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00 Plzeň, Czech Republic.

Email: veverajan@gmail.com

Stanislav Kmoch, Research Unit for Rare

Diseases, Department of Pediatrics and

Inherited Metabolic Disorders, First Faculty of

Medicine, Charles University, Ke Karlovu

2, 120 00 Prague 2, Czech Republic.

Email: skmoch@lf1.cuni.cz

Funding information

National Institute for Neurological Research,

Programme EXCELES, Grant/Award Number:

LX22NPO5107; European Union – Next

Generation EU; Charles University in Prague,

Grant/Award Numbers: SVV260516, UNCE/

MED/007, Cooperatio; European Regional

Development Fund-Project “A-C-G-T”; The
National Center for Medical Genomics,

Abstract

The genetic correlates of extreme impulsive violence are poorly understood, and

there have been few studies that have characterized a large group of affected individ-

uals both clinically and genetically. We performed whole exome sequencing (WES) in

290 males with the life-course-persistent, extremely impulsively violent form of anti-

social personality disorder (APD) and analyzed the spectrum of rare protein-

truncating variants (rPTVs). Comparisons were made with 314 male controls and pub-

licly available genotype data. Functional annotation tools were used for biological

interpretation. Participants were significantly more likely to harbor rPTVs in genes

that are intolerant to loss-of-function variants (odds ratio [OR] 2.06; p < 0.001), spe-

cifically expressed in brain (OR 2.80; p = 0.036) and enriched for those involved in

neurotransmitter transport and synaptic processes. In 60 individuals (20%), we identi-

fied rPTVs that we classified as clinically relevant based on their clinical associations,

biological function and gene expression patterns. Of these, 37 individuals harbored

rPTVs in 23 genes that are associated with a monogenic neurological disorder, and
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23 individuals harbored rPTVs in 20 genes reportedly intolerant to loss-of-function

variants. The analysis presents evidence in support of a model where presence of

either one or several private, functionally relevant mutations contribute significantly

to individual risk of life-course-persistent APD and reveals multiple individuals who

could be affected by clinically unrecognized neuropsychiatric Mendelian disease.

Thus, Mendelian diseases and increased rPTV burden may represent important fac-

tors for the development of extremely impulsive violent life-course-persistent forms

of APD irrespective of their clinical presentation.

K E YWORD S
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1 | INTRODUCTION

Antisocial personality disorder (APD), or its equivalent dissocial per-

sonality disorder, is a mental condition of adults characterized by

impulsive, irresponsible and often criminal behavior. The prevalence

of APD is estimated to be 1%–3% in the general population, with

males being diagnosed with this condition three to five times more

frequently than females.1 The prevalence of APD reaches up to 18%

across a variety of psychiatric settings2 and 40%–70% among pris-

oners.3 In most individuals, symptoms of APD abate in adulthood.

However, in some individuals APD persists throughout life without

remission4,5 and can present with aggressive or nonaggressive behav-

ior, with the former being a more stably heritable trait.6

Life-course-persistent APD is often associated with abnormalities

in brain structure and function. There is clinical overlap with cognitive

impairment and neurodevelopmental, neuropsychiatric and neurode-

generative diseases. APD has a significant genetic component,1,7,8 and

meets criteria for a neurodevelopmental disorder; for review see

reference 9.

Individuals with life-course-persistent aggressive APD likely

have a heterogeneous group of neurodevelopmental or neurodegen-

erative diseases that may be genetic, acquired, or a combination.

Identification of the genetic architecture and neurobiological corre-

lates of life-course-persistent APD is therefore required to identify,

treat specifically and further research the causes in affected individ-

uals. Like many other neurologic and neuropsychiatric conditions,

understanding the genetic basis of these conditions will provide

pathophysiologic insight and allow for more precise definitions of

clinical syndromes. In addition, understanding the genetic underpin-

nings of disease will decrease the inherent bias against antisocial

behavior.

Characterization of the genetic architecture of APD requires con-

sideration of various genetic models and multiple genetic approaches.

Association studies, linkage studies, candidate gene-based research

and genomic rearrangement analyses have revealed several potential

candidate genomic loci and genes relevant to APD (for review see ref-

erence 10). However, with the exception of monoamine oxidase

A,11,12 no specific genes or genetic variants robustly associated with

APD have been identified.

In our recent work,13 we used the strategy of extreme phenotype

sampling and performed a genome-wide rare copy-number variation

(CNV) analysis in 281 males who met strict criteria for the life-

course-persistent and extremely impulsively violent form of APD, and

found that 123 (44%) of 281 cases harbored one to several rare CNVs

that impacted genes associated with autosomal dominant or X-linked

Mendelian disorders affecting adult behavior, cognition, learning and

intelligence. CNVs also occurred in genes of as yet undetermined

function that are specifically expressed in the brain, and in genes rele-

vant to synapses, neurodevelopment, neurodegeneration, obesity and

neuropsychiatric phenotypes.

In this work, we performed whole exome sequencing (WES) on

the same cohort and analyzed the spectrum of rare genetic variants

predicted to disrupt corresponding protein synthesis and function by

introducing either a premature stop codon, a frameshift, or altered

splice site. We hypothesized that, as in similar conditions,14 these rare,

likely protein truncating variants (rPTVs) might contribute to individual

APD liability and that a proportion of investigated individuals may be

affected by currently undiagnosed Mendelian diseases, as was the

case for 31 cases with clinically relevant CNVs identified in our previ-

ous study.13

2 | MATERIALS AND METHODS

2.1 | Subjects

The Ethical Committee of the First Psychiatric Clinic, Prague and Gen-

eral University Hospital in Prague approved this study. Subjects were

recruited from four high-security male prisons with a specialized pro-

gram for prisoners with personality disorders. In total, 313 participants

≥18 years, with an ICD 10 diagnosis of Antisocial Personality Disorder

F60.2, the absence of an organic brain disorder (F00–F09 and F70–

F79), no evidence of intellectual disability (all participants completed

at least elementary school), and with a proven history of repetitive
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violent assaults and at least two convictions for violent attacks (rob-

bery, murder or attempted murder) were included in this study. They

originated from 488 participants who were characterized as extremely

violent by prison psychologists from 6390 ascertained individuals.

Details on subject recruitment, psychiatric assessment, clinical charac-

terization and ancestry determination are described elsewhere.13

2.2 | Exome sequencing

Genomic DNA of all available individuals was extracted from

whole blood samples in a standard manner. Sequencing libraries

were constructed and sequenced on an Illumina HiSeq 2500 sys-

tem and data analysis was performed as described previously.15

Briefly, the resulting FASTQ files were aligned to the human ref-

erence genome (hg19) using Novoalign v.2.08.03 (Novocraft

Technologies, Selangor, Malaysia). After genome alignment, con-

version of SAM format to BAM and duplicate removal were per-

formed with Picard Tools v.1.129. The Genome Analysis Toolkit

(GATK v.3.5) was used for local realignment around indels, base

recalibration and variant recalibration and genotyping. All pro-

cessed BAM files (cases and controls) were jointly genotyped

using GATK Unified Genotyper. Variants were annotated with

SnpEff 3.6 using Ensemble gene annotation version 75. Samples

with average coverage <40� and with <90% of targets covered

at least 10�, with kinship relations and ethnic outliers were

excluded from the analysis.

