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ABSTRACT

Whole exome sequencing (WES) accelerates disease
gene discovery using rare genetic variants, but fur-
ther statistical and functional evidence is required to
avoid false-discovery. To complement variant-driven
disease gene discovery, here we present function-
driven disease gene discovery in zebrafish (Danio
rerio), a promising human disease model owing to
its high anatomical and genomic similarity to hu-
mans. To facilitate zebrafish-based function-driven
disease gene discovery, we developed a genome-
scale co-functional network of zebrafish genes, Dan-
ioNet (www.inetbio.org/danionet), which was con-
structed by Bayesian integration of genomics big
data. Rigorous statistical assessment confirmed the
high prediction capacity of DanioNet for a wide va-
riety of human diseases. To demonstrate the feasi-
bility of the function-driven disease gene discovery
using DanioNet, we predicted genes for ciliopathies
and performed experimental validation for eight can-
didate genes. We also validated the existence of het-
erozygous rare variants in the candidate genes of
individuals with ciliopathies yet not in controls de-
rived from the UK10K consortium, suggesting that
these variants are potentially involved in enhancing
the risk of ciliopathies. These results showed that an
integrated genomics big data for a model animal of
diseases can expand our opportunity for harnessing
WES data in disease gene discovery.

INTRODUCTION

Whole exome sequencing (WES) provides a major route
for the identification of genes implicated in Mendelian dis-
eases as well as complex diseases based on rare protein-
coding variants in phenotypically extreme individuals (1).
This variant-driven approach has helped identify numer-
ous candidate genes involved in inherited disorders. How-
ever, false assignment of disease-associated variants has re-
cently become a substantial issue. Multiple large-scale stud-
ies have shown that a significant portion of reported disease-
associated variants are either common polymorphisms (2)
or are prevalent in healthy individuals (3,4). Therefore, the
community proposed a guideline for assessing the impli-
cation of sequence variants in diseases (5), which includes
experimental validation of the predicted damaging impact
of the candidate variants using functional assays in well-
established animal models. In fact, loss-of-function studies
for the genes harboring the predicted causal variants in an-
imal models have often revealed no disease-relevant pheno-
type, indicating that variant-level evidence from individuals
with diseases does not warrant causality in the pathogene-
sis.

In this study, we propose a function-driven approach for
disease gene discovery, which takes the opposite direction
of the variant-driven approach. In the variant-driven ap-
proach, the identification of implicated variants is generally
followed by experimental validation using loss-of-function
studies in animal models. Conversely, in the function-driven
approach, the observation of disease-related mutant pheno-
types in model animals leads to the identification of novel
disease gene candidates, which is then followed by an ex-
amination of the ‘qualifying variants’ within the candidate
genes in the individuals with the disease (Figure 1A). Se-
curing functional evidence may reduce the burden of rig-
orousness in assessing genetic penetrance of the candidate
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Figure 1. Function-driven disease gene discovery using DanioNet. (A) Relationship between variant-driven and function-driven disease gene discovery. (B)
Overview of the construction of DanioNet. The functional associations between genes were inferred from 18 distinct data sets of various species—Danio
rerio, Caenorhabditis elegans, Drosophila melanogaster, Homo sapiens and Saccharomyces cerevisiae—using various algorithms such as co-citation, co-
expression, phylogenetic profiles, gene neighborhood and associalogs. The reliable associations that passed the benchmarking test were then integrated

into the final network, DanioNet.

variants. In addition, animal models containing genetic de-
fects with disease-relevant phenotypes enable the study of
the molecular mechanisms underlying the progression of
the diseases. Therefore, the function-driven approach can
complement the variant-driven approach in the identifica-
tion and characterization of novel disease genes.

Zebrafish, Danio rerio, is one of the most qualified labo-
ratory animals for the function-driven discovery of human
disease genes for several reasons. First, zebrafish has been
a long-standing model of vertebrate developmental biology
in the virtue of high fecundity, rapid development, easy lab-
oratory maintenance, efficient gene perturbation using mor-
pholino and allowance of non-invasive in vivo examination
of organ development through the translucent embryo and
body (6). In addition, the organ development in zebrafish
is highly similar to that in humans (7,8) and the zebrafish
genome contains more than 70% of human genes (9). In-
deed, zebrafish has already become a common laboratory
animal for in vivo validation of candidate disease genes
identified from genome-wide association studies (GWAS)
as well as WES (10-14). Furthermore, zebrafish embryos

containing genetic defects of human diseases enable high
throughput drug screening and toxicity tests in vivo (15) and
facilitate the investigation of disease mechanisms through
various molecular and genomics techniques suitable for the
organism (7).

