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PRIMER I

22q11.2 deletion syndrome

The eponymous description of DiGeorge syndrome —
by the late Dr Angelo DiGeorge in 1965 — included
infants with absence of the thymus (thymic aplasia) and
parathyroid glands (hypoparathyroidism)'. Congenital
heart disease (CHD), especially involving the outflow
tract?, was later added to the list of symptoms, contrib-
uting to the theory that a mechanism leading to the
perturbation of the third and fourth pharyngeal arches
during embryonic development might be involved.
Interestingly, a similar phenotype can be associated
with maternal diabetes®*, maternal retinoic acid expo-
sure’, single-gene disorders due to mutations in chromo-
domain helicase DNA-binding protein 7 (CHD7; known
as CHARGE syndrome)®” or mutations in T-box 1
(TBX1)*® and other chromosomal deletions, including
10p13-14 (REF 10) and 11g23-ter'".

Over time, multiple aetiologies for DiGeorge syn-
drome were identified, beginning with a cytogenetically
apparent 22q11.2 deletion in the early 1980s'>'*. In the
early 1990s, fluorescence in situ hybridization (FISH)
studies using probes within the commonly deleted
region identified submicroscopic 22q11.2 deletions
as the most frequent cause of DiGeorge syndrome'*'
(FIG. 1). This preceded recognition that several seemingly
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Abstract|22q11.2 deletion syndrome (22q11.2DS) is the most common chromosomal microdeletion disorder,
estimated to result mainly from de novo non-homologous meiotic recombination events occurring in
approximately 1 in every 1,000 fetuses. The first description in the English language of the constellation of
findings now known to be due to this chromosomal difference was made in the 1960s in children with
DiGeorge syndrome, who presented with the clinical triad of immunodeficiency, hypoparathyroidism and
congenital heart disease. The syndrome is now known to have a heterogeneous presentation that includes
multiple additional congenital anomalies and later-onset conditions, such as palatal, gastrointestinal and
renal abnormalities, autoimmune disease, variable cognitive delays, behavioural phenotypes and psychiatric
illness — all far extending the original description of DiGeorge syndrome. Management requires a
multidisciplinary approach involving paediatrics, general medicine, surgery, psychiatry, psychology,
interventional therapies (physical, occupational, speech, language and behavioural) and genetic counselling.
Although common, lack of recognition of the condition and/or lack of familiarity with genetic testing
methods, together with the wide variability of clinical presentation, delays diagnosis. Early diagnosis,
preferably prenatally or neonatally, could improve outcomes, thus stressing the importance of universal
screening. Equally important, 22q11.2DS has become a model for understanding rare and frequent congenital
anomalies, medical conditions, psychiatric and developmental disorders, and may provide a platform to
better understand these disorders while affording opportunities for translational strategies across the lifespan
for both patients with 22q11.2DS and those with these associated features in the general population.

unrelated conditions with overlapping phenotypic
features similarly resulted from a 22q11.2 deletion,
including: velocardiofacial syndrome'’, conotruncal
anomaly face syndrome’®", and subsets of patients with
Opitz G/BBB" and Cayler cardiofacial”® syndromes®.
Together, these observations suggest that the previously
described clinical diagnoses were actually one and the
same condition with a common aetiology*..

Today;, it is well established that 22q11.2 deletion syn-
drome (22q11.2DS) involves microdeletions (approxi-
mately 0.7-3 million base pairs in size), resulting in
an heterogeneous clinical presentation, irrespective of
deletion size, that can be associated with multi-organ
dysfunction including cardiac and palatal abnormali-
ties, immune and autoimmune differences, endocrine,
genitourinary and gastrointestinal problems, and brain
involvement as evinced by variable developmental
delays, cognitive deficits and neuropsychiatric illnesses
(such as anxiety disorders and schizophrenia). In fact,
22q11.2 deletion is the second-most common cause of
CHD and developmental delays, and the most common
cause of syndromic palatal anomalies. However, why
the 22q11.2 region is particularly vulnerable to dele-
tions remains under investigation. Furthermore, as a
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consequence of mechanistic understanding, the term
DiGeorge syndrome is now reserved for those rare
patients who share clinical symptoms with 22q11.2DS
but do not harbour a 22q11.2 deletion. Otherwise, the
broad phenotypic range of symptoms — including
findings formerly associated with DiGeorge syndrome,
velocardiofacial syndrome or conotruncal anomaly face
syndrome — is referred to using the underlying cyto-
genetic nomenclature: 22q11.2DS**. In this Primer, we
focus on our current understanding of the 22q11.2DS
phenotype and its genetic underpinnings.

