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ABSTRACT

De novo mutations (DNMs) significantly contribute

to sporadic diseases, particularly in neuropsychi-

atric disorders. Whole-exome sequencing (WES)

and whole-genome sequencing (WGS) provide ef-

fective methods for detecting DNMs and prioritiz-

ing candidate genes. However, it remains a chal-

lenge for scientists, clinicians, and biologists to

conveniently access and analyse data regarding

DNMs and candidate genes from scattered publica-

tions. To fill the unmet need, we integrated 580 799

DNMs, including 30 060 coding DNMs detected by

WES/WGS from 23 951 individuals across 24 phe-

notypes and prioritized a list of candidate genes

with different degrees of statistical evidence, in-

cluding 346 genes with false discovery rates <0.05.

We then developed a database called Gene4Denovo

(http://www.genemed.tech/gene4denovo/), which al-

lowed these genetic data to be conveniently cat-

alogued, searched, browsed, and analysed. In ad-

dition, Gene4Denovo integrated data from >60 ge-

nomic sources to provide comprehensive variant-

level and gene-level annotation and information re-

garding the DNMs and candidate genes. Further-

more, Gene4Denovo provides end-users with lim-

ited bioinformatics skills to analyse their own ge-

netic data, perform comprehensive annotation, and

prioritize candidate genes using custom parameters.

In conclusion, Gene4Denovo conveniently allows for

the accelerated interpretation of DNM pathogenicity

and the clinical implication of DNMs in humans.

INTRODUCTION

De novo mutations (DNMs) are defined as variants ob-
served in individuals that are not seen in either parent and
these types of variants have been reported to play prominent
roles in several genetic diseases (1,2). Trios-based whole-
exome sequencing (WES) and whole-genome sequencing
(WGS) are the most useful methods to detect DNMs and
have been successful applied in prioritizing candidate genes
for autism spectrum disorder (ASD) (3), congenital heart
disease (CHD) (4), undiagnosed developmental disorder
(UDD) (5), epileptic encephalopathy (EE) (6), intellec-
tual disability (ID) (7), schizophrenia (SCZ) (8) and oth-
ers. Combining analyses demonstrates that for DNMs in
coding-regions including single nucleotide variants (SNVs),
insertions and deletions (indels) are associated with 13–60%
of neurodevelopmental disorders (1). In addition, other re-
search has shown that 42% of individuals with UDD carry
pathogenic DNMs in coding regions and it is estimated that
0.22–0.47% of births involve UDD influenced by DNMs
(5). Furthermore, 13% of de novo missense variants and
43% of de novo loss-of-function (LoF) variants have been
diagnosed in 12% and 9% of ASD, respectively (3). In ad-
dition to neurodevelopmental disorders, DNMs also con-
tribute to neurodegenerative disorders, such as early onset
Alzheimer disease (EOAD) (9) and early onset Parkinson
disease (EOPD) (10).
Because of the high clinical and genetic heterogeneities in

single complex disorders, it is essential to integrate the data
on DNMs that is distributed in different publications in or-
der to more effectively prioritize novel candidate genes us-
ing a uniform strategy, such as that previously reported for
autism and other neuropsychiatric disorders by us (11–13)
and other groups (14–16). The denovo-db (17) aggregates a
large number of DNMs identified from next-generation se-
quencing studies and facilitates the interpretation ofDNMs
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in humans. However, the denovo-db only includes basic an-
notation information and does not provide a list of DNM-
based candidate genes. Given that some diseases, such as
different types of neurodevelopmental disorders, share sig-
nificant aetiologies and phenotypes, some studies have in-
tegrated DNMs of different diseases in order to prioritize
novel candidate genes (14–16). Consequently, the Develop-
mental Brain Disorder Gene Database (14) and NPden-
ovo database (18) were developed to present the integrated
genetic data. However, these two databases focus only on
DNMs of limited types of diseases.
With the increasing application of WES and WGS,

greater numbers of DNMs will be detected in individu-
als with different phenotypes, adding to the challenge for
scientists and clinicians to determine the pathogenicity of
DNMs. For the advancement of precision medicine, great
efforts will be needed to assess disease-causing variants and
to identify candidate genes more precisely. In a previous
study we demonstrated that integrating more genetic and
clinical data sources can be beneficial for better interpreta-
tion of human variants and the prioritization of candidate
genes (19). In the present study, we catalogued all published
DNMs detected by WES/WGS, performed comprehensive
variant-level and gene-level annotations, and prioritized
statistically significant candidate genes. We then developed
a user-friendly integrated database called Gene4Denovo
which allows DNMs, candidate genes, and annotation in-
formation in humans to be conveniently searched, browsed,
and analysed.