Function-driven disease gene discovery starts with the
identification of animal orthologs whose genetic defects
result in the disease-related phenotype. Searching for the
animal genes with disease implications may be conducted
through either forward or reverse genetics (16). The Ethyl
methanesulfonate and the Sleeping Beauty transposon sys-
tem have been used for mutagenesis in many forward ge-
netics projects in zebrafish. However, although random mu-
tagenesis approaches have identified many disease genes in
zebrafish, the whole screening work suffers from labori-
ous processes and low sensitivity for mutations of moder-
ate or weak phenotypic impact. Reverse genetics can pro-
vide a feasible alternative if an effective gene prioritiza-
tion method is available. Recently, many disease genes have
been identified through network-based gene prioritization
(17,18), in which the principle of guilt-by-association is ap-



plied to predict new genes for a disease based on their close-
ness to the genes implicated in the same disease in func-
tional networks. The co-functional relationships between
genes can be inferred from a large body of genomics data
derived from diverse high-throughput experiments, which
entails heterogeneity and variation in data quality. To man-
age interpretation and integration of the genomics big data,
the Bayesian integration approach, which has proven suit-
able for inferring functional relationships between genes
from heterogeneous genomics data, has been used (19,20).
In this approach, each genomics data set is evaluated by
gold-standard gene pairs to calculate the likelihood of
co-functional relationships, and multiple likelihood scores
from various data sets are then integrated with differential
weights.

To facilitate the identification of candidate disease genes
in zebrafish by taking advantage of the massive amount
of genomics big data, we developed a genome-scale co-
functional network of zebrafish genes, DanioNet, which
was constructed by Bayesian integration of 18 distinct types
of genomics data. The constructed network covers ~85%
of the coding genome of zebrafish and ~61% of human or-
thologs, thus enabling extensive search for genes for verte-
brate developmental disorders as well as human diseases.
Importantly, we proved that DanioNet is highly predic-
tive for a wide spectrum of human diseases through rig-
orous statistical assessment. To demonstrate the feasibility
of DanioNet in the identification of human disease genes,
we predicted genes for ciliopathies, a group of disorders
associated with genetic defects causing abnormal forma-
tion or function of the primary cilia, and performed exper-
imental validation for eight candidate genes. We also vali-
dated the existence of rare coding variants in the candidate
genes of individuals with ciliopathies. Candidate genes for
the function-driven discovery of disease genes can be easily
prioritized using a companion web server (www.inetbio.org/
danionet).

MATERIALS AND METHODS
Sequences and functional annotation data for D. rerio

Sequences for 18 971 coding genes of D. rerio with reliable
evidences from Ensembl (Zv9, 73 database version) (9) were
used for network construction and analysis. Annotations
for pathways and biological processes of the coding genes
were downloaded from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (21) and Gene Ontology
biological process (GO-BP) annotations (22). Anatomical
annotation data for the same genes were downloaded from
ZFIN (23).

Construction of DanioNet

Co-functional links were inferred from 18 distinct data
types using supervised learning methods and were then inte-
grated into DanioNet based on a Bayesian statistical frame-
work. A detailed description of the network construction is
provided in the Supplementary Data.
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Zebrafish housing and manipulations

Adult zebrafish were maintained at 28.5°C and pH 7.0-7.9
with a cycle of light (13 h) and dark (11 h) per day in the
automatic system (Constructed by Genomic-Design, South
Korea). Zebrafish embryos were collected by natural breed-
ing and incubated in E3 medium (297.7 mM NaCl, 10.7
mM KCl, 26.1 mM CaCl, and 24.1 mM MgCl,) containing
1% methylene blue (Sigma-Aldrich, St. Louis, MO, USA)
at 28.5°C. To inhibit the formation of melanin, we raised
the zebrafish larvae (after 24 h post-fertilization (hpf)) in
E3 medium containing 0.2 mM N-phenylthiourea (PTU;
Sigma- Aldrich Chemistry, cat. # P7629).

