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Abstract

Background: Neurodevelopmental disorders (NDDs) are associated with altered 

development of the brain especially in childhood. Copy number variants (CNVs) play 

a crucial role in the genetic etiology of NDDs by disturbing gene expression directly at 

linear sequence or remotely at three-dimensional genome level which can exert in a 

tissue-specific manner. There are tools for prioritizing the pathogenicity of CNVs, but 

none focuses specifically on NDDs, although the increased number of NDD studies 

using whole-genome sequencing has generated a large amount of CNVs. Methods: 

Using an XGBoost classifier, we integrated 189 features that represent genomic 

sequences, gene information, and functional/genomic segments for evaluating genome-

wide CNVs in a neuro/brain-specific manner. We utilized Human Phenotype Ontology 

to construct an independent NDD-related set. Results: Our neuroCNVscore framework 

(https://github.com/lxsbch/neuroCNVscore) achieved high predictive performance (PR 

= 0.82; AUC = 0.85) and outperformed an existing reference method SVScore. 

Predicted pathogenic CNVs were enriched in known autism associated genes. 

Conclusions: The neuroCNVscore prioritizes functional, deleterious and pathogenic 

CNVs in NDDs at whole genome-wide level, which is important for genetic studies and 

clinical genomic screening of NDDs as well as for providing novel biological insights 

into NDDs. 

Key Words: Neurodevelopmental disorder; Copy number variant; Pathogenicity; 

Tissue specificity; Gene expression
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Key Messages: 

 What is already known on this topic

CNVs are important in the genetic etiology of NDDs. Systematic identification of CNV 

pathogenicity by virtue of their size, number and impact on genome is challenge. 

Several tools are available to evaluate CNVs or structural variants, but none on CNVs 

specific in NDDs.   

 What this study adds

The neuroCNVscore is a useful tool in prioritizing functional and/or pathogenic CNVs 

in NDDs at whole genome-wide level in a neuro/brain-specific manner. 

 How this study might affect research, practice or policy

Given the expanding studies on NDDs and the usage of sequencing in clinical practice, 

our neuroCNVscore speeds up the screening on pathogenic CNVs, which facilitates the 

clinical diagnoses of CNVs with unknown significant, and thus may provide novel 

biological insights into NDDs. 
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Introduction

Neurodevelopmental disorders (NDDs) are characterized by the inability to achieve 

cognitive, emotional, and motor developmental milestones including autism spectrum 

disorder (ASD), attention deficit hyperactivity disorder (ADHD) and schizophrenia. It 

is estimated to affect over 11.3%, and 15% of the population in low and middle-income 

countries 1 and US, 2 respectively. NDD’s heritability is high that has been estimated 

from twin and family studies as 50% to 90% in ASD, 3 88% in ADHD 4 and 85% in 

schizophrenia. 5 Genomic alterations are commonly found in children with NDDs. 

However, the explained genetic etiology of NDDs accounts for only a small proportion.

Copy number variants (CNVs) have been shown to be important for NDD genetic 

etiology. 6, 7 However, systematic identification of CNV pathogenicity by virtue of their 

number, size and impact on the genome is still a challenge. It is approximately 1,000 

CNVs per genome ranging in size from 50 base pairs (bp) to several mega bases (Mb). 

CNVs, by definition, result in gain or loss of DNA segments (copy number loss and 

copy number gain), that are exerted by altering the dosage of gene regions 8 as well as 

by disrupting non-coding areas, 7, 9 which requires various genomic assays in both 

tissue-specific and non-specific manner to dissect. Growing number of studies by whole 

genome sequencing (WGS) and the complexity of identifying pathogenic CNVs make 

computational prediction an appropriate tool.
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Many assessing tools have been developed to evaluate the pathogenicity of single 

nucleotide variants (SNVs), 10 11 but fewer studies have systematically focused on 

assessing the pathogenic CNVs, especially none in NDD related CNVs. Recently, 

SVScore, 12 SVFX, 13 SVPath, 14 and AnnotSV 15 have been developed to interpret the 

SVs by integrating results from prediction matrices of SNPs, using cancer related SVs 

as inputs, counting SVs with overlapped exons, or integrating multiple sources to 

annotate SVs. However, the aggregated effects on SNPs, somatic impacts of SVs, or 

only overlapping exons without tissue-specific information may bias the effects of 

CNVs, and germline variations are the major focus in NDDs. 

We here present a novel supervised machine learning framework, named as 

neuroCNVScore (https://github.com/lxsbch/neuroCNVscore), to score the 

pathogenicity of CNVs related to NDDs. We hypothesize that the computational 

prediction on pathogenic CNVs would benefit from a set of comprehensive tissue-

specific features covering the whole genomic regions. Hence, we utilized cleaned 

germline CNVs from published NDD studies, 16-19 and gene lists together with a 

comprehensive set of neuro/brain-specific data on non-coding regions from ENCODE, 

20 Roadmap, 21 EpiMap 22 and PsychENCODE 23 to train our models. Moreover, we 

constructed an NDD disease associated independent dataset using Human Phenotype 

Ontology (HPO) to validate trained models. The performance of neuroCNVScore was 

compared with a reference method SVScore. 12 This neuroCNVScore is designed for 
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assessing the pathogenicity of CNVs in NDDs generated from association studies or 

clinical diagnoses.

Methods

Data collection and pre-processing/harmonization 

The training set (identified by genomic coordinates) was gathered from several case-

control based NDD studies. We assigned CNVs from cases as likely pathogenic (LP). 

In contrast, the CNVs from unaffected individuals and parents served as the control. 

Together, we collected 86,694 CNVs in the LP and 786,058 in the control set from four 

data sources, respectively (Error! Reference source not found.. 1).

Initial data filtering and harmonization were performed on all autosomal 

chromosome CNVs in three major steps. We first removed CNVs <50 bp and divided 

CNVs into copy number loss and copy number gain giving their potential impacts on 

the genome. Next, we deleted CNVs which had 90% reciprocal overlapped between LP 

and control. Finally, we applied an empirical cumulative distribution function with bin 

size of 60 to generate size matched LP and control to overcome the amount of disparity 

on CNVs. For each type, we sampled the same number of LP CNVs and matched the 

number of control CNVs in every bin. For training, we retained 13,857 cleaned LP 

CNVs and 13,859 cleaned control CNVs.
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Next, we constructed the independent test set by assembling 51,819 disease 

associated variations from ClinVar and 136,181 common CNVs from GnomAD 2.1. 

For the NDD related set, we retained CNVs with length > 50 bp, germline, pathogenic, 

and the record of HPO: 0012759 (neurodevelopmental abnormality associated genes). 

For common CNVs, we kept CNVs with quality record PASS, and allele frequency > 

0.1. To avoid over estimation, we removed those CNVs with 90% reciprocal overlap 

with the training dataset under the same variant type. 

Finally, we collected several NDD related gene lists to test the biological validity 

and robustness of neuroCNVscore including CHD8 target genes, 24 human postsynaptic 

density (PSD) proteins 25 and ASD risk genes (FDR < 0.3). 18 The overall workflow is 

outlined in Figure 1.

This study has been approved by the Ethics Committee of Beijing Children’s 

Hospital, Capital Medical University (2018-k-62).

A comprehensive tissue-specific feature collection and feature matrix construction

For each CNV, a broad range of features was compiled into a feature matrix. We 

leveraged 189 features in total from three different levels: (1) gene level (Gen), (2) 

functional/genomic segment level (Fun), and (3) sequence level (Seq). The description 

of features is shown in Table S1. 

In brief, a set of gene level features (N = 62) that capture gene essentiality, dosage 

sensitivity and neurodevelopmental phenotype associated genes were collected. Since 
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non-coding CNVs can disrupt regulatory regions affecting gene expression and 

translation in a linear or 3D manner, we obtained a regulatory cascade catalogue (N = 

120 at functional/genomic segment level) by integrating multi-omics data covering 

experimentally identified or computational predicted regulatory regions at a tissue-

specific manner. Lastly, the features at sequence level (N = 7) comprised of GC content, 

cross species conservation score (phylop46way and phastcon46way which are derived 

from phyloP or Hidden Markov Model via multiple alignment of 45 vertebrate genomes 

to the human genome), heterochromatin positions, collapsed repeat regions 

(DacMapExclude, DukeMapExclude are genomic regions calculated by different 

algorithms) retrieved from UCSC, and human accelerated regions accessed from Doan 

et al.. 26 These features could facilitate the identification of functional genomic regions 

and/or filter the genomic regions which may cause artefacts by downstream segments.

Based on various features, annotations were performed in three distinct ways: (1) 

sum up the number of overlapped features with a given CNV, (2) a discrete value that 

denotes the number of the features which has >50% reciprocal overlapped regions with 

a given CNV, (3) average value of overlapped regions between the feature and a given 

CNV. After initial annotation, we divided the entire feature matrix into length of each 

CNV and then applied min-max scaling. Considering the differences in features, e.g. 

triplosensitivity is a measurement only for the copy number gain, we kept 172 features 

out of 189 for the copy number loss model and 172 features in the copy number gain 

model, respectively.  

Page 9 of 54

https://mc.manuscriptcentral.com/bmjpo

BMJ Paediatrics Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Confidential: For Review Only

9

Design of XGBoost model and the training strategy

To choose an appropriate model, we compared the performances among different 

algorithms (Naïve Bayes, Logistic Regression, Support Vector Machine, and 

XGBoost), and found XGBoost had the best performance in the python framework from 

Scikit 0.22.1 with the binary logistic objective function. A total of 80%/20% of the 

variant sets was used as training/test sets, respectively. Next, we trained the XGBoost 

model with optimized parameters by using grid search and evaluated our models 

through an independent test set. Additionally, we assessed the performance by 

comparing our model with SVScore. 

Statistics

Statistical analyses were performed using Python (version 2.7). The performance was 

measured by precision-recall (PR) and receiver operating characteristic (ROC) curves. 

For individual feature comparison, we applied two-tailed Wilcoxon rank-sum tests. All 

genomic data is in GRCh37 genome build. Figures were generated by the ggplot 

package in R (version 3.6.1) or matplotlib in Python.

Patient and public involvement
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Patients or the public were not involved in the design, or conduct, or reporting, or 

dissemination plans of our research. No ethical issues are involved in this study as this 

paper only used the data deposited in the public accessible databases. 

Results 

Individual feature analyses highlight the importance to collect a comprehensive 

feature set

To understand the characteristics of CNVs in NDDs, we investigated distribution of 

features between LP and control sets. In total, we observed 121 and 106 significant 

features at the threshold of P = 0.05 in copy number loss and copy number gain models, 

respectively (Table S2). This demonstrated a large spectrum of features showing 

significant differences between sets, and an integrated feature framework prone to the 

pathogenic status of CNVs that were functionally relevant.

Among these significant features, functional/genomic segment features ranked 

higher than the others. Most of the highly ranked features were related to histone 

modification markers (e.g. H3K27me3, H3K27ac) and 3D chromatin related features 

(e.g. enhancers) (Figure 2). This is expected since noncoding regions account for 98% 

of the human genome and CNVs can affect the genome by interrupting the regulatory 

regions. 
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Comparisons among four algorithms show that XGBoost outperforms others

To find an optimal model for discriminating pathogenic CNVs, we evaluated the 

predictive performance of Naïve Bayes, Logistic Regression, Support Vector Machine 

(SVM) and XGBoost on the test sets (Figure 3). XGBoost model performed the best 

(average precision (AP) and area under curve (AUC) were 0.82, 0.85 for copy number 

loss; AP and AUC were 0.80, 0.84 for copy number gain). Therefore, we applied the 

XGBoost to construct the neuroScoreCNV. 

Accuracy assessments reveal better performance of neuroScoreCNV

We evaluated the performance of neuroScoreCNV and SVScore by the independent set 

as described in the flowchart (Fig. 1). neuroScoreCNV achieved relatively higher 

performance compared to SVScore (Figure 4B, D). For two different types of models, 

we observed AP = 0.88, AUC = 0.93 at copy number loss (Figure 4A, B, orange line), 

and AP = 0.68, AUC = 0.67 at copy number gain model (Figure 4C, D, orange line). 

The different performances between models are in agreement with a previous study. 13 

Moreover, we investigated the biological validity and robustness from two aspects. 

It was shown interruptions at conserved regions could cause diseases since these 

regions are normally functional. 27 Therefore, we first computed the CNV pathogenic 

scores generated with the new feature matrices in which a conservation score (i.e. 

PhyloP46way, one of the commonly used conservation score that considering 

individual base conservation) was excluded. We observed higher CNV pathogenic 
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scores ( ≥ 0.7) tended to have higher conservation scores after correlating 

log10(PhyloP46way) and new pathogenic scores (Figure 5A, B). Then, we checked if 

our predicted scores were capable of prioritizing CNVs with known NDD associated 

genes. LP CNVs covered significantly (P < 0.05) more NDD related genes than the 

control group (Figure 5B). Overall, our approach achieved higher performance in 

discriminating LP CNVs from control or benign CNVs. 

Feature importancy highlights the important role of regulatory regions in NDDs

We computed the feature importancy by permutation. We categorized model features 

into three groups: functional/genomic level (Fun), gene level (Gen) and sequence level 

(Seq) (Figure 6, Table S3). The most important features were genes with 

haploinsufficiency scores (PHI) and triplosensitivity scores (PTS). PHI reflects the 

probability of one single functional copy to be sufficient to maintain function, whereas 

PTS suggests the probability of an additional copy of a gene for generating phenotypes. 

PHI and PTS are important parameters for evaluating the pathogenicity in clinical 

diagnoses based on the ACMG guidelines. 28 This is also true in neuroCNVScore. In 

NDDs, several studies found pathogenic CNVs were sensitive to dosage. 29 

Additionally, we noticed several phenotypes were prominent such as HPO: 000717 

(autism associated genes), HPO: 0002960 (autoimmunity associated genes) and HPO: 

0025031 (abnormality of the digestive system associated genes). It is known that 

immune system abnormalities and/or gastrointestinal symptoms can co-occur with 
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ASD 30 and schizophrenia. 31 Compelling evidence demonstrated autoimmune response 

was important in ASD. 32 Purified IgG containing antibodies from the mothers of 

children with ASD can cause abnormal behaviours in animal models. 33, 34

Among important features at the functional/genomic segment level, we observed 

several key players in 3D chromatin conformation including enhancers and TADs. 

Meanwhile, DNase-Seq which suggests active regulatory elements at open chromatin 

was also an important feature. The emerging evidence has highlighted the role of 3D 

chromatin conformation in relation to NDDs. 23, 35 Collectively, studying the interaction 

between CNVs and the higher order of chromatin conformation could provide novel 

insights into the etiology of NDDs and explain the missing heredity of NDDs. 

Discussion

In this work, we introduced a novel framework, neuroCNVscore, to ascertain the 

pathogenicity of CNVs in NDDs. NeuroCNVscore outperformed a commonly used tool 

SVScore on independent datasets from ClinVar and gnomAD. Importantly, 

neuroCNVscore has unique ability to prioritize the functional, deleterious and 

pathogenic CNVs derived from either NDD’s association studies or clinical diagnoses, 

which may provide biological new insights into NDDs, especially at the three-

dimensional genome level. 
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There are several factors contribute to the accuracy and robustness of 

neuroCNVscore. First, we used a high-quality set of germline CNVs from published 

NDD studies as the training set, which assures that our model is of high quality. 

Secondly, we validated our models at an NDD associated independent dataset and 

outperformed a published tool, SVScore. Furthermore, we created a comprehensive 

feature collection (N = 189) at gene, functional genomic, and sequence levels. 

Specifically, we incorporated a significant amount of tissue-specific functional 

genomic data. As a result, we can not only identify the genes disrupted by CNVs, but 

also the disrupted regulatory elements that act in a tissue-specific manner during 

development. This is especially important for the studies in NDD since brain tissue is 

normally hard to access. 

While the neuroCNVscore performed well, it may be improved by incorporating 

expert-curated CNVs from whole genome sequencing studies in NDDs and healthy 

controls. Along with the increased knowledge and functional genomics data on non-

coding regions, additional informative features can be integrated into the model to 

better address the hidden mechanisms. Moreover, we developed neuroCNVscore based 

on XGBoost, but it is worth exploring deep learning algorithms in the future. 

Together, our neuroCNVscore performed well and is a useful tool for generating 

hypotheses in genome wide association studies in NDDs and could facilitate the 

understanding of genetic etiology of NDDs.
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Figure Legends

Figure 1. The flowchart of neuroCNVscore development and evaluation in this study. 