MATERIALS AND METHODS

DNM collection

We collected DNMs from original published WES/WGS
studies with sample sizes >10 (3–11,20–69) (Supplemen-
tary Table S1, Figure S1). DNMs from the denovo-db (17)
and NPdenovo (18) databases were also collected. The in-
formation collected for each DNM included chromosome,
start position, end position, reference sequence, alternate
sequence, individual identifier, phenotype, sequence plat-
form, publication information, and PubMed identifier. If
an individual identifier was not available, ‘NA’ was used to
fill this category. We also used LiftOver to translate differ-
ent versions of human reference genomes (hg18 or hg38) to
reference genome hg19. The complementary DNA (cDNA)
positions of DNMs from some publications were translated
into genomic DNA (gDNA) positions using VarCards on-
line function that we previously developed (http://varcards.
biols.ac.cn/). Given that some samples overlapped with dif-
ferent studies, the redundant samples were removed. If a
study had integrated samples of other published studies, the
DNMs and sample size recorded in Gene4Denovo were the
non-redundant samples and the integrated studies were not
included. If samples of an original studies had not been in-
tegrated by any other studies, the sample size recorded in
Gene4Denovo was the same as the original samples. DNMs
of individuals with the same phenotype from different pub-
lications were merged. In addition to DNMs from unaf-
fected controls and patients with different disorders, we also
collected DNMs from one study with mixed phenotypes

(17,53) and like denovo-db (17) filled the phenotypic infor-
mation of the individuals in this study using ‘Mix’.

DNM annotation and candidate genes prioritization

We performed a comprehensive analysis of the collected
DNMs (Supplementary Figure S1). ANNOVAR (70) was
used to perform comprehensive annotation of the DNMs
based on definitions of transcripts from RefSeq, UCSC
known Gene, and Ensembl Gene. Based on the functional
effects, DNMs were classified into the following different
types: (i) LoF variants, including frameshift indels, splicing,
stopgain, and stoploss variants, (ii) deleterious missense
variants (Dmis), (iii) tolerant missense variants (Tmis), (iv)
synonymous variants (Syn), (v) non-frameshift indels (NF)
variants and (vi) noncoding variants. The pathogenesis of
the missense variants were predicted using ReVe, which was
recently developed by our group (71). Missense variants
with a ReVe score higher than 0.7 were considered Dmis.
The LoF and Dmis variants were referred to as putative
functional (Pfun) variants.
The transmitted and de novo association (TADA) model

(72) was used to calculate the P-value and false discov-
ery rate (FDR) for each gene with Pfun variants in each
disorder (Supplementary Table S2). The TADA parame-
ters for each disorder, including the background gene-level
de novo mutation rate (GDNMR) of each gene, the frac-
tion of risk genes among all human genes (�), the fold-
enrichment (�) and the relative risk (� ) were evaluated. The
GDNMR was sourced from a previous study based on the
trinucleotide model and several adjusted factors (73). The
fraction of risk genes was evaluated bymaximum likelihood
estimation based on the number of Pfun DNMs and the
number of genes with multiple Pfun DNMs, as described in
previous studies (3,4,74). The fold-enrichment of LoF and
Dmis were calculated by comparing the number of normal-
ized LoF and Dmis variants in each case with the control.
As previous studies, we normalized the number of LoF and
Dmis using the number of de novo synonymous mutations
in each case and the control. Finally, we calculated the rela-
tive risk of LoF and Dmis using the equation: �(� − 1) = �

− 1. For some disorders with>500 samples, includingASD,
CHD, UDD, ID, EE, SCZ and Tourette Disorder (TD),
the parameters of the TADA model were re-evaluated (74).
For other diseases with inadequate sample sizes, we used
parameters estimated from all the integrated DNMs. Two
strategies were used to prioritize candidate genes. In the
first strategy, we performed TADA to calculate the FDR of
each gene for each disorder. In the second strategy, we com-
bined DNMs of each gene in all disorders and calculated
the FDR. Genes with different FDR levels in either of the
two prioritization strategies were classified using the follow-
ing criteria, respectively:High confidence [0, 0.0001], Strong
[0.0001, 0.001], Suggestive [0.001, 0.01], Positive [0.01, 0.05],
Possible [0.05, 0.1] and Minor evidence [0.1, 0.2].

