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1. Introduction

Briefly, 22q11.2 deletion syndrome (22q11.2DS) is a complex and heterogeneous clinical syndrome. Under the

22q11.2DS definition are included several phenotypes such as the historically known DiGeorge syndrome (DGS),

velocardiofacial syndrome (VCFS) and conotruncal anomaly face syndrome (CTAF) . The primarily acknowledged

presentation is the classic clinical triad including congenital heart defects (CHD) (75% of patients), T-cell compartment

immunodeficiency due to hypoplastic/aplastic thymus (75% of patients) and hypocalcemia due to the developmental

defect of parathyroid glands in 50% of cases, formerly referred to as DGS . This term is now used for those individuals

who show clinical phenotype of 22q11.2DS in the absence of an identified 22q11.2 deletion, in whom alternative

pathogenetic alterations occur. Briefly, 22q11.2DS represents the most frequent microdeletion syndrome observed in the

human genome, with an estimated incidence of 1 in 1.000 fetuses  or approximately 1 in 3.000–6.000 newborns .

However, a recent study conducted using DNA samples from dried blood spots for newborn screening reports an

estimated minimum 22q11.2 DS prevalence of 1 in 2.148 live births . Despite the significant incidence, no routine

approach to prenatal screening for this condition has been established . Newborn screening to measure the

number of TREC copies successfully identifies 22q11.2 DS with T-cell lymphopenia, which can be helpful to prevent

subsequent complications such as hypocalcemia . In 90% of cases, the 22q11.2 deletion occurs de novo during

gametogenesis as a consequence of nonallelic homologous recombination events. In 10% of patients, the syndrome is

inherited in an autosomal-dominant fashion. The predominance of de novo cases may be partially explained by the

impaired reproductive fitness of the patients carrying the deletion , especially males . This hypothesis is also

supported by the evidence that, in the familial forms, the disease is usually inherited from the mother . Apart from the

most recognizable aspects, more than 180 different phenotypic features have been described  in 22q11.2DS

patients, and the syndrome is characterized by the extreme variability of the type and severity of the clinical

manifestations, which can be also observed in members of the same family . The phenotypic variability

consists of a different combination of clinical manifestations, which compose a syndromic picture with various degrees of

severity. Moreover, the same clinical abnormality can vary from mild to life-threatening in different subjects .

The syndrome can be associated with different size 22q11.2 region deletions. However, there is no correlation between

the extension of the deletion and the severity of the syndrome . Interestingly, microduplications of the 22q11.2 region

result in a syndrome characterized by developmental delay, congenital heart defects, craniofacial dysmorphisms,

behavioral alterations, visual and hearing impairment, and urogenital abnormalities, presenting with great clinical

variability and absent genotype–phenotype predictability .

2. Genetic Features of 22q11.2DS

The 22q11.2 region has a complex structure, characterized by low copy repeats (LCR22A, LCR22B, LCR22C, LCR22D)

which share >96% of their sequence and are particularly prone to nonallelic homologous recombination during

gametogenesis . In particular, LCR22A region is more susceptible to rearrangements, since it is characterized by

hypervariability in the organization and in the copy number of duplicons which is human-specific and potentially variable in

the population . Depending on LCRs involved, the deletions causing 22q11.2DS may have different sizes and

localizations. Almost 85% of patients share the so-called typical deletion of 3 Mb between LCR22A and LCR22D . In
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patients with the typical deletion, the breakpoints within LCR22A and LCR22D are substantially clustered; they show small

differences in genes not directly linked to clinical signs of the syndrome, thus not playing a major role in the variability of

22q11.2 DS . Less frequently, the syndrome is caused by atypical, proximal or distal deletions .

