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Abstract

Since the introduction of next-generation sequencing, an increasing number of
disorders have been discovered to have genetic etiology. To address diverse clini-
cal questions and coordinate research activities that arise with the identification
of these rare disorders, we developed the Human Disease Genes website series
(HDG website series): an international digital library that records detailed informa-
tion on the clinical phenotype of novel genetic variants in the human genome
(https://humandiseasegenes.info/). Each gene website is moderated by a dedi-
cated team of clinicians and researchers, focused on specific genes, and provides
up-to-date—including unpublished—clinical information. The HDG website series
is expanding rapidly with 424 genes currently adopted by 325 moderators from
across the globe. On average, a gene website has detailed phenotypic information
of 14.4 patients. There are multiple examples of added value, one being the
ARID1B gene website, which was recently utilized in research to collect clinical
information of 81 new patients. Additionally, several gene websites have more
data available than currently published in the literature. In conclusion, the HDG
website series provides an easily accessible, open and up-to-date clinical data
resource for patients with pathogenic variants of individual genes. This is a valuable
resource not only for clinicians dealing with rare genetic disorders such as develop-
mental delay and autism, but other professionals working in diagnostics and basic
research. Since the HDG website series is a dynamic platform, its data also include
the phenotype of yet unpublished patients curated by professionals providing higher

quality clinical detail to improve management of these rare disorders.
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1 | INTRODUCTION

In the last decade, revolutionary advances in sequencing techniques
have dramatically improved the diagnostic yield in clinical practice
for patients with rare genetic disorders. For neurodevelopmental dis-
orders such as intellectual disability, over 1,000 genes have been
reported—leading to a diagnostic yield up to 56% for patients
(De Ligt et al., 2012; Pfundt et al., 2017; Stojanovic et al., 2020). For
other disorders such as autism, the diagnostic yield is lower (<15%)
but the number of genes has dramatically grown over the last few
years (Feliciano et al., 2019; O'Roak et al., 2012; Satterstrom
et al., 2020; Stessman et al., 2017) with considerable gene overlap
between the two disorders (Coe et al., 2019). For most recently
identified genes, only a limited number of patients are known and/or
reported, hampering a good assessment of the phenotypic spectrum
of such novel disorders. Obtaining this spectrum is not only highly
relevant for the patient and his/her family, but also for the profes-
sionals dealing with rare genetic disorders—from clinicians and
molecular biologists to researchers, as the most up-to-date clinical
information can assist them in generating accurate diagnosis and
prognosis, but also opens new research questions. Moreover, it over-
comes reporting bias as professionals are more likely to publish cases
with either novel symptoms or novel mutations, which may skew the
available information.

Currently, several online resources are available to help assess
the clinical problems associated with a specific disorder or a
syndrome, including GeneReviews (Adam et al, 2010) and Online
Mendelian Inheritance in Man (OMIM; Amberger et al., 2014). How-
ever, these are primarily reviews based on published cases. Clinical
data of individual, newly identified patients after a first publication on
a novel gene are generally not included in these resources, simply
because follow-up papers of single cases are frequently not published.
This significantly limits our knowledge on the clinical spectrum of a
novel genetic disorder—especially when it is a rare disorder, as large
patient series are hard to obtain. To address this issue of publication
bias, we introduce the Human Disease Gene website series (HDG
website series, https://humandiseasegenes.info/), a noncommercial
collective initiative of the Human Genetics Department of the
Radboud university medical center (Nijmegen, the Netherlands), the
University of Washington (Seattle, USA), and the University of
Adelaide (Adelaide, Australia).

The aim of the HDG website series is to have a central online
resource in which the most up-to-date clinical information of patients
with a defect in a specific gene is collected and accessible. The series
consists of a specific website for each individual disease-causing gene,
curated by professionals worldwide who are experts on the disease-
gene relation presented. Each website not only provides general
clinical and molecular overviews but also allows collection of pheno-
typic data on novel patients using standardized Human Phenotype
Ontology (HPO)-based terminology (Robinson et al., 2008), accessible
through an easy online interface. In this article the structure, develop-

ment and use of the HDG website series are described.