2.3 | Controls and rPTV detection

Comparisons were made with exomes from Czech and Slovak-

matched males available from the database of genomic variants main-

tained by the Czech National Center for Medical Genomics (http://

ncmg.cz/en); (n = 1260). The control group (n = 314) that was used

for all comparisons was composed of randomly selected healthy males

who presented with conditions unrelated to mental health (cardiomy-

opathy [58%], statin-induced myopathy [7%]), and fathers of patients

investigated for a broad spectrum of recessive Mendelian phenotypes

(35%). Other comparisons were made with publicly available genotype

data from The Genome Aggregation Database (gnomAD).16 We

defined rPTVs as being absent in Czech and Slovak matched control

samples and having a frequency ≤0.1% among subjects reported in

gnomAD datasets.

2.4 | Gene-set and gene network analyses of
rPTVs and prioritization of candidate genes

Gene set analysis was performed and candidate genes were priori-

tized through functional annotation tools available in FUMA,17

g:Profiler (g:GOSt),18 and by individual expert evaluation. Only signifi-

cantly enriched terms were listed (false discovery rate adjusted p-

value <0.05). Genes with specific expression in brain were identified

in The Genotype-Tissue Expression Project Portal (GTEx V7 release)

when their maximum expression levels (transcripts per million values)

in any brain region were at least five times higher than the average in

other tissues. Tissue-specific enriched expression of gene sets was

tested using Tissue-Specific Expression Analysis (TSEA) tool.19 Back-

ground gene set in GENE2FUNC analysis in FUMA was set to “pro-
tein coding.”

Genes that are intolerant to rPTVs have substantial and consis-

tent impact across neurodevelopmental and psychiatric disorders.20

To identify such genes among group-specific genes we used the crite-

rion of the probability of loss-of-function intolerance (pLI) value

≥0.9021 that is reported in the ExAC v1.0 dataset, which excludes psy-

chiatric cohorts. Clinically relevant rPTVs were defined as those that

affect genes with reported autosomal dominant and X-linked inheri-

tance patterns or de novo mutations and neurological phenotypes in

the Online Mendelian Inheritance in Man (OMIM) database. Poten-

tially clinically relevant rPTVs were defined as those that affect genes

with reported autosomal dominant and X-linked inheritance patterns

or de novo mutations and a phenotypic description potentially related

to the phenotype.

2.5 | Statistical analysis

Odds ratios (ORs) and p-values from Fisher's exact test were obtained

using the epitools package implemented in R (version 4.0.0).

3 | RESULTS

3.1 | Distribution of individual rPTV categories is
similar in cases and control subjects

Of 313 case samples, 290 passed stringent quality control and were

successfully genotyped. From these samples, we identified 2418

rPTVs fulfilling the selected criteria (Table S1). Of these, 978 were

frameshift mutations, 814 were stop-gain mutations, 508 affected

either donor or acceptor splice sites, 79 affected initiation codons

(start lost) and 39 affected termination codons (stop-loss; Figure 1A).

The distribution of rPTV counts per case is shown in Figure 1B. Identi-

fied rPTVs impacted 2128 genes, with 249 genes impacted with more

than two (2–5) different rPTVs (Figure 1C). The majority of rPTVs

(2165) occurred only once in the population; 253 rPTVs were found

in more than one case (2–15 times; Figure 1D).

The most frequent case-specific variant was a stop-gain variant in

BAHD1 (rs139014605; p.Arg20Ter), which was identified in a hetero-

zygous state in 15 individuals of Roma ancestry. BAHD1 is a compo-

nent of a multi-protein complex associated with histone

deacetylases.22,23 BAHD1 haploinsufficiency results in an anxiety-like

phenotype in male mice,24 and a disruption of BAHD1 was described

in a single case of teenage onset of progressive intellectual deteriora-

tion.25 Using a PCR-RFLP-based genotyping assay we found a similar

frequency (6 out of 98 males) in Roma controls. Thus, this variant

probably represents a Roma population-specific polymorphism.
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F IGURE 1 Legend on next page.
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In a control group of 314 males, we identified 3034 rPTVs. The

distribution of variants according to their impact is shown in

Figure 1A. The distribution of rPTV counts per control individual is

shown in Figure 1B. Identified rPTVs impacted 2589 genes, with

359 genes impacted by more than two (2–6) different rPTVs. The TTN

gene was affected 37 times, reflecting the presence of multiple indi-

viduals with cardiomyopathy in the control group (Figure 1C). A

majority of rPTVs (2835) occurred one time in the population;

199 rPTVs were found more than once (2–5 times; Figure 1D).

3.2 | Cases are significantly more likely to harbor
multiple rPTVs in brain-specific and synaptic genes
that are intolerant to loss of function mutations

To characterize the genetic architecture of impulsive violence, we

adapted the approach that was used to study schizophrenia in

South African Xhosa patients.26 The workflow of this approach is

shown in Figure 2.

We first selected genes harboring rPTVs only in the group of

cases or in the group of controls. In cases we identified 2100 rPTVs,

representing 1753 unique variants in 1597 genes (case-specific

events). In controls we identified 2536 rPTVs, representing 2346

unique variants in 2058 genes (control-specific events; Table S1).

Occurrence of rPTVs in the “high pLI” genes in individual cases is

shown in Figure 3. At least one rPTV in any of the “high pLI” genes

was identified in 156 (53%) cases and 161 (51%) controls (OR 1.11;

95% confidence interval [CI] = 0.80–1.52; p = 0.54). When we used

the threshold of at least two rPTVs per “high pLI” gene, we identified

70 (24%) cases and 42 (13%) controls (OR 2.06; 95% CI 1.35–3.14;

p < 0.001). With the threshold of three or more rPTVs per gene, we

identified 49 (17%) cases and 14 (4.5%) controls (OR 4.36; 95% CI

2.34–8.08; p < 0.0001). In contrast, there was no difference in the

rPTV distribution for genes that are tolerant to loss-of-function (pLI

values <0.90; Figure 3A).

Similarly, in a subgroup of 69 “high pLI” genes that have been

identified in The Genotype-Tissue Expression Project Portal as specifi-

cally expressed in the brain, cases are more likely than controls to har-

bor rPTVs in genes that are affected at least twice; (OR 2.80; 95% CI

1.07–7.32; p = 0.036). In contrast, there was no difference in the dis-

tribution of rPTVs identified in the “brain-specific” genes with pLI

values <0.90 (Figure 3B). In addition, 19 (58%) of 33 brain-specific

“high pLI” genes affected in cases (RET, NRXN2, GRIA4, PPFIA2,

ANKS1B, KSR2, PCDH9, NOVA1, TRIM9, RASGRP1, RAP1GAP2, GNAL,

UNC13A, PTPRT, COL11A2, KIAA1244, LIMK1, GPRASP1 and TENM1)

did not harbor any rPTVs in 1260 Czech and Slovak matched males.