In Data Sets, the sources of training set and test set are listed. The training set was 

derived from four NDDs studies under the case-control design, while the validation set 

was from ClinVar and GnomAD. The numbers of raw and cleaned CNVs in the 

brackets are indicated. LP, likely pathogenic. In Neuro-features, comprehensive 

neuro/brain related features were gathered at gene, sequence, and functional/genomic 

segments levels. In Prediction and Validation, biological validations were performed in 

two ways: 1) correlations between phyloP46way and the pathogenic scores generated 

by the new model where phyloP46way was excluded from the feature matrix; 2) using 

the independent set of NDD related gene lists including PSD genes to cognition, CHD8 

targets, and ASD risk genes.  

Figure 2. Comparisons of top three features between control and LP (likely pathogenic) 
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sets. The top three significant features between control and LP sets in copy number loss 

(A) and copy number gain (B). The X-axis shows the significant feature types. 

Fun_level, Function/genomic segment level. The Y-axis is the value of log transformed 

feature matrices. Unpaired t-tests were applied and significant levels were. **** P < 

0.0001.

Figure 3.  Performances on CNVs among Naïve Bayes, Logistic Regression, Support 

Vector Machine (SVM) and XGBoost algorithms. XGBoost showed the best 

performance by precision-recall curve and ROC curve for both copy number loss (A, 

B) and copy number gain (C, D). AP: average precision; AUC: area under curve.

Figure 4. Performances on neuroCNVscore and SVScore in the independent set as 

described in the flowchart of Figure 1. Precision-Recall (A) and ROC (B) curves 

calculated with copy number loss from the independent dataset; Precision-Recall (C) 

and ROC (D) curves calculated with copy number gain from the independent dataset.

Figure 5. Biological validation of neuroCNVscore. The plot (A) shows the 

comparisons between PhyloP scores (log10(PhyloP46way)) and pathogenic scores 

generated by excluding PhyloP46way from the original neuroCNVscore model, regions 

with higher pathogenic scores tend to have higher PhyloP scores. The number of NDD 

related genes (B) between predicted LP and control groups in both copy number loss 
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and copy number gain models shows that more NDD related genes are found in LP. To 

present the figures in a clearer way, PhyloP46way and count were log-transformed. *P 

< 0.05.

Figure 6. Top 20 features from feature importance analyses. Highly important features 

of copy number loss model (A) and copy number gain model (B) are listed. All the 

feature names were colored and formatted as following: feature type (Fun_/Gen_ 

/Seq_feature names (original sources)_tissue type (if applicable). Fun: Function, in blue; 

Gen: Gene, in green; Seq: Sequence, in purple.

Supplementary Tables

Table S1. A detailed feature description.

Table S2. Individual feature comparisons.

Table S3. Feature importancy. 
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Figure 1-flowchart of data analysis 
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Figure 2-Top features 
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Figure 3-XGBooster performance 
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Figure 4-neuroCNV vs. SV 
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Figure 5-biological validation 
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Figure 6-feature importancy 
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Supplementary Tables

Table S1. A detailed feature description. This table includes all features used in our model. These features are grouped into three levels: gene, 
functional/genomic segment and sequence. A brief description along with references is described on each feature.

Feature category Feature set Description Feature type References
Cell essential and 
nonessential genes

CRISPR/Cas9 screens identified essential genes in human cell lines. 
Curated in2

discrete 1

ClinGen curated genes and 
genomic regions

Genes and genomics regions were rated from 0 to 3, indicating an 
increased evidence on dosage sensitivity. Additional two levels (40,30) 
suggest unlikely dosage sensitive and genes associated with autosomal 
recessive phenotype.

discrete 3

DDG2P database
A curated list of genes linked to developmental disorders compiled by 
clinicians as part of the DDD study to facilitate clinical feedback on 
likely causal variants

discrete 4

Dosage sensitive genes
Predicted score on dosage sensitive genes (i.e., haploinsufficiency or 
triplosensitivity)

discrete 5, 34

FDA proved drug target
Genes with protein products that are mechanistic targets of FDA-
approved drugs. Curated in 2

discrete 6

G protein-coupled receptor GPCR list curated in2 discrete 32, 33, 35

Mouse heterozygous LoF 
lethal

Genes that are lethal in mouse models when inactivated heterozygous. 
Curated by 2

discrete 7

Gene level (N = 61)

Neurodevelopmental 
process related genes

Genes associated with various phenotypes from HPO: Abnormality of 
the nervous system (HP:0000707)-associated genes
Abnormality of nervous system physiology (HP:0012638)-associated 

discrete 8
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genes
Behavioral abnormality (HP:0000708)-associated genes
Abnormality of nervous system morphology (HP:0012639)-associated 
genes
Abnormality of the immune system (HP:0002715)-associated genes
Neurodevelopmental abnormality (HP:0012759)-associated genes
Autoimmunity (HP:0002960)-associated genes
Morphological abnormality of the central nervous system (HP:0002011)-
associated genes
Schizophrenia (HP:0100753)-associated genes
Autistic behavior (HP:0000729)-associated genes
Abnormality of movement (HP:0100022)-associated genes
Seizures (HP:0001250)-associated genes
Autism (HP:0000717)-associated genes
Hyperactivity (HP:0000752)-associated genes
Abnormality of prenatal development or birth (HP:0001197)-associated 
genes
Impairment in personality functioning (HP:0031466)-associated genes
Abnormality of the digestive system (HP:0025031)-associated genes
Growth abnormality (HP:0001507)-associated genes
Abnormal fear/anxiety-related behavior (HP:0100852)-associated genes
Abnormality of brain morphology (HP:0012443)-associated genes
Abnormality of higher mental function (HP:0011446)-associated genes

Olfactory receptors Any HUGO-recognized family of olfactory receptor genes discrete 9

SFARI gene Genes implicated in autism susceptibility discrete 10
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Chromatin states
Brain related chromatin states inferred by the extended 18-way 
ChromHMM model across 98 tissues from the Roadmap Epigenomics 
Project

discrete 11

Genome wide observed CTCF binding sites from Brain continuous 12

CTCF binding sites Genome wide CTCF binding sites from 7 cell lines generated by ChIP-
seq. Curated by UCSC

continuous 13

DNA Accessibility ATAC-seq from brain and neurosph. continuous 13

Observed DNase I hypersensitive areas from brain and neurosph. continuous 13

DNase hypersensitive sites assayed from a collection of cell types. 
Download from UCSC table browser NAR 2004

continuous 14
DNase hypersensitive sites

RoadmapDNasePromCount discrete 15

Brain cell type-specific enhancers identified by PLAC-seq discrete 16

dbSUPER: Super enhancers from Brain Angular Gyrus; Brain Anterior 
Caudate; Brain Cingulate Gyrus; Brain Hippocampus Middle; Brain 
Inferior Temporal Lobe

discrete 17

EpiMap: enhancers from the brain and neurosph. discrete 12

EnhancerAtlas 2.0: Enhancer predictions in 197 human cell lines & 
tissues

discrete 18

FANTOM Enhancers: Enhancer predictions for human tissues and cell 
types from the FANTOM5 consortium

discrete 19

HACER: Active enhancer predictions in human cell lines & tissues based 
on PRO-seq, GRO-seq, or CAGE data

discrete 20

PsychENCODE: PEC EnhancersDER-
03a_hg19_PEC_enhancers_clean.bed

discrete 21

Functional/genomic 
segment level (N = 
121)

Enhancers

SEA: Super enhancer predictions from 143 human cell lines and tissues 
(mapped back to hg19 using liftOver with minimum 75% match)

discrete 23
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Sedb: Super enhancer and typical enhancer predictions from 541 human 
cell lines and tissues

discrete 22

VISTA: Experimentally-validated mammalian enhancers discrete 24

Genomic segmentations
All autosomal, protein-coding genes; CDS; exon; Selenocysteine; 
start_codon; stop_codon; transcript
UTR

discrete 25

H2AFZ, H2AK5ac, H2AK9ac, H2BK120ac, H2BK12ac, H2BK15ac, 
H2BK20ac, H2BK5ac, H3F3A, H3K27ac, H3K4ac, H3K4me1, 
H3K4me2, H3K4me3, H3K9ac, H3K9me1, H3K9me2, H3K9me3 from 
the brain or neurosph

continuous 12

Histone markers

H3K27ac peaks for the Prefrontal Cortex, the Temporal Cortex, and the 
Cerebellar Cortex

continuous 21

Long range probable genes Target genes by prediction on GWAS hits and 3D chromatin structures discrete 26

TAD boundaries (defined as the start and end coordinates for each TAD 
± 5kb) from 30 samples meeting our ENCODE data inclusion criteria 
available for download from the ENCODE Data Portal

continuous 14

Selected "derived" datasets from PsychENCODE Integrated Analysis 
Package, including cortex enhancers, transcriptionally active regions, 
TAD boundaries, and H3k27ac peaks

continuous 21

Loop anchors and 
topological associated 
domains in higher-order 
chromatin structure

Yue labs continuous 27

Methylation MeDIP/MRE (mCRF) methylation calls continuous 15

Transcript active regions
Cortex Transcriptionally Active Regions are found within at least 70% of 
the individuals

continuous 21

Transcript factor binding 
sites

SNP-SELEX
discrete 28

Transcript starting sites The 2000bp flanking regions about transcript starting sites discrete 36
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Blacklisted regions
Genome regions have anomalous, unstructured, high signal/read counts 
(DacMapExclude), problematic regions for short sequence tag signal 
detection (DukeMapExclude)

discrete 29

Cross species conservation 
score

The conservation scoring (phylop46way, phastcon46way) for multiple 
alignments of 45 vertebrate genomes to the human genome

continuous 29

GC content GC content calculated with a "span" size of 5 bases continuous 29

Heterochromatin positions It is calculated based on H3K9me3 enrichment regions discrete 30

Sequence level (N = 
7)

Human accelerated regions
Human accelerated regions are conserved genomic loci with elevated 
divergence in humans

discrete 31
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Table S2. Individual feature comparisons. This table compares all of the features used in the copy number loss and copy number gain models. The 
comparisons were made using the two-tailed Wilcoxon rank-sum test, with a significant cut off of P = 0.05. All the feature names were reformatted 
as followed: feature type (Fun_level/Gen_level/Seq_level)_feature names(original sources)_tissue type (if applicable). Fun: Function; Gen: Gene; 
Seq: Sequence. 

Source Features in copy number loss model P value Source Features in copy number gain model P value
Functional/
genomic 
segment 
level

Fun_level_significant features are 80 out of 120 Functional/
genomic 
segment 
level

Fun_level_significant features are 75 out of 120

Fun_level_1_TssA_chromHMM_brain 6.63E-124 Fun_level_1_TssA_chromHMM_brain 3.09E-194
Fun_level_10_EnhA2_chromHMM_brain 2.51E-232 Fun_level_10_EnhA2_chromHMM_brain 2.15E-288
Fun_level_11_EnhWk_chromHMM_brain 5.72E-305 Fun_level_11_EnhWk_chromHMM_brain ~0
Fun_level_12_ZNF_chromHMM_brain 1.51E-06 Fun_level_12_ZNF_chromHMM_brain 3.38E-04
Fun_level_13_Het_chromHMM_brain 1.98E-08 Fun_level_13_Het_chromHMM_brain 1.03E-09
Fun_level_14_TssBiv_chromHMM_brain 1.05E-01 Fun_level_14_TssBiv_chromHMM_brain 2.36E-05
Fun_level_15_EnhBiv_chromHMM_brain 2.14E-05 Fun_level_15_EnhBiv_chromHMM_brain 1.46E-33
Fun_level_16_ReprPC_chromHMM_brain 1.60E-08 Fun_level_16_ReprPC_chromHMM_brain 9.91E-01
Fun_level_17_ReprPCWk_chromHMM_brain 4.98E-02 Fun_level_17_ReprPCWk_chromHMM_brain 5.47E-07
Fun_level_18_Quies_chromHMM_brain 1.10E-42 Fun_level_18_Quies_chromHMM_brain 2.14E-96
Fun_level_2_TssFlnk_chromHMM_brain 1.43E-91 Fun_level_2_TssFlnk_chromHMM_brain 1.95E-146
Fun_level_3_TssFlnkU_chromHMM_brain 1.68E-157 Fun_level_3_TssFlnkU_chromHMM_brain 5.89E-253
Fun_level_4_TssFlnkD_chromHMM_brain 3.15E-199 Fun_level_4_TssFlnkD_chromHMM_brain 2.89E-297
Fun_level_5_Tx_chromHMM_brain 4.59E-133 Fun_level_5_Tx_chromHMM_brain 1.22E-198
Fun_level_6_TxWk_chromHMM_brain 4.35E-290 Fun_level_6_TxWk_chromHMM_brain ~0

Chromatin 
states from 
Roadmap 
Epigenomic
s Project

Fun_level_7_EnhG1_chromHMM_brain 9.33E-114

Chromatin 
states from 
Roadmap 
Epigenomic
s Project

Fun_level_7_EnhG1_chromHMM_brain 9.76E-164
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Fun_level_8_EnhG2_chromHMM_brain 2.69E-53 Fun_level_8_EnhG2_chromHMM_brain 9.04E-71
Fun_level_9_EnhA1_chromHMM_brain 1.50E-188 Fun_level_9_EnhA1_chromHMM_brain 1.04E-253
Fun_level_dbsuper_Brain_Angular_Gyrus 4.27E-09 Fun_level_dbsuper_Brain_Angular_Gyrus 3.51E-07
Fun_level_dbsuper_Brain_Anterior_Caudate 3.54E-14 Fun_level_dbsuper_Brain_Anterior_Caudate 3.70E-09
Fun_level_dbsuper_Brain_Cingulate_Gyrus 6.08E-15 Fun_level_dbsuper_Brain_Cingulate_Gyrus 8.29E-15
Fun_level_dbsuper_Brain_Hippocampus_Middle_
150

9.98E-15 Fun_level_dbsuper_Brain_Hippocampus_Middle_
150

7.05E-11

Fun_level_dbsuper _Brain_Hippocampus_Middle 3.29E-19 Fun_level_dbsuper _Brain_Hippocampus_Middle 9.35E-14
Fun_level_dbsuper_Brain_Inferior_Temporal_Lob
e

1.30E-17 Fun_level_dbsuper_Brain_Inferior_Temporal_Lob
e

1.62E-14

Fun_level_dbsuper_Brain_Mid_Frontal_Lobe 2.93E-02 Fun_level_dbsuper_Brain_Mid_Frontal_Lobe 2.66E-02
Fun_level_famton_astrocyte 3.96E-04 Fun_level_famton_astrocyte 2.30E-02
Fun_level_famton_brain 4.89E-01 Fun_level_famton_brain 6.62E-01
Fun_level_famton_CL:0000127 9.29E-05 Fun_level_famton_CL:0000127 8.25E-06
Fun_level_famton_count 1.29E-170 Fun_level_famton_count 1.99E-252
Fun_level_famton_neuronal_stem_cell 3.28E-01 Fun_level_famton_neuronal_stem_cell 6.99E-01
Fun_level_famton_permssive 2.26E-129 Fun_level_famton_permssive 3.25E-147
Fun_level_enhancerAtlas_Astrocyte_EP 3.90E-40 Fun_level_enhancerAtlas_Astrocyte_EP 1.32E-89
Fun_level_enhancerAtlas_Cerebellum_EP 9.56E-61 Fun_level_enhancerAtlas_Cerebellum_EP 5.46E-104
Fun_level_enhancerAtlas_ESC_neuron_EP 3.51E-25 Fun_level_enhancerAtlas_ESC_neuron_EP 2.70E-37
Fun_level_gene_enhancer_links_brain_enhcenter 2.04E-277 Fun_level_gene_enhancer_links_brain_enhcenter ~0
Fun_level_gene_enhancer_links_neurosph_enhcen
ter

6.76E-239 Fun_level_gene_enhancer_links_neurosph_enhcent
er

~0

Fun_level_hacer_T1 1.24E-73 Fun_level_hacer_T1 5.71E-136

Enhancers

Fun_level_SE_ele 2.61E-39

Enhancers

Fun_level_SE_ele 2.03E-79
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Fun_level_SEA00101 1.16E-43 Fun_level_SEA00101 6.05E-66
Fun_level_nott_Astrocyte_enhancers 1.69E-155 Fun_level_nott_Astrocyte_enhancers 1.75E-222
Fun_level_nott_Astrocyte_promoters 1.42E-87 Fun_level_nott_Astrocyte_promoters 3.97E-149
Fun_level_nott_H3K4me3_around_TSS 6.28E-84 Fun_level_nott_H3K4me3_around_TSS 1.46E-139
Fun_level_nott_Microglia_enhancers 1.03E-79 Fun_level_nott_Microglia_enhancers 4.05E-123
Fun_level_nott_Microglia_promoters 5.38E-67 Fun_level_nott_Microglia_promoters 3.48E-125
Fun_level_nott_Neuronal_enhancers 1.52E-301 Fun_level_nott_Neuronal_enhancers ~0
Fun_level_nott_Neuronal_promoters 3.73E-87 Fun_level_nott_Neuronal_promoters 1.89E-137
Fun_level_nott_Oligo_enhancers 6.43E-164 Fun_level_nott_Oligo_enhancers 7.10E-221
Fun_level_nott_Oligo_promoters 1.42E-92 Fun_level_nott_Oligo_promoters 2.70E-151
Fun_level_nott_superEnhancer 1.00E+00 Fun_level_nott_superEnhancer 1.00E+00
Fun_level_vista 9.93E-07 Fun_level_vista 9.38E-07
Fun_level_ctcf 2.25E-65 Fun_level_ctcf 6.96E-112CTCF 

binding sites Fun_level_CTCF_observed_Brain ~0
CTCF 
binding sites Fun_level_CTCF_observed_Brain ~0