2 | MATERIALS AND METHODS

21 | Model and confidentiality

Each website in the series is moderated by a dedicated team of
professionals, including at least one clinician and/or molecular bio-
logist, hereafter called the moderators. As specialists, these modera-
tors have adopted a gene of interest after which a gene website is
created. The moderators are asked to supply content, such as infor-
mation on the gene and associated syndrome (clinical and molecular
characteristics, clinical management, publications and research collab-
orations). When the content is completed, the website is opened for
collection of novel phenotypic data. In this phase, the moderators are
asked to curate the website upon submission of novel patients by
others.The phenotypic data are collected using an online form,
“Upload clinical information”, which can be filled in by a clinician
(after obtaining informed consent) within a couple of minutes (for
example see: https://www.humandiseasegenes.info/arid1a/professionals
/upload-clinical-information/). The data are stored using HPO terms in
line with current guidelines on FAIR (Findable, Accessible, Intra-operable,
and Reusable) data repositions. In addition, the HDG website series is
actively collaborating with GenlDA (https://genida.unistra.fr/), which col-
lects phenotypic data directly from patients/caregivers. Hence, GenlDA
(data from patients/caregivers) and the HDG website series (data from
clinicians/professionals) work synergistically.

All data that are uploaded to a specific gene website are available
to the moderators; the summary and anonymous overview of the clin-
ical data are available to every visitor of the website in the “Graph
and Chart” section of a gene website once the uploaded clinical data
are reviewed and approved by the moderator to ensure quality of the
data (for example see: https://www.humandiseasegenes.info/arid1a/
graph-and-chart/).

2.2 | Comparison to other databases

There are several databases providing information on the genetic vari-
ation of a certain disorder. To compare our efforts to other resources
available with comparable purposes, we assessed several online data-

bases/resources for the following characteristics (Table 1):

e The main focus (geno- or phenotype, or both) and the major reason
the resource was established.

e Whether the database/online resource is actively collecting data
for unpublished patients and, thus, avoiding publication bias.

o Whether the data are saved and accessible in HPO terms. This is
important as it ensures reusability of data, even between databases.

e If an easy display, preferably graphical, of (a summary of) collected
data is available.

o |If there is manual curation of the data and, if so, if this is performed
by a specialized team for each gene. This significantly improves the

quality of the data.
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TABLE 1 Comparison of several online resources for clinical/phenotypic data for rare genetic syndromes

Source Description and aim of database

LOVD Freely available web-based software for the collection,
(Fokkema display, and curation of DNA variants in locus-
et al.,, 2011) specific databases.

HGMD An attempt to collate all known (published) gene
(Stenson lesions responsible for human inherited disease.
et al., 2003)

DECIPHER An interactive web-based database that incorporates a
(Firth suite of tools designed to aid in the interpretation of
et al., 2009) genomic variants.

OMIM A continuously updated catalog of human genes and
(Amberger genetic disorders and traits, with particular focus on
etal., 2014) the relationship between genetic variation and

phenotypic expression.

GeneReviews An international point-of-care resource for clinicians

(Adam providing clinically relevant and medically actionable
et al., 2010) information for inherited conditions in a
standardized format.

OrphaNet A unique resource, gathering and improving knowledge
(Weinreich on rare diseases so as to improve the diagnosis, care
et al., 2008) and treatment of patients with rare diseases.

Monarch An integrative data and analytic platform connecting
Initiative phenotypes to genotypes across species, bridging
(Mungall basic and applied research with semantics-based
et al., 2017) analysis.

ClinGen A central resource that defines the clinical relevance of
(Rehm genes and variants for use in precision medicine and
et al., 2015) research.