We also compared and found differences in the occurrence of

rPTVs in 61 “synaptic” rPTV intolerant genes that have been defined

by the SynGO Consortium27 (Figure 3C). The rPTVs in these synaptic

genes were in cases enriched for those that are specifically expressed

in brain and pituitary glands (Benjamini–Hochberg corrected p-values

1.4 � 10�5 and 0.02 at the specificity index (pSI) threshold <0.01,

respectively). In contrast, expression of “synaptic” genes identified in

F IGURE 1 Distribution of protein truncating variants identified in 290 impulsively violent individuals with an ICD 10 Diagnosis of Antisocial

Personality Disorder and 314 control subject. (A) Distribution of rare protein-truncating variants (rPTVs) into individual impact categories;
(B) Distribution of rPTVs per individual in cases; (range 3–21, average 10, median 10) and controls (range 1 to 22, average 10, median 10).
(C) Distribution of rPTVs per gene. In cases, rPTVs impacted 2128 genes with 249 genes impacted with 2–5 different rPTVs. In controls, rPTVs
impacted 2589 genes with 359 genes impacted with 2–37 different rPTVs. Functionally relevant genes and genes with recurrently observed
rPTVs are indicated. (D) Distribution of individuals per rPTV; 253 rPTVs were found in more than one individual (2–15 individuals); 199 rPTVs
were found in more than one control (2–5 individuals). Genes with the most frequently observed rPTV and functionally relevant genes with
recurrently observed rPTV are indicated.

F IGURE 2 Work flow diagram and summary of results. pLI,
probability of loss-of-function intolerance; PTVs, protein-truncating
variants.
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controls was not enriched in any tissue (Figure 3D). We also subjected

the list of “synaptic” genes affected by rPTVs to parallel functional

profiling and found specific enrichment of case-specific “synaptic”
genes in neurotransmitter transport (adjusted p-value = 1.6 � 10�4;

PPFIA2, TRIM9, UNC13A, NRXN3, SLC29A1, RIMS2, CACNA1B), dopa-

minergic synapses (adjusted p-value = 0.007; GRIA4, CACNA1C,

PPP1CC, CACNA1B) and synaptic vesicle cycle (adjusted p-

value = 1.8 � 10�5; PICALM, PPFIA2, TRIM9, NRXN3, UNC13A,

AP2M1, RIMS2, CACNA1B; Figure 3E). Control-specific “synaptic”
genes were specifically enriched for muscle structure development

(adjusted p-value = 0.01; MTOR, BDNF, CACNA1H, MYH10, LAMA5,

FXR1, CDK5, TSC1, DMD) and neuromuscular junction (adjusted p-

value = 2.8 � 10–3; DLG2, MYH10, LAMA5, CDK5), reflecting the

inclusion of patients with genetic cardiomyopathies in the control

group (Figure 3E). In addition, 13 (50%) of 26 “synaptic” genes identi-
fied in cases (PICALM, GRIA4, CACNA1C, PPFIA2, ANKS1B, TRIM9,

USP8, ERBB2, UNC13A, ACTR2, PTPRT, SLC29A1 and TENM1) did not

harbor any rPTV in 1260 Czech and Slovak matched males.

3.3 | Clinical and biological interpretation
identified 114 clinically relevant rPTVs in 102 genes in
110 cases

To assess the clinical relevance of individual genes impacted by rPTVs in

cases, we considered their clinical associations, biological function, pat-

terns of gene expression obtained from the Genotype-Tissue Expression

Project Portal (GTEx),28 and genic intolerance to deletions and duplica-

tions29 and loss of function mutations.21 This analysis identified

114 rPTVs in 102 genes in 110 cases. Ninety-one cases had 1, 17 cases

had 2 and 2 cases had 3 clinically relevant rPTVs (Tables 1–5).

3.4 | Thirty-seven cases harbored rPTVs in
23 genes that are associated with neurological
phenotypes in the OMIM database

To identify cases potentially affected by monogenic disease, we

downloaded the OMIM database and restricted the original set of

2128 genes impacted by rPTVs to genes reported with autosomal

dominant and X-linked inheritance patterns or de novo mutations

and a phenotypic description. This analysis identified 165 cases

that had 200 rPTVs in 175 genes (Table S1). Functional annota-

tion identified over-representation of genes impacted by these

rPTVs in gene sets related to ion channel complexes, cell junction

and adhesion, neuron projection and maturation, synaptic trans-

mission, regulation of membrane potential, synapses, calcium sig-

naling, and NCAM signaling. Twenty-three genes were associated

with neurodegeneration in the UniProt Keywords database

(Figure S1).

From these 165 cases, further evaluation identified 37 (13%)

cases with 29 clinically significant rPTVs in 23 genes that are associ-

ated with neurological phenotypes (Table 1)30–65 compared with

16 (5%) individuals identified in controls (OR 2.72; 95% CI 1.48–

5.01; p = 0.001). One case (7587) had two clinically significant

rPTVs. Four (544G, 499G, 1090G and 1217G) had a combination of

one clinically significant rPTV with one of the 20 potentially clini-

cally significant rPTVs that were found in additional 19 cases

(Table 2). There were 7 cases with three different mutations in

KIDINS220, four cases with three different mutations in ABCA7, four

cases with premature stop codons or frame-shift mutations in

RTN4R and three cases with premature stop codons in TGM6. Two

cases had different mutations in CACNA1B. The other 18 mutations

affected RELN, GRIA4, GNAL, RTN2, SOX11, SAMD9L, SHROOM4,

PHIP, DPP6, NOTCH3, C9orf72, PUF60, NOL3, CHRNA4, FAT2,

AFG3L2, SEMA3E and CDON and were found in 17 cases and each

occurred once in the population of cases.

