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 Allows development of  animal 
models with strong construct 
validity 

 Ideal systems to dissect circuitry 
mediating behaviors

 Identified very early in 
development
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 Majority of cases of developmental neuropsychiatric dx of unknown etiology; But- rare genomic copy 
number variants (CNVs) may account for a larger proportion of cases than previously believed

- ~2% of schizophrenia cases (Levinson et al. 2011; Bassett et al. 2010; Rees et al 2014); 25% of cases of simplex ASD 
(Geschwind 2015, Devlin & Scherer 2012)

 Also provide strong evidence for genetic pleiotropy, challenging widely held views of diagnostic 
‘categories’



Genetics First Approach

 Sample heterogeneity has been a major barrier to scientific 
discovery. 

 Are there characteristics specific to certain subsets of patients 
with distinct genetic etiology? 

 Treatment implications- Are treatments  best tailored to a 
specific genetic event, or generalizable to those with 
neurodevelopmental/psychiatric illness of other or unknown 
etiology? 



22q11.2 Microdeletion Syndrome
 Velocardiofacial/DiGeorge Syndrome
 Estimated incidence ~ 1/4000 live births (Grati et al 2015)

 Results from hemizygous deletion of chromosome 22q11 (~2.6 Mb)
 Cardiac defects, immune deficiency, craniofacial anomalies, intellectual disability
 Risk of schizophrenia ˜ 25x the general population risk (O’Rourke & Murphy 2019; Bassett et al. 2010); account for ~1% of 

sporadic SZ cases (Stefansson et al., 2008; Karayiorgou et al. 2010)

 Elevated rates of Autistic Spectrum Disorder (12-50%), ADHD (33-40%) and anxiety disorder (40-50%) in 
childhood (Schneider et al. 2014; Richards et al. 2014)

CNV and SCZ Working Group of PGC, Nat Gen 2016 Kobrynski Lancet 2007; Kapadia & Bassett, CMAJ 
2008



Key Questions

Limited data on individuals carrying the same highly penetrant CNV

What are risk factors for psychosis in a highly penetrant CNV like 22q11DS ? Do these overlap with idiopathic 
illness?

 Are there consistent and reproducible effects of the 22q11.2 deletion on brain structure? Do these effects 
converge with those observed in idiopathic psychosis? 

 What are mechanisms underlying diverse phenotypic presentations in 22q11DS? 

 Gene dosage effects may provide clues into disease biology; What are neurofunctional consequences of 
reciprocal imbalances?

 Premise: Copy number variation may have a more powerful effect on intermediate phenotype than common genetic 
variation.



Prevalence of Schizophrenia Spectrum Disorders by Age in 22q11DS (n=1402); 41% of adults 
age 25+

Schneider , iBBC et al AJP 2014

Total N=1402  



Overlapping and Distinct Neuropsychiatric Traits in 22q11DS

-Comorbidity rates are not 
frequently reported; but is the rule 
rather than exception. 

-Affective dysregulation present 
in a substantial proportion of 
22q11DS patients, across 
diagnoses

Jonas et al Biol Psych 2014



Cognitive Decline as a Predictor of Psychosis in the General Population; Dunedin Birth 
Cohort 

Meier et al. AJP 2014

IQ was stable across childhood for all groups but declined for the schizophrenia group between ages 13 and 
38 (0.39 SD) 



Does Cognitive Decline Predict Psychosis in 22q11DS? 

Verbal IQ decline significantly increased risk for psychosis (OR 3.5;  95% CI=1.77-9.04, p=0.001)

Vorstman et al JAMA Psychiatry, 2015

(N=430)



Other Risk Factors for Psychosis in 22q11DS 

 Inattention symptoms (OR 1.51(1.05–2.22), p=.03) and ADHD diagnosis, esp. at 2 timepoints 
(OR=9.79(3.59–30.52), p<.001) predicted development of psychotic symptoms; ADHD diagnosis at 
both timepoints associated with psychotic disorder  (4.76(1.37–18.91), p<.01) (Niarchou, iBBC, et al, 2019) 

 Negative symptoms and functional impairment predicted emergence of positive psychosis-spectrum 
symptoms (Tang et al. 2017) 

 Impairment in odor discrimination correlated with higher negative and overall psychosis-spectrum 
symptoms (Tang et al. 2018)

 Inflammation - higher serum levels of IL-6 and higher IL6:IL10 ratio (indicator of proinflammatory 
activation), inflammatory T-helper cells in psychotic 22q11DS (Domachevsky et al 2017, Vergaelen et al 2018)

 Prospective longitudinal study found no association between childhood ASD diagnosis and subsequent 
psychotic disorder (Fiksinski et al. 2017)



Why is rate of ASD so variable in 22q11DS studies? 

-Rate of categorical ASD diagnosis ranges from 12-50% across studies 

-Core autism behaviors (impairments in joint attention, gestural communication, initiating conversation, 
restricted interests + language delay) characteristic of 22q11DS 

-Are distinct biological substrates associated with categorical ASD diagnosis in 22q11DS or does a dimensional 
approach better fit the findings?