Variant-level data source

Initially, the allele frequencies of different populations
were downloaded from various human genetic variation
databases, including gnomAD (release 2.1.1), which con-
tained variants of 125 748 exomes and 15 708 genomes
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from unrelated individuals sequenced as part of various
disease-specific and population genetic studies including
a total of 141 456 individuals (75); ExAC (release 1.0),
which included 60 706 unrelated individuals sequenced as
part of various disease-specific and population genetic stud-
ies (75,76); ESP6500 (release ESP6500SI-V2), which in-
cluded 6503 exomes fromEuropeanAmericans andAfrican
Americans (77); 1000 Genomes Project (final phase of the
project), which included genomic data for 2504 individu-
als from 26 different populations around the world (78);
Kaviar genomic variant database (version 160 204-Public),
which included integrated variants from 35 projects encom-
passing 13 200 genomes and 64 600 exomes (79); and Hap-
lotype Reference Consortium (HRC), which included 64
976 haplotypes from 20 studies of predominantly Euro-
pean ancestry (80). The predictive scores and pathogenic-
ity consequences of missense variants were assessed based
on 24 in silico methods, including ReVe (71), SIFT (81,82),
PolyPhen2 HVAR (83), PolyPhen2 HDIV (83), LRT (84),
MutationTaster (85), MutationAssessor (86), FATHMM
(87), PROVEAN (88),MetaSVM (89),MetaLR (89), VEST
3.0 (90), M-CAP (91), CADD (92), GERP++ (93), DANN
(94), FATHMMMKL (95), Eigen (96), GenoCanyon (97),
fitCons (98), PhyloP (99), PhastCons (100), SiPhy (101) and
REVEL (102). In addition, we extracted variant and related
diseases or phenotype information from public disease-
specific databases, including Clinical Interpretation of ge-
netic variants (InterVar) (103); ClinVar, a database of pub-
lic reports on the relationships among human variations
and phenotypes (104); COSMIC, a database of somatic
mutation information and related details, which also con-
tains information relating to human cancers (105); ICGC,
which catalogues genomic abnormalities in tumours (106);
and the single nucleotide polymorphism database dbSNP
v150 (107). Finally, we acquired the protein domain for each
DNM from InterPro (108) and the protein sequences across
21 species from the National Center for Biotechnology In-
formation (NCBI) database HomoloGene (109).

Gene-level data source

A large amount of meaningful annotations for each gene
was collected from public databases. Basic information and
functional information of genes were sourced from the
following: UniProt (release 201902), which is a collection
of functional information on proteins (110); NCBI Gene,
which includes gene-specific connections in the nexus of
sequence, expression, function and homology data (111);
NCBI BioSystems, (release 20170421), which categorizes
the genes, proteins, and small molecules involved in the bi-
ological system (112); Gene ontology (GO; V1.4), which is
a source of information on the functions of genes (113);
and InBio Map (release 20160912), which includes infor-
mation on protein–protein interactions (114). The genic in-
tolerance score of each gene were collected from residual
variation intolerance score (RVIS), which is a gene-based
score intended to help in the interpretation of human se-
quence data (115); the novel gene intolerance ranking sys-
tem LoFtool (116); the heptanucleotide context intoler-
ance score, which is an intolerance score quantifying the
difference between the expected and observed numbers of

functional variants at a gene (117); the gene damage in-
dex (GDI), which is the accumulated mutational damage
for each human gene in the general population (118); Epis-
core, which is a computational method to predict haploin-
sufficiency using epigenomic features and is complemen-
tary to mutation intolerance metrics (119); and the prob-
ability of loss of function intolerance (pLI) score, which
indicates the probability that a gene is intolerant to a loss
of function mutation (75). In addition, disease-related or
phenotype-related information of genes was extracted from
OnlineMendelian Inheritance inMan (OMIM) (120); Clin-
Var (104); Human Phenotype Ontology (HPO), which is a
standardized vocabulary of phenotypic abnormalities en-
countered in human disease (121); mammalian phenotype
from mouse genome informatics (MGI) (122); and Inter-
Pro, which is a resource that provides functional analysis
of protein sequences (108). Furthermore, we collected gene
expression data from BrainSpan, which contains data re-
garding gene expression in specific brain regions and cov-
ers several developmental stages (123); theGenotype-Tissue
Expression project (GTEx), which involves the relationship
among genetic variation and gene expression inmultiple hu-
man tissues (124); and the protein subcellular map from the
Human Protein Atlas, which is a map of protein expression
across 32 human tissues (125). Finally, the drug–gene in-
teractions data and gene druggability were sourced from
the latest Drug-gene Interaction Database (DGIdb, v3.0),
which assembled 56 039 drug-gene interaction claims (126).

Database construction and interface

Gene4Denovo (http://www.genemed.tech/gene4denovo)
was developed using JavaScript, PHP, and Perl using a
Linux platform on a Nginx web server. A front and back
separation model was used. The front end was based on
vue and used the UI Toolkit element, which supports all
modern browsers across platforms, including Microsoft
Edge, Safari, FireFox and Google Chrome. The back end
was based on Laravel, a PHP web framework. The front
and back separation model has a number of advantages,
including simplicity of control, modularity and expand-
ability. Gene4Denovo is compatible with all major browser
environments and different operating systems, including
Windows, Linux, and Mac. The data were stored in a
MySQL database.

