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Abstract

22q11.2 deletion syndrome is characterised by a well defined microdeletion that is associated with 

a high risk of neuropsychiatric disorders, including intellectual disability, schizophrenia, attention-

deficit hyperactivity disorder, autism spectrum disorder, anxiety disorders, seizures and epilepsy, 

and early-onset Parkinson’s disease. Preclinical and clinical data reveal substantial variability of 

the neuropsychiatric phenotype despite the shared underlying deletion in this genetic model. 

Factors that might explain this variability include genetic background effects, additional rare 

pathogenic variants, and potential regulatory functions of some genes in the 22q11.2 deletion 

region. These factors might also be relevant to the pathophysiology of these neuropsychiatric 

disorders in the general population. We review studies that might provide insight into 

pathophysiological mechanisms underlying the expression of neuropsychiatric disorders in 

22q11.2 deletion syndrome, and potential implications for these common disorders in the general 

(non-deleted) population. The recurrent hemizygous 22q11.2 deletion, associated with 22q11.2 

deletion syndrome, has attracted attention as a genetic model for common neuropsychiatric 

disorders because of its association with substantially increased risk of such disorders.1 Studying 

such a model has many advantages. First, 22q11.2 deletion has been genetically well 

characterised.2 Second, most genes present in the region typically deleted at the 22q11.2 locus are 

expressed in the brain.3–5 Third, genetic diagnosis might be made early in life, long before 

recognisable neuropsychiatric disorders have emerged. Thus, this genetic condition offers a unique 

opportunity for early intervention, and monitoring individuals with 22q11.2 deletion syndrome 

throughout life could provide important information on factors contributing to disease risk and 

protection. Despite the commonly deleted region being shared by about 90% of individuals with 

22q11.2 deletion syndrome, neuropsychiatric outcomes are highly variable between individuals 

and across the lifespan. A clear link remains to be established between genotype and phenotype.3,5 

In this Review, we summarise preclinical and clinical studies investigating biological mechanisms 

in 22q11.2 deletion syndrome, with a focus on those that might provide insight into mechanisms 

underlying neuropsychiatric disorders in 22q11.2 deletion syndrome and in the general population.

Neuropsychiatric phenotype in 22q11.2 deletion syndrome

Many psychiatrists will encounter a patient with 22q11.2 deletion syndrome during their 

career because of the recurrent nature of the associated deletion and high prevalence of 

psychopathology in this population. However, such an encounter might often occur 

unknowingly because of ongoing under-recognition of the syndrome. Schizophrenia and 

related psychotic disorders in 22q11.2 deletion syndrome have been the most widely studied. 

Lifetime prevalence of schizophrenia in 22q11.2 deletion syndrome is estimated to be about 

25%.1 Individuals with 22q11.2 deletion syndrome are also likely to have other 

neurodevelopmental disorders. Prevalence estimates of autism spectrum disorder (ASD) and 

attention-deficit hyperactivity disorder (ADHD), typically diagnosed in childhood, are about 

35%.1 Estimated prevalence of (mild to severe) intellectual disability is 45%.1 Anxiety 

disorders are also particularly common among individuals with 22q11.2 deletion syndrome 

across the lifespan, with reported prevalences of 36% in childhood and around 25% in 
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adulthood.1 However, 22q11.2 deletion syndrome could provide some protection against 

substance use disorders as they appear to be less common in individuals with this syndrome 

than in those without.6 ASD, anxiety disorders, and schizophrenia spectrum disorders are 

seen in all age groups, with a peak prevalence in the age range when these disorders are 

typically diagnosed, providing some evidence for stability of the psychiatric phenotype 

across the lifespan.1 Phenotypic presentations of psychiatric disorders are similar to those in 

the general (non-deleted) population, although subtle differences have been reported with 

respect to ASD, ADHD, and psychosis.7–9

In addition to the high rate of psychopathology, particular neurological disorders, including 

movement disorders, seizures (often hypocalcaemic), and epilepsy, are more prevalent in 

individuals with 22q11.2 deletion syndrome than in the general population.10–12 Individuals 