Jalbrzikowski et al Biol Psych CNNI 2017



Categorical Differences: 22q11DS with and without ASD  

-Dimensional model best fit for cognitive measures and amygdala volume
-Categorical model best fit for parahippocampal thickness  



Bearden & Thompson, Neuron, 2017



ENIGMA 22q11.2 Group Demographics

22q11DS N= 537, 22q11Dup N= 40 (UCLA) 
Healthy Controls N= 331

Site N Age ± SD Sex (M/F) 22q11DS 22q11Dup HC

UCLA 152 14.6±8.1 79/73 75 40 42
Davis 213 10.8±2.3 112/101 123 ‐ 90
IOP 65 17.2±8.4 31/34 38 ‐ 27

Newcastle 39 17.3±2.9 17/22 20 ‐ 19
SUNY 75 20.8±2.0 43/32 55 ‐ 20

Maastricht 74 29.6±8.8 44/30 28 ‐ 46
Utrecht 58 18.2±3.8 19/39 58 ‐ ‐
Toronto 65 41.9±7.9 31/34 53 ‐ 12
Penn 100 17.3±3.2 60/40 50 ‐ 50
Cardiff 36 15.8±7.3 18/18 23 ‐ 13
Santiago 26 21.2±5.6 9/17 14 ‐ 12

http://enigma.ini.usc.edu/?p=4900



Determinants of Neuroanatomic Features: Cortical Thickness vs. Surface Area

Cortical Thickness 
(CT): average 
thickness of 6 cortical 
layers in region

Surface Area (SA):
total area covered by 
cortex in a region

Grasby et al., 2020, Science

SA impacted by regulation of neural 
progenitor proliferation/cell-cycle in 
developing cortex

• Volume measures derived from indices of both CT and SA
• Driven by distinct genetic mechanisms1,2;   ; Different underlying neurobiology/ developmental trajectory3,4

1Winkler et al., 2009; 2Panizzon et al., 2009;
3 Raznahan et al. 2011; 4Tamnes et al 2017



Cortical 
Thickness (CT): 
average thickness 
of 6 cortical 
layers in region

Surface Area 
(SA): total area 
covered by cortex 
in a region

Grasby et al., 2020, Science

CT shaped by later developmental 
processes, possibly synaptic 

density + myelination

Methods 
-Freesurfer 5.3.0 processing pipeline
(http://enigma.ini.usc.edu/protocols/)  
-Covary for age, age2, sex, site

Determinants of Neuroanatomic Features: Cortical Thickness vs. Surface Area



Cortical Maps: Widespread SA reductions in 22q11DS and increased CT in majority of regions

Sun et al, Molecular Psychiatry 2018

 Accuracy peaks at 94.44% (125 features) –
vs. ~65% for  ‘idiopathic’ Bipolar Disorder  
(Nunes et al Molec Psych 2018)

 86.36% accuracy using bilateral cuneus and 
lingual SA



Cross-diagnosis correlation indicates significant convergence with cortical brain regions 
affected in idiopathic schizophrenia (r=0.45, p<.0001; van Erp et al, Biol Psych 2018) but 
not major depression (r=.06; p=0.62; Schmaal et al, Molec Psych 2017) 

Cortical Thickness-22q Psychosis 
(n=60) vs. 22q-No Psychosis (n=60)

Significant Cortical Thinning in Fronto –Temporal, Heteromodal
Association Regions in 22q11DS-Psychosis 

Cortical Thickness- Schizophrenia (n=4474) 
vs. Control (n=5098)
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“Masks” Complex Pattern of Subcortical Alterations  in 
22q11DS

Blue/Green regions of lower thickness or SA; 
Red/Yellow regions of higher thickness or SA
1. Caudate  2. Putamen  3. Globus Pallidus  4. Hippocampus  5. 

Amygdala  6. Thalamus  7. Nucleus Accumbens 

 -Predominantly affects subregions with projections
 to frontal, cingulate, and association cortices 

 -Prominent Reductions in Hippocampus, Amygdala, Ventral Thalamus in 
22q11DS Cases with Psychosis vs. 22q11DS-No Psychosis 

Global 
Volume

Ching et al, Am J Psych 2020



Cross-Disorder Analysis: Convergence of Subcortical Alterations in 
22q+Psychosis with SCZ, MDD,  Bipolar Disorder and OCD (NOT 

ASD, ADHD)  
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Ching et al, Am J Psych 2020



Which 22q11.2 Genes Drive Brain Phenotypes?