Fun_level_DNaselClusterd 1.82E-49 Fun_level_DNaselClusterd 1.69E-61
Fun_level_DnaseMaster 1.49E-73 Fun_level_DnaseMaster 2.90E-96
Fun_level_DNase-seq_observed_Brain ~0 Fun_level_DNase-seq_observed_Brain ~0

DNase 
hypersensiti
ve sites

Fun_level_DNase-seq_observed_Neurosph ~0

DNase 
hypersensiti
ve sites

Fun_level_DNase-seq_observed_Neurosph ~0
Fun_level_EncodeAwgTfbsBroadNhaCtcf 3.30E-76 Fun_level_EncodeAwgTfbsBroadNhaCtcf 4.70E-150
Fun_level_EncodeRegTfbsClustered 2.01E-45 Fun_level_EncodeRegTfbsClustered 3.01E-147
Fun_level_gencode_CDS 3.68E-17 Fun_level_gencode_CDS 4.60E-62
Fun_level_gencode_exon 5.44E-01 Fun_level_gencode_exon 5.12E-07
Fun_level_gencode_gene 2.45E-22 Fun_level_gencode_gene 1.60E-26
Fun_level_gencode_Selenocysteine 5.45E-01 Fun_level_gencode_Selenocysteine 6.28E-01

Genomic 
segmentatio
ns from 
Gencode

Fun_level_gencode_start_codon 2.45E-01

Genomic 
segmentatio
ns from 
Gencode

Fun_level_gencode_start_codon 6.60E-19
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Fun_level_gencode_stop_codon 7.36E-06 Fun_level_gencode_stop_codon 1.77E-25
Fun_level_gencode_transcript 8.59E-01 Fun_level_gencode_transcript 8.33E-01
Fun_level_gencode_UTR 2.94E-12 Fun_level_gencode_UTR 3.42E-41
Fun_level_miRNA 1.84E-125 Fun_level_miRNA 5.54E-245
Fun_level_non-codingRNAs 1.24E-15 Fun_level_non-codingRNAs 1.00E-03
Fun_level_ATAC-seq_observed_Brain ~0 Fun_level_ATAC-seq_observed_Brain ~0
Fun_level_H2AFZ_imputed_Brain ~0 Fun_level_H2AFZ_imputed_Brain ~0
Fun_level_EP300_imputed_Brain ~0 Fun_level_EP300_imputed_Brain ~0
Fun_level_EP300_imputed_Neurosph ~0 Fun_level_EP300_imputed_Neurosph ~0
Fun_level_H2AFZ_imputed_Neurosph ~0 Fun_level_H2AFZ_imputed_Neurosph ~0
Fun_level_H2AFZ_observed_Brain ~0 Fun_level_H2AFZ_observed_Brain ~0
Fun_level_H3k27ac 7.28E-91 Fun_level_H3k27ac 6.19E-90
Fun_level_H3K27ac_imputed_Brain ~0 Fun_level_H3K27ac_imputed_Brain ~0
Fun_level_H3K27ac_imputed_Neurosph ~0 Fun_level_H3K27ac_imputed_Neurosph ~0
Fun_level_H3K27ac_observed_Brain ~0 Fun_level_H3K27ac_observed_Brain ~0
Fun_level_H3K27ac_observed_Neurosph ~0 Fun_level_H3K27ac_observed_Neurosph ~0
Fun_level_H3K27me3_imputed_Brain 5.90E-280 Fun_level_H3K27me3_imputed_Brain ~0
Fun_level_H3K27me3_imputed_Neurosph 7.54E-278 Fun_level_H3K27me3_imputed_Neurosph ~0
Fun_level_H3K27me3_observed_Brain 5.33E-109 Fun_level_H3K27me3_observed_Brain 1.41E-239
Fun_level_H3k4me1 1.12E-95 Fun_level_H3k4me1 1.55E-83
Fun_level_H3K4me1_imputed_Brain ~0 Fun_level_H3K4me1_imputed_Brain ~0
Fun_level_H3K4me1_imputed_Neurosph ~0 Fun_level_H3K4me1_imputed_Neurosph ~0
Fun_level_H3K4me1_observed_Brain ~0 Fun_level_H3K4me1_observed_Brain ~0
Fun_level_H3K4me1_observed_Neurosph ~0 Fun_level_H3K4me1_observed_Neurosph ~0

Histone 
markers

Fun_level_H3K4me2_observed_Brain ~0

Histone 
markers

Fun_level_H3K4me2_observed_Brain ~0
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Fun_level_H3k4me3 2.24E-26 Fun_level_H3k4me3 8.36E-17
Fun_level_H3K4me3_imputed_Brain 5.80E-02 Fun_level_H3K4me3_imputed_Brain 4.68E-01
Fun_level_H3K4me3_imputed_Neurosph ~0 Fun_level_H3K4me3_imputed_Neurosph ~0
Fun_level_H3K4me3_observed_Brain 5.92E-02 Fun_level_H3K4me3_observed_Brain 4.71E-01
Fun_level_H3K4me3_observed_Neurosph ~0 Fun_level_H3K4me3_observed_Neurosph ~0
Fun_level_H3K9ac_imputed_Brain ~0 Fun_level_H3K9ac_imputed_Brain ~0
Fun_level_H3K9ac_imputed_Neurosph ~0 Fun_level_H3K9ac_imputed_Neurosph ~0
Fun_level_H3K9me3_imputed_Brain 3.25E-75 Fun_level_H3K9me3_imputed_Brain 9.60E-177
Fun_level_H3K9me3_imputed_Neurosph 2.39E-122 Fun_level_H3K9me3_imputed_Neurosph 7.66E-231
Fun_level_H3K9me3_observed_Brain 4.50E-61 Fun_level_H3K9me3_observed_Brain 3.22E-160
Fun_level_H3K9me3_observed_Neurosph 1.74E-20 Fun_level_H3K9me3_observed_Neurosph 3.66E-53
Fun_level_H4K20me1_imputed_Neurosph ~0 Fun_level_H4K20me1_imputed_Neurosph ~0
Fun_level_H4K20me1_observed_Brain ~0 Fun_level_H4K20me1_observed_Brain ~0
Fun_level_POLR2A_imputed_Neurosph ~0 Fun_level_POLR2A_imputed_Neurosph ~0
Fun_level_RAD21_imputed_Brain ~0 Fun_level_RAD21_imputed_Brain ~0
Fun_level_RAD21_imputed_Neurosph ~0 Fun_level_RAD21_imputed_Neurosph ~0
Fun_level_SMC3_imputed_Brain ~0 Fun_level_SMC3_imputed_Brain ~0
Fun_level_SMC3_imputed_Neurosph ~0 Fun_level_SMC3_imputed_Neurosph ~0

Long range 
probable 
genes

Fun_level_liu_csbj_targetgene 1.62E-22 Long range 
probable 
genes

Fun_level_liu_csbj_targetgene 1.14E-43

Methylation Fun_level_methMCRF 1.06E-154 Methylation Fun_level_methMCRF 1.46E-257
Fun_level_PsychENCODE_CBC_H3K27ac 8.71E-57 Fun_level_PsychENCODE_CBC_H3K27ac 4.13E-65
Fun_level_PsychENCODE_HiC_EP 1.44E-53 Fun_level_PsychENCODE_HiC_EP 7.19E-84

Loop 
anchors and 
topological Fun_level_PsychENCODE_loops_interRegion 6.15E-07

Loop 
anchors and 
topological Fun_level_PsychENCODE_loops_interRegion 1.89E-01
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Fun_level_PsychENCODE_PEC_Enhancers 2.61E-158 Fun_level_PsychENCODE_PEC_Enhancers 3.36E-192
Fun_level_PsychENCODE_PFC_H3K27ac 3.08E-152 Fun_level_PsychENCODE_PFC_H3K27ac 2.05E-184
Fun_level_PsychENCODE_TAR 6.89E-41 Fun_level_PsychENCODE_TAR 1.40E-83
Fun_level_PsychENCODE_TC_H3K27ac 5.58E-204 Fun_level_PsychENCODE_TC_H3K27ac 1.86E-265

associated 
domains in 
higher-order 
chromatin 
structure Fun_level_TAD56 7.60E-149

associated 
domains in 
higher-order 
chromatin 
structure Fun_level_TAD56 1.18E-172

DNase 
hypersensiti
ve sites

Fun_level_RoadmapDNasePromCount 7.33E-34 DNase 
hypersensiti
ve sites

Fun_level_RoadmapDNasePromCount 7.61E-74

Transcript 
factor 
binding sites 
from snp-
selex

Fun_level_snp_selex 8.60E-02 Transcript 
factor 
binding sites 
from snp-
selex

Fun_level_snp_selex 4.03E-02

Transcript 
starting sites

Fun_level_tss2000bp 2.78E-06 Transcript 
starting sites

Fun_level_tss2000bp 1.45E-01

Higher-
order 
chromatin 
structure 
from Yue 
lab

Fun_level_yue_loops_hippo 4.56E-133 Higher-
order 
chromatin 
structure 
from Yue 
lab

Fun_level_yue_loops_hippo 1.26E-135

Gene level The Gen_level_significant features are 34 out of 45 Gene level The Gen_level_significant features are 25 out of 45
ClinGen 
curated 

Gen_level_ClinGen_haploinsufficiency_gene_0 1.29E-03 ClinGen 
curated 

Gen_level_ClinGen_region_curation_Triplosensiti
vity_0

4.45E-01
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Gen_level_ClinGen_haploinsufficiency_gene_1 8.63E-03 Gen_level_ClinGen_region_curation_Triplosensiti
vity_1

4.03E-01

Gen_level_ClinGen_haploinsufficiency_gene_2 5.95E-01 Gen_level_ClinGen_region_curation_Triplosensiti
vity_2

6.03E-02

Gen_level_ClinGen_haploinsufficiency_gene_3 6.19E-07 Gen_level_ClinGen_region_curation_Triplosensiti
vity_3

3.88E-01

Gen_level_ClinGen_haploinsufficiency_gene_30 1.07E-12 Gen_level_ClinGen_region_curation_Triplosensiti
vity_40

4.33E-12

Gen_level_ClinGen_haploinsufficiency_gene_40 7.01E-01 Gen_level_ClinGen_triplosensitivity_gene 7.80E-01
Gen_level_ClinGen_region_curation_Haploinsuffi
ciency_0

8.02E-01 Gen_level_ClinGen_triplosensitivity_gene_0 1.10E-30

Gen_level_ClinGen_region_curation_Haploinsuffi
ciency_1

8.83E-01 Gen_level_ClinGen_triplosensitivity_gene_1 9.07E-01

Gen_level_ClinGen_region_curation_Haploinsuffi
ciency_2

8.13E-01 Gen_level_ClinGen_triplosensitivity_gene_2 9.41E-01

Gen_level_ClinGen_region_curation_Haploinsuffi
ciency_3

1.09E-03 Gen_level_ClinGen_triplosensitivity_gene_3 1.00E+00

Gen_level_ClinGen_region_curation_Haploinsuffi
ciency_30

9.29E-01 Gen_level_ClinGen_triplosensitivity_gene_30 1.00E+00

Gen_level_ClinGen_region_curation_Haploinsuffi
ciency_40

2.03E-19 Gen_level_ClinGen_triplosensitivity_gene_40 1.00E+00

Gen_level_loss_of_function_score1 2.61E-03 Gen_level_gain_activating_score1 8.03E-01
Gen_level_loss_of_function_score2 2.72E-06 Gen_level_gain_activating_score2 6.81E-01

genes and 
genomic 
regions

Gen_level_loss_of_function_score3 9.89E-25

genes and 
genomic 
regions

Gen_level_gain_activating_score3 2.84E-01
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Dosage 
sensitive 
genes

Gen_level_Collins_rCNV_PLIgenes_PHI
0∞

Dosage 
sensitive 
genes

Gen_level_Collins_rCNV_PLIgenes_PTS
0∞

DDG2P 
database

Gen_level_ddg2p_loss 2.66E-55 DDG2P 
database

Gen_level_ddg2p_gain 6.90E-02

Gen_level_Essential_in_culture_CRISPR 9.29E-05 Gen_level_Essential_in_culture_CRISPR 6.25E-13Cell 
essential 
and 
nonessential 
genes

Gen_nonEssential_in_culture_CRISPR 3.02E-01
Cell 
essential 
and 
nonessential 
genes

Gen_nonEssential_in_culture_CRISPR 6.10E-01

FDA proved 
drug target

Gen_level_FDA-approved_drug_targets 1.30E-03 FDA proved 
drug target

Gen_level_FDA-approved_drug_targets 9.60E-06

G protein-
coupled 
receptor

Gen _level_gpcr_union 4.01E-01 G protein-
coupled 
receptor

Gen_level_gpcr_union 2.83E-04

Gen_level_HP_0000707 4.37E-67 Gen_level_HP_0000707 2.00E-76
Gen_level_HP_0000708 1.53E-35 Gen_level_HP_0000708 1.08E-34
Gen_level_HP_0000717 7.64E-04 Gen_level_HP_0000717 3.17E-03
Gen_level_HP_0000729 2.70E-11 Gen_level_HP_0000729 4.92E-07
Gen_level_HP_0000752 8.38E-09 Gen_level_HP_0000752 1.85E-05
Gen_level_HP_0001197 3.76E-08 Gen_level_HP_0001197 1.66E-12
Gen_level_HP_0001250 1.96E-33 Gen_level_HP_0001250 3.00E-31
Gen_level_HP_0001507 1.02E-47 Gen_level_HP_0001507 6.01E-56
Gen_level_HP_0002011 3.35E-49 Gen_level_HP_0002011 5.05E-55
Gen_level_HP_0002715 3.12E-29 Gen_level_HP_0002715 7.10E-33

Neurodevel
opmental 
process 
related 
genes

Gen_level_HP_0002960 7.04E-01

Neurodevel
opmental 
process 
related 
genes

Gen_level_HP_0002960 3.47E-01
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Gen_level_HP_0011446 5.78E-55 Gen_level_HP_0011446 2.19E-59
Gen_level_HP_0012443 8.08E-50 Gen_level_HP_0012443 4.97E-53
Gen_level_HP_0012638 2.46E-65 Gen_level_HP_0012638 4.90E-75
Gen_level_HP_0012639 4.94E-52 Gen_level_HP_0012639 2.73E-58
Gen_level_HP_0012759 6.99E-62 Gen_level_HP_0012759 1.26E-61
Gen_level_HP_0025031 2.95E-46 Gen_level_HP_0025031 1.56E-57
Gen_level_HP_0031466 2.42E-09 Gen_level_HP_0031466 1.77E-08
Gen_level_HP_0100022 2.12E-38 Gen_level_HP_0100022 2.70E-44
Gen_level_HP_0100753 1.32E-01 Gen_level_HP_0100753 8.25E-01
Gen_level_HP_0100852 3.88E-04 Gen_level_HP_0100852 8.91E-04

Mouse 
heterozygou
s LoF lethal

Gen_level_mgi_essential_gene 1.42E-56 Mouse 
heterozygou
s LoF lethal

Gen_level_mgi_essential_gene 7.08E-81

Olfactory 
receptors

Gen_level_Olfactory_receptors_mainland 6.60E-03 Olfactory 
receptors

Gen_level_Olfactory_receptors_mainland 6.10E-01

Sfari gene Gen_level_sfari_gene 1.81E-30 Sfari gene Gen_level_sfari_gene 8.84E-22

Sequence 
level

The Seq_level_significant features are 7 out of 7 Sequence 
level

The Seq_level_significant features are 6 out of 7

Blacklisted 
regions

Seq_level_DacMapExclude 4.23E-15 Blacklisted 
regions

Seq_level_DacMapExclude 5.88E-31

Sfari gene Seq_level_DukeMapExclude 2.42E-26 Sfari gene Seq_level_DukeMapExclude 3.62E-60
GC content Seq_level_GC 7.26E-10 GC content Seq_level_GC 8.61E-30
Human 
accelerated 

Seq_level_HAR 8.53E-03 Human 
accelerated 

Seq_level_HAR 2.01E-01

Page 44 of 54

https://mc.manuscriptcentral.com/bmjpo

BMJ Paediatrics Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Confidential: For Review Only

regions
Heterochro
matin 
positions

regions
Heterochro
matin 
positions

Seq_level_HetDomain 3.54E-63 Seq_level_HetDomain 1.50E-60Human 
accelerated 
regions
Heterochro
matin 
positions
Cross 
species 
conservatio
n score

Seq_level_phastCons46way 1.04E-29
Human 
accelerated 
regions
Heterochro
matin 
positions
Cross 
species 
conservatio
n score

Seq_level_phastCons46way 1.07E-91

Human 
accelerated 
regions

Seq_level_phyloP46way 3.62E-19 Human 
accelerated 
regions

Seq_level_phyloP46way 1.82E-15
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Table S3. Feature importancy. In the copy number loss and copy number gain models, we calculated feature importancy. P = 0.05 is set as the 
significant level. All the feature names were reformatted as feature names (original sources)_tissue type (if applicable).