RESULTS AND WEB INTERFACE

DNMs and candidate genes

The Gene4Denovo database fully integrated 580 799
DNMs from 23 951 individuals across 24 phenotypes from
59 publications, including 553 404DNMs detected byWGS
and 27 395 DNMs detected by WES (Table 1). Most of
the DNMs and samples were collected from nine pheno-
types that included 6511 patients with ASD (n = 280 782),
4293 patients with UDD (n = 8361), 2645 patients with
CHD (n = 2990), 933 patients with EE (n = 1213), 1331
patients with ID (n = 1493), 1094 patients with SCZ (n =
1064), 812 patients with TD (n= 805), 3391 unaffected con-
trols (n = 174 836) and 1548 individuals with Mix pheno-
types (n = 107 834). Using comprehensive annotation, we
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Table 1. Summary of collected DNMs in Gene4Denovo database

Phenotypes Abbreviation Study Trios DNMs Coding DNMs

Autism spectrum disorder ASD 11 6511 280 782 8175
Undiagnosed developmental disorder UDD 1 4293 8361 7696
Congenital heart disorder CHD 1 2645 2990 2972
Intellectual disability ID 7 1331 1493 1478
Epileptic encephalopathy EE 7 933 1213 1165
Schizophrenia SCZ 7 1094 1064 1052
Tourette disorder TD 2 812 805 781
Congenital diaphragmatic hernia CDH 1 362 470 470
Craniosynostosis CRAN 1 291 322 319
Periventricular nodular heterotopia PNH 1 202 219 219
Amyotrophic lateral sclerosis ALS 3 173 111 109
Bipolar disorder BP 1 79 71 68
Early onset Parkinson disease EOPD 2 49 60 60
Cerebral palsy CP 1 98 61 59
Neural tube defects NTD 1 43 40 40
Early-onset high myopia EOHM 1 18 20 19
Early onset Alzheimer disease EOAD 1 12 15 15
Smith-Magenis syndrome SMS 1 13 13 13
Cantu syndrome CS 1 14 6 6
Sporadic infantile spasm syndrome SISS 1 10 5 5
Acromelic frontonasal dysostosis AFD 1 4 4 4
Anophthalmia/Microphthalmia AM 1 25 4 4
Control Control 9 3391 174 836 3629
Mix phenotype Mix 1 1548 107 834 1702
Total 59 23 951 580 799 30 060

All DNMs reported in primary publications were integrated in Gene4Denovo database. ANNOVAR was performed to annotate these DNMs. Variants
with functional effects of frameshift indels, stopgain, and stoploss, missense, synonymous, non-frameshift indels and splicing site (≤2 bp) were defined as
coding DNMs. DNMs in AFD with sample size <10 (n = 4) from denovo-db database were also integrated in present study.

preferentially focused on 30 060 DNMs in coding regions
and splicing sites (4582 LoF, 6651 Dmis, 11 781 Tmis, 6550
Syn and 496 NF). The DNMs included 8175 in ASD, 7696
in UDD, 2972 in CHD, 1478 in ID, 1165 in EE, 1052 in
SCZ, 781 in TD, 470 in Congenital diaphragmatic hernia
(CDH), 319 in Craniosynostosis (CRAN), 219 in Periven-
tricular nodular heterotopia (PNH), 109 in Amyotrophic
lateral sclerosis (ALS), 68 in Bipolar disorder (BP), 60 in
EOPD, 59 in Cerebral palsy (CP), 40 in Neural tube de-
fects (NTD), 19 in Early-onset high myopia (EOHM), 15 in
EOAD, 13 in Smith-Magenis syndrome (SMS), 6 in Cantu
syndrome (CS), 5 in Sporadic infantile spasm syndrome
(SISS), 4 in Acromelic frontonasal dysostosis (AFD), 4
in Anophthalmia/Microphthalmia (AM), 3629 in Control
and 1702 in Mix.
Based on the TADA model parameters (Supplementary

Table S2) and Pfun DNMs (the combination of LoF and
Dmis) of each disorder, we prioritized 591 candidate genes
with FDR values <0.2 from 18 disorders, including ASD
(n = 140), UDD (n = 308), CHD (n = 60), ID (n = 121),
EE (n = 80), SCZ (n = 10), TD (n = 11), CDH (n = 2),
CRAN (n = 1), PNH (n = 1), ALS (n = 1), BP (n = 1),
EOPD (n = 1), CP (n = 1), NTD (n = 1), SMS (n = 1),
CS (n = 1), AFD (n = 1) (Table 2, (Supplementary Ta-
ble S3). Due to the small sample size and high genetic
heterogeneity, we did not prioritize any significant candi-
date genes in EOAD, SISS, AM or EOHM. More sam-
ples are needed for further study of these diseases. Since
most of disease samples we collected shared significant ae-
tiology and clinical presentations, we also combined Pfun
DNMs from all disorders, performed TADAanalysis again,
and prioritized 385 candidate genes with FDR <0.2, which
included 301 genes that have been prioritized by single-
disorder analysis and 84 genes that have been prioritized
by cross-disorder analysis. After removing redundancy, we
ultimately identified 675 candidate genes and ranked the