with 22q11.2 deletion syndrome are estimated to have at least a 20-times increased risk, 

compared with estimates for the general population, to develop early-onset Parkinson’s 

disease, a progressive neurodegenerative disease affecting motor, cognitive, and autonomic 

functions.13,14 Antipsychotics can stimulate both parkinsonism and seizures, and 

anticonvulsants might be associated with parkinsonism.15 These side-effects are pertinent as 

individuals with 22q11.2 deletion syndrome are commonly treated with these medications 

for underlying psychotic and seizure disorders.10,14,16

Neuropsychiatric disorders associated with 22q11.2 deletion syndrome arise across various 

stages of life. Some occur during early neurodevelopment (eg, ADHD and ASD), some are 

best explained as neurodegenerative processes (ie, Parkinson’s disease), and others can 

emerge at any age across the lifespan (eg, anxiety disorders and psychotic illness). 

Therefore, 22q11.2 deletion syndrome allows us to study the occurrence of neuropsychiatric 

disorders in the context of both brain development and ageing.

The molecular neurobiology underlying of the 22q11·.2 deletion syndrome 

phenotype

Genetics

22q11.2 deletion syndrome is caused by a hemizygous deletion of the long (q) arm of 

chromosome 22 (figure 1) and is the most common human microdeletion syndrome (OMIM 

188400/192430). Estimated prevalence is one in every 4000 live births.17 In about 90% of 

newly diagnosed cases, the deletion is a de novo occurrence—ie, a spontaneous mutation. In 

the remaining 10%, the deletion is inherited from one of the parents.2 The 22q11.2 locus has 

multiple DNA sequences that are highly similar (low copy repeats), rendering this region 

particularly prone to misalignment during meiosis. This mechanism explains the recurrent 

nature of copy number variations in this area.18 About 85–90% of cases have a 3 Mb 

deletion, which is referred to as the commonly deleted region (figure 2). About 90 genes are 

involved, which include 46 protein-coding genes as well as pseudogenes, non-coding RNAs, 

and seven microRNAs (figure 2).2,4,19 In about 5% of cases, 22q11.2 deletion involves only 

the proximal 1·5 Mb. Available data indicate similar phenotypic features as for the typical 3 

Mb deletion,2 although evidence also suggests that the nested 1·5 Mb deletion could lead to 

milder phenotypic expression.20,21
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Variable penetrance of brain-related phenotypes

Researchers have long been interested in 22q11.2 deletion syndrome as a molecular subtype 

of schizophrenia and have investigated genes in the 22q11.2 locus as candidate risk genes.3,5 

Hemizygosity of the 22q11.2 region is clearly an important causal mechanism because of 

decrease of gene dosage. However, this decrease alone is not enough to explain the increased 

risk of neuropsychiatric disorders in 22q11.2 deletion syndrome, given that none of the 

associated neuropsychiatric phenotypes show complete penetrance;2,3,5,22 the 

neuropsychiatric phenotype is highly variable, and correlation between phenotype and 

deletion size is weak.2 This pleiotropy could be due to activity of proteins coded by the 

remaining alleles,22 or compensatory mechanisms. In addition, evidence suggests that the 

22q11.2 region contains regulatory genes that affect gene expression outside of the 22q11.2 

region19 and that genetic background variation might affect phenotypic expression.23 

Furthermore, 22q11.2-encoded genes might not equally contribute to all aspects of 

neuropsychiatric disorders.3,5

A multiple-hit pathway hypothesis postulates that a first hit (22q11.2 deletion) lowers the 

threshold for expression of genetic variation elsewhere in the genome (additional hits).24 

Evidence for such a mechanism in 22q11.2 deletion syndrome comes from several studies.
24–27 A proof-of-principle study using whole-genome sequencing in a small but clinically 

well phenotyped sample of individuals with 22q11.2 deletion syndrome reported a higher 

burden of additional rare mutations in protein-coding neurofunctional genes in individuals 

with 22q11.2 deletion syndrome and schizophrenia than in those without schizophrenia,24 

and a higher burden of additional rare mutations in genes associated with Parkinson’s 

disease in individuals with Parkinson’s disease than in individuals without the disease.25 