Features in copy number loss model Feature importancy Features in copy number gain model Feature importancy
1_TssA_chromHMM_brain 5.34E-03 1_TssA_chromHMM_brain 5.58E-03
10_EnhA2_chromHMM_brain 7.75E-03 10_EnhA2_chromHMM_brain 4.92E-03
11_EnhWk_chromHMM_brain 1.38E-02 11_EnhWk_chromHMM_brain 9.25E-03
12_ZNF_chromHMM_brain 4.61E-03 12_ZNF_chromHMM_brain 4.92E-03
13_Het_chromHMM_brain 5.81E-03 13_Het_chromHMM_brain 5.78E-03
14_TssBiv_chromHMM_brain 4.27E-03 14_TssBiv_chromHMM_brain 4.13E-03
15_EnhBiv_chromHMM_brain 5.65E-03 15_EnhBiv_chromHMM_brain 6.17E-03
16_ReprPC_chromHMM_brain 4.25E-03 16_ReprPC_chromHMM_brain 4.11E-03
17_ReprPCWk_chromHMM_brain 5.42E-03 17_ReprPCWk_chromHMM_brain 5.54E-03
18_Quies_chromHMM_brain 6.22E-03 18_Quies_chromHMM_brain 7.34E-03
2_TssFlnk_chromHMM_brain 4.47E-03 2_TssFlnk_chromHMM_brain 4.31E-03
3_TssFlnkU_chromHMM_brain 4.67E-03 3_TssFlnkU_chromHMM_brain 4.55E-03
4_TssFlnkD_chromHMM_brain 7.33E-03 4_TssFlnkD_chromHMM_brain 5.30E-03
5_Tx_chromHMM_brain 4.64E-03 5_Tx_chromHMM_brain 5.06E-03
6_TxWk_chromHMM_brain 4.98E-03 6_TxWk_chromHMM_brain 4.75E-03
7_EnhG1_chromHMM_brain 4.54E-03 7_EnhG1_chromHMM_brain 4.40E-03
8_EnhG2_chromHMM_brain 4.72E-03 8_EnhG2_chromHMM_brain 5.37E-03
9_EnhA1_chromHMM_brain 5.45E-03 9_EnhA1_chromHMM_brain 4.83E-03
ATAC-seq_observed_Brain 5.82E-03 ATAC-seq_observed_Brain 5.96E-03
Brain_Angular_Gyrus_dbsuper 4.18E-03 Brain_Angular_Gyrus_dbsuper 3.47E-03
Brain_Anterior_Caudate_dbsuper 4.33E-03 Brain_Anterior_Caudate_dbsuper 5.08E-03
Brain_Cingulate_Gyrus_dbsuper 3.99E-03 Brain_Cingulate_Gyrus_dbsuper 3.93E-03
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Brain_Hippocampus_Middle_150_dbsuper 4.54E-03 Brain_Hippocampus_Middle_150_dbsuper 6.33E-03
Brain_Hippocampus_Middle_dbsuper 3.94E-03 Brain_Hippocampus_Middle_dbsuper 4.19E-03
Brain_Inferior_Temporal_Lobe_dbsuper 3.47E-03 Brain_Inferior_Temporal_Lobe_dbsuper 5.37E-03
Brain_Mid_Frontal_Lobe_dbsuper 4.99E-03 Brain_Mid_Frontal_Lobe_dbsuper 7.03E-03
ClinGen_haploinsufficiency_gene_0 3.71E-03 ClinGen_region_curation_Triplosensitivity_0 2.24E-03
ClinGen_haploinsufficiency_gene_1 5.91E-03 ClinGen_region_curation_Triplosensitivity_1 7.05E-03
ClinGen_haploinsufficiency_gene_2 0 ClinGen_region_curation_Triplosensitivity_2 6.10E-03
ClinGen_haploinsufficiency_gene_3 9.43E-03 ClinGen_region_curation_Triplosensitivity_3 5.38E-03
ClinGen_haploinsufficiency_gene_30 4.80E-03 ClinGen_region_curation_Triplosensitivity_40 1.01E-02
ClinGen_haploinsufficiency_gene_40 1.14E-03 ClinGen_triplosensitivity_gene 0
ClinGen_region_curation_Haploinsufficiency_0 4.63E-03 ClinGen_triplosensitivity_gene_0 6.16E-03
ClinGen_region_curation_Haploinsufficiency_1 0 ClinGen_triplosensitivity_gene_1 0
ClinGen_region_curation_Haploinsufficiency_2 2.59E-03 ClinGen_triplosensitivity_gene_2 0
ClinGen_region_curation_Haploinsufficiency_3 4.81E-03 ClinGen_triplosensitivity_gene_3 0
ClinGen_region_curation_Haploinsufficiency_30 0 ClinGen_triplosensitivity_gene_30 0
ClinGen_region_curation_Haploinsufficiency_40 1.05E-02 ClinGen_triplosensitivity_gene_40 0
Collins_rCNV_PLIgenes_PHI 5.24E-02 Collins_rCNV_PLIgenes_PTS 6.53E-02
ctcf 5.27E-03 ctcf 4.46E-03
CTCF_observed_Brain 4.34E-03 CTCF_observed_Brain 5.10E-03
DacMapExclude 5.65E-03 DacMapExclude 8.93E-03
ddg2p_loss 7.51E-03 ddg2p_gain 3.54E-03
DNaselClusterd 4.23E-03 DNaselClusterd 4.51E-03
DnaseMaster 5.52E-03 DnaseMaster 4.98E-03
DNase-seq_observed_Brain 1.11E-02 DNase-seq_observed_Brain 1.08E-02
DNase-seq_observed_Neurosph 2.30E-02 DNase-seq_observed_Neurosph 2.24E-02
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DukeMapExclude 6.33E-03 DukeMapExclude 8.47E-03
EncodeAwgTfbsBroadNhaCtcf 5.10E-03 EncodeAwgTfbsBroadNhaCtcf 4.79E-03
EncodeRegTfbsClustered 4.86E-03 EncodeRegTfbsClustered 5.60E-03
enhancerAtlas_Astrocyte_EP 3.41E-03 enhancerAtlas_Astrocyte_EP 6.82E-03
enhancerAtlas_Cerebellum_EP 4.23E-03 enhancerAtlas_Cerebellum_EP 4.91E-03
enhancerAtlas_ESC_neuron_EP 3.34E-03 enhancerAtlas_ESC_neuron_EP 4.45E-03
EP300_imputed_Brain 4.79E-03 EP300_imputed_Brain 4.00E-03
EP300_imputed_Neurosph 5.06E-03 EP300_imputed_Neurosph 5.47E-03
Essential_in_culture_CRISPR 3.85E-03 Essential_in_culture_CRISPR 5.13E-03
famton_astrocyte 3.93E-03 famton_astrocyte 6.99E-03
famton_brain 6.68E-03 famton_brain 5.28E-03
famton_CL:0000127 3.45E-03 famton_CL:0000127 3.77E-03
famton_count 5.37E-03 famton_count 6.22E-03
famton_neuronal_stem_cell 4.61E-03 famton_neuronal_stem_cell 3.17E-03
famton_permssive 4.56E-03 famton_permssive 5.03E-03
FDA-approved_drug_targets 4.03E-03 FDA-approved_drug_targets 4.57E-03
GC 6.47E-03 gain_activating_score1 0
gencode_CDS 9.24E-03 gain_activating_score2 0
gencode_exon 7.74E-03 gain_activating_score3 1.80E-03
gencode_gene 7.42E-03 GC 5.89E-03
gencode_Selenocysteine 0 gencode_CDS 9.60E-03
gencode_start_codon 2.08E-02 gencode_exon 2.11E-02
gencode_stop_codon 3.54E-03 gencode_gene 7.17E-03
gencode_transcript 4.69E-03 gencode_Selenocysteine 4.83E-04
gencode_UTR 5.77E-03 gencode_start_codon 8.60E-03
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gene_enhancer_links_brain_enhcenter 5.55E-03 gencode_stop_codon 4.29E-03
gene_enhancer_links_neurosph_enhcenter 6.37E-03 gencode_transcript 5.05E-03
gpcr_union 3.95E-03 gencode_UTR 4.27E-03
H2AFZ_imputed_Brain 4.28E-03 gene_enhancer_links_brain_enhcenter 4.33E-03
H2AFZ_imputed_Neurosph 4.71E-03 gene_enhancer_links_neurosph_enhcenter 6.14E-03
H2AFZ_observed_Brain 5.17E-03 gpcr_union 3.52E-03
H3k27ac 4.88E-03 H2AFZ_imputed_Brain 4.46E-03
H3K27ac_imputed_Brain 4.59E-03 H2AFZ_imputed_Neurosph 5.95E-03
H3K27ac_imputed_Neurosph 5.14E-03 H2AFZ_observed_Brain 5.61E-03
H3K27ac_observed_Brain 4.54E-03 H3k27ac 5.37E-03
H3K27ac_observed_Neurosph 5.79E-03 H3K27ac_imputed_Brain 6.32E-03
H3K27me3_imputed_Brain 5.02E-03 H3K27ac_imputed_Neurosph 6.64E-03
H3K27me3_imputed_Neurosph 6.51E-03 H3K27ac_observed_Brain 4.71E-03
H3K27me3_observed_Brain 6.65E-03 H3K27ac_observed_Neurosph 6.18E-03
H3k4me1 6.11E-03 H3K27me3_imputed_Brain 5.09E-03
H3K4me1_imputed_Brain 4.14E-03 H3K27me3_imputed_Neurosph 6.37E-03
H3K4me1_imputed_Neurosph 5.30E-03 H3K27me3_observed_Brain 7.70E-03
H3K4me1_observed_Brain 5.63E-03 H3k4me1 7.23E-03
H3K4me1_observed_Neurosph 4.32E-03 H3K4me1_imputed_Brain 5.71E-03
H3K4me2_observed_Brain 5.20E-03 H3K4me1_imputed_Neurosph 6.01E-03
H3k4me3 7.73E-03 H3K4me1_observed_Brain 5.83E-03
H3K4me3_imputed_Brain 6.09E-03 H3K4me1_observed_Neurosph 5.33E-03
H3K4me3_imputed_Neurosph 5.11E-03 H3K4me2_observed_Brain 5.29E-03
H3K4me3_observed_Brain 5.38E-03 H3k4me3 5.32E-03
H3K4me3_observed_Neurosph 5.40E-03 H3K4me3_imputed_Brain 5.26E-03
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H3K9ac_imputed_Brain 5.52E-03 H3K4me3_imputed_Neurosph 4.10E-03
H3K9ac_imputed_Neurosph 5.54E-03 H3K4me3_observed_Brain 6.84E-03
H3K9me3_imputed_Brain 5.66E-03 H3K4me3_observed_Neurosph 6.45E-03
H3K9me3_imputed_Neurosph 5.85E-03 H3K9ac_imputed_Brain 4.98E-03
H3K9me3_observed_Brain 5.53E-03 H3K9ac_imputed_Neurosph 6.92E-03
H3K9me3_observed_Neurosph 4.70E-03 H3K9me3_imputed_Brain 6.78E-03
H4K20me1_imputed_Neurosph 4.40E-03 H3K9me3_imputed_Neurosph 6.60E-03
H4K20me1_observed_Brain 5.01E-03 H3K9me3_observed_Brain 6.58E-03
hacer_T1 5.06E-03 H3K9me3_observed_Neurosph 7.87E-03
HAR 4.44E-03 H4K20me1_imputed_Neurosph 5.54E-03
HetDomain 1.13E-02 H4K20me1_observed_Brain 5.35E-03
HP_0000707 3.42E-03 hacer_T1 6.26E-03
HP_0000708 4.66E-03 HAR 5.29E-03
HP_0000717 9.17E-03 HetDomain 6.86E-03
HP_0000729 3.13E-03 HP_0000707 4.05E-03
HP_0000752 3.17E-03 HP_0000708 4.61E-03
HP_0001197 4.68E-03 HP_0000717 4.45E-03
HP_0001250 3.83E-03 HP_0000729 5.33E-03
HP_0001507 4.22E-03 HP_0000752 5.64E-03
HP_0002011 5.61E-03 HP_0001197 4.52E-03
HP_0002715 7.74E-03 HP_0001250 2.60E-03
HP_0002960 9.04E-03 HP_0001507 5.80E-03
HP_0011446 5.33E-03 HP_0002011 4.32E-03
HP_0012443 6.80E-03 HP_0002715 4.48E-03
HP_0012638 3.39E-03 HP_0002960 3.96E-03
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HP_0012639 5.11E-03 HP_0011446 6.29E-03
HP_0012759 7.35E-03 HP_0012443 2.78E-03
HP_0025031 4.49E-03 HP_0012638 4.53E-03
HP_0031466 5.46E-03 HP_0012639 2.91E-03
HP_0100022 6.53E-03 HP_0012759 5.83E-03
HP_0100753 0 HP_0025031 7.89E-03
HP_0100852 4.28E-03 HP_0031466 5.76E-03
liu_csbj_targetgene 5.18E-03 HP_0100022 3.54E-03
loss_of_function_score1 5.91E-03 HP_0100753 4.64E-03
loss_of_function_score2 3.25E-03 HP_0100852 5.19E-03
loss_of_function_score3 5.53E-03 liu_csbj_targetgene 4.99E-03
methMCRF 6.51E-03 methMCRF 7.48E-03
mgi_essential_gene 4.35E-03 mgi_essential_gene 1.39E-02
miRNA 4.85E-03 miRNA 5.29E-03
non-codingRNAs 5.81E-03 non-codingRNAs 4.88E-03
nonEssential_in_culture_CRISPR 4.74E-03 nonEssential_in_culture_CRISPR 4.26E-03
nott_Astrocyte_enhancers 3.95E-03 nott_Astrocyte_enhancers 5.09E-03
nott_Astrocyte_promoters 4.51E-03 nott_Astrocyte_promoters 6.32E-03
nott_H3K4me3_around_TSS 6.04E-03 nott_H3K4me3_around_TSS 5.61E-03
nott_Microglia_enhancers 4.68E-03 nott_Microglia_enhancers 5.14E-03
nott_Microglia_promoters 5.68E-03 nott_Microglia_promoters 5.16E-03
nott_Neuronal_enhancers 1.23E-02 nott_Neuronal_enhancers 1.09E-02
nott_Neuronal_promoters 4.69E-03 nott_Neuronal_promoters 5.36E-03
nott_Oligo_enhancers 4.86E-03 nott_Oligo_enhancers 5.79E-03
nott_Oligo_promoters 6.11E-03 nott_Oligo_promoters 4.81E-03
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nott_superEnhancer 0 nott_superEnhancer 0
Olfactory_receptors_mainland 6.80E-03 Olfactory_receptors_mainland 2.50E-03
phastCons46way 6.22E-03 phastCons46way 6.99E-03
phyloP46way 5.13E-03 phyloP46way 5.65E-03
POLR2A_imputed_Neurosph 6.71E-03 POLR2A_imputed_Neurosph 4.29E-03
PsychENCODE_CBC_H3K27ac 6.66E-03 PsychENCODE_CBC_H3K27ac 4.85E-03
PsychENCODE_HiC_EP 4.96E-03 PsychENCODE_HiC_EP 4.61E-03
PsychENCODE_loops_interRegion 4.33E-03 PsychENCODE_loops_interRegion 4.30E-03
PsychENCODE_PEC_Enhancers 1.04E-02 PsychENCODE_PEC_Enhancers 7.93E-03
PsychENCODE_PFC_H3K27ac 6.18E-03 PsychENCODE_PFC_H3K27ac 4.74E-03
PsychENCODE_TAR 5.81E-03 PsychENCODE_TAR 5.18E-03
PsychENCODE_TC_H3K27ac 4.70E-03 PsychENCODE_TC_H3K27ac 4.70E-03
RAD21_imputed_Brain 5.53E-03 RAD21_imputed_Brain 6.13E-03
RAD21_imputed_Neurosph 5.69E-03 RAD21_imputed_Neurosph 6.04E-03
RoadmapDNasePromCount 4.78E-03 RoadmapDNasePromCount 4.88E-03
SE_ele 4.32E-03 SE_ele 5.16E-03
SEA00101 4.63E-03 SEA00101 5.57E-03
sfari_gene 4.56E-03 sfari_gene 4.32E-03
SMC3_imputed_Brain 6.01E-03 SMC3_imputed_Brain 5.35E-03
SMC3_imputed_Neurosph 4.65E-03 SMC3_imputed_Neurosph 6.88E-03
snp_selex 8.40E-03 snp_selex 4.48E-03
TAD56 7.91E-03 TAD56 7.23E-03
tss2000bp 1.78E-02 tss2000bp 1.46E-02
vista 4.74E-03 vista 4.54E-03
yue_loops_hippo 5.13E-03 yue_loops_hippo 6.64E-03
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Abstract

Background: Neurodevelopmental disorders (NDDs) are associated with altered 

development of the brain especially in childhood. Copy number variants (CNVs) play 

a crucial role in the genetic aetiology of NDDs by disturbing gene expression directly 

at linear sequence or remotely at three-dimensional genome level in a tissue-specific 

manner. Despite the substantial increase in NDD studies employing whole-genome 

sequencing, there is no specific tool for prioritizing the pathogenicity of CNVs in the 

context of NDDs. Methods: Using an XGBoost classifier, we integrated 189 features 

that represent genomic sequences, gene information, and functional/genomic segments 

for evaluating genome-wide CNVs in a neuro/brain-specific manner, to develop a new 

tool, neuroCNVscore. We utilized Human Phenotype Ontology to construct an 

independent NDD-related set. Results: Our neuroCNVscore framework 

(https://github.com/lxsbch/neuroCNVscore) achieved high predictive performance (PR 

= 0.82; AUC = 0.85) and outperformed an existing reference method SVScore. Notably, 

the predicted pathogenic CNVs showed enrichment in known genes associated with 

autism. Conclusions: NeuroCNVscore prioritizes functional, deleterious and 

pathogenic CNVs in NDDs at whole genome-wide level, which is important for genetic 

studies and clinical genomic screening of NDDs as well as for providing novel 

biological insights into NDDs. 