genes into six tiers based on the strength of the statistical
evidence of FDR (Table 2). The tiers included 132 high-
confidence genes (FDR ≤ 0.0001, 19.56%), 36 strong genes
(FDR < 0.0001 to ≤ 0.001, 5.33%), 62 suggestive genes
(FDR < 0.001 to ≤ 0.01, 9.19%), 116 positive genes (FDR
< 0.01 to ≤ 0.05, 17.19%), 99 possible genes (FDR < 0.05
to ≤ 0.1, 14.67%), and 230 minor-evidence genes (FDR
< 0.1 to ≤ 0.2, 34.07%). We noted that 39.41% (266/675)
candidate genes carried Pfun DNMs in only one disorder
and 27.26% (184/675), 19.70% (133/675), 9.19% (62/675),
3.26% (22/675), 1.04% (7/675) and 0.15% (1/675) of can-
didate genes carried Pfun DNMs in two, three, four, five,
six and seven disorders, respectively (Supplementary Table
S3). For example, ARID1B, CACNA1E, DDX3X, POGZ,
RYR2, SCN2A and SMAD6 carried Pfun DNMs in six dis-
orders and KMT2C in seven disorders.

Gene4Denovo search modules

To accelerate the interpretation of DNMs and candidate
genes, we developed a database calledGene4Denovo, which
features a user-friendly query interface and a set of cus-
tom functions and provides a comprehensive overview of
DNMs, candidate genes, and their annotation information.
The query interface contains panels for quick searches and
for advanced searches (Figure 1). The quick search func-
tion is the main tool to quickly access detail information
regarding DNMs and can be found on the home page.
The quick search automatically recognizes a variety of key
terms, such as gene symbol, genomic region, cytoband,
transcript accession, the nucleic acid change in a certain
genes or transcripts, the genomic coordinate of a variant,
as well as the DNM identifier. Moreover, several examples
of input query formats are available by clicking the ‘exam-
ple’ link with the corresponding examples occurring in the
input box. The advanced search (http://www.genemed.tech/
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Table 2. Summary of prioritized candidate genes in Gene4Denovo database

Disease (trios)
FDR ≤

0.0001
0.0001< FDR ≤

0.001
0.001 < FDR ≤

0.01 0.01 < FDR ≤ 0.05
0.05 < FDR ≤

0.1 0.1 < FDR < 0.2

ASD (6511) 13 9 10 29 26 53
UDD (4293) 85 21 43 50 40 69
CHD (2645) 3 3 4 12 13 25
ID (1331) 26 13 18 16 14 34
EE (933) 14 3 14 12 8 29
SCZ (1094) 0 0 0 0 1 9
TD (812) 0 0 0 2 3 6
CDH (362) 0 1 0 0 1 0
CRAN (291) 0 1 0 0 0 0
PNH (202) 1 0 0 0 0 0
ALS (173) 0 0 0 0 0 1
BP (79) 0 0 0 0 0 1
EOPD (49) 0 0 0 0 0 1
CP (98) 0 0 0 1 0 0
NTD (43) 0 0 0 1 0 0
SMS (13) 1 0 0 0 0 0
CS (14) 1 0 0 0 0 0
AFD (4) 0 1 0 0 0 0
CD (19 012) 117 27 46 60 47 88
Total 132 36 62 116 99 230

ASD, autism spectrum disorder; UDD, undiagnosed developmental disorder; CHD, congenital heart disorder; ID, intellectual disability; EE, epileptic en-
cephalopathy; SCZ, schizophrenia; TD, tourette disorder; CDH, congenital diaphragmatic hernia; CRAN, craniosynostosis; PNH, periventricular nodular
heterotopia; ALS, amyotrophic lateral sclerosis; BP, bipolar disorder; EOPD, early onset parkinson disease; CP, cerebral palsy; NTD, neural tube defects;
SMS, smith-magenis syndrome; CS, cantu syndrome; AFD, acromelic frontonasal dysostosis. CD, combined all samples with different disorders. Number
of genes with FDR < 0.2 in each disorder and cross disorders analysis were showed in this table. We ranked all candidate genes into six tiers based on the
strength of false discovery rate (FDR). The total number of candidate genes were counted after removing redundancy.