Microinjection of morpholino oligos (MOs)

The translation and splicing-blocking MOs were designed
and synthesized by Gene Tools (Philomath, OR, USA).
Each MO was diluted in distilled water at a concentration of
24 wg/pl and then injected into the yolk of zebrafish em-
bryos at one- to four-cell stages using a gas-used microin-
jection system (PV83 Pneumatic PicoPump, SYS-PVS§30,
World Precision Instruments, USA). The morphology of
the MO-injected embryos was observed under a dissecting
microscope (SMZ1270, Nikon, Tokyo, Japan), and the im-
ages were captured using a mono-camera (DS-Qi2, Nikon,
Tokyo, Japan) and analyzed using the NIS-Elements soft-
ware (Nikon, Tokyo, Japan).

Whole-mount immunohistochemistry of the zebrafish larvae

The MO-injected embryos were raised at 28.5°C until 3
days post-fertilization (dpf) and fixed in Dent’s fixative (80%
MeOH, 20% DMSO) at room temperature (RT) for 3 h.
The fixed zebrafish larvae were then immunostained with an
anti-GT335 antibody (AdipoGen, cat.# A20631002; 1:400
dilution) as a primary antibody at 4°C overnight and with a
goat anti-mouse Alexa Fluor® 488 or 594-conjugated anti-
body as a secondary antibody (Invitrogen, cat.# A11001 or
A11005, 1:1000) at RT for 2 h. Both the antibodies were di-
luted in half-concentration blocking solution (10% normal
goat serum, 0.5% Tween 20 in PBS). Then the zebrafish lar-
vae were stained with 12 wM DAPI (Molecular probes, cat.
#D3571) at room temperature for 15 min in PBST (0.5%
Tween 20 in PBS). The fluorescent images were obtained us-
ing a LSM700 confocal microscope (Carl Zeiss, Germany).

Rare variant identification from the UK10K individuals

We obtained VCF files for 3781 healthy individuals
from the TwinsUK cohort (EGADO00001000741) and
the Avon Longitudinal Study of Parents and Children
(ALSPAC) cohort (EGAD00001000740) and 122 individ-
uals with ciliopathies (EGAD00001000414) from the Eu-
ropean Genome-phenome Archive (EGA) (24) under the
UKI10K data access agreement (25). We also obtained VCF
files for human common variants from dbSNP (build146
GRCh37p13) (26). All the VCF files were regularized us-
ing VCFLib (https://github.com/vcflib/vcflib). To identify
the rare variants, we annotated variants of the UK 10K in-
dividuals with dbSNP common variants using GATK v3.5
VariantAnnotator (27). All the non-common variants are
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considered as rare variants. We obtained the information of
amino acid change and the functional impact of each vari-
ant using Variant Effect Predictor (VEP) (28).

Finding the ciliopathy network module with intermediate
nodes

To find a well-connected subnetwork enriched for ciliopathy
genes in DanioNet, we permitted the inclusion of intermedi-
ate nodes that passed a significance threshold as previously
described (29). An intermediate node was a gene connected
with at least two other genes, and the significance of an in-
termediate node was calculated using the z-score from a bi-
nomial proportion test as follows:

(-2
=)

c

SN

where a represents the links from the intermediate node to
the input ciliopathy genes, b represents the total degree of
the intermediate node in DanioNet, ¢ represents the total
functional links of the subnetwork to the ciliopathy genes
and all the possible intermediates and d represents the total
number of links in DanioNet. We used a z-score of 20 to
extract a ciliopathy network.

RESULTS AND DISCUSSION

Co-functional network of zebrafish genes as an integrated ge-
nomics big data resource

The construction of a functional network for zebrafish (D.
rerio) is summarized in Figure 1B and has been described in
detail in the Supplementary Data. A total of 18 971 coding
genes were selected for the network modeling with reliable
annotation using Ensembl (Zv9, 73 database version) (9).
The networks inferred from 18 distinct types of genomics
data using a Bayesian statistical framework (19,20) are sum-
marized in Supplementary Table S1. Zebrafish-specific co-
functional links were inferred from five distinct types of D.
rerio data: co-citation of two zebrafish genes in Medline ar-
ticles (DR-CC) (30), co-expression across microarray exper-
iments (DR-CX), protein—protein interactions from litera-
ture curation (DR-LC), similarity of phylogenetic profiles
(DR-PQG) (31) and genomic neighborhoods of bacterial or-
thologs (DR-GN) (32). Particularly, we constructed a ze-
brafish co-expression network by integrating the links in-
ferred from 21 microarray sample series of the Gene Ex-
pression Omnibus database (33), which comprised 2118
microarray samples (Supplementary Table S2). Evolution-
arily conserved co-functional links were also inferred by
orthology-based transfer of network links, associalogs (34),
from four other species: co-citation and co-expression net-
works of Caenorhabditis elegans (CE-CC and CE-CX, re-
spectively); co-expression network, protein—protein inter-
actions derived from high-throughput assays and those
from literature curation of Drosophila melanogaster (DM-
CX, DM-HT and DM-LC, respectively); co-expression
network, protein—protein interactions derived from high-
throughput assays and those from literature curation of
humans (HS-CX, HS-HT and HS-LC, respectively); and