Additionally, individuals with 22q11.2 deletion syndrome and schizophrenia carry more rare 

deletions that overlap with protein-coding genes than individuals with 22q11.2 deletion 

syndrome without schizophrenia.26 Rare cases also exist in which a mutation in a gene on 

the remaining haploid allele of the 22q11.2 locus results in a recessive disorder in 22q11.2 

deletion syndrome.27 Together, these findings implicate a role for genome-wide variants in 

disease risk in 22q11.2 deletion syndrome.

Many studies have investigated the potential effects of 22q11.2 genes using mouse models. 

Many results from studies that did not control for genetic background have not been 

replicated, and new genes and mechanistic insights have emerged from later, well controlled 

studies. This process is being accelerated, as the International Mouse Phenotyping 

Consortium is screening co-isogenic mouse models (in which genetic background is 

completely controlled) of many 22q11.2-encoded genes in translational phenotypes, 

including working memory, vocalisation, and prepulse inhibition, a behavioural phenotype 

seen in patients with 22q11.2 deletion syndrome and idiopathic cases of schizophrenia, 

obsessive-compulsive disorder, ADHD, and seizure disorder.28 These studies have revised 

our understanding of 22q11.2 driver genes that are likely to contribute to aspects of 

schizophrenia and ASD. Table 1 provides an overview of 22q11.2 genes for which 

substantial evidence exists for a behavioural phenotype in mice.
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Disruption of miRNA mechanisms

A candidate mechanism with respect to the multiple-hit hypothesis in 22q11.2 deletion 

syndrome is disruption of miRNA pathways. A miRNA is a small, non-coding RNA 

molecule that regulates gene expression at the post-transcriptional stage by silencing 

mRNAs. miRNA-mediated regulation of gene expression plays an important role in 

fundamental biological processes, such as cell proliferation, differentiation, migration, and 

apoptosis (cell death).29

The DiGeorge Syndrome Critical Region Gene 8 (DGCR8), located in the commonly 

deleted region, encodes a key miRNA processing protein.19 Increasing evidence suggests 

that hemizygosity of DGCR8 might disrupt miRNA functioning.19,30,31 Several miRNAs are 

encoded in the 22q11.2 region.19 Disruption of miRNA-mediated post-transcriptional 

regulation of gene expression in 22q11.2 deletion syndrome could directly or indirectly 

affect expression of neuropsychiatric risk genes elsewhere in the genome through 

upregulated or downregulated gene expression. DGCR8 expression and the expression of 

several miRNAs (most of which were located outside the 22q11.2 region) in peripheral 

blood were shown to be reduced in individuals with 22q11.2 deletion syndrome as compared 

with controls.32 In a 22q11.2 deletion mouse model (Df(16)A+/−), loss of a copy of micro-

RNA, mir-185, which resides in the 22q11.2 locus, resulted in over-expression of a neuronal 

protein, Mirta22.33 Downregulation of Mirta22 restores the reduced prepulse inhibition in 

the 22q11.2 deletion mouse model to the levels seen in wild-type mice.34

Mouse studies have connected dysfunctional biogenesis of miRNA in 22q11.2 deletion 

syndrome to gradual onset of symptoms and to several systems previously implicated in 

causes of schizophrenia. Dgcr8 haploinsufficiency leads to reduced amounts of miR-338–3p, 

which downregulates the dopamine D2 receptor in brain regions relevant for schizophrenia.
30,31 Failure to downregulate the D2 receptor led to excessive dopaminergic 

neurotransmission and synaptic defects of thalamo-cortical connections, which were 

reversible by antipsychotics.30 In a mouse model of 22q11.2 deletion syndrome, sensitivity 

to antipsychotics was not seen in young animals but only in adolescent and adult mice.31 

The underlying mechanism was hypothesised to be gradual decline of miRNA as animals 

aged.

Further research is needed to substantiate and explore the biological and clinical 

implications of disruption of miRNA systems in 22q11.2 deletion syndrome.