3.5 | Fifty-two cases harbored rPTVs in genes
intolerant to loss of function mutations

Using the criterion of a pLI value ≥0.90 to define the intolerance of a

gene to truncating mutations, we identified 169 “high pLI” rPTVs in

162 genes in 143 cases, with 10 cases having 3 and 44 cases having

2 of these rPTVs. Two different mutations were found in seven genes

(ACTR2, AKAP13, C16orf70, PCDH9, PSIP1, RIMS2 and USP47);

155 genes were affected once. Thirteen rPTVs were observed more

F IGURE 3 Distributions of rare protein truncating variants in genes intolerant to loss-of-function mutations. Histograms indicate the
proportions and occurrence of rare protein truncating variants (rPTVs) identified exclusively in cases (red bars) and controls (black bars). Genes
considered to be intolerant to loss of function mutations have the probability of loss-of-function intolerance (pLI) value ≥0.90. Thresholds indicate
the minimum number of rPTV variants in a case or a control gene. (A) A higher proportion of cases than controls harbor rPTVs in “high pLI” genes.
OR, odds ratio; 95% CI, 95% confidence interval; p-value, Fisher's exact test. There is no difference for genes with pLI values <0.90. (B) A higher
proportion of cases than controls harbor rPTVs in “high pLI” genes specifically expressed in brain. There is no difference for genes with pLI values
<0.90. (C) Cases and controls have similar distribution in “high pLi” “synaptic” genes that have been defined by the SynGO Consortium. (D) Tissue

Specific Expression Analysis (TSEA) tool analysis showing that rPTVs in these synaptic genes were enriched in cases for those that are specifically
expressed in brain and pituitary glands. Benjamini–Hochberg corrected p-values at different levels of the specificity index thresholds (pSI) are
depicted by color corresponding to the look-up tables. In contrast, expression of “synaptic” genes identified in controls was not enriched in any
tissue. (E) Parallel functional profiling with g:Profiler found enrichment of case-specific “synaptic” genes involved in neurotransmitter transport,
dopaminergic synapses and synaptic vesicle cycle. Control-specific “synaptic” genes were enriched for genes involved in muscle structure
development and formation of neuromuscular junction, pointing to the inclusion of patients with genetic cardiomyopathies in the control group.
The color corresponds to the adjusted p-values and the size of the dot corresponds to the ratio of the genes associated with the term.
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TABLE 2 Rare PTVs of potential clinical significance with reported autosomal dominant and X-linked inheritance patterns or de novo
mutations and a phenotypic description identified in 19 males with an ICD 10 Diagnosis of Antisocial Personality Disorder and their frequencies
in controls.

ID Position aa aa_length Impact Gene

MIM

number Phenotypes aaf_gnomad

1217G chr11:78482175–
78482177; GC\G

�104 149 fs TENM4 610,084 Essential tremor, hereditary, 5,

AD

�1

3476G chr6:100868720–
100868722; GC\G

�371 766 fs SIM1 603,128 Obesity, severe, AR, AD,

Multifactorial

�1

7535 chr3:63985123–
63985124; A\C

- 114 SAV ATXN7 607,640 Spinocerebellar ataxia 7, AD �1

7583 chr3:179137253–
179137254; G\A

R46* 340 Stop GNB4 610,863 Charcot–Marie–Tooth disease,

dominant intermediate F,

AD

4.06E-06

7671 chr3:87325468–
87325469; A\G

- 169 SDV POU1F1 173,110 Pituitary hormone deficiency,

combined, 1, AR, AD

�1

1090G chr20:57227126–
57227127; A\G

- 119 SAV STX16 603,666 Pseudohypoparathyroidism,

type IB, AD

�1

7020 chr1:40778124–
40778125; T\TA

- 224 SDV COL9A2 120,260 Epiphyseal dysplasia, multiple,

2, AD; Stickler syndrome,

type V, AR

4.08E-06

7021 chr15:50905911–
50905912; G\A

R125* 535 Stop TRPM7 605,692 Amyotrophic lateral sclerosis-

parkinsonism/dementia

complex, susceptibility to,

AD

�1

7538 chr2:25384137–
25384138; C\A

E206* 245 Stop POMC 176,830 Obesity, adrenal insufficiency

and red hair due to POMC

deficiency, AR; Obesity,

early-onset, susceptibility to,

AR, AD, Multifactorial

0.000415

2325G chr20:5294956–
5294958; TG\T

�20 384 fs PROKR2 607,123 Hypogonadotropic

hypogonadism 3 with or

without anosmia, AD

9.34E-05

544G chr17:62474100–
62474101; C\A

*152 L 151 stop_lost POLG2 604,983 Progressive external

ophthalmoplegia with

mitochondrial DNA

deletions, AD

�1

7487 chr2:238243532–
238243533; C\G

- 2570 SAV COL6A3 120,250 Bethlem myopathy 1, AR, AD;

Dystonia 27, AR; Ullrich

congenital muscular

dystrophy 1, AR, AD

1.63E-05

1233G chr6:70942284–
70942285; C\T

- 678 SDV COL9A1 120,210 Epiphyseal dysplasia, multiple,

6, AD; Stickler syndrome,

type IV

�1

2505G chr12:57892219–
57892230;

AGTGGAACACC\A

chr12:57892232–
57892234; CT\C

�134

�139

231 fs MARS 156,560 Charcot–Marie–Tooth disease,

axonal, type 2 U, AD

4.06E-06

4.06E-06

7595 chr16:776366–776367;
T\C

M1V 438 start_lost CCDC78 614,666 Centronuclear myopathy 4, AD 3.11E-05

1068G chr6:152539538–
152539539; C\CT

- 1654 SAV SYNE1 608,441 Emery-Dreifuss muscular

dystrophy 4, AD,

Spinocerebellar ataxia, 8, AR

9.37E-05

1063G chr2:178936545–
178936546; C\A

E207* 933 Stop PDE11A 604,961 Pigmented nodular

adrenocortical disease,

primary, 2, AD

�1

(Continues)
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than once: BAHD1 15 times, GTPBP1, PKN1 and SREBF2 5 times;

LRRC16A, SPATS2L and ZNF195 3 times; and DDX21, GTPBP4, KSR2,

PSIP1, PTPRU and TKTL1 twice. Functional annotation identified over-

representation of genes impacted by these rPTVs in several categories

related to nervous system development. In the category of cellular

components, these included gene sets related to nucleoplasm, coated

vesicle, neuron part, retromer complex and presynaptic active zone. In

the category of biological processes and pathways, these were gene

sets related to RNA processing, vesicle-mediated transport, guanyl-

nucleotide exchange factor activity, actin filament formation, synapse

organization, neurotransmitter transport, regulation of axonogenesis

and EPH-Ephrin signaling (Figure 2).

Individual expert evaluation identified 10 cases with 10 clinically

significant rPTVs in 10 “high pLI” genes (KATNAL1, PTPRT, BAIAP2,

OTUD7A, PLXND1, NRXN2, NRXN3, UNC13A, CIZ1 and PTPN4;

Table 3).66–78

There were an additional 46 cases with rare, potentially clinically

relevant rPTVs in 39 “high pLI” genes. Forty-two cases had one and

4 cases that had two of these rPTVs (Table 4).79–94

3.6 | Thirteen cases harbored rPTVs in 10 genes
reportedly intolerant to loss of function mutations in
the nonpsychiatric version of ExAC database

The ExAC database reports variants that were identified in adult

control subjects from population genetic studies and in patients

with various adult-onset diseases.16 The nonpsychiatric version of

ExAC does not report variants identified in psychiatric cohorts.20 To

identify genes that may also contribute to impulsive violence we

selected and considered the clinical relevance of rPTVs that are

mutated more frequently in psychiatric patients, for example, vari-

ants in genes that had different loss-of-function intolerance (pLI)

values in the nonpsychiatric and the psychiatric versions of the

database. We therefore restricted the search to genes that had nei-

ther OMIM link nor high pLI as defined above, but fulfilled the cri-

terion of pLI nonpsych – pLI ExAC >0.4. Potentially clinically

significant rPTVs were identified in 13 cases with each one having

one of these rPTVs (Table 5).95–110

3.7 | Integrated analysis of rPTVs and CNVs and
the course of imprisonment

As a final analysis we integrated rPTVs identified in this study with

rare CNVs identified in this cohort earlier13 and correlated their occur-

rence with the participant's course of imprisonment (Figure 4). Alto-

gether, clinically significant rPTV and CNV variants were identified in

63 (22%) cases. In an additional 129 (44%) cases we identified likely

clinically relevant variants that impacted highly phenotypically rele-

vant genes whose contributions to psychiatric illness require further

investigation. There was only one gene (DPP6) that was affected by

both rPTVs and CNVs. Clinically relevant rPTVs or CNVs were not

identified in 98 (34%) of cases.