co-citation network, co-expression network, genetic inter-
actions, protein—protein interactions derived from high-
throughput assays and those from literature curation of
Saccharomyces cerevisiae genes (SC-CC, SC-CX, SC-GT,
SC-HT and SC-LC, respectively).

For Bayesian integration along with supervised learning
of the co-functional links, we used gold-standard D. rerio
gene pairs that share annotations with the KEGG path-
way database (21) or GO-BP (22) based on experimental
or literature evidences, which cover 5506 zebrafish genes
(~29% of the 18 971 coding genes). However, the integrated
network using supervised learning and Bayesian integra-
tion (19) of the genomics big data, DanioNet, contains 8§17
547 co-functional links between 16 063 genes, which covers
~85% of the coding genome. Therefore, DanioNet provides
new opportunities for functional predictions of many previ-
ously uncharacterized D. rerio genes. In addition, DanioNet
contains ~61% of human orthologs and ~58% and ~56%
of disease genes annotated by Disease Ontology (DO) (35)
and Online Mendelian Inheritance in Man (OMIM) (36),
respectively, which potentiate the application of DanioNet
for human disease research. DanioNet will continue to in-
crease its coverage by incorporating various genomics data
that continue to be accumulated in public databases. For ex-
ample, we did not use gene expression data based on high
throughput RNA sequencing (RNA-seq) for the construc-
tion of the current version of DanioNet, but plan to incor-
porate them into a future update. Recently, the amount of
RNA-seq data in the public domain has grown rapidly. Ac-
cordingly, we anticipate that the incorporation of these data
in the next version will significantly expand DanioNet.

Network algorithms for generating functional hypotheses

Co-functional networks usually contain some genes known
for functional information, which can be propagated to
other genes through the network, thus enabling their func-
tional predictions. We can predict pathway/phenotype in-
formation for a gene (gene-centric prediction, Figure 2A)
or new member genes for a pathway/phenotype (pathway-
centric prediction, Figure 2B). Similar to reverse-genetics,
which is gene-driven genetic search, gene-centric prediction
begins with a gene of interest and progresses through the
collection of information of pathway/phenotype annota-
tions of all the network neighbors of the gene. Candidate
pathways/phenotypes are ranked from the one with most
edge weight to the neighbor genes annotated. DanioNet
allows predictions for six different functional annotations:
(i) GOBP (22) annotations of zebrafish genes, (ii) zebrafish
anatomical (ZFA) (23) annotations, (iii) GOBP (22) anno-
tations of human orthologs, (iv) OMIM (36) annotations
of human orthologs, (v) DO (35) annotations of human or-
thologs and (vi) human phenotype ontology (37) annota-
tions of human orthologs.

In contrast, pathway-centric prediction is driven by a
pathway/phenotype, which is analogous to the forward-
genetics approach. Occasionally, we have some known
genes for the given phenotype of interest and we can
then look for additional genes involved in the same
pathway/phenotype. This can be done by propagating
pathway/phenotype information through network neigh-
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Figure 2. Predictions for zebrafish organ development genes using DanioNet. Schematic overview of (A) gene-centric prediction and (B) pathway-centric
prediction, which can be further classified into a method using only direct neighbor (DN) and another using all the genes of the network by diffusing
information throughout the network (ND). (C) DanioNet is highly predictive for genes involved in the development of each of the seven zebrafish organs.
The precision of the determination of candidates by network prediction was substantially higher than that by random chance. (D) The same results are
summarized as fold enrichment of network predictions compared to the predictions by random chance. (E) Distribution of fold enrichments for 254
zebrafish anatomical (ZFA) terms that contain at least four member genes. Fold enrichment is higher for the top 50 candidates and the method using only
direct neighbors (DN) outperforms the method using all the genes of the network by network diffusion (ND).

bors via two categories of label propagation algorithms: di-
rect neighborhood (DN) and network diffusion (ND) (38)
(Figure 2B). The former transfers node information to only
the directly connected neighbors, whereas the latter diffuses
the information of nodes throughout the network. We pre-
viously demonstrated that neither of these algorithm are
more effective than the other for all phenotypes, and the
choice of network algorithm is largely determined by the
connectivity of member genes for each phenotype in the
network (39). Therefore, in this study, we implemented both
network propagation algorithms in a companion web server
(www.inetbio.org/danionet) of DanioNet.