Figure 1. Snapshot of variant-level implications in Gene4Denovo. Two approaches are available to access variant-level implications, the ‘Quick search’
and ‘Advanced search’. The results of a quick search for the KCNQ2 gene are shown as an example, including the functional effects at the transcript and
protein levels, homology, predicted damaging severity of missense variants, allele frequencies in different populations, and information in disease-related
databases.

gene4denovo/search) supports batch searches and allows
users to specify annotated datasets. The advanced search
provides options that include primary information, predic-
tive algorithms for nonsynonymous variation, allele fre-
quency in different populations, and disease-related and
phenotype-related information. The advanced search also
has six types of input forms that are similar to the quick

search (gene symbol, genomic region, cytoband, transcript
accessions, the nucleic acid change in a certain gene or tran-
script, and the genomic coordinate of a variant). To improve
the user experience, the advanced search query form and the
corresponding result sets are displayed on the same page. Of
note, the search results can be freely exported as Excel files
to download.
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Variant-level implications in Gene4Denovo

Both quick and advanced searches provide access to de-
tailed DNMannotation data. Search results are returned as
a page that contains two tables. The first table is a summary
of DNMs for each gene in each disorder while the second
table displays all the detail information regarding variant-
level annotations (Figure 1). The summary table synopti-
cally presents the number of LoF, Dmis, Pfun and Tmis,
synonymous, the non-frameshift and non-coding variants,
the P-value, and the FDR for each gene in each disor-
der. The variants table presents detailed information for
each DNM, including the following aspects: (i) the func-
tional effect and reference information for each DNM;
(ii) the predicted damaging scores and functional conse-
quences of missense variants based on 24 in silico algo-
rithms; (iii) the allele frequencies of different populations
based on seven data sources; (iv) the disease-related infor-
mation from seven popular related data sources and (v) the
protein sequences across 21 species from HomoloGene, in-
cluding the graphic presentation of multiple sequence align-
ment between species. The variants table can be filtered by
functional effects, adding flexibility to the output. In addi-
tion, users can specify any of the mentioned data sources to
limit the contents presented to those of specific interest.

Gene-level implications in Gene4Denovo

On the page of variants-level implications, users can click
on the corresponding gene symbols in the summary ta-
ble or variants table to access detailed information regard-
ing the given genes. All genes containing DNMs were cu-
rated in Gene4Denovo, which currently includes the fol-
lowing six specified panels: (i) basic information, (ii) gene
function, (iii) phenotype and disease, (iv) gene expression,
(v) variants in different populations and (vi) drug–gene in-
teraction (Figure 2, (Supplementary Table S4). The ‘basic
information’ displays the integrated basic information for
the gene, including the official gene name, synonyms, ge-
nomic coordinate, gene type and functional annotations,
the genic intolerance score based on six studies (75,115–
119), and a summary of the cellular function of the protein
encoded by the gene sourced according to UniProt (110).
The ‘gene function’ consists of five sub-panels, including
(i) the molecular function retrieved from UniProtKB; (ii)
gene ontology terms retrieved fromGeneOntologyConsor-
tium (113); (iii) domain information retrieved from InterPro
(108); (iv) protein–protein interactions retrieved from InBio
Map (114) and (v) biological pathway information retrieved
from BioSystems (112). The ‘phenotype and disease’ panel
consists of four sub-panels, including (i) phenotype data
retrieved from OMIM (120); (ii) clinical variation data re-
trieved fromClinVar (104); (iii) mammalian phenotype data
retrieved fromMGI (122) and (iv) human phenotype ontol-
ogy retrieved from HPO (121). The ‘gene expression’ panel
consists of four sub-panels, including (i) spatio-temporal ex-
pression profiles retrieved from BrainSpan (123); (ii) cell di-
versity and expression in the human cortex based on single-
cell RNA-seq from the Allen Brain Atlas; (iii) gene expres-
sion data in 31 primary tissues and 53 secondary tissues re-
trieved from GTEx (124) and (iv) subcellular location re-
trieved from The Human Protein Atlas (125). The ‘variants

in different populations’ panel provides the number of vari-
ants with different functional effects at different threshold
in different populations. The ‘drug–gene interaction’ panel
provides data for drug–gene interactions and gene drugga-
bility, which is retrieved from DGIdb v3.0 (126).