In 90% of cases with typical 3 Mb or 1.5 Mb deletions the meiotic error occurs de novo. On the contrary, smaller size

proximal or distal deletions are more frequently inherited . These deletions are less penetrant and may be

unrecognized since the patients are usually less symptomatic and the deletion cannot be identified using FISH

(Fluorescent In Situ Hybridization). CMA (chromosomal microarray) is the most useful genomic testing method that allows

to determine the copy number of sequences and to detect the recurrent deletion in a proband. The ability to size the

deletion depends on the type of microarray used and the density of probes in the 22q11.2. Cardiovascular manifestation is

found in approximately two-thirds of children with 22q11.2DS, so it represents one of the major diagnostic clues for

22q11.2DS .

FISH with a probe that targets the proximal fragment of the region (LCR 22A–22B) can also be used for the diagnosis.

The 3 Mb typically deleted region includes 90 genes: 46 protein-coding genes, 7 microRNAs, 10 non-coding RNAs and 27

pseudogenes  (Figure 1 and Table 1).

Figure 1. Schematic representation of the 22q11.2 region, including the four low-copy repeats (LCRs) LCR22A-LCR22D.

The 46 protein-coding genes are indicated in black. TBX1 (T-box 1) is highlighted in red, since it is considered the main

genetic driver of 22q11.2 DS. The potential pathogenetic role of PRODH, HIRA, COMT, DGCR8, SNAP29 and CRKL
genes (in the box) is discussed in the text. The 7 micro-RNAs are indicated in violet. The size and the localization of the

different deletions are shown at the bottom of the figure. Mir, microRNA.

Table 1. 46 protein-coding genes located in 22q11.2 region with the associated phenotype, genomic coordinates, and

inheritance (omim.org).

  Associated Phenotype Genomic
Coordinates Inheritance

DGCR6 - 22:18,906,319-
18,912,087 -

PRODH Hyperprolinemia type 1 22:18,912,780-
18,936,552 AR

DGCR2 - 22:19,036,285-
19,122,453 -

DGCR14 - 22:19,130,278-
19,144,725 -

TSSK2 - 22:19,131,307-
19,132,621 -

GSC2 - 22:19,146,992-
19,150,291 -

SLC25A1 Combined D-2, L-2 hydroxyglutaric aciduria;
Presynaptic Congenital Myasthenic Syndrome 23

22:19,175,580-
19,178,735

AR
AR
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  Associated Phenotype Genomic
Coordinates Inheritance

CLTCL1 - 22:19,179,472-
19,291,718 -

HIRA - 22:19,330,697-
19,431,732 -

MRPL40 - 22:19,432,544-
19,436,074 -

UFD1L - 22:19,449,910-
19,479,192 -

CDC45 Meier-Gorlin Syndrome 22:19,479,293-
19,520,611 AR

CLDN5 - 22:19,523,023-
19,525,336 -

SEPT5 - 22:19,714,502-
19,723,318 -

TBX1 - 22:19,756,702-
19,783,592 -

GNB1L - 22:19,783,222-
19,854,873 -

TXNRD2 Glucocorticoid deficiency? 22:19,875,521-
19,941,817 -

GP1BB Bernard-Soulier Syndrome, type B;
Giant platelet disorder

22:19,723,538-
19,724,770

AR
AR

COMT schizophrenia, susceptibility 22:19,941,771-
19,969,97 AD

ARVCF - 22:19,966,726-
20,016,822 -

TANGO2 Metabolic encephalomyopathic crises, recurrent, with rhabdomyolisis,
cardiac arrhythmias and neurodegeneration

22:20,016,999-
20,067,163 AR

DGCR8 - 22:20,080,240-
20,111,871 -

TRMT2A - 22:20,111,871-
20,117,253 -

RANBP1 - 22:20,116,103-
20,127,354 -

ZDHHC8 - 22:20,131,803-
20,148,006 -

CCDC188 - 22:20,148,113-
20,151,828 -

RTN4R schizophrenia, susceptibility 22:20,241,414-
20,268,317 AD

DGCR6L - 22:20,314,237-
20,320,059 -

USP41 - 22:20,350,578-
20,390,758 -

ZNF74 - 22:20,394,150-
20,408,454 -

SCARF2 Van den Ende-Gupta Syndrome 22:20,424,583-
20,437,824 AR

KLHL22 - 22:20,441,518-
20,497,304 -

MED15 - 22:20,507,581-
20,587,620 -



  Associated Phenotype Genomic
Coordinates Inheritance

PI4KA
Gastrointestinal defects and immunodeficiency syndrome 2;

perisylvian polymicrogyria with cerebellar hypoplasia and arthrogryposis;
spastic paraplegia 84