Mitochondrial dysfunction

The 22q11.2 region contains at least six genes involved in mitochondrial function (MRPL40, 
PRODH, SLC25A1, TANGO2, TXNRD2, and ZDDHC8).35 In children with 22q11.2 

deletion syndrome, metabolic abnormalities have been found and gene dosage of SLC25A1 
was implicated.36 Mitochondrial dysfunction is strongly implicated in the pathogenesis of 

Parkinson’s disease, particularly in early-onset forms.37 The functional contribution of these 

genes to neuropsychiatric disorders remains unclear, as prepulse inhibition remains at 

normal levels in mice deleted for Prodh, Slc25a1, or Tango228,35 and in mice with segmental 

deletions, including Mrpl40, Prodh, Slc25a1, Tango2, Txnrd2, or Zdhhc8.38
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Brain development, structure, and function

Imaging studies

Early imaging studies investigated whole brain, regional, grey matter, and white matter 

volumes, and generally found whole-brain volume reductions in individuals with 22q11.2 

deletion syndrome compared with controls.39 Recent studies have focused on specific 

cortical measurements, including cortical thickness, surface area, and cortical gyrification, 

measured by the gyrification index. Gyrification is established early in life as opposed to 

cortical thinning, which occurs with aging.40 Several studies have reported reduced local 

gyrification in children and adolescents with 22q11.2 deletion syndrome compared with 

healthy controls and this finding could be indicative of neurodevelopmental pathology.41–43 

Altered trajectories of cortical thickness have been reported in individuals with 22q11.2 

deletion syndrome, with slow thinning in children and accelerated thinning in adolescents.44 

The largest neuroimaging study to date in children and adults with 22q11.2 deletion 

syndrome (aged 8–50 years) reported a clear cortical phenotype in individuals with 22q11.2 

deletion syndrome in comparison to controls, with thicker cortex bilaterally in major 

regions, thinner cortex in the superior temporal, cingulate, and parahippocampal cortex, and 

global reductions of surface area.21 Larger 22q11.2 deletion size (typical 3 Mb vs nested 1·5 

Mb) was associated with reduced cortical surface area.

Some evidence exists for differential trajectories of brain development in individuals with 

22q11.2 deletion syndrome who develop psychosis compared with those who do not.44,45 

Physiological peak and decline of cortical thickness in individuals with 22q11.2 deletion 

syndrome who developed psychotic symptoms occurred later on average than in children 

and adolescents with typical development, and the decline in cortical thickness was steeper.
45 This decline, which might reflect loss of functional neurons, could be linked to the 

decrease in verbal IQ observed in children and young people with 22q11.2 deletion 

syndrome before onset of psychotic symptoms.46 Bakker and colleagues43 found reduced 

gyrification in young adults with a 22q11.2 deletion (some with a history of psychosis and 

on antipsychotics) compared with individuals without 22q11.2 deletion at clinical ultra-high 

risk for psychosis, indicative of early neurodevelopmental pathology. In the latter group, 

cortical thickness of the insula was consistently lower than in individuals with 22q11.2 

deletion syndrome, which could suggest defective pruning processes during adolescence in 

22q11.2 deletion syndrome.43 With respect to ASD, a study47 used surface area as a marker 

for underlying neurobiology of ASD and reported substantial differences between 

unmedicated individuals with 22q11.2 deletion syndrome with ASD and those without.

As opposed to cortical measures and grey matter which reflect neurons and dendrites, white 

matter tracts reflect long-range myelinated connecting fibres between parts of the brain. 