• ’Genomic hotspot’ region (ISC, Nature 2008; Marshall et al. AJHG 2008; PGC 2016)

• Typical A-D 22q11.2 deletion spans 46 protein-coding genes
• Several highly expressed in brain & involved in early neuronal migration, cell fate decision in cortex, 

microRNAs

McDonald-McGinn et al., 2015, Nat	Rev	Dis	Primers



Effects of Deletion Size on Cognition (n=1420)

Full Scale, Verbal and Performance IQ decreased by 0.3-0.5 SD in  AD vs. AB 
deletions 

Zhao et al  AJMG 2018
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 Shape analysis reveals localized differences as a function of deletion size (not detected by gross 
volume analysis)

 Increased SA in hippocampus, thalamus and putamen in small (A-B) deletion

 Consistent with higher cortical SA
in A-B Deletion carriers (p=.003)

Blue/Green indicate regions of lower thickness or surface area
Red/Yellow indicate regions of higher thickness or surface area

1. Caudate  2. Putamen  3. Globus Pallidus  4. Hippocampus  5. Amygdala  6. Thalamus  7. Nucleus Accumbens 

Mol Psychiatry 2018

Ching et al, AJP 2020

Might brain structural differences underlie effect of deletion size on IQ ? 



Li et al Biol Psych 2016



Brunetti-Pierri et al. Nature 2008 



Sanders et al. Neuron 2011, 
2015-Frequency of 0.05% in non-syndromic simplex ASD 



UCLA Study Participant Demographics

22q11.2 Deletion 
Carriers

Typically‐developing 
Controls

22q11.2 Duplication 
Carriers

N 107 82 38
Age (SD) 16.03 (10.3) 14.47 (7.5) 15.87 (12.4)
Age Range 6 to 61 6 to 45 5 to 49
N males (%) 52 (48.6%) 42 (50.6%) 22 (57.9%)
N White (%) *,**, †† 93 (86.9%) 51 (62.2%) 37 (97.4%)
N Other  (%) *,**, 2 (1.9%) 18 (16.8%) 1 (2.7%)
N Multi‐racial (%) **, †† 12 (11.2%) 12 (14.6%) 0 (0%)
Highest Parental 
Education in years (SD) 16.1 (2.7) 16.0 (3.3) 15.8 (2.5)

N ASD (%) *,** 49 (45.8%) 0 (0%) 17 (44.7%)
N Psychosis (%) *,†† 13 (12.1%) 0 (0%) 0 (0%)
N ADHD (%) *,** 47 (43.9%) 5 (6.1%) 15 (39.4%)
* indicates corrected 22qDEL‐22qCON difference. ** indicates corrected 22qDUP‐22qCON 
differences. †† indicates corrected 22qDEL‐22qDUP difference.

Lin et al, Biological Psych 2020



Gene Dosage Effect on 22q11.2 Behavioral Phenotype

z-score Lin et al, Biological Psych 2020
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Opposing Effects on Cortical Surface Area and Thickness in Deletion vs. 
Duplication

del < CTL <  dupdup < CTL <  del
Lin et al J Neurosci 2017



Genetic Counseling Considerations

-For many parents of children with 22q11DS, risk of psychiatric illness is main concern regarding their child’s health 
(Hercher and Bruenner 2008, Martin et al. 2012).

Peay & Austin 2011, 2021



Cross – Disorder Analyses 

Moreau et al Curr Opinion Gen & Development

-Fundamental principles of how genomic CNVS affect brain 
architecture 

-May be distinguishable ‘neuropsychiatric’  profiles in subgroups 
based on genetic etiology

-Substantially larger effect sizes on phenotype



Neurobehavioral Profile of ASD-Associated CNVs 

Chawner et al. Am J Psych 2021

-Profile differences between genetic variant groups
-54% of CNV carriers who did not meet full ASD diagnostic criteria had elevated levels of autistic traits.



Areas needing (lots) more attention

 Effectiveness of interventions used in idiopathic disorders (cognitive-behavioral 
therapy, social skills training) 

 3 small studies of computerized cognitive training, 1 of small-group social 
cognitive training; preliminary evidence for feasibility/ effectiveness (Buijs et al. 2019) 

 Environmental risk factors (family environment, social support, SES)

 22q11.2-associated disorders in diverse, non-European populations extremely 
understudied 



https://genes2mentalhealth.com



Summary and Future Directions

 Rare genomic disorders like 22q11 collectively a major cause of developmental neuropsychiatric disorders

 22q11DS is one of greatest known risk factors for psychosis; prognostic markers (cognitive decline, inattention) appear similar to 
idiopathic psychosis 

 Reductions in heteromodal association cortex /hippocampus converge with regions affected in idiopathic schizophrenia - suggests 
highly penetrant CNV's can inform understanding of broader psychiatric disease risk 

 More severe brain and cognitive impact in those with larger deletion extent

 New evidence that 22q11 is a genomic region associated with mirrored anatomic phenotypes

 Ongoing work in longitudinal, global cohorts of reciprocal 22q11 variants and other RGDs, and in animal and in vitro models  can guide 
translation of neurobiologically-informed therapeutic targets.

Polygenic 
Background

Environmental 
Risk 
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