22:20,707,690-
20,858,811 AR

SERPIND1 Thrombophilia 10 due to heparin cofactor II deficiency 22:20,774,112-
20,787,719 AD

SNAP29 CEDNIK Syndrome 22:20,859,006-
20,891,213 AR

CRKL - 22:20,917,406-
20,953,746 -

AIFM3 - 22:20,965,171-
20,981,357 -

LZTR1
Noonan Syndrome 10;
Noonan Syndrome 2;

Schwannomatosis 2, susceptibility

22:20,982,296-
20,999,031

AD
AR
AD

THAP7 - 22:20,999,103-
21,002,117 -

P2RX6 - 22:21,009,699-
21,028,013 -

SLC7A4 - 22:21,028,717-
21,032,560 -

HIC2 - 22:21,417,370-
21,451,462 -

Among the most studied protein-coding genes, TBX1 (T-box transcription factor 1), located at the proximal side of the

22q11.2 region, has been shown to play a crucial role in the pathogenesis of 22q11.2DS . TBX1 is implicated in DNA

transcriptional regulation, acting on chromatin accessibility through the interaction with histone modifiers and chromatin

remodeling complexes, with a direct effect on H3K4me1 levels . TBX1 regulates monomethylation of histone 3 lysine 4

(H3K4me1) through interaction with and recruitment of histone methyltransferases and demethylases. It has been

proposed as a priming factor that plays a role in keeping targeted chromatin accessible to other regulatory factors, which

may be activators or repressors  and it is involved in the regulation of developmental processes . Heterozygous

Tbx1 mouse mutants (Tbx1 ) show low penetrance of cardiovascular abnormalities with normal thymus gland, while

Tbx1  knockout is embryonic lethal and mice show abnormal development of pharyngeal arches and pouches . TBX1

is required for the characteristic segmentation of the pharyngeal apparatus in arches and pouches . A strict relationship

between TBX1 dosage and retinoic acid signaling pathway during embryonic development has been described . The

vitamin A active metabolite is a key morphogen involved in pharyngeal apparatus segmentation , as demonstrated by

teratogenesis evidence associated with its exposure during pregnancy. Likewise, vitamin B12 has been identified as a

positive regulator of TBX1 gene expression. Studies conducted using mouse models have shown that vitamin B12 can

partially rescue the haploinsufficiency phenotype . Furthermore, TBX1 finely regulates the interaction between

VEGFR2 (vascular endothelial growth factor receptor 2) and VEGFR3 (vascular endothelial growth factor receptor 3)

during brain microvascular organization and is implicated in cerebral cortex development .

Another protein-coding gene involved in 22q11.2 pathogenesis is CRKL (V-crk avian sarcoma virus CT10 oncogene

homologue-like). Due to its central role in kidneys and urinary tract development, CRKL is considered the genetic driver of

CAKUT occurring in 22q11.2DS patients . In patients with “partial DGS”, characterized by a normal or slightly reduced

number of T-lymphocytes, CRKL deficiency is involved in the mechanisms leading to impaired T-cell proliferation,

something that has been shown even in the absence of lymphopenia . Indeed, proliferative response in 22q11.2DS

patients is relatively unaffected when assays are normalized for T-cells, and likewise, standard mitogen proliferation tests

are usually impaired due to extremely low T-cell counts . Furthermore, CRKL is required for natural killer cells’

physiological activity, since its haploinsufficiency is associated with the functional deficiency of this lymphocyte

subpopulation .