Connectivity in the brain can be measured structurally using diffusion tensor imaging, and 

functionally using resting-state functional MRI (rs-fMRI). Some diffusion tensor imaging 

studies that have been done in individuals with 22q11.2 deletion syndrome found evidence 

for altered myelin and axon integrity in multiple tracts, some of which have been implicated 

in neuropsychiatric disorders.48–50 Studies using rs-fMRI reported a global decrease in 

functional connectivity.51,52 Preliminary results from the ENIGMA-22q working group, who 
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collected the largest data set on 22q11.2 deletion syndrome to date, suggest lower diffusivity 

in individuals with 22q11.2 deletion syndrome than in healthy controls, possibly because of 

smaller axonal diameter.53 Microstructural white matter differences (increased fractional 

anisotropy) have been associated with cognitive decline in young people with 22q11.2 

deletion syndrome. These microstructural changes were not seen in those without cognitive 

decline.50 Microstructural white matter changes in individuals with 22q11.2 deletion 

syndrome were associated with lower axonal integrity, whereas in individuals without 

deletion at ultra-high risk for psychosis, such changes were suggestive of abnormal 

myelination.49 Together, these data provide strong evidence that the 22q11.2 deletion has 

profound effects on brain structure in children and adults.

Neurogenesis and angiogenesis as potential mechanisms underlying the neuropsychiatric 

phenotype in 22q11.2 deletion syndrome DGCR8 and TBX1 have been consistently 

implicated in neurogenesis in animal models. Dgcr8 deficiency has been shown to contribute 

to deficits in working memory and prepulse inhibition in rodents,31,54 potentially by reduced 

mediation of miRNA biogenesis. Tbx1, a transcription factor important for tissue and organ 

formation during embryonic development, including brain angiogenesis, might partly be 

responsible for cortical abnormalities related to 22q11.2 deletion syndrome.55 Point 

mutations of Tbx1 alone might be enough to cause most of the physical features of the 

22q11.2 deletion syndrome phenotype.56,57 However, Tbx1 point mutations are extremely 

rare and have been scarcely studied in humans. In mice, inactivation of Tbx1 results in 

abnormalities in brain endothelial cells and different patterns of brain vascularisation.55 

Disorganisation of the cerebral vascular network might, therefore, be linked to findings of 

neuroimaging studies in patients with 22q11.2 deletion syndrome, such as reduced grey 

matter,58 altered cortical thickness,21 and tortuous vessels.59 Mice heterozygous for Tbx1 
have shown abnormal cortical development,60 with altered differentiation of cortical stem 

cells, also known as neural progenitors, and changes to the distribution of glutamatergic 

cortical projection neurons and γ-aminobutyric-acid (GABA)ergic interneurons.60 Tbx1-

heterozygous mice showed defective social interaction and communication, impaired 

working memory, and heightened anxiety in a stressful condition.61,62 These ASD-related 

behavioural phenotypes might suggest a role of TBX1 in the cause of ASD.61 Thus, TBX1 is 

a strong candidate gene for abnormalities in brain and behaviour seen in 22q11.2 deletion 

syndrome.

Disruptions of neurotransmitter systems

Serotonin

In humans with 22q11.2 deletion syndrome, the high prevalence of anxiety disorders, in 

addition to anecdotal reports of good response to selective serotonin-reuptake inhibitors 

(SSRIs),63 suggests that serotonergic neurotransmission might be disrupted. However, no 

clinical trials have been published to date examining treatment response to SSRIs in 

individuals with 22q11.2 deletion syndrome, and clinical safety and efficacy is based on 

expert opinion, observational studies, and case series and reports.64,65 The only study 

investigating serotonergic disruptions in humans with 22q11.2 deletion syndrome reported 

lower mean urine serotonin concentrations in adults with 22q11.2 deletion syndrome than in 
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healthy controls.66 Serotonin concentrations also showed a weak positive association with 

full-scale IQ in individuals with 22q11.2 deletion syndrome.66

Catecholamines

Mapping within the commonly deleted region, the catechol-O-methyltransferase (COMT) 

gene is important in degradation of catecholamines, including dopamine and norepinephrine. 

COMT expression and enzyme activity levels in peripheral blood cells have been found to 

be reduced by about 50% in individuals with 22q11.2 deletion syndrome.22 Disturbances of 

dopaminergic markers in urine, plasma, and cerebrospinal fluid suggest impaired 

catecholamine metabolism in 22q11.2 deletion syndrome,66,67 which might be more 

prominent in women than men.68 Systematic in-vivo molecular brain imaging studies of 

dopamine activity in the striatum provide some evidence for a presynaptic 

hyperdopaminergic state in 22q11.2 deletion syndrome (table 2).