Epidemiology

22q11.2DS is common and is the most frequent chromo-
somal microdeletion syndrome. The prevalence of this
disorder has been estimated to range from 1 per 3,000 to
1 per 6,000 live births, based on the diagnosis of infants
with major birth defects and a few population screen-
ing studies conducted between the early 1990s and early
2000s using FISH technology**-*. Today, most (90-95%)
newly identified patients with 22q11.2DS are found to
have de novo deletions — that is, neither parent has the
22q11.2 deletion®. However, owing to improved sur-
vival and thus higher reproductive fitness of individuals
with 22q11.2DS, the prevalence, especially of the inheri-
ted types, is expected to increase®™*'. As 22q11.2DS is
a haploinsufficient disorder, approximately half of the
children of individuals with 22q11.2DS will have
the deletion. Similarly, smaller, atypical nested dele-
tions between the low copy repeats on chromosome 22
(LCR22B-LCR22D and LCR22C-LCR22D deletions;
FIG. 2) — not typically detected by clinically available
FISH probes and, therefore, not included in the popu-
lation studies from the 1990s — are often familial and

have reduced penetrance and/or a milder expression;
thus, these patients are more likely to reproduce. As a
consequence, the proportion of patients ascertained at
The Children’s Hospital of Philadelphia with a LCR22B-
LCR22D deletion inherited from an affected parent
is higher (60%) than it is for patients with the typical
LCR22A-LCR22D deletion (~10%)*.

Two multicentre prenatal studies published in 2012
and 2015 reported 22q11.2 deletions in 1 per 347 and
1 per 992 fetuses, respectively, using invasive prenatal
testing®*. Both studies included analyses of fetuses
with or without abnormal ultrasonographic findings.
The prevalence of the 22q11.2 deletion was approxi-
mately 1 in 100 for fetuses with major structural
anomalies such as CHD, and was 1 per ~1,000 in seem-
ingly anatomically normal fetuses (in both studies)***.
The true live birth incidence remains to be defined by
global newborn screening*. Notably, a small subset of
neonates with 22q11.2 deletions have already come to
attention through newborn screening for severe com-
bined immunodeficiencies. 22q11.2 deletions have
been identified in 1 per 169 children referred for clini-
cal laboratory testing based on a suspicion of develop-
mental disabilities””. Conversely, the 22q11.2 deletion is
not found in samples of seemingly healthy individuals®
as penetrance to develop clinical symptoms, frequently
involving multiple organ systems, is high®.

Both sexes and all racial and ethnic groups are
affected®. However, the deletion is slightly more often
maternal in origin®® and non-white patients may be
diagnosed less often, perhaps owing to less recognizable
craniofacial features in these populations**2.

In the general population, 22q11.2 deletion is among
the most common detectable cause of several condi-
tions. A large proportion of patients with CHD have
22q11.2 deletions: 52% of those with interrupted aortic
arch type B, 34% of those with truncus arteriosus, 16% of
those with tetralogy of Fallot* and ~5-10% of those with
ventricular septal defects*. Other conditions associated
with 22q11.2 deletions include velopharyngeal insuffi-
ciency (12.5-30% of patients), cleft palate (10% of
patients; cleft lip with or without cleft palate in 1-2%
of patients)*~*, developmental disabilities (2-3% of
patients)* and schizophrenia (0.5-1% of patients)**. By
contrast, the prevalence of the 22q11.2 deletion in other
conditions with overlapping symptoms (for example,
hypoparathyroidism) is as yet unknown. Ascertainment
strategies will have a role in defining prevalence in these
conditions. 22q11.2 deletions will be less likely identi-
fied in samples that deliberately or inadvertently exclude
individuals with multiple medical or psychiatric features,
or intellectual disabilities (that is, the very features that
are common in 22q11.2DS), or in samples enriched
for older individuals (given the premature mortality of
the syndrome).