HIRA (histone cell cycle regulator) regulates gene expression, modulating the incorporation of the H3.3 histone into the

chromatinic structure .
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Evidence suggests that genes deleted in the 22q11.2 region participate in complex networks of interactions influencing,

with their altered dosage, a plethora of different signaling pathways. Since 22q11.2 hemizygosity alone does not explain

the genetic basis of the phenotypic variability observed in patients, due to the evidence that patients sharing the same

deletion present with different clinical phenotypes, additional mechanisms have been proposed. These include epigenetic

mechanisms, which are better explained in the following sections. In particular, epigenetic regulation is extremely variable

as a consequence of TBX1 hemizygosity, which creates a random epigenetic marking that varies from cell to cell . In

some, the deletion may unmask recessive mutations in genes located in the intact 22q11.2 region, leading to atypical and

more severe presentations of 22q11.2DS . Furthermore, recent evidence demonstrates that 1% of patients with

22q11.2DS may be affected by a second genetic condition in the context of a dual diagnosis .

Recent studies suggest that copy number variants (CNVs) of genes located outside the 22q11.2 region may partially

explain the variability and complexity of different phenotypes observed in patients sharing the same deletion, increasing

the risk of developing certain pathological manifestations. In 22q11.2DS patients, CNVs of the genes GPR98 (G-protein-

coupled receptor 98) , KANSL1 (KAT8 regulatory NSL complex subunit 1 gene)  and SC2A3 (solute carrier family 2

facilitated glucose transporter member 3)  have been described as risk factors for congenital heart anomalies.

Some conditions presenting with a phenotype overlapping 22q11.2DS, but without 22q11.2 region anomalies, have been

described. The so-called phenocopies of 22q11.2DS are a useful model with which to investigate the potential role of

other regions of the genome in the pathogenesis of the main clinical aspects observed in 22q11.2DS patients. Table 2
summarizes the most common clinical manifestation described in 22q11.2DS patients, compared with those observed in

patients with other cytogenetic alterations sharing the DiGeorge-like phenotype. In mice, HoxA3 (class 1 homeobox gene

A3) knockout (HoxA3 ) reproduces the typical clinical defects of the DiGeorge phenotype . Similarly, mutations in

specific Vegf isoforms are responsible for the same congenital abnormalities caused by Tbx1 knockout . Furthermore,

Cirillo et al.  identified the duplication of 15q11.2 region and the deletion of the 22q13.3 and 14q32.1 chromosomal

regions in patients with the DiGeorge phenotype not presenting 22q11.2 deletion. The region on chromosome 15 is

involved in Prader–Willi/Angelman syndromes, while deleted genes on chromosomes 22 and 14 participate in immune

system functions.

Table 2. Schematic representation of the most common clinical manifestation described in 22q11.2DS patients, compared

with those observed in patients with other cytogenetic alterations sharing the DiGeorge-like phenotype.

Clinical Manifestations
10p13-14
DGS2
Locus

3p10.3 4q34.1-
35.2 Del2p11.2 Microdup

22q11.2

Del22q13.33
Phelan-McDermid
Syndrome

Congenital Heart Disease (CHD) 82% Yes 15% No Yes 3–25%

Hypocalcemia
(hypoparathyroidism) 22% Yes Na Yes Yes Na

Immune Deficiency 17% Yes Na Yes Yes Na

Craniofacial dysmorphisms 50% Yes 95–99% Yes Yes >75%

Renal anomalies 5% Yes Na No Yes 38%

Skeletal defects 30–80% Na 88% Yes Yes >75%

Learning problems/
Developmental delay 80–99% Yes 65% Yes Yes >75%

Psychiatric disorders Na Na Na Na Yes >75%

Gastrointestinal abnormalities Na Na Na No Yes >25%

Genes mapping in the region Ni     FOXI3 See Table
3 SHANK3

Na, not available; Ni, not identified; DGS2, Di George Syndrome; Del, deletion; Microdup, microduplication; FOXI3,

Forkhead Box I3; SHANK3, SH3 and multiple ankyrine repeat domains 3 .
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