In mouse models of 22q11.2 deletion syndrome with a hemizygous deletion including Comt 
(Df(h22q11)/+ and Df1/+), increased concentrations of dopamine metabolite, 

dihydroxyphenylacetic acid, but normal dopamine concentrations, were found in prefrontal 

cortex and dorsal striatum.69,70 Comt heterozygosity did not affect behavioural phenotypes, 

including prepulse inhibition, social behaviours, and anxiety-related behaviours in mice,5 

consistent with another mouse model (Df2) in which the deletion includes Comt and also 

results in normal prepulse inhibition.57 Some evidence exists for sex dichotomous effects of 

Comt,71 which might be explained by inhibitory regulation of Comt by oestrogens.72

Although COMT activity is reduced in patients with 22q11.2 deletion syndrome and in 

mouse models for 22q11.2 deletion syndrome, functional relevance to brain function and 

neuropsychiatric disorders remains unclear.

Parkinson’s disease or hypodopaminergia

22q11.2 deletion was found to be a genetic cause of Parkinson’s disease;13 however, the 

underlying mechanisms are unknown.13,73 Similarly, little is known about other motor 

problems that could arise during development, including neurological soft signs, 

developmental coordination disorder, and parkinsonism not meeting criteria for Parkinson’s 

disease. Overlapping symptoms and medication-induced side-effects can complicate or 

delay the correct diagnosis. Large and longitudinal studies on motor functioning in the 

context of 22q11.2 deletion syndrome are needed to improve delineation of the neurological 

profile over development and into adulthood. In Parkinson’s disease associated with 22q11.2 

deletion syndrome, major clinical characteristics and response to standard treatments, 

including dopamine replacement therapy, appear to be similar to those in idiopathic 

Parkinson’s disease. However, onset of Parkinson’s disease in 22q11.2 deletion syndrome is 

most often early, with a reported average age of about 40 years.14

Preclinical and clinical research on neurobiological aspects of Parkinson’s disease in 

22q11.2 deletion syndrome is scarce. One neuropathological study13 found typical loss of 

dopaminergic neurons in three cases of Parkinson’s disease associated with 22q11.2 deletion 

syndrome, and Lewy pathology in two of these cases. Raised concentrations of α-synuclein, 

a primary component of Lewy bodies, and motor coordination deficits have been identified 
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in the Df1/+ mouse model of 22q11.2 deletion syndrome. Reducing α-synuclein gene 

dosage in Df1/+ mice ameliorated the motor deficits.74 Typical findings of the expected 

pattern of reduced striatal binding with presynaptic dopaminergic imaging, indicative of 

severe loss of presynaptic striatal neurons that is a hallmark of Parkinson’s disease, have 

been shown in Parkinson’s disease associated with 22q11.2 deletion syndrome using 

molecular neuroimaging.14

Some evidence from simple model organisms shows that the 22q11.2 genes, PRODH and 

TXNRD2, could be involved in motor functioning.4 A multi-hit mechanism that could 

explain increased risk of Parkinson’s disease in 22q11.2 deletion syndrome has been 

postulated and involves a hyperdopaminergic presynaptic state, as suggested by presynaptic 

dopaminergic neuroimaging findings, which might interact with, or be compounded by, a 

deficient dopamine clearing mechanism related to the effects of missing one copy of COMT.
67,75 Chronic exposure to the neurotoxic properties of dopamine and its metabolites has been 

proposed to be involved in pathogenesis of Parkinson’s disease.76 Impaired mitochondrial 

function in 22q11.2 deletion syndrome might contribute to increased oxidative stress and 

vulnerability to dopaminergic cell death in 22q11.2 deletion syndrome.37,75

Putative effects of PRODH deficiency and hyperprolinaemia

PRODH encodes the enzyme proline dehydrogenase that converts proline to glutamate, the 

primary excitatory neurotransmitter in the brain. PRODH has been extensively studied 

because of its location in the commonly deleted region, because hyperprolinaemia is 

common in 22q11.2 deletion syndrome,77 because hyperprolinaemia has been associated 

with increased risk of schizophrenia-spectrum disorders, 78 and because hyperprolinaemia 

has been shown to result in glutamate excess.79 In mice, homozygous loss of Prodh resulted 

in abnormal vocalisation.28

In humans, reports have occasionally suggested genetic association between PRODH and 

psychosis.80 Three studies have reported potential interaction between COMT and PRODH. 