DanioNet is highly predictive for vertebrate organ develop-
ment genes

Zebrafish has been an important model organism for the
study of vertebrate development (6). Forward and reverse
genetics approaches have genetically dissected the devel-
opmental processes for each organ and anatomical struc-
tures of vertebrates. Reverse genetics in zebrafish is particu-
larly useful for the discovery of novel genes associated with
organ development because of the well-established experi-
mental procedures of targeted gene-knockdown with highly
specific morpholino and the ease of in vivo examination
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of organ development owing to the transparent body of
zebrafish. Hence, a bioinformatics platform for predicting
highly probable candidate genes would facilitate the genetic
dissection of organ development in vertebrates. We tested
whether DanioNet can help predict associations between
genes involved in the developmental process of the same
organ or anatomical structures based on ZFA annotations
(40). We purposely excluded the ZFA annotations from the
data for the training network to avoid the circularity in eval-
uating the prediction capacity of DanioNet for zebrafish or-
gan development. Given that only dozens of the most sig-
nificant candidate genes were usually applied to the follow-
up experimental analysis, we focused our evaluation on the
top 50 or 100 candidates only. We first assessed the net-
work predictions based on the precision of the top 50 or 100
candidates for genes involved in seven distinct organs—the
brain, central nervous system, eye, fin, heart, kidney and
liver. To conduct our assessment in a conservative manner,
we used two independent gene sets for organ development,
a set of seed genes from which network propagation of or-
gan information starts, and a set of test genes to validate
the new predictions. The seed gene sets were derived from
GOBP terms relevant to development or morphogenesis of
each organ (Supplementary Table S3) and the test gene sets
were compiled from ZFA annotations. We observed sub-
stantially higher precisions by DanioNet, with both DN
and ND algorithms, compared to those by random chance
for all the seven organs (Figure 2C and D). Notably, the pre-
dictions based on only direct neighbors (DN) generally out-
performed those based on all the network nodes (i.e. ND)
for zebrafish organ development.

We also tested the DanioNet-based predictions for 254
ZFA terms that contain at least four member genes. We
observed a similar trend of improved predictions by Dan-
ioNet for the majority of the tested ZFA terms (Figure 2E).
For example, median fold enrichment by DanioNet for the
top 50 or top 100 candidates was over 45, which indicated
that DanioNet is highly predictive for the genes involved in
wide varieties of anatomical developmental processes. Re-
cently, a classifier based on functional associations between
zebrafish genes was used to predict the genes involved in
each of the anatomical processes in zebrafish (41). However,
this classifier was trained for only a fixed set of ZFA terms,
whereas DanioNet-based prediction is not restricted to the
predefined ZFA anatomical processes.

DanioNet is highly predictive for a wide spectrum of human
diseases

Given that DanioNet is highly predictive for the anatomical
development in zebrafish, we hypothesized that DanioNet
could help reconstruct the functional modules associated
with anatomical developmental processes. Presuming that
functional modules for different anatomical development
largely overlap due to pleiotropy, we searched for modules
for anatomical development in DanioNet using CFinder
(42), a software that identifies network communities with
overlaps. A total of 314 communities were identified based
on six clique-connected sub-graphs in the network of 100
000 most significant links of DanioNet (Supplementary Ta-
ble S4). We then tested these communities for their associ-

ation with ZFA gene sets using Fisher’s exact test. Using
a criterion of P < 0.01, we found that 197 (62.7%) of the
314 communities were significantly associated with at least
one ZFA term. These results suggested that the DanioNet
network communities tend to be associated with anatomi-
cal developmental processes in zebrafish. Notably, we also
found that 185 (58.9%) of the 314 communities were signif-
icantly associated with at least one DO term using the same
criterion, which also suggested that DanioNet has potential
applications for human disease research.

