communities of GN as a result of the intensive rewiring discussed.
Overall, the analysis revealed that the CACNAIB, CTNNDI,
CTCF, YY1, TFAP2A, PPARG, PAX6, RAX, and E2F3 genes
might be associated with DiGeorge traits, although experimental
evidence is needed.

The expression of the CACNAI1B gene is widespread throughout
the central nervous system. This gene is associated with global
developmental delay, intellectual disability, and movement disorders
in progressive epilepsy-dyskinesia [49], and the lack of CACNAI1B in
mice manifests neurodevelopmental abnormalities [49, 50]. The
TFAP2A mutant alleles lead to a syndrome characterized by branchial
sinus defects and lip or palate cleft [S1]. CTCF is associated with
microcephaly, growth retardation, autistic traits, neurodevelopmental
disorders, and intellectual disabilities [52—54]. Yyl heterozygous mice
exhibit growth retardation, neurulation defects, intellectual disability,
and brain abnormalities [53, 55]. PPARG regulates circadian
cardiovascular rhythms and appears to have a cardioprotective effect
[56-58]. PAX6 regulates the development of the central nervous
system, and a patient with a mental disorder had a deletion in the
adjacent region of this gene [59, 60]. The lack of the RAX gene in
mice resulted in the loss of the structures of the ventral forebrain and
the palate. A patient with a bilateral lip and palate cleft presented a
mutation in this gene [61]. A patient with mental retardation had a
deletion of E2F3 [62]. Finally, CTNNDI1 plays an important role in
tooth development in mice [63—65].

A patient with infertility presented a gonosomal mosaic of
chromosome 22q11.2 deletion [66], a male with mild dysmorphic
features, hypernasal voice, and mental retardation had azoospermia
[67], and a patient with supemumerary inv dup (22) (qll1.1) had
infertility and hypogonadotropic hypogonadism [68]. TSSK2 is one
of the proteins with enriched biological process terms in GN. The
TSSK2 gene is located in the 22q11.2 3 Mb deleted region [69]; it is
expressed in human sperm, and polymorphisms in this gene are
associated with spermatogenesis impairment [70, 71]. Then, we
speculate that there is an association between the 3 Mb 22ql11.2
deletion syndrome, TSSK2, and male fertility, although numerous
cases must be evaluated to test this hypothesis because the
phenotypic spectrum of this syndrome is broad.

5. Conclusion, Limitations, and Recommendations

Overall, the 3 Mb 22q11.2 deletion had a huge impact on
community-level systems rather than on the systems as a whole.
In this case, intense rewiring of the network promoted the
accumulation of proteins associated with DiGeorge clinical signs
in a single community. The importance of several proteins was
altered in the presence of 3 Mb 22q11.2 deletion. Furthermore, we
found a set of new genes that might be related to the
characteristics of the 22q11.2 deletion syndrome.

118

Concerning the limitations of our studies, because of the
limitations of graph theory, we could not model the patient network
under the heterozygous condition. Then, additional studies must be
performed to improve graph theory to study genetic disorders in
heterozygous condition. Furthermore, the new candidate genes here
ranked as possibly relevant for the 22q11.2 deletion syndrome must
be evaluated in model species with homologous 22q11.2 deletion,
by analyzing the expression of these genes in patients affected by
this deletion and by genetic population studies coupled to the
expression of quantitative trait loci analysis.
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