Premature mortality, although lower than suggested
by early reports of DiGeorge syndrome, remains pro-
found at all ages. About 4% of all infants with 22q11.2DS
succumb, with mortality figures exceeding those for
infants with similar malformations**!. Cardiac defects,
hypocalcaemia and airway malacia (in which cartilage
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defects lead to collapsibility of the airway) are risk
factors for early death, with median age at death of
3-4 months®"*. In adults, premature death occurs at
median age in the 40s; causes are multiple, including
sudden unexplained death®, but are not necessarily
related to cardiac defects or psychotic illness®. Larger
studies are needed to more fully clarify mortality risks
prospectively at all ages®*>.

Mechanisms/pathophysiology

22q11.2 deletion

The 22q11.2 region is one of the most structurally
complex areas of the genome primarily due to several
large blocks of LCRs or segmental duplications®-**
(FIG. 2). These LCRs are >96% identical, thereby mak-
ing the locus vulnerable to meiotic error®°. The two
largest repeats, LCR22A and LCR22D, flank the typi-
cal 3-Mb 22q11.2 region that is hemizygous in ~85%
of patients®**. The 22q11.2 deletion results from non-
allelic homologous recombination between LCR22A
and LCR22D (FIC. 3). The same mechanism leads to
the proximal (centromeric) nested 1.5-Mb (LCR22A-
LCR22B) or 2-Mb (LCR22A-LCR22C) deletions (FIG. 2).
Patients with these nested deletions have major pheno-
typic features in common with patients with the typical
LCR22A-LCR22D deletion®***. However, the frequency
of the nested proximal deletions accounts for only
5-10% of all 22q11.2 deletions®**>*. Likewise, distal
nested (LCR22B-LCR22D and LCR22C-LCR22D)
deletions lead to overlapping phenotypic features,
including conotruncal cardiac anomalies, palatal
defects and developmental differences, but the clini-
cal features are less penetrant than those of the typical
LCR22A-LCR22D deletion. Moreover, these deletions
(LCR22B-LCR22D and LCR22C-LCR22D) are more
frequently inherited*>*.

Much remains to be learned about the underlying
mechanisms of vulnerability to non-allelic homolo-
gous recombination and the de novo occurrence of the
22q11.2 deletion®. The completeness and accuracy of
the human genome reference assembly remains a major
challenge to these research efforts™<.

Furthermore, 22q11.2 hemizygosity alone cannot
explain the genetic mechanism of the highly vari-
able phenotypic expression of 22q11.2DS. Proposed
mechanisms, in addition to the combined effect of this
multi-gene deletion®~* (FIC. 2) and stochastic phenom-
ena, include the sensitivity of individual genes within
the 22q11.2 region to gene dosage®®?, variants in genes
on the intact 22q11.2 (REF. 68) and additional ‘modify-
ing’ variants outside the 22q11.2 region, involving both
protein-coding genes and regulatory mechanisms®%-7>,
Researchers are currently evaluating common and
rare single-nucleotide variants as well as copy number
variations in genome-wide assays to explain these find-
ings. Parental age and parental origin of de novo dele-
tions seem to have no discernible phenotypic effect**™.
However, inherited deletions may result in a more-severe
cognitive phenotype, perhaps related to a combination
of socioeconomic factors and heritable components
contributed by the unaffected parent™.