Many of the network communities were associated with
zebrafish anatomical terms and human disease terms that
are related to each other (Figure 3A). For example, com-
munity C2 (i.e. the second largest community) was signifi-
cantly associated with ZFA of microglial cells (P = 3.90e-5)
and DO of multiple sclerosis (P = 1.15¢-10), and the mi-
croglial cell is known to participate in all phases of multiple
sclerosis (43). Similarly, community CS5 is significantly asso-
ciated with ZFA of retinal rod cells (P = 2.30e-3) and DO
of retinal dystrophy (P = 4.78e-4), and community 13 is as-
sociated with ZFA of cardiac ventricle (P = 6.66e-7) and
DO of aortic aneurysm (P = 2.03e-4). In addition to these,
many other communities showed significant relationships
with the associated ZFA and DO terms (see Figure 3A).

Given the associations between the network communities
and specific human diseases in DanioNet, we hypothesized
that DanioNet can help predict human disease genes using
co-functional networks. We therefore measured the preci-
sion of the top 50 or 100 candidate genes determined us-
ing DanioNet predictions for 509 DO terms and 55 OMIM
terms, which contain at least four member genes, and found
a substantial increase in precision from that of random
chance (Figure 3B and C). Notably, the predictions made
using annotations of all the genes in the network (ND) gen-
erally outperformed those based on only DNs for human
disease genes.

The disease genes predicted by DanioNet were also val-
idated using candidate disease genes from GWAS. A ma-
jor database of GWAS studies, GWASdb (44), assigns rele-
vant DO annotations for individual studies. We performed
network-based disease gene predictions using seed genes
by DO annotation, then validated the new predictions by
the GWAS candidate genes for the relevant DO annota-
tions. We found that GWAS candidates are highly enriched
among top 200 disease gene candidates by DanioNet with
either DN or ND method for many DO disease terms (Fig-
ure 4A). Among 106 DO disease terms tested, 48 (45.3%)
disease terms showed enrichment for the top 200 GWAS
candidate genes by at least 2-fold (see Supplementary Ta-
ble S5); the top 20 most predictive DO disease terms and
their fold enrichment are presented in Figure 4B. These re-
sults clearly demonstrated the high predictive capacity of
DanioNet for the wide spectrum of human diseases.

Function-driven discovery of novel genes for ciliopathies using
DanioNet

To demonstrate the feasibility of function-driven discase
gene discovery using DanioNet, we predicted novel genes
for ciliopathies, a group of disorders associated with genetic
defects causing abnormal formation or function of the pri-
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Figure 3. DanioNet is predictive for human disease genes. (A) Major communities of the largest component of the 100 000 most significant links of
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each community are listed along with their significance scores. Distribution of fold enrichment for (B) 509 DO terms and (C) 55 OMIM terms by DanioNet
with either ND or DN network algorithm among the top predictions. We used human disease annotation terms with at least four member genes only.

mary cilia (45). Ciliopathies are Mendelian diseases with
high genetic heterogeneity, in which mutations in many dif-
ferent genes can result in a wide spectrum of cilia-related
symptoms. However, many individuals of the disease co-
horts have no deleterious mutations in the known causative
genes, thereby suggesting the potential association of many
unknown genes with ciliopathies. In particular, in the case
of diseases caused by genes with only rare mutation oc-

currence, cohort frequency-based disease gene discovery
would be unsuitable. Therefore, we used a complementary
approach based on functional evidences in model organ-
isms, where network-based gene prioritization can greatly
facilitate the identification of genes with disease-related mu-
tant phenotype. The network propagation methods require
seed genes for the target disease. We therefore compiled cil-
iopathy genes (74 human genes and 88 zebrafish orthologs)
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from several review papers published before the year 2013
(46-50) (Supplementary Table S6). Using these as the seed
information, we prioritized zebrafish genes for ciliopathies
using direct neighbors in DanioNet. To validate our predic-
tions, we collected more recently reported ciliopathy genes
(33 human genes and 39 zebrafish orthologs) from litera-
tures published after 2013 (Supplementary Table S7) and
known ciliary genes from the SYSCILIA gold standard
(SCGSvl1) database (51) (268 human genes and 333 ze-
brafish orthologs) (Supplementary Table S8). Among the
top 100 predictions with corresponding human orthologs
(Supplementary Table S9), we found seven recently reported
ciliopathy genes (7% of precision) and 35 known ciliary
genes (35% of precision). Therefore, compared to the pre-
cisions expected by random chance (39/18 971 = 0.21% for
the recently reported ciliopathy genes and 333/18 971 =
1.75% for known ciliary genes), ~33-fold enrichment (7%
versus 0.21%) and ~20-fold enrichment (35% versus 1.75%)
of precisions among top 100 predictions by DanioNet were
observed for the validation gene sets, respectively. These re-
sults strongly suggest that other candidates are also likely to
be associated with ciliopathies.