TABLE 2 (Continued)

ID Position aa aa_length Impact Gene

MIM

number Phenotypes aaf_gnomad

499G chrX:120181949–
120181950; C\T

Q138* 558 Stop GLUD2 300,144 Parkinson disease, age of

onset, modifier

0.000263128

7540 chr17:15134149–
15134151; CT/C

�129 161 fs PMP22 601,097 Charcot–Marie–Tooth disease,

type 1A and 1E, AD;

Dejerine-Sottas disease, AR,

AD; Neuropathy,

inflammatory demyelinating,

AD; Neuropathy, recurrent,

with pressure palsies, AD;

Roussy-Levy syndrome, AD

8.47E-06

7021 chr2:167133698–
167133699; T/TA

G878G? 1977 fs SCN9A 603,415 Dravet syndrome, modifier,

AD; Epilepsy, generalized,

with febrile seizures plus,

type 7, AD; Erythermalgia,

primary, AD; Febrile

seizures, familial, 3B, AD;

HSAN2D, AR; Insensitivity

to pain, congenital, AR;

Paroxysmal extreme pain

disorder, AD; Small fiber

neuropathy, AD

�1

Abbreviations: aa, affected amino acid residue; aa_length, affected protein length; aaf_gnomad, minor allele frequencies in gnomAD database; AD,

autosomal dominant; fs, frame shift; ID, id number—position according to hg19 coordinates; NAF, number of affected individuals per variant; SAV, splice

acceptor variant; SDV, splice donor variant; start_lost, mutation of initiation codon; Stop/*, premature stop codon; ?, unknown sequence.
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 1601183x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbb.12882 by C

harles U
niversity, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
4

(C
o
nt
in
ue

d)