PRIMER

Developmental aspects of 22q11.2DS

The mouse is the main organism used for investigating
developmental aspects of the syndrome, as its develop-
mental anatomy is similar to that of a human and it is
possible to generate individual gene mutations as well
as multi-gene deletions®. Conditional mutagenesis stud-
ies have also examined the timing and/or tissue-specific
requirements of certain genes’® and gene dosage require-
ments using an allelic series approach®””. Importantly, as
some phenotypes only become apparent at later ages®,
conditional mutants allow bypass of the early embryo-
nic lethality that is observed in some constitutive null
mutants. Mouse models have also contributed greatly
to understanding expression in developing and adult
brain tissue®"6>778-82,

Much of the pathology related to typical congeni-
tal physical features associated with 22q11.2DS can be
ascribed to problems with the morphogenesis and sub-
sequent abnormal function of pharyngeal arch system
derivatives, including the craniofacial structures, the
thymus, the parathyroid glands, the aortic arch and the
cardiac outflow tract (FIG. 4). These structures receive
contributions from all three classic germ layers of the
embryo — the endoderm, mesoderm and ectoderm —
together with neural crest cells derived from the closing
neural tube.

Pharyngeal mesoderm progenitor cells give rise to
craniofacial muscles and second heart field derivatives,
including the cardiac outflow tract®’s. The facial bones
and bony palate are variously derived from neural crest
cells or the anterior mesoderm. The parathyroid glands
and the thymus derive from tissue interactions between
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Figure 1| Chromosome 22 idiogram. Cytogenetic
representation of chromosome 22 showing the short (p)
and long (g) arms along with the centromere, which
functions to separate both arms. Chromosome 22 is an
acrocentric chromosome, as indicated by the two
horizontal lines in the p arm. The 22q11.2 deletion occurs
on the long arm of one of the two chromosomes, depicted
by dashed lines in the 22q11.2 band. The position of the two
low copy repeats (LCRs) on 22q11.2 (LCR22A and LCR22D),
which flank the typical 3-Mb deletion, are indicated.
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FISH probes
Chr22 19,000,000 19,500,000 20,000,000 20,500,000 21,000,000 21,500,000
— \ S e i
LCR22A | = o { LCR228B LCR22C | { LCR22D |
DGCR2 HIRA TBX1 COMT RTN4R CRKL HIC2
DGCR6 DGCR14  MRPL40 GNB1L DGCRS DGCR6L MED15

TSSK2 C220rf39 C220rf29  TRMT2A ZNF74 PI4KA  AIFM3
GSC2 UFD1L TXNRD2 mir-4761* mir-1286* SERPIND1
CDC45 ARVCF  USP41 KLHL22 THAP7
CLTCL1 ~ CLDN5 TANGO2  LOC101927859 P2RX6
SEPT5 mir-185* mir-6816* SLC7A4
RANBP1 mir-649*
ZDHHC8 LRRC748
CCDC188
LINC00896*