Key Words: Neurodevelopmental disorder; Copy number variant; Pathogenicity; 

Tissue specificity; Gene expression
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Key Messages: 

 What is already known on this topic

CNVs are important in the genetic aetiology of NDDs. Systematic identification of 

CNV pathogenicity by virtue of their size, number and impact on genome is challenge. 

Several tools are available to evaluate CNVs or structural variants, but none on CNVs 

specific for NDDs.   

 What this study adds

NeuroCNVscore is a useful tool in prioritizing functional and/or pathogenic CNVs in 

NDDs at whole genome-wide level in a neuro/brain-specific manner. 

 How this study might affect research, practice or policy

Given the expanding studies on NDDs and the usage of sequencing in clinical practice, 

our neuroCNVscore speeds up the screening on pathogenic CNVs, which facilitates the 

clinical diagnoses of CNVs with unknown significant, and thus may provide novel 

biological insights into NDDs. 
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Introduction

Neurodevelopmental disorders (NDDs) are characterized by the inability to achieve 

cognitive, emotional, and motor developmental milestones including autism spectrum 

disorder (ASD), attention deficit hyperactivity disorder (ADHD) and schizophrenia. It 

is estimated to affect over 11.3%, and 15% of the population in low and middle-income 

countries (1) and US, (2) respectively. NDD’s heritability is high that has been 

estimated from twin and family studies as 50% to 90% in ASD, (3) 88% in ADHD (4) 

and 85% in schizophrenia. (5) Genomic alterations are commonly found in children 

with NDDs. However, the explained genetic aetiology of NDDs accounts for only a 

small proportion.

Copy number variants (CNVs) are structural variants (SVs) in the genome that 

involve the gain or loss of large segments of DNA, which have been implicated in 

NDDs. (6,7) Systematic identification of CNV pathogenicity by virtue of their number, 

size and impact on the genome is still a challenge. It is approximately 1,000 CNVs per 

genome ranging in size from 50 base pairs (bp) to several mega bases (Mb). CNVs 

make effects by altering the dosage of gene regions (8) as well as by perturbing non-

coding areas. (7,9) Growing number of studies by whole genome sequencing (WGS) 

and the complexity of identifying pathogenic CNVs call for computational prediction 

tools.
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Many assessing tools have been developed to evaluate the pathogenicity of single 

nucleotide variants (SNVs), (10,11) but fewer studies have systematically focused on 

assessing the pathogenic CNVs, especially none in NDD-related CNVs. Recently, 

SVScore, (12) SVFX, (13) SVPath, (14) and AnnotSV (15) have been developed to 

interpret the SVs by integrating results from prediction matrices of SNPs, using cancer 

related SVs as inputs, counting SVs with overlapped exons, or integrating multiple 

sources to annotate SVs. However, the aggregated effects on SNPs, somatic impacts of 

SVs, or only overlapping exons without tissue-specific information may bias the effects 

of CNVs. As germline variations are the major focus in NDDs, a specific tool is needed 

for assessing the effects of CNVs on NDDs. 

We here present a novel supervised machine learning framework, named as 

neuroCNVScore (https://github.com/lxsbch/neuroCNVscore), to score the 

pathogenicity of CNVs related to NDDs. We hypothesize that the computational 

prediction on pathogenic CNVs would benefit from a set of comprehensive tissue-

specific features covering the whole genomic regions. Hence, we employed germline 

CNVs obtained from published NDD studies, (16-19) and curated gene lists together 

with a comprehensive set of neuro/brain-specific data on non-coding regions from 

ENCODE, (20) Roadmap, (21) EpiMap (22) and PsychENCODE (23) to train our 

models. Moreover, we constructed an independent dataset associated with NDDs by 

filtering the phenotypes from Human Phenotype Ontology (HPO, https://hpo.jax.org/) 

to evaluate the performance of our trained models. The performance of 
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neuroCNVScore was compared with a reference method SVScore. (12) This 

neuroCNVScore is designed for assessing the pathogenicity of CNVs in NDDs 

generated from association studies or genetic tests.

Methods

Data collection and pre-processing/harmonization 

We developed neuroCNVscore, which utilized XGBoost and comprehensive genome-

wide features to evaluate the likelihood that a given CNV contributes to the 

development or manifestation of NDDs. To assess the pathogenicity associated with 

CNV in NDDs, we gathered training set (identified by genomic coordinates) from 

several case-control NDD studies. We assigned CNVs from cases as likely pathogenic 

(LP). In contrast, the CNVs from unaffected individuals and parents served as the 

control. Together, we collected 86,694 CNVs in the LP set and 786,058 in the control 

set from four data sources, respectively (Fig. 1).

Initial data filtering and harmonization were performed on all autosomal 

chromosome CNVs in three major steps. Firstly, we excluded CNVs with a size smaller 

than 50 base pairs, and the remaining CNVs were categorized into two groups based on 

their impact on the genome: copy number loss and copy number gain. Next, we deleted 

CNVs which had 90% reciprocal overlap between LP and control. Finally, we applied 

an empirical cumulative distribution function with bin size of 60 to generate size 
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matched LP and control to overcome the amount of disparity between groups. For each 

CNV type, we sampled an equal number of LP CNVs ensuring the matching of control 

CNVs in each bin. For training process, we retained 13,857 cleaned LP CNVs and 

13,859 cleaned control CNVs.

Next, we constructed an independent test set by assembling 51,819 disease 

associated variations from ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/) 

and 136,181 common CNVs from GnomAD 2.1 (http://www.gnomad-sg.org/). For the 

NDD related set, we retained CNVs with length > 50 bp, germline, pathogenic, and the 

term of HPO: 0012759 (neurodevelopmental abnormality associated genes). For 

common CNVs, we kept CNVs with quality record PASS, and allele frequency > 0.1. 

To avoid over-estimation, we removed those CNVs with 90% reciprocal overlap within 

the training dataset under the same variant type. 

Finally, we collected several NDD related gene lists to evaluate the biological 

validity and robustness of neuroCNVscore including CHD8 target genes, (24) human 

postsynaptic density (PSD) proteins (25) and ASD risk genes (FDR < 0.3). (18) The 

overall workflow is outlined in Fig. 1.

A comprehensive tissue-specific feature collection and feature matrix construction

For each CNV, a broad range of features was compiled into a feature matrix. We 

leveraged 189 features in total from three different levels: (1) gene level (Gen), (2) 
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functional/genomic segment level (Fun), and (3) sequence level (Seq). The description 

of features is shown in Table S1. 

In brief, a set of gene level features (N = 62) that contain gene entity, dosage 

sensitivity and neurodevelopmental phenotype were collected. Since non-coding CNVs 

may disrupt regulatory regions to compromise gene expression and translation in a 

linear or 3D manner, we obtained a regulatory cascade catalogue (N = 120 at 

functional/genomic segment level). This catalogue integrated multi-omics data 

encompassing experimentally identified or computational predicted regulatory regions 

with a focus on tissue-specific annotation. Finally, the sequence level features (N = 7) 

comprised of information of GC content, cross species conservation score 

(phylop46way and phastcon46way which are derived from phyloP or Hidden Markov 

Model via multiple alignment of 45 vertebrate genomes to the human genome), 

heterochromatin positions, collapsed repeat regions (DacMapExclude, 

DukeMapExclude are genomic regions calculated by different algorithms) retrieved 

from the UCSC genome browser (http://genome.ucsc.edu/), and human accelerated 

regions accessed by Doan et al.. (26) These features were instrumental in identifying 

functional genomic regions and/or filtering out the genomic regions which may cause 

artefacts from downstream segments.

Based on a variety of features, annotations were performed in three distinct ways: 

(1) counting the number of overlapped features with a given CNV, (2) assessing a 

discrete value that denotes the number of the features which has >50% reciprocal 
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overlapped regions with a given CNV, (3) calculating the average value of overlapped 

regions between the feature and a given CNV. After initial annotation, we divided the 

entire feature matrix based on the length of each CNV and then applied min-max 

scaling. Considering the differences in features, e.g. triplosensitivity is a measurement 

only for the copy number gain, we kept 172 features out of 189 for the copy number 

loss model and 172 features out of 189 in the copy number gain model, respectively.  

Design of XGBoost model and the training strategy

To choose an appropriate model, we compared the performances among different 

algorithms (Naïve Bayes, Logistic Regression, Support Vector Machine, and 

XGBoost), and we found that XGBoost had the best performance in the python 

framework from Scikit 0.22.1 with the binary logistic objective function. A total of 

80%/20% of the variant sets was used as training/test sets, respectively. Next, we 

trained the XGBoost model with optimized parameters by using grid search and 

evaluated our models through an independent test set. Additionally, we assessed the 

performance by comparing our model with SVScore, which can evaluate various types 

of SV including CNV. 

Statistics

Statistical analyses were performed using Python (version 2.7). The performance was 

measured by precision-recall (PR) and receiver operating characteristic (ROC) curves. 
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For individual feature comparison, we applied two-tailed Wilcoxon rank-sum tests. All 

genomic data is in GRCh37 genome build. Figures were generated by the ggplot 

package in R (version 3.6.1) or matplotlib in Python.

Patient and public involvement

Patients or the public were not involved in the design, or conduct, or reporting, or 

dissemination plans of our research. No ethical issues are involved in this study as this 

paper only used the data deposited in the public accessible databases. 

Results 

Feature analyses pinpoint comprehensive feature sets

To understand the characteristics of CNVs in NDDs, we investigated the distribution 

of features between LP and control sets. In total, we observed 121 and 106 significant 

features at the threshold of P = 0.05 in copy number loss and copy number gain models, 

respectively (Table S2). These findings demonstrated that a large spectrum of features 

have significant differences between sets.

Among these significant features, functional/genomic segment features ranked 

higher than the others. Most of the highly ranked features were related to histone 

modification markers (e.g. H3K27me3, H3K27ac) and 3D chromatin related features 

(e.g. enhancers) (Fig. 2). This is as expected since noncoding regions account for 98% 
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of the human genome and CNVs can affect the gene function by interrupting the 

regulatory regions. 

Comparisons among four algorithms reveal the superior performance of XGBoost

To find an optimal model for identifying pathogenic CNVs, we evaluated the predictive 

performance of Naïve Bayes, Logistic Regression, Support Vector Machine (SVM) and 

XGBoost on the test sets (Fig. 3). The XGBoost model showed the highest performance 

(average precision (AP) and area under curve (AUC) were 0.82, 0.85 for copy number 

loss; AP and AUC were 0.80, 0.84 for copy number gain). Therefore, we applied the 

XGBoost model to construct our neuroScoreCNV framework. 

Accuracy assessments reveal better performance of neuroScoreCNV than 

SVScore

We evaluated the performance of neuroScoreCNV and SVScore by an independent set 

as described in the flowchart (Fig. 1). NeuroScoreCNV achieved relatively better 

performance evaluated by both AP and AUC values compared to SVScore (Fig. 4). The 

different performances between models are in agreement with a previous study. (13) 

Moreover, we investigated the biological validity and robustness from two aspects. 

It was shown that interruptions at conserved regions could cause diseases since these 

regions are normally functional. (27) Therefore, we first computed the CNV pathogenic 

scores generated with the new feature matrices in which a conservation score (i.e. 
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PhyloP46way, one of the commonly used conservation score that considering 

individual base conservation) was excluded. We observed that higher CNV pathogenic 

scores (≥0.7) tended to have higher conservation scores, as indicated by the correlation 

between log10(PhyloP46way) and the new pathogenic scores (Fig. 5A, B). Then, we 

checked if our predicted scores were capable of prioritizing CNVs with known NDD-

associated genes. LP CNVs covered significantly (P < 0.05) more NDD-related genes 

than the control group (Fig. 5B). Overall, our approach achieved higher performance 

in discriminating LP CNVs from control or benign CNVs. 

Feature importancy highlights the important role of regulatory regions in NDDs

We categorized model features into three groups: functional/genomic level (Fun), gene 

level (Gen) and sequence level (Seq) and computed the feature importancy by 

permutation. (Fig. 6Figure 6, Table S3). The most important features were genes with 

haploinsufficiency scores (PHI) and triplosensitivity scores (PTS). PHI reflects the 

probability of one single functional copy to be sufficient to maintain function, whereas 

PTS suggests the probability of an additional copy of a gene for generating phenotypes. 

PHI and PTS are important parameters for evaluating the pathogenicity in clinical 

diagnoses based on the ACMG guidelines. (28) This is also true in neuroCNVScore. In 

NDDs, several studies found pathogenic CNVs were sensitive to dosage. (29) 

Additionally, we noticed several prominent phenotypes such as HPO: 000717 

(autism associated genes), HPO: 0002960 (autoimmunity associated genes) and HPO: 
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0025031 (abnormality of the digestive system associated genes). It is known that 

immune system abnormalities and/or gastrointestinal symptoms can co-occur with 

ASD (30) and schizophrenia. (31) Compelling evidence has demonstrated the 

importance of autoimmune response in ASD. (32) Purified IgG containing antibodies 

from the mothers of children with ASD can cause abnormal behaviours in animal 

models. (33,34) 

Among the important features at the functional/genomic segment level, we 

observed several key players in 3D chromatin conformation including enhancers and 

topologically associated domains (TADs). Meanwhile, DNase-Seq which suggests 

active regulatory elements at open chromatin was also an important feature. The 

emerging evidence has highlighted the role of 3D chromatin conformation in relation 

to NDDs. (23, 35) Collectively, studying the interaction between CNVs and the higher 

order of chromatin conformation could provide novel insights into the aetiology of 

NDDs and explain the missing heredity of NDDs. 

Discussion

In this study, we have introduced a novel framework, neuroCNVscore, to evaluate the 

pathogenicity of CNVs in NDDs. NeuroCNVscore outperformed a commonly used tool 

SVScore on independent datasets from ClinVar and gnomAD. Importantly, 

neuroCNVscore has unique ability to prioritize the functional, deleterious and 
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pathogenic CNVs derived from either NDD’s association studies or clinical diagnoses, 

which may provide biological insights into NDDs, especially at the three-dimensional 

genome level. 

There are several factors contribute to the accuracy and robustness of 

neuroCNVscore. First, we used a high-quality set of germline CNVs from published 

NDD studies as the training set, ensuring the high reliability of this model. Secondly, 

we validated our models by using an independent dataset associated with NDD, which 

outperformed a published tool, SVScore. Furthermore, we curated a comprehensive 

feature collection (N = 189) at gene, functional genomic, and sequence levels. 

Specifically, we incorporated a significant amount of tissue-specific functional 

genomic data, enabling the identification of disrupted genes and regulatory elements 

that act in a tissue-specific manner during development. This is especially important 

for the studies in NDD since brain tissue is normally hard to access. 