We also experimentally validated some of the top predic-
tions by conducting loss-of-function studies in zebrafish. We
selected eight candidate genes—rpe, ak5, tctexldl, slcl12a8,
tekt3, tubb4b and pax2a, which are neither ciliopathy genes
nor ciliary genes, and cnga5 was suggested as a ciliary gene
that in yet unknown for ciliopathies. These candidate cil-
iopathy genes were knocked down by two different mor-
pholinos targeting non-overlapping regions of unprocessed
mRNA (MOI1 and MO2, whose sequence information is
available from Supplementary Table S10) and then about
100 morpholino-injected embryos (morphants) for each
gene were analyzed for various ciliopathy-relevant pheno-
types such as body curvature, hydrocephalus, malformed
otolith and heart edema (Figure SA and Supplementary
Figure S1A). We analyzed each morphological phenotype
in detail and found that body curvature and heart edema
were common defects for most of the candidate genes but
that hydrocephalus and otolith malformation were signif-
icant for some of the candidate genes, suggesting possible
involvements of the candidate genes in ciliopathies (Figure
5B and Supplementary Figure S1B). Moreover, to clarify
their cilia-related functions, the morphants were analyzed
for cilia-specific phenotypes, such as heart asymmetry and
olfactory ciliogenesis in zebrafish. Absent or reversed asym-
metries of the hearts were displayed in certain genes, includ-
ing ak5, tekt3 and tubb4b, thereby indicating the associa-
tion of these genes with the function of nodal cilia (Figure
5C-E). Remarkably, depletions of the majority of the can-
didates affected the formation of olfactory cilia, which sug-
gested that these candidates play an important role in cili-
ogenesis (Figure SF—H). To rule out the possibility that the
reduced olfactory cilia might be due to malformation of the
olfactory placode, its cell numbers were counted and com-
pared within the areas of observation. The results revealed
little difference in the number of cells generating olfactory
cilia between control and candidate gene morphants (Fig-
ure SI).

The potential involvement of the validated candidates in
ciliopathies was further tested by gene-centric prediction of
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their OMIM disease terms. Based on the enriched OMIM
terms among network neighbors, the probable OMIM
terms for each of the eight candidate ciliopathy genes were
prioritized. Notably, we observed many ciliopathies such as
Bardet-Biedl syndrome (BBS), Joubert syndrome (JBTS),
Mechkel-Gruber syndrome (MKS) and nephronophthisis
among the top ten predicted diseases (Supplementary Ta-
ble S11).

Novel genes for ciliopathies have rare coding variants in indi-
viduals with ciliopathies

The eight candidate genes associated with cilia
formation/function have not been reported as ciliopa-
thy genes to date. Therefore, we investigated whether
individuals with ciliopathies have potential causal variants
for the eight novel ciliopathy genes. Recently, the UK10K
consortium project released genomic variant information
for nearly 10 000 individuals including approximately 1000
with rare diseases (25). We obtained the exome sequenc-
ing data for 122 ciliopathy individuals and 3781 healthy
controls from the UK10K consortium and searched for
rare variants (MAF < 0.01%) of the eight novel ciliopathy
genes. We could not find any homozygous rare variant,
but found 29 heterozygous rare variants within RPE,
PAX2, SLCI2AS, TEKT3 and TUBB4A in 18 individuals
(Supplementary Table S12). Among them, 19 variants
were missense or frameshift variants, and many of them
were evaluated as deleterious or damaging variants using
SIFT (52), PolyPhen2 (53) and VEP (28). Notably, a
missense variant of the human PAX2 gene, which changes
alanine from 406 amino acid position to proline (A406P),
was observed in 6 of the 122 UKI10K individuals with
ciliopathies (highlighted in Supplementary Table S12),
but was not found in any of the 3781 controls from the
ALSPAC or the TwinsUK cohorts. High enrichment of the
A406P mutations in PAX2 among patients suggests that
this variant is a potential genetic modifier that enhances
the risk of ciliopathies via epistatic interactions with other
causal genes (54). WES of a large number of patients
has been proposed as a promising approach to dissect
the genetics of ciliopathies due to their oligogenicity and
attributes of complex disease (55). The enrichment of rare
variants among candidate disease genes with functional
evidences demonstrates how integrated genomics big data
resources can facilitate the functional interpretation of
patient-derived genomic variants in disease progression.