Customized analysis section in Gene4Denovo

Gene4Denovo provides an interface to allow users to
freely analyse their own genetic data (http://genemed.tech/
gene4denovo/analysis). As shown in Figure 3, the analysis
process includes four simple steps: (i) inputting an email ad-
dress, (ii) choosing the Trio or Non-trio option of users’
genetic data, (iii) uploading genetic data files (VCF4 for-
mat) and (iv) inputting the basic information for each sam-
ple. If users select the Trio option, the users must select the
paternal sample ID, maternal sample ID, children’s sam-
ple ID and the gender of the children. Gene4Denovo will
automatically identify the DNMs, homozygous variants,
compound heterozygous variants, andX-linked variants us-
ing default parameters. If the Non-trio option is chosen,
the users must select the genotypes of each sample, in-
cluding heterozygous, homozygous, wild type, and so on.
Gene4Denovo will identify the user-defined co-segregated
rare damaging variants using default parameters. It is note-
worthy that users are able to specify cut off values of quality
control, the data sources of annotation and the parameters
used for identifying rare damaging variants. In the quality
control panel, users are able to specify several parameters
used to detect high-confidence genetic variants, including
the minimum QUAL, sequencing depth, allele depth, and
genotype quality. There are four annotation sub-panels: (i)
‘Basic information annotation’ to specify three basic data
sources of annotation (such as cytoband database, gene-
level-based databases, and Gene4Denovo), which refer to
the identifier, putative functional DNMs,P-value and FDR
of candidate genes in each disorder; (ii) ‘Pathogenicity pre-
diction ofmissense variants’ to specify themethods and cut-
off values for predicting deleterious missense variants; (iii)
‘Allele frequency in variant population’ to specify the cut
off values of allele frequency for detecting rare variants ac-
cording to different population databases and (iv) ‘Clinical
related database’ to specify clinical related database, such
as InterVar, ClinVar, COSMIC, ICGC and NCI-60. After
completing the analysis, Gene4Denovo sends an email to
the designated email address that includes a link for down-
loading the analysis results.

Other sections in Gene4Denovo

Gene4Denovo also contains additional useful sections.
These include (i) the browse section, which can be used for
accessing gene-level summary implication efficiently; (ii) the
upload section, which provides a user-friendly web-based
process for uploading and archiving users’ DNMs; (iii) the
download section, which allows users to freely access all
released datasets in Gene4Denovo without login require-
ments and to download the complete de novo data files via
http; (iv) the data source, which shows brief information re-
garding the integrated databases and (v) the tutorial section,
which provides a further description of Gene4Denovo and
details on how to get started.
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Figure 2. Snapshot of gene-level implications in Gene4Denovo. The typical gene-level implications of the KCNQ2 gene are illustrated as an example,
including basic information, gene functions, associated phenotypes and diseases, gene expression, variants in different populations, and drug–gene inter-
actions.
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Figure 3. Snapshot of analysis panel in Gene4Denovo. There are four steps in the analysis process: inputting an email address, choosing the Trio or Non-
trio option, uploading the data files, and inputting the trio or genotype information. To increase flexibility, users are able to specify annotation datasets,
such as functional effects, allele frequencies, and predicted damaging scores from any of the 24 in silico algorithms.
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DISCUSSION

A DNM-based strategy for genome and exome analy-
ses provides unprecedented opportunities to promote our
knowledge regarding genetic pathogenic mechanisms in hu-
mans for complex disorders having high clinical and ge-
netic heterogeneity (127–130). However, a major challenge
is the scattered distribution of DNM data and annotated
genetic and clinical data sources (14,17,18). To make the
DNM and annotated data more accessible, we collected
DNM data from various published WES/WGS studies,
performed uniform comprehensive annotation, and prior-
itized a list of candidate genes. In addition, we developed a
user-friendly, interactive, open-access web-based interface
to browse, search, analyse, and download the integrated
data. More than 60 popular genomic data sources were in-
tegrated into Gene4Denovo in order to provide users with
comprehensive information regarding variants and genes.
Gene4Denovo accentuates the importance of integrating

DNMs fromdifferent studies in a uniformmanner. First, we
found that integrating DNMs from multiple publications
for a single disorder improved the power of prioritizing can-
didate genes due to increasing the sample sizes. Addition-
ally, users will be able to analyse moreDNMs by integrating
their own in-house data with our database and then prior-
itize new candidate genes. Second, we found that integrat-
ingDNMs fromdifferent disorders resulted in an additional
84 candidate genes being prioritized, including eight genes
that reached an FDR < 0.01. For example, KMT2C (FDR
= 7.02 × 10−3) was prioritized as a strong candidate gene
by combining DNMs from seven disorders (ASD, CHD,
UDD, ID, SCZ, ALS and BP). Third, integrated DNMs of
unaffected controls were able to be used as negative con-
trol in the identification of pathogenic variants or candi-
date genes. For example, KDM5B carried 9, 3, 3, 1, 1 Pfun
DNMs in patients with ASD (FDR = 2.30 × 10−8), CHD
(FDR = 7.17 × 10−3), UDD (FDR = 0.093), TD (FDR =
0.36), and CDH (FDR = 0.61), respectively. However, we
found that KDM5B also carried five Pfun DNMs in con-
trol cohorts, suggesting that DNMs of KDM5Bmay not be
associated with these diseases. This was consistent with a re-
cent study that foundKDM5B is a recessive gene associated
with neurodevelopmental disorders (131). We fully priori-
tized 675 candidate genes. Of the candidate genes, 60.59%
(409/675) carried Pfun DNMs in two or more disorders.
This data may be useful in identifying biomarkers that can
be used in a translational setting for genetic counselling and
clinical assessment. Some of the candidate genes have been
well validated by functional experiments or clinical pheno-
types, such as CHD8 (132), SCN2A (133,134), CACNA1E
(135) and POGZ (136,137), while others need further func-
tional validation.
All individuals carry ∼70 DNMs in their genome, but