N
A
F

ID
P
o
si
ti
o
n

G
en

e
aa

aa
_l
en

gt
h

Im
pa

ct
P
h
en

o
ty
p
ic
co

rr
el
at
io
n

aa
f_
gn

o
m
ad

1
4
7
8
G

ch
r1
4
:3
5
0
4
4
9
8
1
–3

5
0
4
4
9
8
6
;T

T
A
A
G
\T

SN
X
6

�1
8
3

2
9
0

fs
SN

X
6
is
in
vo

lv
ed

in
C
N
S
ex

ci
ta
to
ry

n
eu

ro
n
s,
Sn

x6

kn
o
ck
o
u
t
m
ic
e
ex

h
ib
it
d
ef
ic
it
s
in

sp
at
ia
l

le
ar
n
in
g
an

d
m
em

o
ry

an
d
d
el
et
io
n

en
co

m
p
as
si
n
g
SN

X
6
w
as

fo
u
n
d
in

an

ad
o
le
sc
en

t
w
it
h
in
te
lle
ct
u
al
d
is
ab

ili
ty

�1

1
1
6
1
0
G

ch
r4
:1
8
6
5
5
9
2
7
0
–1

8
6
5
5
9
2
7
2
;A

G
\A

SO
R
B
S2

�2
8
9

6
6
6

fs
D
el
et
io
n
s
o
f
SO

R
B
S2

h
av
e
b
ee

n
lin

ke
d
to

in
te
lle
ct
u
al
d
is
ab

ili
ty

in
h
u
m
an

s.
G
en

et
ic

de
le
ti
o
n
o
f
SO

R
B
S2

al
ia
s
n
A
rg
B
P
2
in

m
ic
e
le
ad

s

to
m
an

ic
/b
ip
o
la
r-
lik
e
b
eh

av
io
r
in
cl
u
d
in
g

in
cr
ea

se
d
ac
ti
vi
ty
,c
o
m
p
u
ls
iv
e/
re
p
et
it
iv
e
ri
sk
-

ta
ki
n
g
an

d
h
ed

o
n
is
ti
c
b
eh

av
io
rs
.n

A
rg
B
P
2

co
nt
ro
ls
ex

ci
ta
to
ry

sp
in
e-
sy
n
ap

se
fo
rm

at
io
n

an
d
m
ai
n
te
n
an

ce
o
f
th
e
ex

ci
ta
to
ry
/i
m
p
u
ls
e

ba
la
n
ce

2
.0
3
E
-0
5

1
2
3
2
8
G

ch
r1
1
:1
6
6
3
3
8
0
8
–1

6
6
3
3
8
0
9
;T

\G
SO

X
6

-
N
o
ne

SA
V

SO
X
6
p
la
ys

a
ke

y
ro
le

in
th
e
d
ev

el
o
p
m
en

t
o
f
th
e

ce
n
tr
al
n
er
vo

u
s
sy
st
em

�1

1
7
4
6
3

ch
r1
1
:1
2
6
1
3
7
5
8
0
–1

2
6
1
3
7
5
8
3
;C

A
G
\C

SR
PR

�4
8

6
1
0

fs
SR

PR
en

co
d
es

a
su
b
u
n
it
o
f
th
e
en

d
o
p
la
sm

ic

re
ti
cu

lu
m

si
gn

al
re
co

gn
it
io
n
p
ar
ti
cl
e
re
ce
p
to
r

th
at
,i
n
co

n
ju
n
ct
io
n
w
it
h
th
e
si
gn

al
re
co

gn
it
io
n

pa
rt
ic
le
,i
s
in
vo

lv
ed

in
th
e
ta
rg
et
in
g
an

d

tr
an

sl
o
ca
ti
o
n
o
f
si
gn

al
se
q
u
en

ce
ta
gg

ed

se
cr
et
o
ry

an
d
m
em

b
ra
n
e
p
ro
te
in
s
ac
ro
ss

th
e

en
d
o
p
la
sm

ic
re
ti
cu

lu
m
.O

n
ly

1
6
in
d
iv
id
u
al
s

w
it
h
LO

F
m
u
ta
ti
o
n
ar
e
re
p
o
rt
ed

in
G
n
o
m
A
D

da
ta
b
as
e

1
.2
2
E
-0
5

1
7
6
3
2

ch
r2
:1
6
0
0
7
4
1
4
1
–1

6
0
0
7
4
1
4
2
;G

\T
TA

N
C
1

-
1
7
5
5

SD
V

T
A
N
C
p
ro
te
in
s
in
fl
u
en

ce
sy
n
ap

ti
c
sp
in
es

an
d

ex
ci
ta
to
ry

sy
n
ap

se
st
re
n
gt
h

�1

1
1
0
6
9
G

ch
rX
:1
2
3
5
2
5
8
9
8
–1

2
3
5
2
5
8
9
9
;T

\T
A

TE
N
M
1

-
2
7
2
5

SD
V

D
e
no

vo
m
u
ta
ti
o
n
s
o
f
TE

N
M
1
w
er
e
fo
u
n
d
in

ce
re
b
ra
lp

al
sy

8
2
an

d
co

n
ge

n
it
al
ge

n
er
al

an
o
sm

ia

�1

1
2
6
6
2
G

ch
r1
4
:5
1
4
4
6
0
9
1
–5

1
4
4
6
0
9
3
;G

C
\G

TR
IM

9
�7

7
5

8
0
2

fs
T
ri
m
9
is
sp
ec
if
ic
al
ly

ex
p
re
ss
ed

in
b
ra
in

an
d
it
s

de
le
ti
o
n
al
te
rs

th
e
m
o
rp
h
o
ge

n
es
is
o
f

de
ve

lo
p
in
g
an

d
ad

u
lt
-b
o
rn

h
ip
p
o
ca
m
p
al

ne
u
ro
n
s
an

d
im

p
ai
rs

sp
at
ia
ll
ea

rn
in
g
an

d

m
em

o
ry

in
m
ic
e.
9
4
SN

P
in

TR
IM

9
w
as

as
so
ci
at
ed

w
it
h
p
sy
ch

o
si
s

1
.6
2
E
-0
5

A
bb

re
vi
at
io
ns
:a

a,
af
fe
ct
ed

am
in
o
ac
id

re
si
du

e;
aa
_l
en

gt
h,

af
fe
ct
ed

pr
o
te
in

le
ng

th
;a

af
_g
no

m
ad

,m
in
o
r
al
le
le

fr
eq

ue
nc

ie
s
in

gn
o
m
A
D

da
ta
ba

se
;A

D
,a
u
to
so
m
al
d
o
m
in
an

t;
C
N
V
s,
ra
re

p
ro
te
in

tr
u
n
ca
ti
n
g
va
ri
an

ts
;f
s,

fr
am

e
sh
if
t;
ID

,i
d
nu

m
be

r—
po

si
ti
o
n
ac
co

rd
in
g
to

hg
1
9
co

o
rd
in
at
es
;N

A
F
,n

um
be

r
o
f
af
fe
ct
ed

in
di
vi
du

al
s
pe

r
va
ri
an

t;
SA

V
,s
pl
ic
e
ac
ce
pt
o
r
va
ri
an

t;
SD

V
,s
p
lic
e
d
o
n
o
r
va
ri
an

t;
st
ar
t_
lo
st
,m

u
ta
ti
o
n
o
f
in
it
ia
ti
o
n

co
do

n;
St
o
p,

pr
em

at
ur
e
st
o
p
co

do
n;

?,
un

kn
o
w
n
se
qu

en
ce
.
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4 | DISCUSSION

Life-course-persistent APD with aggressive behavior is often associ-

ated with changes in brain structure and function and overlaps with

cognitive impairment and neurodevelopmental, neuropsychiatric and

neurodegenerative diseases.9 An underlying genetic basis for similar

neuropsychiatric disorders has been evaluated, with rare inherited

and de novo variants in genes involved in brain development, homeo-

stasis and neuronal communication identified as major contributors to

individual risk for autism,111 attention deficit hyperactivity disorder

(ADHD),112 intellectual disability,113 schizophrenia114 and bipolar

disorder.115

PTVs in genes that are intolerant to loss of function mutations

are expected to exhibit stronger effects116 and are well suited to cap-

ture the impact of rare to ultra-rPTVs on the cognitive, behavioral,

and developmental spectrum.113 In this investigation, we identified

rPTVs in 290 cases classified by strict criteria as having life-

course-persistent APD dominated by impulsive violence.13 Consistent

with the results of similar studies in ADHD and cognition-related

phenotypes,112,117,118 we found that cases were significantly more

likely to harbor rPTVs in brain-specific and synaptic genes that are

intolerant to loss of function mutations and affected by multiple

events in the cohort. In 60 (20% of all) cases we identified rPTVs that

we classified as clinically relevant. Of these, 37 (13% of all) individuals

harbored rPTVs in 23 genes that are associated with a neurological

phenotype in the OMIM database, demonstrating either AD and

X-linked inheritance patterns or occurrence of de novo mutations. An

additional 23 (8% of all) cases harbored clinically significant rPTVs in

20 genes reportedly intolerant to loss of function mutations, either

in the general population or in nonpsychiatric cohorts. None of the

genes affected by these rPTVs localizes in genome-wide significant

loci identified in the largest GWAS meta-analysis of antisocial behav-

ior.119 Three rPTVs affected 6 of 76 potential risk genes (HYI, VRK1,

ZNF852, XRN2, ABHD5 and MST1R) that are localized in 27 genome-

wide significant loci identified in the largest GWAS meta-analysis

study of ADHD.120 However, none of these three genes and corre-

sponding proteins can be functionally linked to impulsively violent

behavior upon current knowledge.

Joint analysis of rPTVs identified in this study with rare CNVs

identified in this cohort earlier13 support the oligogenic model of life-

persistent APD with aggressive behavior, in which the disorder can be

either directly caused or significantly modulated by rare damaging var-

iants in either one or several genes in an individual. Different genetic

and biological pathways implicated in neuron projection and matura-

tion, regulation of neuronal activity, synaptic transmission and plastic-

ity, neuronal activity and control of neuronal excitability are affected,

with little individual overlap and recurrence, resulting in a diverse phe-

notypic population. While GWAS studies have suggested that a multi-

tude of genes are responsible for many continuous traits such as

height and weight, in this study, we show the presence of as little

as one or just a few rPTVs may significantly contribute to otherwise

polygenic genetic liability to life-course-persistent APD.