mir-1306* mir-3618*

Typical, LCR22A-LCR22D, 3 Mb

LCR22A-LCR22B, 1.5 Mb
LCR22A-LCR22C, 2 Mb

LCR22B-LCR22D, 1.5 Mb
LCR22C-LCR22D, 0.7 Mb

Figure 2 | Low copy repeats and genes within the 22q11.2 deletion. Schematic representation of the 3-Mb 22q11.2
region that is commonly deleted in 22q11.2 deletion syndrome, including the four low copy repeats (LCR22s) that span
this region (LCR22A, LCR22B, LCR22C and LCR22D). Common commercial probes for fluorescence in situ hybridization
(FISH) are indicated (N25 and TUPLE). The protein-coding and selected non-coding (*) genes are indicated with respect to
their relative position along chromosome 22 (Chr22). T-box 1 (TBX1; green box) is highlighted as the most widely studied
gene within the 22q11.2 region. Mutations in this gene have resulted in conotruncal cardiac anomalies in animal models
and humans. Known human disease-causing genes that map to the region are indicated in grey boxes. These include
proline dehydrogenase 1 (PRODH; associated with type | hyperprolinaemia), solute carrier family 25 member 1 (SLC25A1;
encoding the tricarboxylate transport protein and is associated with combined D-2- and L-2-hydroxyglutaric aciduria),
platelet glycoprotein Ib 3-polypeptide (GP1BB; associated with Bernard-Soulier syndrome), scavenger receptor class F
member 2 (SCARF2; associated with Van den Ende-Gupta syndrome), synaptosomal-associated protein 29 kDa (SNAP29;
associated with cerebral dysgenesis, neuropathy, ichthyosis and palmoplantar keratoderma (CEDNIK) syndrome), and
leucine-zipper-like transcription regulator 1 (LZTR1; associated with schwannomatosis 2). Further details on the location
of non-coding RNAs and pseudogenes in the 22q11.2 region may be found in Guna et al®*. Common 22q11.2 deletions are
shown, with the typical 3-Mb deletion flanked by LCR22A and LCR22D (LCR22A-LCR22D) on top and the nested
deletions, with their respective deletion sizes indicated below. Each of the deletions portrayed is flanked by a particular
LCR22.Those rare deletions not mediated by LCRs are not shown. AIF3M, apoptosis-inducing factor mitochondrion-
associated 3; ARVCF, armadillo repeat gene deleted in velocardiofacial syndrome; CDC45, cell division cycle 45; Cen,
centromere; CLDN5, claudin 5; CLTCL1, clathrin heavy chain-like 1; COMT, catechol-O-methyltransferase; CRKL, v-crk
avian sarcoma virus CT10 oncogene homologue-like; DGCR, DiGeorge syndrome critical region; GNB1L, guanine
nucleotide-binding protein (G protein), B-polypeptide 1-like; GSC2, goosecoid homeobox 2; HIC2, hypermethylated

in cancer 2; HIRA, histone cell cycle regulator; KLHL22, kelch-like family member 22; LINC00896, long intergenic
non-protein-coding RNA 896; LOC101927859, serine/arginine repetitive matrix protein 2-like; CCDC188, coiled-coil
domain-containing 188; LRRC74B, leucine-rich repeat-containing 74B; MED 15, mediator complex subunit 15;

mir, microRNA; MRPL40, mitochondrial ribosomal protein L40; P2RX6, purinergic receptor P2X ligand-gated ion channel
6; PI4KA, phosphatidylinositol 4-kinase catalytic-a; RANBP1, Ran-binding protein 1; RTN4R, reticulon 4 receptor;
SEPT7,septin 7; SERPIND1, serpin peptidase inhibitor clade D (heparin co-factor) member 1; TANGO2, transport and golgi
organization 2 homologue; THAP7, THAP domain-containing 7; TRMT2A, tRNA methyltransferase 2 homologue A;

TSSK2, testis-specific serine kinase 2; TXNRD2, thioredoxin reductase 2; UFD1L, ubiquitin fusion degradation 1-like;
USP41, ubiquitin-specific peptidase 41; ZDHHCS, zinc-finger DHHC-type-containing 8; ZNF74, zinc-finger protein 74.

the pharyngeal endoderm and neural crest cells’*®.  and facial structures), there is a very close relation-

Defects in parathyroid gland development lead to hypo-
calcaemia, and defects in the developing thymus lead to
immune deficiencies.

Congenital cardiac anomalies are related to defects
in the arteries formed within the pharyngeal appara-
tus and in the cardiac outflow tract. As for the other
affected tissues (the thymus, parathyroid glands

ship between adjacent cell types. Mesoderm-derived
endothelial cells and neural crest cells participate
directly in the formation of the pharyngeal arch arter-
ies. Signals from the pharyngeal ectoderm and a direct
cellular contribution from the neural crest are required
for remodelling into the mature aortic arch. Reciprocal
interactions between the second heart field and neural
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crest cells are essential for outflow tract remodelling®-*’.

The most specific cardiovascular defects associated with
22q11.2DS are interrupted aortic arch type B (ascribed
to aplasia of the left fourth pharyngeal artery)® and
tetralogy of Fallot (related to defects in the development
of the pulmonary infundibulum).