only a small number of DNMs contribute to human dis-
eases, making it a challenge to interpret the pathogenicity
of DNMs and genes (56). To address this need, we inte-
grated >60 genomic sources into Gene4Denovo in order to
provide comprehensive analyses of DNMs and candidate
genes. First, it has reported that approximately one third
of DNMs of neurodevelopmental disorders are present in
the general population and this type of DNMmight do not

contribute to risk of developing a disorder (138). Therefore,
it was important for the population-based background al-
lele frequency to be integrated into Gene4Denovo so to al-
low for a better understanding of pathogenic variants. Sec-
ond, several computational methods have been used to pre-
dict deleterious variants in humans, but these methods pro-
vide inconsistent results (71). Therefore, Gene4Denovo of-
fers prediction scores from 24 in silico algorithms and al-
lows users to select one or a combination of multiple suit-
able methods. Third, Gene4Denovo integrated variant-level
information from popular genetic database, such as ClinVar
(104), OMIM (120) and HPO (139), which may help users
to comprehensively evaluate the pathogenicity of genes and
genetic variants. Fourth, Gene4Denovo integrated mean-
ingful gene-level information, such as gene function and
gene expression patterns, in order to provide users compre-
hensive information regarding a given gene from a one-stop
database.
Despite of the advancement of other available databases

related to DNMs, Gene4Denovo exhibits significant
differences that represent major advances. The mirD-
NMR database (140) focuses on gene-level background
DNM rates predicted by four different methods in-
stead of analysing DNMs themselves. The EpiDenovo
database (141) provides the associations between embry-
onic epigenomes and DNMs in developmental disorders.
Compared to the denovo-db (17), Gene4Denovo not
only integrated more DNMs, but also provided more
comprehensive annotation information collected from >60
genomic data sources. This extensive integration should
further facilitate the interpretation of DNMs. In addition,
Gene4Denovo prioritizes a list of candidate genes with
different degrees of statistical evidence. This is important
for biologists in selecting genes for functional validation
and for geneticists and clinicians for genetic counselling.
Furthermore, in order to facilitate research communities to
take advantage of the integrated DNMs, candidate genes,
and other genomic data sources, Gene4Denovo provides a
user-friendly interface for detecting DNMs, homozygous
variants, X-linked variants, and co-segregated variants for
performing customized comprehensive annotations, and
for prioritizing pathogenic variants and risk-genes.
There are some limitations to the present study that re-

quire further effort in order to be resolved. First, the candi-
date genes were prioritized using the TADA model, which
influenced by several factors, such as GDNMR, the tools
used for predicting deleterious missenses, and the enrich-
ment of LoF and Dmis. We encourage users to down-
load the integrated DNMs from Gene4Denovo database
and prioritized candidate genes using different parameters
and new models. For example, Nguyen, et al. developed a
new method called extTADA and prioritized 288 candidate
genes in neurodevelopmental disorders. Additional exper-
iment validation and more detailed clinical phenotypes of
patients are still needed. Second, despite noncoding vari-
ants being catalogued in the Gene4Denovo database, the
current study prioritized candidate genes based only on
DNMs in coding regions. DNMs in noncoding regions,
such as those in promoters (45), are also likely to con-
tribute to the risk of developing disorders. In the next ver-
sion of Gene4Denovo, we plan to integrate both coding
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DNMs and noncoding DNMs for prioritizing candidate
genes. Third, in order to provide uniform genetic data,
Gene4Denovo focused on DNMs detected by WES/WGS,
which are most wildly used in medical genetics. This means
that someDNMs from targeted sequencing studies and case
reports were not included. Since it is still challenging to
accurately detect de novo copy-number variations (CNVs)
from NGS data, especially WES data, the current version
of Gene4Denovo did not integrate de novo CNVs. How-
ever, we plan to add de novo CNVs in the next version of
Gene4Denovo. In addition, we plan to continuously collect
DNMs from the latest published WES/WGS studies and
to update the Gene4Denovo database every six months. We
also promote and highly appreciate users uploading their
own DNM data and archives into Gene4Denovo by using
the uploading interface.
In conclusion, Gene4Denovo offers a large number of

freely available DNMs with uniform curation and annota-
tions across 24 phenotypes. Gene4Denovo also provides a
list of prioritized candidate gene and comprehensive genetic
and clinical information for each DNM and gene. We hope
theGene4Denovo database will provide a great convenience
for geneticists, biologists, and clinicians and accelerate the
interpretation of DNM pathogenicity and its clinical impli-
cation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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