This study has several limitations, which we have discussed in our

previous manuscript.13 This study is not a standard association study

that is testing the statistical significance of differences in allelic fre-

quencies in case and control cohorts. Instead, we performed a case–

control study comparing the presence of rare protein-disrupting vari-

ants in individuals with APD vs. unaffected controls. We followed the

strategy of extreme phenotype sampling.121 This strategy is based on

the selection of individuals at the extreme end of a disease phenotype

F IGURE 4 Integrated analysis of rare protein truncating variants (rPTVs) and copy-number variations (CNVs) and the course of imprisonment.
X-axis reports individual participants who are ranked according to the age of their first imprisonment (gray bar). Individual prison terms and their
time course are shown by a red bar. Custody is shown by a pink bar, detention by a blue bar, time on release by a green bar. Clinically significant
variants identified in participants are shown in black (rPTVs) or gray (CNVs).
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distribution and may identify rare genetic variants by sequencing a rel-

atively small sample size. A significant proportion of participants were

of Roma ancestry, with little information available on genetic variabil-

ity of this population, limiting rigorous assessment of variant frequen-

cies. However, we studied variants that are not found in the

population and are rarely present in any population. The rarity of

the variant is reinforced by the absence in other cases, in the Czech

and Slovak matched control samples (including also individuals of

Roma ancestry) and among subjects reported in gnomAD datasets

(including 25,000 people of East and South Asian ancestry). The

nature of the study did not allow for collection, phenotyping and gen-

otyping of parents and siblings of study participants to establish either

de novo origin or assess the segregation of identified variants with

antisocial violent behavior in families. For most of the variants, we

have no functional data, and some may therefore be of low impact or

benign. It is important to note that while these mutations may contrib-

ute to APD in these individuals, this does not imply that mutations in

similar genes in the general population are associated with a higher

risk of APD.

Another limitation of this study is the small amount of research

that has been performed in APD and specifically in incarcerated popu-

lations. This prevented comparison with similar studies. While the

protection of prisoners' rights is of high importance, this has led to

less research in a group of individuals that are highly in need of further

scientific understanding of their disorder. Such research could aid in

the treatment of these individuals and hopefully prevent criminal

behavior in the future.

Despite these limitations, the important finding of our studies

was the identification of 63 (22%) cases who may be affected by clini-

cally unrecognized neuropsychiatric Mendelian disease. This preva-

lence is similar to other neuropsychiatric conditions. For example,

6%–37% of autistic individuals122,123 and 40% of individuals with

intellectual disability124 have been diagnosed with an identifiable

genetic syndrome. This work thus provides evidence that Mendelian

diseases and rare variant burden may represent important causal or

dispositional factors for development of APD irrespective of their clin-

ical presentation.

Prisoners have high rates of psychiatric disorders that are fre-

quently underdiagnosed and poorly treated. With the increasing avail-

ability of genetic analysis and improvement in clinical interpretation of

genomic data, genetic investigations can now be performed in incar-

cerated individuals with extreme (severe) forms of neuropsychiatric ill-

ness. If positive, genomic testing may integrate descriptive psychiatric

classification and genetic (biologic) etiology into a specific diagnosis.

This information may help identify prognosis and possibly specific

interventions.125 Genetic diagnosis may potentially change some

established procedures in penitentiary practice like assessment of

criminogenic risks or evaluation of the effectiveness of prison-based

rehabilitation programs.
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 1601183x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbb.12882 by C

harles U
niversity, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-6239-707X
https://orcid.org/0000-0002-6239-707X
info:doi/10.3928/00485713-20150401-08
info:doi/10.3928/00485713-20150401-08
info:doi/10.1016/j.psc.2008.03.015
info:doi/10.1016/S0140-6736(02)07740-1
info:doi/10.1111/jcpp.12102
info:doi/10.1038/ng.3285


9. Raine A. Antisocial personality as a neurodevelopmental disorder.

Annu Rev Clin Psychol. 2018;14:259-289. doi:10.1146/annurev-

clinpsy-050817-084819

10. Odintsova VV, Roetman PJ, Ip HF, et al. Genomics of human aggres-

sion: current state of genome-wide studies and an automated sys-

tematic review tool. Psychiatr Genet. 2019;29(5):170-190. doi:10.

1097/YPG.0000000000000239

11. Brunner HG, Nelen M, Breakefield XO, Ropers HH, van Oost BA.

Abnormal behavior associated with a point mutation in the structural

gene for monoamine oxidase A. Science. 1993;262(5133):578-580.

12. Brunner HG, Nelen MR, van Zandvoort P, et al. X-linked borderline

mental retardation with prominent behavioral disturbance: pheno-

type, genetic localization, and evidence for disturbed monoamine

metabolism. Am J Hum Genet. 1993;52(6):1032-1039.

13. Vevera J, Zarrei M, Hartmannova H, et al. Rare copy number varia-

tion in extremely impulsively violent males. Genes Brain Behav. 2018;

18:e12536. doi:10.1111/gbb.12536

14. Raznahan A, Won H, Glahn DC, Jacquemont S. Convergence and

divergence of rare genetic disorders on brain phenotypes: a review.

JAMA Psychiatry. 2022;79(8):818-828. doi:10.1001/jamapsychiatry.

2022.1450

15. Kmoch S, Majewski J, Ramamurthy V, et al. Mutations in PNPLA6

are linked to photoreceptor degeneration and various forms of child-

hood blindness. Nat Commun. 2015;6:5614. doi:10.1038/

ncomms6614

16. Lek M, Karczewski KJ, Minikel EV, et al. Analysis of protein-coding

genetic variation in 60,706 humans. Nature. 2016;536(7616):285-

291. doi:10.1038/nature19057

17. Watanabe K, Taskesen E, van Bochoven A, Posthuma D. Functional

mapping and annotation of genetic associations with FUMA. Nat

Commun. 2017;8(1):1826. doi:10.1038/s41467-017-01261-5

18. Raudvere U, Kolberg L, Kuzmin I, et al. G:profiler: a web server for

functional enrichment analysis and conversions of gene lists (2019

update). Nucleic Acids Res. 2019;47(W1):W191-W198. doi:10.1093/

nar/gkz369

19. Wells A, Kopp N, Xu X, et al. The anatomical distribution of genetic

associations. Nucleic Acids Res. 2015;43(22):10804-10820. doi:10.

1093/nar/gkv1262

20. Kosmicki JA, Samocha KE, Howrigan DP, et al. Refining the role of

de novo protein-truncating variants in neurodevelopmental disor-

ders by using population reference samples. Nat Genet. 2017;49(4):

504-510. doi:10.1038/ng.3789

21. Samocha KE, Robinson EB, Sanders SJ, et al. A framework for the

interpretation of de novo mutation in human disease. Nat Genet.

2014;46(9):944-950. doi:10.1038/ng.3050

22. Bierne H, Tham TN, Batsche E, et al. Human BAHD1 promotes het-

erochromatic gene silencing. Proc Natl Acad Sci U S A. 2009;106(33):

13826-13831. doi:10.1073/pnas.0901259106

23. Zhao D, Zhang XJ, Guan HP, et al. The BAH domain of BAHD1 is a

histone H3K27me3 reader. Protein Cell. 2016;7(3):222-226. doi:10.

1007/s13238-016-0243-z

24. Pourpre R, Naudon L, Meziane H, et al. BAHD1 haploinsufficiency

results in anxiety-like phenotypes in male mice. PLoS One. 2020;

15(5):e0232789. doi:10.1371/journal.pone.0232789

25. Pienkowski VM, Kucharczyk M, Mlynek M, et al. Mapping of break-

points in balanced chromosomal translocations by shallow whole-

genome sequencing points to EFNA5, BAHD1 and PPP2R5E as

novel candidates for genes causing human Mendelian disorders.