DNA sequences in the 22q11.2 region

There are 90 known or predicted genes present in the
typical 3-Mb 22q11.2 locus that are hemizygously
deleted — including 46 protein-coding genes and
seven microRNAs (miRNAs), ten non-coding RNAs
(including one read-through transcript) and 27 pseudo-
genes (per genome build GRCh37 — a human refer-
ence sequence produced by the Genome Reference
Consortium)®. A subset of genes, as provided in the
University of California Santa Cruz (UCSC) gene
prediction track, are shown in FIG. 2. The most stud-
ied gene of interest in the 22q11.2 deletion region is
TBX1, encoding a T-box transcription factor. TBX1
was found to be a crucial gene in the LCR22A-LCR22B
region using multiple mouse model approaches”2.
Heterozygous loss-of-function mutations of TbxI in
the mouse result in partially penetrant cardiovascular,
thymic and parathyroid defects that are reminiscent of
congenital defects in 22q11.2DS*"*2. Tbx1-null mice
are embryonic lethal with a persistent truncus arterio-
sus, cleft palate and absence of the thymus and para-
thyroid glands. Conditional mutagenesis of Tbx1 in the
mesoderm, pharyngeal surface ectoderm or endoderm
each leads to an overlapping subset of the abnormali-
ties mentioned above®*®, demonstrating the com-
plexity of the tissue interactions that are required for

PRIMER

morphogenesis of the pharyngeal derivatives®. Tbx1
expression has not been detected in neural crest cells,
and neural crest cell-specific knockout mice have no
discernible phenotype. However, neural crest cell
patterning is affected in TbxI-conditional mutants
of both the surface ectoderm® and the second heart
field”. At the cellular level, mouse models have also
been important in the detection of reduced prolifer-
ation and premature differentiation of progenitor cells
expressing Tbx1 (REF. 98). TbxI has been implicated in
brain microvascular development® and may play some
part in cognitive and behavioural deficits'®.

Another gene of interest is DGCRS, encoding the
DGCR8 microprocessor complex subunit (also known
as Pasha), a double-stranded RNA-binding protein
that mediates the biogenesis of miRNAs. This obser-
vation implicates an miRNA-related mechanism in
22q11.2DS#2191 miRNAs are small non-coding RNAs
that regulate the expression of target genes by binding to
specific sites in mRNAs for translational repression or
degradation. In mouse models, heterozygosity of Dgcr8
results in neuronal deficits that are characteristic of
22q11.2DS, whereas inactivation of both alleles in neu-
ral crest cells'”" results in heart defects'*>'*, Subtle alter-
ations in miRNA expression levels can have profound
effects on brain development and plasticity, especially
involving synapses'®>!®. Recent studies propose that
DGCRS8 may play a part in modifying the expression of
genes outside of the 22q11.2 deletion region that con-
tribute to the neuropsychiatric and other phenotypes
associated with 22q11.2DS%7»101105,

In addition to DGCR8-related changes in miRNAs,
the high density of miRNAs in the 22q11.2 deletion
region and the accumulative insight into their func-
tion indicate that these functional non-coding RNAs

Interchromosomal Intrachromosomal may themselves have a role in the variable expression of

A D A D 22q11.2DS71%51% These effects on expression are likely

== to involve not only the central nervous system (CNS)

A D l but also the cardiovascular system and other aspects of
(=] embryonic development”>1051%¢,

l Much evidence has been accumulated for a role of

A D - other individual 22q11.2 region protein-coding genes in

A =K major phenotypes of 22q11.2DS. These genes include

A X X v-crk avian sarcoma virus CT10 oncogene homologue-

e like (CRKL), encoding a cytoplasmic adaptor protein to

l l growth factor signalling, which maps to the LCR22B-

A D LCR22D region'” and acts in a dosage-sensitive man-

={—] = p— - ner'®, Human and mouse model data indicate that

Duplication haploinsufficiency of CRKL could be responsible for

=

Deletion

£ F

Deletion

Ring chromosome

the aetiology of cardiac anomalies in individuals with
nested distal deletions and seems to modulate natural
killer cell function'®. Another gene, synaptosomal-