Adolescents with 22q11.2 deletion syndrome and hyperprolinaemia showed abnormal 

smooth-pursuit eye movements, a proxy for psychosis susceptibility, when they carried the 

low activity COMT158Met allele.81 In another group of individuals with 22q11.2 deletion 

syndrome, COMT158Met was associated with increased psychosis risk in those with 

hyperprolineamia, and proline concentrations were inversely correlated with full-scale IQ.77 

Radoeva and colleagues82 reported that within a group of individuals with 22q11.2 deletion 

syndrome, those with an ASD diagnosis were enriched for the low-activity alleles of COMT 
and PRODH. Although these findings provide some support for interaction between COMT 
and PRODH, the effect on the psychiatric phenotype in 22q11.2 deletion syndrome remains 

unclear.

The glutamate/GABA system in patients with a 22q11.2 deletion

In-vivo studies on the glutamate system in 22q11.2 deletion syndrome are scarce.83,84 One 

study83 using 1H-MR spectroscopy reported no differences in glutamate concentrations in 

the prefrontal cortex between adults with 22q11.2 deletion syndrome with and without a 

history of psychosis, or with healthy controls. The same group reported that glutamate 
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concentrations in the hippocampus were higher in individuals with 22q11.2 deletion 

syndrome with psychosis than in individuals without psychosis.83 Another cross-sectional 

study84 investigating adults with 22q11.2 deletion syndrome reported a negative association 

between serum glutamate concentrations and full-scale IQ, a positive association between 

glutamate concentrations and dose of antipsychotic medication, and no association between 

serum glutamate concentrations and history of psychosis.

SEPT5, located in the commonly deleted region, encodes septin-5 protein, which is thought 

to inhibit exocytosis of dopamine and glutamate85 and to be involved in serotonin release 

from platelets.86 Therefore, SEPT5 deficiency might contribute to some of the altered 

dopamine, glutamate, and serotonin availability observed in 22q11.2 deletion syndrome.66 In 

mice, Sept5 deficiency and over-expression selectively impair and enhance reciprocal social 

interaction, respectively; Sept5 deficiency does not impair prepulse inhibition, working 

memory, vocalisation, or anxiety.23,28,87

Outlook

For neuroscientists, 22q11.2 deletion syndrome offers a unique view into the neurobiology 

of common developmental and neurodegenerative disorders. For clinicians, recognising 

22q11.2 deletion syndrome is relevant because of the high prevalence of such disorders and 

the specific knowledge required for optimal treatment.63

The common theme arising from research of the past 20 years is that the phenotype of 

22q11.2 deletion syndrome varies substantially. Investigating effects of genetic variants, as 

well as environmental factors (eg, trauma and stress) known to affect psychiatric functioning 

in the general population, and how they contribute to increased risk of psychopathology in 

22q11.2 deletion syndrome, will provide valuable information for those with and without the 

syndrome (figure 3).88 Multiple complex processes are probably involved, including 

development of the cortex and white matter, dopaminergic neurotransmission, and the 

balance between glutamate and GABA signalling. Hemizygous deletion at the 22q11.2 locus 

probably disrupts essential developmental aspects of these processes. Many studies have 

investigated brain structure, function, and development in 22q11.2 deletion syndrome, with 

sometimes contradictory results.39 This discrepancy is likely to be due to methodological 

differences and underpowered studies. Results from (for example) the ENIGMA 22q11.2 

Working Group88 for human brain imaging studies, and the efforts of the International 

Mouse Phenotyping Consortium28 to optimise mouse assays, should address these problems 

and increase our understanding of human brain structure and function in 22q11.2 deletion 

syndrome.