While the neuroCNVscore performed well, it may be improved by incorporating 

expert-curated CNVs from whole genome sequencing studies in NDDs and healthy 

controls. Along with the increased knowledge and functional genomics data on non-

coding regions, additional informative features can be integrated into the model to 

better address the underlying mechanisms. Moreover, we developed neuroCNVscore 

based on XGBoost, but it is worth exploring deep learning algorithms in future 

investigation. 
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In summary, our neuroCNVscore is a useful tool for generating hypotheses in 

genome-wide association studies in NDDs and could facilitate the understanding of 

genetic aetiology of NDDs.
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Figure Legends

Figure 1. The flowchart of neuroCNVscore development and evaluation in this study. 

In Data Sets, the sources of training set and test set are listed. The training set was 

derived from four NDDs studies under the case-control design, while the validation set 
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was from ClinVar and GnomAD. The numbers of raw and cleaned CNVs in the 

brackets are indicated. LP, likely pathogenic. In Neuro-features, comprehensive 

neuro/brain related features were gathered at gene, sequence, and functional/genomic 

segments levels. In Prediction and Validation, biological validations were performed in 

two ways: 1) correlation analyses between phyloP46way and the pathogenic scores 

generated by the new model where phyloP46way was excluded from the feature matrix; 

2) utilization of an independent set of NDD related gene lists including PSD genes to 

cognition, CHD8 targets, and ASD risk genes. 

Figure 2. Comparisons of top three features between control and LP (likely pathogenic) 

sets. The top three significant features between control and LP sets in copy number loss 

(A) and copy number gain (B). The X-axis shows the types of significant features. 

Fun_level, Function/genomic segment level. The Y-axis displays the values of log- 

transformed feature matrices. Unpaired t-tests were applied and significant levels were. 

**** P < 0.0001.

Figure 3. Performances of Naïve Bayes, Logistic Regression, Support Vector Machine 

(SVM) and XGBoost algorithms in evaluating CNVs. XGBoost showed superior 

performance demonstrated by precision-recall curves and ROC curves for both copy 

number loss (A, B) and copy number gain (C, D). AP: average precision; AUC: area 

under curve.
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Figure 4. Performances of neuroCNVscore and SVScore in an independent set as 

described in the flowchart of Figure 1. Precision-Recall (A) and ROC (B) curves were 

calculated with copy number loss from the independent dataset; Precision-Recall (C) 

and ROC (D) curves were calculated with copy number gain from the independent 

dataset.

Figure 5. Biological validation of neuroCNVscore. The plot (A) shows the 

comparisons between PhyloP scores (log10(PhyloP46way)) and pathogenic scores 

generated by excluding PhyloP46way from the original neuroCNVscore model, regions 

with higher pathogenic scores tend to have higher PhyloP scores. The number of NDD 

related genes (B) between the predicted LP and control groups in both copy number 

loss and copy number gain models shows that more NDD related genes are found in LP 

groups. For better presentation, log transformations were applied to PhyloP46way 

scores and the gene counts. *P < 0.05.

Figure 6. Top 20 features obtained from feature importance analyses. Highly important 

features of copy number loss model (A) and copy number gain model (B) are listed. All 

the feature names were color-coded and formatted as following: feature type 

(Fun_/Gen_/Seq_feature names (original sources)_tissue type (if applicable). Fun: 

Function, in blue; Gen: Gene, in green; Seq: Sequence, in purple.
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Figure 3-XGBooster performance 
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Figure 4-neuroCNV vs. SV 
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Figure 5 
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Figure 6 
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Supplementary Tables 

 

Table S1. A detailed feature description. This table includes all features used in our model. These features are grouped into three levels: gene, 

functional/genomic segment and sequence. A brief description along with references is described on each feature. 

Feature category Feature set Description Feature type References 

Gene level (N = 61) 

Cell essential and 

nonessential genes 

CRISPR/Cas9 screens identified essential genes in human cell lines. 

Curated in2 

discrete 1 

ClinGen curated genes and 

genomic regions 

Genes and genomics regions were rated from 0 to 3, indicating an 

increased evidence on dosage sensitivity. Additional two levels (40,30) 

suggest unlikely dosage sensitive and genes associated with autosomal 

recessive phenotype. 

discrete 3 

DDG2P database 

A curated list of genes linked to developmental disorders compiled by 

clinicians as part of the DDD study to facilitate clinical feedback on 

likely causal variants 

discrete 4 

Dosage sensitive genes 
Predicted score on dosage sensitive genes (i.e., haploinsufficiency or 

triplosensitivity) 

discrete 5, 34 

FDA proved drug target 
Genes with protein products that are mechanistic targets of FDA-

approved drugs. Curated in 2 

discrete 6 

G protein-coupled receptor GPCR list curated in2 discrete 32, 33, 35 

Mouse heterozygous LoF 

lethal 

Genes that are lethal in mouse models when inactivated heterozygous. 

Curated by 2 

discrete 7 

Neurodevelopmental 

process related genes 

Genes associated with various phenotypes from HPO: Abnormality of 

the nervous system (HP:0000707)-associated genes 

Abnormality of nervous system physiology (HP:0012638)-associated 

discrete 8 
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genes 

Behavioral abnormality (HP:0000708)-associated genes 

Abnormality of nervous system morphology (HP:0012639)-associated 

genes 

Abnormality of the immune system (HP:0002715)-associated genes 

Neurodevelopmental abnormality (HP:0012759)-associated genes 

Autoimmunity (HP:0002960)-associated genes 

Morphological abnormality of the central nervous system (HP:0002011)-

associated genes 

Schizophrenia (HP:0100753)-associated genes 

Autistic behavior (HP:0000729)-associated genes 

Abnormality of movement (HP:0100022)-associated genes 

Seizures (HP:0001250)-associated genes 

Autism (HP:0000717)-associated genes 

Hyperactivity (HP:0000752)-associated genes 

Abnormality of prenatal development or birth (HP:0001197)-associated 

genes 

Impairment in personality functioning (HP:0031466)-associated genes 

Abnormality of the digestive system (HP:0025031)-associated genes 

Growth abnormality (HP:0001507)-associated genes 

Abnormal fear/anxiety-related behavior (HP:0100852)-associated genes 

Abnormality of brain morphology (HP:0012443)-associated genes 

Abnormality of higher mental function (HP:0011446)-associated genes 

Olfactory receptors Any HUGO-recognized family of olfactory receptor genes discrete 9 

SFARI gene Genes implicated in autism susceptibility discrete 10 
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Functional/genomic 

segment level (N = 

121) 

Chromatin states 

Brain related chromatin states inferred by the extended 18-way 

ChromHMM model across 98 tissues from the Roadmap Epigenomics 

Project 

discrete 11 

CTCF binding sites 

Genome wide observed CTCF binding sites from Brain continuous 12 

Genome wide CTCF binding sites from 7 cell lines generated by ChIP-

seq. Curated by UCSC 

continuous 13 

DNA Accessibility ATAC-seq from brain and neurosph. continuous 13 

DNase hypersensitive sites 

Observed DNase I hypersensitive areas from brain and neurosph. continuous 13 

DNase hypersensitive sites assayed from a collection of cell types. 

Download from UCSC table browser NAR 2004 

continuous 14 

RoadmapDNasePromCount discrete 15 

Enhancers 

Brain cell type-specific enhancers identified by PLAC-seq discrete 16 

dbSUPER: Super enhancers from Brain Angular Gyrus; Brain Anterior 

Caudate; Brain Cingulate Gyrus; Brain Hippocampus Middle; Brain 

Inferior Temporal Lobe 

discrete 17 

EpiMap: enhancers from the brain and neurosph. discrete 12 

EnhancerAtlas 2.0: Enhancer predictions in 197 human cell lines & 

tissues 

discrete 18 

FANTOM Enhancers: Enhancer predictions for human tissues and cell 

types from the FANTOM5 consortium 

discrete 19 

HACER: Active enhancer predictions in human cell lines & tissues based 

on PRO-seq, GRO-seq, or CAGE data 

discrete 20 

PsychENCODE: PEC EnhancersDER-

03a_hg19_PEC_enhancers_clean.bed 

discrete 21 

SEA: Super enhancer predictions from 143 human cell lines and tissues 

(mapped back to hg19 using liftOver with minimum 75% match) 

discrete 23 
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Sedb: Super enhancer and typical enhancer predictions from 541 human 

cell lines and tissues 

discrete 22 

VISTA: Experimentally-validated mammalian enhancers discrete 24 

Genomic segmentations 

All autosomal, protein-coding genes; CDS; exon; Selenocysteine; 

start_codon; stop_codon; transcript 

UTR 

discrete 25 

Histone markers 

H2AFZ, H2AK5ac, H2AK9ac, H2BK120ac, H2BK12ac, H2BK15ac, 

H2BK20ac, H2BK5ac, H3F3A, H3K27ac, H3K4ac, H3K4me1, 

H3K4me2, H3K4me3, H3K9ac, H3K9me1, H3K9me2, H3K9me3 from 

the brain or neurosph 

continuous 12 

H3K27ac peaks for the Prefrontal Cortex, the Temporal Cortex, and the 

Cerebellar Cortex 

continuous 21 

Long range probable genes Target genes by prediction on GWAS hits and 3D chromatin structures discrete 26 

Loop anchors and 

topological associated 

domains in higher-order 

chromatin structure 

TAD boundaries (defined as the start and end coordinates for each TAD 

± 5kb) from 30 samples meeting our ENCODE data inclusion criteria 

available for download from the ENCODE Data Portal 

continuous 14 

Selected "derived" datasets from PsychENCODE Integrated Analysis 

Package, including cortex enhancers, transcriptionally active regions, 

TAD boundaries, and H3k27ac peaks 

continuous 21 

Yue labs continuous 27 

Methylation MeDIP/MRE (mCRF) methylation calls continuous 15 

Transcript active regions 
Cortex Transcriptionally Active Regions are found within at least 70% of 

the individuals 

continuous 21 

Transcript factor binding 

sites 
SNP-SELEX 

discrete 28 

Transcript starting sites The 2000bp flanking regions about transcript starting sites discrete 36 

Page 34 of 54

https://mc.manuscriptcentral.com/bmjpo

BMJ Paediatrics Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Confidential: For Review Only

Sequence level (N = 

7) 

Blacklisted regions 

Genome regions have anomalous, unstructured, high signal/read counts 

(DacMapExclude), problematic regions for short sequence tag signal 

detection (DukeMapExclude) 

discrete 29 

Cross species conservation 

score 

The conservation scoring (phylop46way, phastcon46way) for multiple 

alignments of 45 vertebrate genomes to the human genome 

continuous 29 

GC content GC content calculated with a "span" size of 5 bases continuous 29 

Heterochromatin positions It is calculated based on H3K9me3 enrichment regions discrete 30 

Human accelerated regions 
Human accelerated regions are conserved genomic loci with elevated 

divergence in humans 

discrete 

 

31 
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Table S2. Individual feature comparisons. This table compares all of the features used in the copy number loss and copy number gain models. The 

comparisons were made using the two-tailed Wilcoxon rank-sum test, with a significant cut off of P = 0.05. All the feature names were reformatted 

as followed: feature type (Fun_level/Gen_level/Seq_level)_feature names(original sources)_tissue type (if applicable). Fun: Function; Gen: Gene; 

Seq: Sequence.  

Source Features in copy number loss model P value Source Features in copy number gain model P value 

Functional/

genomic 

segment 

level 

Fun_level_significant features are 80 out of 120 Functional/

genomic 

segment 

level 

Fun_level_significant features are 75 out of 120 

Chromatin 

states from 

Roadmap 

Epigenomic

s Project 

Fun_level_1_TssA_chromHMM_brain ~0 

Chromatin 

states from 

Roadmap 

Epigenomic

s Project 

Fun_level_1_TssA_chromHMM_brain ~0 

Fun_level_10_EnhA2_chromHMM_brain ~0 Fun_level_10_EnhA2_chromHMM_brain ~0 

Fun_level_11_EnhWk_chromHMM_brain ~0 Fun_level_11_EnhWk_chromHMM_brain ~0 

Fun_level_12_ZNF_chromHMM_brain ~0 Fun_level_12_ZNF_chromHMM_brain 0.0003 

Fun_level_13_Het_chromHMM_brain ~0 Fun_level_13_Het_chromHMM_brain ~0 

Fun_level_14_TssBiv_chromHMM_brain 0.1050 Fun_level_14_TssBiv_chromHMM_brain ~0 

Fun_level_15_EnhBiv_chromHMM_brain ~0 Fun_level_15_EnhBiv_chromHMM_brain ~0 

Fun_level_16_ReprPC_chromHMM_brain ~0 Fun_level_16_ReprPC_chromHMM_brain 0.9910 

Fun_level_17_ReprPCWk_chromHMM_brain 0.0498 Fun_level_17_ReprPCWk_chromHMM_brain ~0 

Fun_level_18_Quies_chromHMM_brain ~0 Fun_level_18_Quies_chromHMM_brain ~0 

Fun_level_2_TssFlnk_chromHMM_brain ~0 Fun_level_2_TssFlnk_chromHMM_brain ~0 

Fun_level_3_TssFlnkU_chromHMM_brain ~0 Fun_level_3_TssFlnkU_chromHMM_brain ~0 

Fun_level_4_TssFlnkD_chromHMM_brain ~0 Fun_level_4_TssFlnkD_chromHMM_brain ~0 

Fun_level_5_Tx_chromHMM_brain ~0 Fun_level_5_Tx_chromHMM_brain ~0 

Fun_level_6_TxWk_chromHMM_brain ~0 Fun_level_6_TxWk_chromHMM_brain ~0 

Fun_level_7_EnhG1_chromHMM_brain ~0 Fun_level_7_EnhG1_chromHMM_brain ~0 
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Fun_level_8_EnhG2_chromHMM_brain ~0 Fun_level_8_EnhG2_chromHMM_brain ~0 

Fun_level_9_EnhA1_chromHMM_brain ~0 Fun_level_9_EnhA1_chromHMM_brain ~0 

Enhancers Fun_level_dbsuper_Brain_Angular_Gyrus ~0 Enhancers Fun_level_dbsuper_Brain_Angular_Gyrus ~0 

Fun_level_dbsuper_Brain_Anterior_Caudate ~0 Fun_level_dbsuper_Brain_Anterior_Caudate ~0 

Fun_level_dbsuper_Brain_Cingulate_Gyrus ~0 Fun_level_dbsuper_Brain_Cingulate_Gyrus ~0 

Fun_level_dbsuper_Brain_Hippocampus_Middle_

150 
~0 

Fun_level_dbsuper_Brain_Hippocampus_Middle_

150 
~0 

Fun_level_dbsuper _Brain_Hippocampus_Middle ~0 Fun_level_dbsuper _Brain_Hippocampus_Middle ~0 

Fun_level_dbsuper_Brain_Inferior_Temporal_Lob

e 
~0 

Fun_level_dbsuper_Brain_Inferior_Temporal_Lob

e 
~0 

Fun_level_dbsuper_Brain_Mid_Frontal_Lobe 0.0293  Fun_level_dbsuper_Brain_Mid_Frontal_Lobe 0.0266  

Fun_level_famton_astrocyte 0.0004  Fun_level_famton_astrocyte 0.0230  

Fun_level_famton_brain 0.4890  Fun_level_famton_brain 0.6620  

Fun_level_famton_CL:0000127 0.0001  Fun_level_famton_CL:0000127 ~0 

Fun_level_famton_count ~0 Fun_level_famton_count ~0 

Fun_level_famton_neuronal_stem_cell 0.3280  Fun_level_famton_neuronal_stem_cell 0.6990  

Fun_level_famton_permssive ~0 Fun_level_famton_permssive ~0 

Fun_level_enhancerAtlas_Astrocyte_EP ~0 Fun_level_enhancerAtlas_Astrocyte_EP ~0 

Fun_level_enhancerAtlas_Cerebellum_EP ~0 Fun_level_enhancerAtlas_Cerebellum_EP ~0 

Fun_level_enhancerAtlas_ESC_neuron_EP ~0 Fun_level_enhancerAtlas_ESC_neuron_EP ~0 

Fun_level_gene_enhancer_links_brain_enhcenter ~0 Fun_level_gene_enhancer_links_brain_enhcenter ~0 

Fun_level_gene_enhancer_links_neurosph_enhcen

ter 
~0 

Fun_level_gene_enhancer_links_neurosph_enhcent

er 
~0 

Fun_level_hacer_T1 ~0 Fun_level_hacer_T1 ~0 

Fun_level_SE_ele ~0 Fun_level_SE_ele ~0 

Page 37 of 54

https://mc.manuscriptcentral.com/bmjpo

BMJ Paediatrics Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Confidential: For Review Only