DanioNet elucidates a functional module for ciliopathies

Several diseases belonging to ciliopathies genetically and
phenotypically overlap each other (56). Therefore, we hy-
pothesized that the 81 seed genes and eight novel genes for
ciliopathies could be interconnected to reconstruct a func-
tional module for ciliopathies in DanioNet. To avoid po-
tential circularity in the functional interpretation of an elu-
cidated module, we excluded network links based on co-
citation of zebrafish genes (DR-CC) that may be derived
from the studies of ciliopathies. To find a more extended
module with high enrichment for ciliopathy genes, we per-
mitted the inclusion of intermediate nodes that are signif-
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Figure 6. Network modules for ciliopathies. (A) A subnetwork of 82 known and eight novel ciliopathy genes in DanioNet. Among the 90 ciliopathy genes,
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Polydactyly; [U] Usher, Usher syndrome.

icantly connected to other genes of the module (see Mate-
rials and Methods). The largest network enriched for the
ciliopathy genes included 41 of the 90 ciliopathy genes (Fig-
ure 6A). We found that the known genes as well as the novel
genes for ciliopathies were well connected with each other,
although they were involved in diseases with diverse pheno-
types, which is consistent with their overlap in causal genes
and phenotypes. Interestingly, many of the intermediated
nodes were also found to be implicated in ciliopathies when
annotated using gold standards (Supplementary Table S8)
or potential ciliary genes (Supplementary Table S13) from
the SCGSvI database (51).

Although diverse ciliopathies are genetically interwoven
in the functional module, clusters for individual diseases
with distinct phenotypes may also be observable. Hence, we
conducted clustering analysis for the ciliopathy genes based
on network context similarity, where genes with similar net-
work neighbors are clustered together. We found that the

ciliopathy genes were roughly clustered into four groups en-
riched for genes for MKS, Usher syndrome (Usher), JBTS
and BBS (Figure 6B). Interestingly, there was a rough corre-
lation between the relative phenotypic effect of the novel cil-
iopathy genes in zebrafish and the severity of the ciliopathies
to which they were closely related in the clusters. MKS gen-
erally shows more severe disease phenotypes than other cil-
iopathies. We observed a high phenotypic effect during loss-
of-function assays for pax2a, tubb4b and slc12a8 in zebrafish
(see Figure 5C), and these genes were clustered with genes
for MKS. In contrast, the knockdown of tctexIdl, cnga5Sa
and tekt3, which were clustered with genes for BBS and
JBTS, showed a relatively low phenotypic effect in zebrafish.
This correlation between the phenotypic effect in zebrafish
and the disease severity in humans further supports the use-
fulness of function-driven disease gene discovery using ze-
brafish model.
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CONCLUSIONS

The main purpose of causative gene identification is the
treatment of the diseases. Thus, disease models are ulti-
mately necessary for validating the phenotypic effect of
causal gene defects and for screening therapeutic agents.
In this respect, a disease gene discovery pipeline that starts
with obtaining functional evidence of candidate disease
genes, followed by the analysis of genetic variants in pa-
tients, could be beneficial. Among laboratory animals, ze-
brafish has several practical advantages for genetic analy-
sis in addition to its genomic and anatomical similarity to
humans. Therefore, we developed DanioNet, an integrated
genomics big data resource to facilitate zebrafish-based
function-driven disease gene discovery. Rigorous statistical
assessment confirmed the high prediction capacity of Dan-
ioNet not only for anatomical development in zebrafish,
but also for a wide variety of human diseases. To demon-
strate the feasibility of DanioNet-assisted function-driven
disease gene discovery, we predicted and experimentally val-
idated eight novel genes for ciliopathies, a class of multi-
organ diseases caused by disorders in the primary cilium.
We also found rare coding variants of the novel ciliopathy
genes in individuals with ciliopathies from the UK 10K con-
sortium. Furthermore, we used DanioNet to reconstruct a
functional module of ciliopathies that is highly enriched for
the known and novel ciliopathy genes and shows clusters of
ciliopathies for distinct phenotypes. Given that ciliopathies
have attributes of complex diseases, our proposed method
should be useful for the genetic dissection of human com-
plex diseases as well.
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