Figure 3|22q11.2 non-allelic homologous recombination. Diagram of two different
types of meiotic non-allelic homologous recombination events that can occur between low
copy repeats on chromosome 22 (LCR22s). Rearrangements between LCR22A and
LCR22D are indicated (A and D) on each allele (blue versus yellow). Interchromosomal
events (left) occur between paralogous LCR22s (A and D) in two different alleles owing

to >99% sequence identity of direct repeats (X’ shows the crossover of the two
chromosomes). The hybrid LCR22 is shown as half yellow and half blue. This process results
ina duplication or deletion of intervening genes in resulting gametes. Intrachromosomal
recombination events (right) result from crossing over (indicated by ‘X’) within one allele,
resulting in a deletion (left) or a ring chromosome (right); the ring chromosome is not viable.

associated protein 29 kDa (SNAP29), encodes a solu-
ble SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) protein that is predicted
to mediate vesicle fusion at the endoplasmic reticulum
or Golgi apparatus membranes, is highly expressed in
myelinating glial cells, is required for lamellar body
formation in the skin, and is indirectly required for
B1-integrin endocytosis and cell migration. Mutations in
this gene have been associated with cerebral dysgenesis,
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neuropathy, ichthyosis and palmoplantar keratoderma
(CEDNIK), Kousseff and Opitz G/BBB syndromes®.
Scavenger receptor expressed by endothelial cells 2 pro-
tein (SREC2), encoded by SCARF2, contains putative
epidermal growth factor-like domains in its extracellular
domain, along with numerous positively charged resi-
dues in its intracellular domain, indicating that it may
be involved in intracellular signalling. Homozygous or
compound heterozygous mutations of SCARF2 under-
lie Van den Ende-Gupta syndrome characterized by
severe contractural arachnodactyly and distinctive
facial dysmorphism, including triangular face, as well
as skeletal anomalies'"’.

With respect to neuropsychiatric phenotypes, there
are multiple gene candidates as the majority of genes in
the 22q11.2 deletion region are expressed in the brain®.

a Anterior (rostral region) b

Head fold ﬁ/_\/\

First
heart field
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aorta

COMT encodes catechol-O-methyltransferase, one of
several enzymes that degrade catecholamines, includ-
ing dopamine. Its activity is of particular importance
in brain regions with low expression of the presynaptic
dopamine transporter, such as the prefrontal cortex.
A polymorphism associated with a different level of
enzymatic activity (that is, the COMT Val/Met func-
tional polymorphism) has been explored in 22q11.2DS
with respect to cognition and susceptibility to schizo-
phrenia. However, multiple studies have found no
association of the COMT functional Val/Met common
allele with schizophrenia in adults with 22q11.2DS"''5,
There may be some effects of this common variant on
frontal lobe functioning and anatomy in 22q11.2DS""!,
although results for overall intellect are mixed'.
PRODH, encoding the enzyme proline dehydrogenase,
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Figure 4 | Development of the cardiovascular and pharyngeal structures affected in 22q11.2 deletion syndrome.

a| The schematic ventral view of an embryonic day 7.5 (E7.5) mouse embryo shows the relationship of the cardiac crescent
to the head folds and also depicts the distinct cellular fields termed the first heart field and the second heart field (SHF).
Within the second heart field, the anterior segment (aSHF) contributes to the outflow tract (OFT) and the right ventricle
(RV) of the heart, whereas the posterior segment (pSHF) contributes to the inflow of the heart. b| Cardiac neural crest
cells (NCCs) delaminate from the hindbrain and migrate ventrolaterally to populate the pharyngeal arches. The T-box
transcription factor TBX1 is required within the pharyngeal surface ectoderm to regulate as yet unknown signalling
pathways, which pattern the cardiac NCCs (dashed arrow). The pharyngeal endoderm and cardiac NCCs interact in the