Multidisciplinary strategies should include studies of post-mortem brain tissue of individuals 

with 22q11.2 deletion syndrome, animal models, and studies in humans, connecting in-vivo 

measurements such as imaging, electrophysiology, and behavioural assessments, with in-

vitro models such as induced pluripotent stem cells and brain organoids. Results from large-

scale prospective studies following well phenotyped individuals with 22q11.2 deletion 

syndrome from early in life (before symptoms emerge) can provide information on pathways 

and mechanisms that underlie the transition to brain-related phenotypes and deliver an 
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unprecedented opportunity to study the effects of early interventions. Studying individuals 

with 22q11.2 deletion syndrome who do not develop neuropsychiatric symptoms is equally 

important to identify biological factors associated with potential protective effects. Some 

mechanisms we have discussed have promising therapeutic implications, which we hope 

researchers will capitalise on. The next few decades might deliver novel strategies and 

identification of early predictors relevant for treatment of neuropsychiatric disorders in 

individuals with and without 22q11.2 deletion syndrome. 22q11.2 deletion syndrome might 

provide an excellent opportunity for studying disease-modifying treatments for common 

neuropsychiatric disorders.
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Search strategy and selection criteria

We searched PubMed for articles published between Jan 1, 1971, and Jan 7, 2019, with 

combinations of the following search terms: “22q11”, “22q11.2DS”, “22q11.2 deletion”, 

“22q11 deletion syndrome”, “22q11.2 deletion syndrome”, “velocardiofacial syndrome”, 

“DiGeorge syndrome”, “dopamine”, “catecholamine”, “monoamine”, “Parkinson’s 

disease”, “psychiatric”, “mental disorder”, “serotonin”, “proline”, “glutamate”, “GABA”, 

“epilepsy”, “seizures”, “EEG”, “imaging”, “MRI”, “MR spectroscopy”, “genetics”, 

“genomic”, “miRNA”, “iPSCs”, “post-mortem”, “anatomy”, “cortical development”, 

“cortical layer”, and “electrophysiology”. We selected and reviewed articles from this 

search, and reviewed relevant references cited in the selected papers. We included peer-

reviewed publications, and some published abstracts, and excluded articles not written in 

English.
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Figure 1: Cytogenetic representation of chromosome 22
Adapted from McDonald-McGinn et al2 with permission. LCR=low copy repeat.

Zinkstok et al. Page 17

Lancet Psychiatry. Author manuscript; available in PMC 2020 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 22q11.2 region
Reproduced from Guna et al.4 The 3 Mb 22q11.2 region (hg19 assembly, coordinates) with 

genes (red), miRNAs (purple), and others (eg, pseudogenes and non-coding RNA, light 

blue). The locations of the four 22q11.2 specific breakpoints, mediated by LCRs, are 

LCR22A, LCR22B, LCR22C, and LCR22D (white boxes). LCR=low copy repeats.
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Figure 3: Clinical and translational phenotypes relevant to neuropsychiatric disorders in 22q11.2 
deletion syndrome
The coloured boxes represent different levels that illustrate how known genetic variability 

might improve knowledge on pathophysiological mechanisms underlying neuropsychiatric 

disorders. The top level (yellow) indicates genetic variation (22q11.2 deletion and additional 

genetic variation). The middle level (pink) indicates biological systems that are known to be 

altered in 22q11.2 deletion syndrome. Alterations in biological mechanisms can lead to the 

clinical and translational phenotypes pictured in the bottom level (lilac). The reciprocal 

arrows between the biological level and clinical phenotypes illustrate that clinical 

phenotypes might, in turn, affect biological processes. Arrows around the figure indicate that 

22q11.2 deletion or known additional genetic variation, or both, might contribute to disease 

understanding and could lead to therapeutic target identification, and, ultimately, to drug 

discovery and development. ADHD=attention-deficit hyperactivity disorder. ASD=autism 

spectrum disorder. PPI=prepulse inhibition.
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