Fun_level_SEA00101 ~0  Fun_level_SEA00101 ~0 

 Fun_level_nott_Astrocyte_enhancers ~0  Fun_level_nott_Astrocyte_enhancers ~0 

Fun_level_nott_Astrocyte_promoters ~0 Fun_level_nott_Astrocyte_promoters ~0 

Fun_level_nott_H3K4me3_around_TSS ~0 Fun_level_nott_H3K4me3_around_TSS ~0 

Fun_level_nott_Microglia_enhancers ~0 Fun_level_nott_Microglia_enhancers ~0 

Fun_level_nott_Microglia_promoters ~0 Fun_level_nott_Microglia_promoters ~0 

Fun_level_nott_Neuronal_enhancers ~0 Fun_level_nott_Neuronal_enhancers ~0 

Fun_level_nott_Neuronal_promoters ~0 Fun_level_nott_Neuronal_promoters ~0 

Fun_level_nott_Oligo_enhancers ~0 Fun_level_nott_Oligo_enhancers ~0 

Fun_level_nott_Oligo_promoters ~0 Fun_level_nott_Oligo_promoters ~0 

Fun_level_nott_superEnhancer 1  Fun_level_nott_superEnhancer 1  

Fun_level_vista ~0 Fun_level_vista ~0 

CTCF 

binding sites 

Fun_level_ctcf ~0 CTCF 

binding sites 

Fun_level_ctcf ~0 

Fun_level_CTCF_observed_Brain ~0 Fun_level_CTCF_observed_Brain ~0 

DNase 

hypersensiti

ve sites 

Fun_level_DNaselClusterd ~0 DNase 

hypersensiti

ve sites 

Fun_level_DNaselClusterd ~0 

Fun_level_DnaseMaster ~0 Fun_level_DnaseMaster ~0 

Fun_level_DNase-seq_observed_Brain ~0 Fun_level_DNase-seq_observed_Brain ~0 

Fun_level_DNase-seq_observed_Neurosph ~0 Fun_level_DNase-seq_observed_Neurosph ~0 

Genomic 

segmentatio

ns from 

Gencode 

Fun_level_EncodeAwgTfbsBroadNhaCtcf ~0 

Genomic 

segmentatio

ns from 

Gencode 

Fun_level_EncodeAwgTfbsBroadNhaCtcf ~0  

Fun_level_EncodeRegTfbsClustered ~0 Fun_level_EncodeRegTfbsClustered ~0 

Fun_level_gencode_CDS ~0 Fun_level_gencode_CDS ~0 

Fun_level_gencode_exon 0.5440  Fun_level_gencode_exon ~0 

Fun_level_gencode_gene ~0 Fun_level_gencode_gene ~0 

Fun_level_gencode_Selenocysteine 0.5450  Fun_level_gencode_Selenocysteine 0.6280  

Fun_level_gencode_start_codon 0.2450  Fun_level_gencode_start_codon ~0 
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Fun_level_gencode_stop_codon ~0 Fun_level_gencode_stop_codon ~0 

Fun_level_gencode_transcript 0.8590  Fun_level_gencode_transcript 0.8330  

Fun_level_gencode_UTR ~0 Fun_level_gencode_UTR ~0 

Fun_level_miRNA ~0 Fun_level_miRNA ~0 

Fun_level_non-codingRNAs ~0 Fun_level_non-codingRNAs 0.0010  

 Fun_level_ATAC-seq_observed_Brain ~0  Fun_level_ATAC-seq_observed_Brain ~0 

Fun_level_H2AFZ_imputed_Brain ~0 Fun_level_H2AFZ_imputed_Brain ~0 

Fun_level_EP300_imputed_Brain ~0 Fun_level_EP300_imputed_Brain ~0 

Fun_level_EP300_imputed_Neurosph ~0 Fun_level_EP300_imputed_Neurosph ~0 

Fun_level_H2AFZ_imputed_Neurosph ~0 Fun_level_H2AFZ_imputed_Neurosph ~0 

Fun_level_H2AFZ_observed_Brain ~0 Fun_level_H2AFZ_observed_Brain ~0 

Fun_level_H3k27ac ~0 Fun_level_H3k27ac ~0 

Fun_level_H3K27ac_imputed_Brain ~0 Fun_level_H3K27ac_imputed_Brain ~0 

Fun_level_H3K27ac_imputed_Neurosph ~0 Fun_level_H3K27ac_imputed_Neurosph ~0 

Fun_level_H3K27ac_observed_Brain ~0 Fun_level_H3K27ac_observed_Brain ~0 

Fun_level_H3K27ac_observed_Neurosph ~0 Fun_level_H3K27ac_observed_Neurosph ~0 

Histone 

markers 

Fun_level_H3K27me3_imputed_Brain ~0 Histone 

markers 

Fun_level_H3K27me3_imputed_Brain ~0 

Fun_level_H3K27me3_imputed_Neurosph ~0 Fun_level_H3K27me3_imputed_Neurosph ~0 

Fun_level_H3K27me3_observed_Brain ~0 Fun_level_H3K27me3_observed_Brain ~0 

Fun_level_H3k4me1 ~0 Fun_level_H3k4me1 ~0 

Fun_level_H3K4me1_imputed_Brain ~0 Fun_level_H3K4me1_imputed_Brain ~0 

Fun_level_H3K4me1_imputed_Neurosph ~0 Fun_level_H3K4me1_imputed_Neurosph ~0 

Fun_level_H3K4me1_observed_Brain ~0 Fun_level_H3K4me1_observed_Brain ~0 

Fun_level_H3K4me1_observed_Neurosph ~0 Fun_level_H3K4me1_observed_Neurosph ~0 

Fun_level_H3K4me2_observed_Brain ~0 Fun_level_H3K4me2_observed_Brain ~0 

Page 39 of 54

https://mc.manuscriptcentral.com/bmjpo

BMJ Paediatrics Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Confidential: For Review Only

Fun_level_H3k4me3 ~0 Fun_level_H3k4me3 ~0 

Fun_level_H3K4me3_imputed_Brain 0.0580  Fun_level_H3K4me3_imputed_Brain 0.4680  

Fun_level_H3K4me3_imputed_Neurosph ~0 Fun_level_H3K4me3_imputed_Neurosph ~0 

Fun_level_H3K4me3_observed_Brain 0.0592  Fun_level_H3K4me3_observed_Brain 0.4710  

Fun_level_H3K4me3_observed_Neurosph ~0 Fun_level_H3K4me3_observed_Neurosph ~0 

Fun_level_H3K9ac_imputed_Brain ~0 Fun_level_H3K9ac_imputed_Brain ~0 

Fun_level_H3K9ac_imputed_Neurosph ~0 Fun_level_H3K9ac_imputed_Neurosph ~0 

Fun_level_H3K9me3_imputed_Brain ~0 Fun_level_H3K9me3_imputed_Brain ~0 

Fun_level_H3K9me3_imputed_Neurosph ~0 Fun_level_H3K9me3_imputed_Neurosph ~0 

Fun_level_H3K9me3_observed_Brain ~0 Fun_level_H3K9me3_observed_Brain ~0 

Fun_level_H3K9me3_observed_Neurosph ~0 Fun_level_H3K9me3_observed_Neurosph ~0 

Fun_level_H4K20me1_imputed_Neurosph ~0 Fun_level_H4K20me1_imputed_Neurosph ~0 

Fun_level_H4K20me1_observed_Brain ~0 Fun_level_H4K20me1_observed_Brain ~0 

Fun_level_POLR2A_imputed_Neurosph ~0 Fun_level_POLR2A_imputed_Neurosph ~0 

Fun_level_RAD21_imputed_Brain ~0 Fun_level_RAD21_imputed_Brain ~0 

Fun_level_RAD21_imputed_Neurosph ~0 Fun_level_RAD21_imputed_Neurosph ~0 

Fun_level_SMC3_imputed_Brain ~0 Fun_level_SMC3_imputed_Brain ~0 

Fun_level_SMC3_imputed_Neurosph ~0 Fun_level_SMC3_imputed_Neurosph ~0 

Long range 

probable 

genes 

Fun_level_liu_csbj_targetgene 

~0 

Long range 

probable 

genes 

Fun_level_liu_csbj_targetgene 

~0 

Methylation Fun_level_methMCRF ~0 Methylation Fun_level_methMCRF ~0 

Loop 

anchors and 

topological 

Fun_level_PsychENCODE_CBC_H3K27ac ~0 Loop 

anchors and 

topological 

Fun_level_PsychENCODE_CBC_H3K27ac ~0 

Fun_level_PsychENCODE_HiC_EP ~0 Fun_level_PsychENCODE_HiC_EP ~0 

Fun_level_PsychENCODE_loops_interRegion ~0 Fun_level_PsychENCODE_loops_interRegion 0.1890  
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associated 

domains in 

higher-order 

chromatin 

structure 

Fun_level_PsychENCODE_PEC_Enhancers ~0 associated 

domains in 

higher-order 

chromatin 

structure 

Fun_level_PsychENCODE_PEC_Enhancers ~0 

Fun_level_PsychENCODE_PFC_H3K27ac ~0 Fun_level_PsychENCODE_PFC_H3K27ac ~0 

Fun_level_PsychENCODE_TAR ~0 Fun_level_PsychENCODE_TAR ~0 

Fun_level_PsychENCODE_TC_H3K27ac ~0 Fun_level_PsychENCODE_TC_H3K27ac ~0 

Fun_level_TAD56 ~0 Fun_level_TAD56 ~0 

DNase 

hypersensiti

ve sites 

Fun_level_RoadmapDNasePromCount 

~0 

DNase 

hypersensiti

ve sites 

Fun_level_RoadmapDNasePromCount 

~0 

Transcript 

factor 

binding sites 

from snp-

selex 

Fun_level_snp_selex 

0.0860  

Transcript 

factor 

binding sites 

from snp-

selex 

Fun_level_snp_selex 

0.0403  

Transcript 

starting sites 

Fun_level_tss2000bp 
~0 

Transcript 

starting sites 

Fun_level_tss2000bp 
0.1450  

Higher-

order 

chromatin 

structure 

from Yue 

lab 

Fun_level_yue_loops_hippo 

~0 

Higher-

order 

chromatin 

structure 

from Yue 

lab 

Fun_level_yue_loops_hippo 

~0 

 

Gene level The Gen_level_significant features are 34 out of 45 Gene level The Gen_level_significant features are 25 out of 45 

ClinGen 

curated 

Gen_level_ClinGen_haploinsufficiency_gene_0 
0.0013  

ClinGen 

curated 

Gen_level_ClinGen_region_curation_Triplosensiti

vity_0 
0.4450  
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genes and 

genomic 

regions 

Gen_level_ClinGen_haploinsufficiency_gene_1 
0.0086  

genes and 

genomic 

regions 

Gen_level_ClinGen_region_curation_Triplosensiti

vity_1 
0.4030  

Gen_level_ClinGen_haploinsufficiency_gene_2 
0.5950  

Gen_level_ClinGen_region_curation_Triplosensiti

vity_2 
0.0603  

Gen_level_ClinGen_haploinsufficiency_gene_3 
~0 

Gen_level_ClinGen_region_curation_Triplosensiti

vity_3 
0.3880  

Gen_level_ClinGen_haploinsufficiency_gene_30 
~0 

Gen_level_ClinGen_region_curation_Triplosensiti

vity_40 
~0 

Gen_level_ClinGen_haploinsufficiency_gene_40 0.7010  Gen_level_ClinGen_triplosensitivity_gene 0.7800  

Gen_level_ClinGen_region_curation_Haploinsuffi

ciency_0 
0.8020  

Gen_level_ClinGen_triplosensitivity_gene_0 
~0 

Gen_level_ClinGen_region_curation_Haploinsuffi

ciency_1 
0.8830  

Gen_level_ClinGen_triplosensitivity_gene_1 
0.9070  

Gen_level_ClinGen_region_curation_Haploinsuffi

ciency_2 
0.8130  

Gen_level_ClinGen_triplosensitivity_gene_2 
0.9410  

Gen_level_ClinGen_region_curation_Haploinsuffi

ciency_3 
0.0011  

Gen_level_ClinGen_triplosensitivity_gene_3 
1.0000  

Gen_level_ClinGen_region_curation_Haploinsuffi

ciency_30 
0.9290  

Gen_level_ClinGen_triplosensitivity_gene_30 
1.0000  

Gen_level_ClinGen_region_curation_Haploinsuffi

ciency_40 
~0 

Gen_level_ClinGen_triplosensitivity_gene_40 
1.0000  

Gen_level_loss_of_function_score1 0.0026  Gen_level_gain_activating_score1 0.8030  

Gen_level_loss_of_function_score2 ~0 Gen_level_gain_activating_score2 0.6810  

Gen_level_loss_of_function_score3 ~0 Gen_level_gain_activating_score3 0.2840  
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Dosage 

sensitive 

genes 

Gen_level_Collins_rCNV_PLIgenes_PHI 

~0 

Dosage 

sensitive 

genes 

Gen_level_Collins_rCNV_PLIgenes_PTS 

~0 

DDG2P 

database 

Gen_level_ddg2p_loss 
~0 

DDG2P 

database 

Gen_level_ddg2p_gain 
0.0690  

Cell 

essential 

and 

nonessential 

genes 

Gen_level_Essential_in_culture_CRISPR 

0.0001  

Cell 

essential 

and 

nonessential 

genes 

Gen_level_Essential_in_culture_CRISPR 

~0 

Gen_nonEssential_in_culture_CRISPR 0.3020   Gen_nonEssential_in_culture_CRISPR 0.6100  

FDA proved 

drug target 

Gen_level_FDA-approved_drug_targets 
0.0013  

FDA proved 

drug target 

Gen_level_FDA-approved_drug_targets 
~0 

G protein-

coupled 

receptor 

Gen_level_gpcr_union 

0.4010  

G protein-

coupled 

receptor 

Gen_level_gpcr_union 

0.0003  

Neurodevel

opmental 

process 

related 

genes 

Gen_level_HP_0000707 ~0 Neurodevel

opmental 

process 

related 

genes 

 

Gen_level_HP_0000707 ~0 

Gen_level_HP_0000708 ~0 Gen_level_HP_0000708 ~0 

Gen_level_HP_0000717 0.0008  Gen_level_HP_0000717 0.0032  

Gen_level_HP_0000729 ~0 Gen_level_HP_0000729 ~0 

Gen_level_HP_0000752 ~0 Gen_level_HP_0000752 ~0 

Gen_level_HP_0001197 ~0 Gen_level_HP_0001197 ~0 

Gen_level_HP_0001250 ~0 Gen_level_HP_0001250 ~0 

Gen_level_HP_0001507 ~0 Gen_level_HP_0001507 ~0 

Gen_level_HP_0002011 ~0 Gen_level_HP_0002011 ~0 

Gen_level_HP_0002715 ~0 Gen_level_HP_0002715 ~0 
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Gen_level_HP_0002960 0.7040  Gen_level_HP_0002960 0.3470  

Gen_level_HP_0011446 ~0 Gen_level_HP_0011446 ~0 

Gen_level_HP_0012443 ~0 Gen_level_HP_0012443 ~0 

Gen_level_HP_0012638 ~0 Gen_level_HP_0012638 ~0 

Gen_level_HP_0012639 ~0 Gen_level_HP_0012639 ~0 

Gen_level_HP_0012759 ~0 Gen_level_HP_0012759 ~0 

Gen_level_HP_0025031 ~0 Gen_level_HP_0025031 ~0 

Gen_level_HP_0031466 ~0 Gen_level_HP_0031466 ~0 

Gen_level_HP_0100022 ~0 Gen_level_HP_0100022 ~0 

Gen_level_HP_0100753 0.1320  Gen_level_HP_0100753 0.8250  

Gen_level_HP_0100852 ~0 Gen_level_HP_0100852 0.0009  

Mouse 

heterozygou

s LoF lethal 

Gen_level_mgi_essential_gene 

~0 

Mouse 

heterozygou

s LoF lethal 

Gen_level_mgi_essential_gene 

~0 

Olfactory 

receptors 

Gen_level_Olfactory_receptors_mainland 
0.0066  

Olfactory 

receptors 

Gen_level_Olfactory_receptors_mainland 
0.6100  

Sfari gene Gen_level_sfari_gene ~0 Sfari gene Gen_level_sfari_gene ~0 

 

Sequence 

level 

The Seq_level_significant features are 7 out of 7 Sequence 

level 

The Seq_level_significant features are 6 out of 7 

Blacklisted 

regions 

Seq_level_DacMapExclude 
~0 

Blacklisted 

regions 

Seq_level_DacMapExclude 
~0 

Sfari gene Seq_level_DukeMapExclude ~0 Sfari gene Seq_level_DukeMapExclude ~0 

GC content Seq_level_GC ~0 GC content Seq_level_GC ~0 

Human Seq_level_HAR 0.0085  Human Seq_level_HAR 0.2010  
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accelerated 

regions 

Heterochro

matin 

positions 

accelerated 

regions 

Heterochro

matin 

positions 

Human 

accelerated 

regions 

Heterochro

matin 

positions 

Cross 

species 

conservatio

n score 

Seq_level_HetDomain ~0 Human 

accelerated 

regions 

Heterochro

matin 

positions 

Cross 

species 

conservatio

n score 

Seq_level_HetDomain ~0 

Seq_level_phastCons46way 

~0 

Seq_level_phastCons46way 

~0 

Human 

accelerated 

regions 

Seq_level_phyloP46way 

~0 

Human 

accelerated 

regions 

Seq_level_phyloP46way 

~0 

p-values: when P < 110-4, it is shown as ~0, and when 110-4 < P < 1, it is shown as a decimal mode.    
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Table S3. Feature importancy. All the feature names were shown as feature names (original sources)_tissue type (if applicable). p-values: when P 

< 110-4, it is shown as ~0, and when 110-4 < P < 1, it is shown as a decimal mode. P = 0.05 is set as the significant level.  