J med Genet. 2019;56(2):104-112. doi:10.1136/jmedgenet-2018-

105527

26. Gulsuner S, Stein DJ, Susser ES, et al. Genetics of schizophrenia in

the South African Xhosa. Science. 2020;367(6477):569-573. doi:10.

1126/science.aay8833

27. Koopmans F, van Nierop P, Andres-Alonso M, et al. SynGO: an

evidence-based, expert-curated Knowledge Base for the synapse.

Neuron. 2019;103(2):217-234 e4. doi:10.1016/j.neuron.2019.

05.002

28. Mele M, Ferreira PG, Reverter F, et al. Human genomics. The human

transcriptome across tissues and individuals. Science. 2015;

348(6235):660-665. doi:10.1126/science.aaa0355

29. Ruderfer DM, Hamamsy T, Lek M, et al. Patterns of genic intoler-

ance of rare copy number variation in 59,898 human exomes. Nat

Genet. 2016;48(10):1107-1111. doi:10.1038/ng.3638

30. Josifova DJ, Monroe GR, Tessadori F, et al. Heterozygous KIDIN-

S220/ARMS nonsense variants cause spastic paraplegia, intellectual

disability, nystagmus, and obesity. Hum Mol Genet. 2016;25(11):

2158-2167. doi:10.1093/hmg/ddw082

31. Scholz-Starke J, Cesca F. Stepping out of the shade: control of

neuronal activity by the scaffold protein Kidins220/ARMS.

Review. Front Cell Neurosci. 2016;10:68. doi:10.3389/fncel.2016.

00068

32. Steinberg S, Stefansson H, Jonsson T, et al. Loss-of-function variants

in ABCA7 confer risk of Alzheimer's disease. Nat Genet. 2015;47(5):

445-447. doi:10.1038/ng.3246

33. Bellenguez C, Charbonnier C, Grenier-Boley B, et al. Contribution to

Alzheimer's disease risk of rare variants in TREM2, SORL1, and

ABCA7 in 1779 cases and 1273 controls. Neurobiol Aging. 2017;

59(220.e9):220.e1-220.e9. doi:10.1016/j.neurobiolaging.2017.

07.001

34. Cuyvers E, De Roeck A, Van den Bossche T, et al. Mutations in

ABCA7 in a Belgian cohort of Alzheimer's disease patients: a tar-

geted resequencing study. Lancet Neurol. 2015;14(8):814-822. doi:

10.1016/S1474-4422(15)00133-7

35. Fournier AE, GrandPre T, Strittmatter SM. Identification of a recep-

tor mediating Nogo-66 inhibition of axonal regeneration. Nature.

2001;409(6818):341-346. doi:10.1038/35053072

36. Lattanzi GM, Buzzanca A, Frascarelli M, Di Fabio F. Genetic and clin-

ical features of social cognition in 22q11.2 deletion syndrome.

Review. J Neurosci Res. 2018;96(10):1631-1640. doi:10.1002/jnr.

24265

37. Kimura H, Fujita Y, Kawabata T, et al. A novel rare variant R292H in

RTN4R affects growth cone formation and possibly contributes to

schizophrenia susceptibility. Transl Psychiatry. 2017;7(8):e1214. doi:

10.1038/tp.2017.170

38. Tripathy D, Vignoli B, Ramesh N, et al. Mutations in TGM6 induce

the unfolded protein response in SCA35. Hum Mol Genet. 2017;

26(19):3749-3762. doi:10.1093/hmg/ddx259

39. Groen JL, Andrade A, Ritz K, et al. CACNA1B mutation is linked to

unique myoclonus-dystonia syndrome. Hum Mol Genet. 2015;24(4):

987-993. doi:10.1093/hmg/ddu513

40. Lee SE, Lee GH. Reelin affects signaling pathways of a group of

inhibitory neurons and the development of inhibitory synapses in

primary neurons. Int J Mol Sci. 2021;22(14):7510. doi:10.3390/

ijms22147510

41. Armstrong NC, Anderson RC, McDermott KW. Reelin: diverse roles

in central nervous system development, health and disease. Int J Bio-

chem Cell Biol. 2019;112:72-75. doi:10.1016/j.biocel.2019.04.009

42. Martin S, Chamberlin A, Shinde DN, et al. De novo variants in GRIA4

Lead to intellectual disability with or without seizures and gait

abnormalities. Am J Hum Genet. 2017;101(6):1013-1020. doi:10.

1016/j.ajhg.2017.11.004

43. Deutschlander AB, Wszolek ZK. Dyt-Gnal. In: Adam MP,

Ardinger HH, Pagon RA, et al., eds. GeneReviews((R)). University of

Washington; 1993.

44. Montenegro G, Rebelo AP, Connell J, et al. Mutations in the ER-

shaping protein reticulon 2 cause the axon-degenerative disorder

hereditary spastic paraplegia type 12. J Clin Invest. 2012;122(2):538-

544. doi:10.1172/JCI60560

45. Webster E, Cho MT, Alexander N, et al. De novo PHIP-predicted

deleterious variants are associated with developmental delay,
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 1601183x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbb.12882 by C

harles U
niversity, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1038/ng.3903
info:doi/10.1038/ng.3903
info:doi/10.1038/s41380-020-01006-9
info:doi/10.1038/s41586-020-2308-7
info:doi/10.1038/s41588-022-01143-7
info:doi/10.1016/j.neubiorev.2023.105313
info:doi/10.1038/s41380-022-01793-3
info:doi/10.1038/s41588-023-01350-w
info:doi/10.3390/genes11090987
info:doi/10.3390/genes11090987
info:doi/10.1001/jama.2015.10078
info:doi/10.1038/s41525-019-0093-8
info:doi/10.1038/s41525-019-0093-8
info:doi/10.1016/j.gde.2020.12.016
info:doi/10.1016/j.gde.2020.12.017
info:doi/10.1016/j.gde.2020.12.017
info:doi/10.1111/gbb.12882

	Increased burden of rare protein-truncating variants in constrained, brain-specific and synaptic genes in extremely impulsi...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Subjects
	2.2  Exome sequencing
	2.3  Controls and rPTV detection
	2.4  Gene-set and gene network analyses of rPTVs and prioritization of candidate genes
	2.5  Statistical analysis

	3  RESULTS
	3.1  Distribution of individual rPTV categories is similar in cases and control subjects
	3.2  Cases are significantly more likely to harbor multiple rPTVs in brain-specific and synaptic genes that are intolerant ...
	3.3  Clinical and biological interpretation identified 114 clinically relevant rPTVs in 102 genes in 110 cases
	3.4  Thirty-seven cases harbored rPTVs in 23 genes that are associated with neurological phenotypes in the OMIM database
	3.5  Fifty-two cases harbored rPTVs in genes intolerant to loss of function mutations
	3.6  Thirteen cases harbored rPTVs in 10 genes reportedly intolerant to loss of function mutations in the nonpsychiatric ve...
	3.7  Integrated analysis of rPTVs and CNVs and the course of imprisonment

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