formation of the thymus and parathyroid glands. c | Lateral view of an E10.5 mouse embryo. The cardiac neural crest arises
from the neural tube at the level between the otic placode and somite three, and migrates ventrolaterally to populate the
pharyngeal arches, interacting with the core mesoderm and ultimately contributing the smooth muscle cells to the
remodelling arch arteries. The caudal stream enters the OFT. d | Schematic presentation of the cell lineage that contributes
to the OFT of the heart at approximately E10.5. (1) Cells derived from the aSHF enter the OFT where they contribute to the
myocardium and endocardium. (2) These cells interact with cardiac NCCs that migrate in from the pharyngeal arch region.
Signals to the cardiac neural crest are also received from the pharyngeal epithelium. Disruption to these cellular
contributions or interactions can result in a common arterial trunk, alignment defects or ventricular septation defects.
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which breaks down proline, has also been studied, in
part because pathogenetic mutations in PRODH are
known to cause type I hyperprolinaemia, which in
severe forms can cause seizures and intellectual disabil-
ity. Approximately one-third of patients with 22q11.2DS
have increased levels of proline'®, and several studies,
although not all, have shown significant associations
between high proline levels and various brain out-
come measures in 22q11.2DS"*', However, studies of
common variants in PRODH, as for those in COMT, in
22q11.2DS show contradictory results with respect to
risks for intellectual disability or schizophrenia'*. Zinc-
finger DHHC-type-containing 8 (ZDHHCS), which
encodes a palmitoyltransferase, has shown interesting
results in studies of mutant mouse models, with effects
on axonal growth and terminal arborization, and poten-
tial functional implications for synaptic connections and
working memory®. Another 22q11.2 region candidate
is RANBPI, encoding a binding protein for the small
GTPase Ran. As a regulator of the Ran complex, this pro-
tein has multiple functions — including cilia formation
and modulation of mitosis — that may contribute to the
CNS and other phenotypes of 22q11.2DS"”. Evidence
for a role in neurogenesis places RANBP]I as a candidate
for the cortical circuits implicated in disorders associ-
ated with 22q11.2DS, such as attention-deficit disorders,
autism and schizophrenia™!"’.

Together with the miRNA mechanism implicated by
DGCRS, and downstream effects of dosage changes in
individual genes such as TBX1, there is increasing evi-
dence for effects of the 22q11.2 deletion on, and inter-
action with, signalling pathways and proteins encoded
by multiple genes outside of the 22q11.2 deletion
region. For example, mitogen-activated protein kinase 1
(Mapk1)'* and hypermethylated in cancer 2 (Hic2)',
are of interest for cardiovascular and other aspects of
embryonic development in mice. Loss of Tbx1 may be
partially rescued by hemizygosity of Trp53, implicating
histone methylation as a mechanism and suggesting
potential pharmacological strategies that could com-
pensate for developmental defects associated with
22q11.2 deletions®. Defective cortical circuitry and
some abnormalities of signalling, for instance, in Sonic
Hedgehog and CXC chemokine receptor 4 (Cxcr4)-
CXC chemokine ligand 12 (Cxcl12; also known as SdfI)
signalling, which are important in interneuron migra-
tion, have been detected in the brains of mouse deletion
models that may involve a DGCR8-mediated miRNA
mechanism and have relevance for schizophrenia in the
general population”'?,

The plethora of signalling and other pathways that
are affected by the hemizygosity of the 22q11.2 dele-
tion region in model systems may be valuable to help
to identify modifiers of the 22q11.2DS phenotype in
humans®7>11*122, perhaps particularly for genes outside
of the 22q11.2 deletion region'*!?*. These studies also
promise to elucidate mechanisms underlying the vari-
able phenotypic expression related to other pathogenetic
copy number variations and to identify genes involved in
the mechanism of common complex conditions, such as
congenital cardiac and palatal anomalies, schizophrenia,

PRIMER

Parkinson disease and many others, emphasizing the
importance of 22q11.2DS as a model for these diseases
in the general population.

Diagnosis, screening and prevention

Clinical manifestations

Clinical manifestations that urge for diagnostic testing
vary by age. In infancy or childhood, typical symptoms
include some combination of congenital heart defects,
chronic infection, nasal regurgitation, hypernasal
speech, hypocalcaemia, feeding difficulties, develop-
mental and language delays, behavioural differences
and learning disabilities***** 125, Renal abnormalities,
laryngo-tracheo-oesophageal a