Features in copy number loss model Feature importancy Features in copy number gain model Feature importancy 

1_TssA_chromHMM_brain 0.0053  1_TssA_chromHMM_brain 0.0056  

10_EnhA2_chromHMM_brain 0.0078  10_EnhA2_chromHMM_brain 0.0049  

11_EnhWk_chromHMM_brain 0.0138  11_EnhWk_chromHMM_brain 0.0093  

12_ZNF_chromHMM_brain 0.0046  12_ZNF_chromHMM_brain 0.0049  

13_Het_chromHMM_brain 0.0058  13_Het_chromHMM_brain 0.0058  

14_TssBiv_chromHMM_brain 0.0043  14_TssBiv_chromHMM_brain 0.0041  

15_EnhBiv_chromHMM_brain 0.0057  15_EnhBiv_chromHMM_brain 0.0062  

16_ReprPC_chromHMM_brain 0.0043  16_ReprPC_chromHMM_brain 0.0041  

17_ReprPCWk_chromHMM_brain 0.0054  17_ReprPCWk_chromHMM_brain 0.0055  

18_Quies_chromHMM_brain 0.0062  18_Quies_chromHMM_brain 0.0073  

2_TssFlnk_chromHMM_brain 0.0045  2_TssFlnk_chromHMM_brain 0.0043  

3_TssFlnkU_chromHMM_brain 0.0047  3_TssFlnkU_chromHMM_brain 0.0046  

4_TssFlnkD_chromHMM_brain 0.0073  4_TssFlnkD_chromHMM_brain 0.0053  

5_Tx_chromHMM_brain 0.0046  5_Tx_chromHMM_brain 0.0051  

6_TxWk_chromHMM_brain 0.0050  6_TxWk_chromHMM_brain 0.0048  

7_EnhG1_chromHMM_brain 0.0045  7_EnhG1_chromHMM_brain 0.0044  

8_EnhG2_chromHMM_brain 0.0047  8_EnhG2_chromHMM_brain 0.0054  

9_EnhA1_chromHMM_brain 0.0055  9_EnhA1_chromHMM_brain 0.0048  

ATAC-seq_observed_Brain 0.0058  ATAC-seq_observed_Brain 0.0060  

Brain_Angular_Gyrus_dbsuper 0.0042  Brain_Angular_Gyrus_dbsuper 0.0035  

Brain_Anterior_Caudate_dbsuper 0.0043  Brain_Anterior_Caudate_dbsuper 0.0051  

Brain_Cingulate_Gyrus_dbsuper 0.0040  Brain_Cingulate_Gyrus_dbsuper 0.0039  
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Brain_Hippocampus_Middle_150_dbsuper 0.0045  Brain_Hippocampus_Middle_150_dbsuper 0.0063  

Brain_Hippocampus_Middle_dbsuper 0.0039  Brain_Hippocampus_Middle_dbsuper 0.0042  

Brain_Inferior_Temporal_Lobe_dbsuper 0.0035  Brain_Inferior_Temporal_Lobe_dbsuper 0.0054  

Brain_Mid_Frontal_Lobe_dbsuper 0.0050  Brain_Mid_Frontal_Lobe_dbsuper 0.0070  

ClinGen_haploinsufficiency_gene_0 0.0037  ClinGen_region_curation_Triplosensitivity_0 0.0022  

ClinGen_haploinsufficiency_gene_1 0.0059  ClinGen_region_curation_Triplosensitivity_1 0.0071  

ClinGen_haploinsufficiency_gene_2 ~0 ClinGen_region_curation_Triplosensitivity_2 0.0061  

ClinGen_haploinsufficiency_gene_3 0.0094  ClinGen_region_curation_Triplosensitivity_3 0.0054  

ClinGen_haploinsufficiency_gene_30 0.0048  ClinGen_region_curation_Triplosensitivity_40 0.0101  

ClinGen_haploinsufficiency_gene_40 0.0011  ClinGen_triplosensitivity_gene ~0 

ClinGen_region_curation_Haploinsufficiency_0 0.0046  ClinGen_triplosensitivity_gene_0 0.0062  

ClinGen_region_curation_Haploinsufficiency_1 ~0  ClinGen_triplosensitivity_gene_1 ~0 

ClinGen_region_curation_Haploinsufficiency_2 0.0026  ClinGen_triplosensitivity_gene_2 ~0 

ClinGen_region_curation_Haploinsufficiency_3 0.0048  ClinGen_triplosensitivity_gene_3 ~0 

ClinGen_region_curation_Haploinsufficiency_30 ~0 ClinGen_triplosensitivity_gene_30 ~0 

ClinGen_region_curation_Haploinsufficiency_40 0.0105  ClinGen_triplosensitivity_gene_40 ~0 

Collins_rCNV_PLIgenes_PHI 0.0524  Collins_rCNV_PLIgenes_PTS 0.0653  

ctcf 0.0053  ctcf 0.0045  

CTCF_observed_Brain 0.0043  CTCF_observed_Brain 0.0051  

DacMapExclude 0.0057  DacMapExclude 0.0089  

ddg2p_loss 0.0075  ddg2p_gain 0.0035  

DNaselClusterd 0.0042  DNaselClusterd 0.0045  

DnaseMaster 0.0055  DnaseMaster 0.0050  

DNase-seq_observed_Brain 0.0111  DNase-seq_observed_Brain 0.0108  

DNase-seq_observed_Neurosph 0.0230  DNase-seq_observed_Neurosph 0.0224  
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DukeMapExclude 0.0063  DukeMapExclude 0.0085  

EncodeAwgTfbsBroadNhaCtcf 0.0051  EncodeAwgTfbsBroadNhaCtcf 0.0048  

EncodeRegTfbsClustered 0.0049  EncodeRegTfbsClustered 0.0056  

enhancerAtlas_Astrocyte_EP 0.0034  enhancerAtlas_Astrocyte_EP 0.0068  

enhancerAtlas_Cerebellum_EP 0.0042  enhancerAtlas_Cerebellum_EP 0.0049  

enhancerAtlas_ESC_neuron_EP 0.0033  enhancerAtlas_ESC_neuron_EP 0.0045  

EP300_imputed_Brain 0.0048  EP300_imputed_Brain 0.0040  

EP300_imputed_Neurosph 0.0051  EP300_imputed_Neurosph 0.0055  

Essential_in_culture_CRISPR 0.0039  Essential_in_culture_CRISPR 0.0051  

famton_astrocyte 0.0039  famton_astrocyte 0.0070  

famton_brain 0.0067  famton_brain 0.0053  

famton_CL:0000127 0.0035  famton_CL:0000127 0.0038  

famton_count 0.0054  famton_count 0.0062  

famton_neuronal_stem_cell 0.0046  famton_neuronal_stem_cell 0.0032  

famton_permssive 0.0046  famton_permssive 0.0050  

FDA-approved_drug_targets 0.0040  FDA-approved_drug_targets 0.0046  

GC 0.0065  gain_activating_score1 ~0 

gencode_CDS 0.0092  gain_activating_score2 ~0 

gencode_exon 0.0077  gain_activating_score3 0.0018  

gencode_gene 0.0074  GC 0.0059  

gencode_Selenocysteine ~0 gencode_CDS 0.0096  

gencode_start_codon 0.0208  gencode_exon 0.0211  

gencode_stop_codon 0.0035  gencode_gene 0.0072  

gencode_transcript 0.0047  gencode_Selenocysteine 0.0005  

gencode_UTR 0.0058  gencode_start_codon 0.0086  
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gene_enhancer_links_brain_enhcenter 0.0056  gencode_stop_codon 0.0043  

gene_enhancer_links_neurosph_enhcenter 0.0064  gencode_transcript 0.0051  

gpcr_union 0.0040  gencode_UTR 0.0043  

H2AFZ_imputed_Brain 0.0043  gene_enhancer_links_brain_enhcenter 0.0043  

H2AFZ_imputed_Neurosph 0.0047  gene_enhancer_links_neurosph_enhcenter 0.0061  

H2AFZ_observed_Brain 0.0052  gpcr_union 0.0035  

H3k27ac 0.0049  H2AFZ_imputed_Brain 0.0045  

H3K27ac_imputed_Brain 0.0046  H2AFZ_imputed_Neurosph 0.0060  

H3K27ac_imputed_Neurosph 0.0051  H2AFZ_observed_Brain 0.0056  

H3K27ac_observed_Brain 0.0045  H3k27ac 0.0054  

H3K27ac_observed_Neurosph 0.0058  H3K27ac_imputed_Brain 0.0063  

H3K27me3_imputed_Brain 0.0050  H3K27ac_imputed_Neurosph 0.0066  

H3K27me3_imputed_Neurosph 0.0065  H3K27ac_observed_Brain 0.0047  

H3K27me3_observed_Brain 0.0067  H3K27ac_observed_Neurosph 0.0062  

H3k4me1 0.0061  H3K27me3_imputed_Brain 0.0051  

H3K4me1_imputed_Brain 0.0041  H3K27me3_imputed_Neurosph 0.0064  

H3K4me1_imputed_Neurosph 0.0053  H3K27me3_observed_Brain 0.0077  

H3K4me1_observed_Brain 0.0056  H3k4me1 0.0072  

H3K4me1_observed_Neurosph 0.0043  H3K4me1_imputed_Brain 0.0057  

H3K4me2_observed_Brain 0.0052  H3K4me1_imputed_Neurosph 0.0060  

H3k4me3 0.0077  H3K4me1_observed_Brain 0.0058  

H3K4me3_imputed_Brain 0.0061  H3K4me1_observed_Neurosph 0.0053  

H3K4me3_imputed_Neurosph 0.0051  H3K4me2_observed_Brain 0.0053  

H3K4me3_observed_Brain 0.0054  H3k4me3 0.0053  

H3K4me3_observed_Neurosph 0.0054  H3K4me3_imputed_Brain 0.0053  
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H3K9ac_imputed_Brain 0.0055  H3K4me3_imputed_Neurosph 0.0041  

H3K9ac_imputed_Neurosph 0.0055  H3K4me3_observed_Brain 0.0068  

H3K9me3_imputed_Brain 0.0057  H3K4me3_observed_Neurosph 0.0065  

H3K9me3_imputed_Neurosph 0.0059  H3K9ac_imputed_Brain 0.0050  

H3K9me3_observed_Brain 0.0055  H3K9ac_imputed_Neurosph 0.0069  

H3K9me3_observed_Neurosph 0.0047  H3K9me3_imputed_Brain 0.0068  

H4K20me1_imputed_Neurosph 0.0044  H3K9me3_imputed_Neurosph 0.0066  

H4K20me1_observed_Brain 0.0050  H3K9me3_observed_Brain 0.0066  

hacer_T1 0.0051  H3K9me3_observed_Neurosph 0.0079  

HAR 0.0044  H4K20me1_imputed_Neurosph 0.0055  

HetDomain 0.0113  H4K20me1_observed_Brain 0.0054  

HP_0000707 0.0034  hacer_T1 0.0063  

HP_0000708 0.0047  HAR 0.0053  

HP_0000717 0.0092  HetDomain 0.0069  

HP_0000729 0.0031  HP_0000707 0.0041  

HP_0000752 0.0032  HP_0000708 0.0046  

HP_0001197 0.0047  HP_0000717 0.0045  

HP_0001250 0.0038  HP_0000729 0.0053  

HP_0001507 0.0042  HP_0000752 0.0056  

HP_0002011 0.0056  HP_0001197 0.0045  

HP_0002715 0.0077  HP_0001250 0.0026  

HP_0002960 0.0090  HP_0001507 0.0058  

HP_0011446 0.0053  HP_0002011 0.0043  

HP_0012443 0.0068  HP_0002715 0.0045  

HP_0012638 0.0034  HP_0002960 0.0040  
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HP_0012639 0.0051  HP_0011446 0.0063  

HP_0012759 0.0074  HP_0012443 0.0028  

HP_0025031 0.0045  HP_0012638 0.0045  

HP_0031466 0.0055  HP_0012639 0.0029  

HP_0100022 0.0065  HP_0012759 0.0058  

HP_0100753 ~0 HP_0025031 0.0079  

HP_0100852 0.0043  HP_0031466 0.0058  

liu_csbj_targetgene 0.0052  HP_0100022 0.0035  

loss_of_function_score1 0.0059  HP_0100753 0.0046  

loss_of_function_score2 0.0033  HP_0100852 0.0052  

loss_of_function_score3 0.0055  liu_csbj_targetgene 0.0050  

methMCRF 0.0065  methMCRF 0.0075  

mgi_essential_gene 0.0044  mgi_essential_gene 0.0139  

miRNA 0.0049  miRNA 0.0053  

non-codingRNAs 0.0058  non-codingRNAs 0.0049  

nonEssential_in_culture_CRISPR 0.0047  nonEssential_in_culture_CRISPR 0.0043  

nott_Astrocyte_enhancers 0.0040  nott_Astrocyte_enhancers 0.0051  

nott_Astrocyte_promoters 0.0045  nott_Astrocyte_promoters 0.0063  

nott_H3K4me3_around_TSS 0.0060  nott_H3K4me3_around_TSS 0.0056  

nott_Microglia_enhancers 0.0047  nott_Microglia_enhancers 0.0051  

nott_Microglia_promoters 0.0057  nott_Microglia_promoters 0.0052  

nott_Neuronal_enhancers 0.0123  nott_Neuronal_enhancers 0.0109  

nott_Neuronal_promoters 0.0047  nott_Neuronal_promoters 0.0054  

nott_Oligo_enhancers 0.0049  nott_Oligo_enhancers 0.0058  

nott_Oligo_promoters 0.0061  nott_Oligo_promoters 0.0048  
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nott_superEnhancer ~0 nott_superEnhancer ~0 

Olfactory_receptors_mainland 0.0068  Olfactory_receptors_mainland 0.0025  

phastCons46way 0.0062  phastCons46way 0.0070  

phyloP46way 0.0051  phyloP46way 0.0057  

POLR2A_imputed_Neurosph 0.0067  POLR2A_imputed_Neurosph 0.0043  

PsychENCODE_CBC_H3K27ac 0.0067  PsychENCODE_CBC_H3K27ac 0.0049  

PsychENCODE_HiC_EP 0.0050  PsychENCODE_HiC_EP 0.0046  

PsychENCODE_loops_interRegion 0.0043  PsychENCODE_loops_interRegion 0.0043  

PsychENCODE_PEC_Enhancers 0.0104  PsychENCODE_PEC_Enhancers 0.0079  

PsychENCODE_PFC_H3K27ac 0.0062  PsychENCODE_PFC_H3K27ac 0.0047  

PsychENCODE_TAR 0.0058  PsychENCODE_TAR 0.0052  

PsychENCODE_TC_H3K27ac 0.0047  PsychENCODE_TC_H3K27ac 0.0047  

RAD21_imputed_Brain 0.0055  RAD21_imputed_Brain 0.0061  

RAD21_imputed_Neurosph 0.0057  RAD21_imputed_Neurosph 0.0060  

RoadmapDNasePromCount 0.0048  RoadmapDNasePromCount 0.0049  

SE_ele 0.0043  SE_ele 0.0052  

SEA00101 0.0046  SEA00101 0.0056  

sfari_gene 0.0046  sfari_gene 0.0043  

SMC3_imputed_Brain 0.0060  SMC3_imputed_Brain 0.0054  

SMC3_imputed_Neurosph 0.0047  SMC3_imputed_Neurosph 0.0069  

snp_selex 0.0084  snp_selex 0.0045  

TAD56 0.0079  TAD56 0.0072  

tss2000bp 0.0178  tss2000bp 0.0146  

vista 0.0047  vista 0.0045  

yue_loops_hippo 0.0051  yue_loops_hippo 0.0066  
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