HDG website A platform providing up-to-date clinical data for novel
series rare genetic disorders, using published and

unpublished data.
3 | RESULTS
3.1 | Website series

The HDG website series launched in 2016. Since then, 424 genes
have been adopted, and for 225 (53%), gene websites have already
been created (data included till July 2020). Already, for almost half of
the constructed genes websites (95/225, 42%) detailed phenotypic
information is available on a special “Graph and Charts” page
(for example see: https://www.humandiseasegenes.info/arid1a/
graph-and-chart/) and the number of gene websites is growing swiftly
(Figure 1). To illustrate this, out of the top 10 most-frequently
mutated genes in intellectual disability, discovered in the next-
generation sequencing era (from or after 2010), namely DDX3X,
ANKRD11, KMT2A, ARID1B, DYNCH1H1, GRIN2B, PURA, DYRK1A,
MED13L and ADNP (adopted from Kaplanis et al., 2019), nine genes
(90%) have already been adopted and for six (60%) the website is
completed with accurate and detailed phenotypic information of more

patients than initially reported in the discovery paper. On average,

Data Easy
Collecting stored display of Specialized
unpublished in collected moderators
Focus patient data HPO data for each gene
Genotype/ + + - +
phenotype
Genotype - - - -
Genotype/ + + + -
phenotype
Phenotype — + - -
Phenotype - - + +
Phenotype — + - -
Genotype/ + + - -
phenotype
Genotype - = - _
Genotype/ + + + +
phenotype

detailed phenotypic information of 14.4 patients is available for all
95 completed websites. Of note, a full list of constructed gene
websites and adopted genes, is provided in Supplemental Table 1 and
https://www.humandiseasegenes.info/gene-websites/.

The overall assessment of rare disorders for which HDG sites are
available showed that of the 424 adopted genes, 286 (67%) are associ-
ated with either autism, mental retardation, intellectual disability or
developmental delay. Systematic analyses of these terms in the clinical
synopsis of OMIM shows that there are currently 1891 of such syn-
dromes, indicating that 15% of all currently known neurodevelopmental

disorders genes have been adopted for a disease-specific HDG site.

3.2 | HDG contents
Each gene website consists of four sections: Home, Information for
clinicians, Information for parents, and Graph and Chart.

The homepage serves as a general introduction to the gene

website created by the moderators. The information sections for
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clinicians show a summary of general knowledge of the specific
syndrome: the clinical characteristics, molecular characteristics, and
any recommendations for management that may apply. An overview
of the current research projects and aims are available in this
section as well to facilitate collaborations with professionals by creat-
ing a gene-specific scientific community to advance research efforts.
To add novel cases, an easy-to-use online form is created where
clinicians can upload clinical data of an as of yet unpublished patient
using HPO terms (Figure 2(a) and https://www.humandiseasegenes.info/
hdgw/professionals/upload-clinical-information/). The section Graph and
Chart (Figure 2(b),(c)) provides an at-a-glance overview of the collected
phenotypic data so far. Directly following the moderators' curation
and approval of submission of new patients, the patient's HPO terms
are automatically integrated and added to the Graph and Chart
section, thereby always providing the most up-to-date information of
a specific syndrome (for example for IQSEC2 see: https://www.
humandiseasegenes.info/igsec2/graph-and-chart/).

The data are organized according to the organ systems—a system
based on the hierarchical parent-child structure of the HPO terms.

The graphical representation thereof not only makes it easier to

obtain the information, but at the same time simplifies explaining the
information to patients and caregivers.

Moreover, below this phenotype fingerprint all specific symptoms
are displayed one by one—for example “Ventriculomegaly” or
“Seizures”—with both the absolute and relative count of this symptom
for this specific gene (Figure 2(c)). Finally, a map is shown displaying
the origin (by country) of the submitted patients to visualize possible
clustering of patients.

Another interesting observation is that 325 different moderators,
based at clinical genetic centers and research institutes worldwide,
have already adopted a gene or genes of interest (https://www.
humandiseasegenes.info/moderators/) suggesting that the HDG
initiative is achieving global coverage and concentrating expertise at
an international scale (Figure 1(c)).

3.3 | Comparison to other databases

with
include the open source Leiden Open Variation Database (LOVD,

Examples of available resources comparable purposes
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https://www.lovd.nl; Fokkema et al., 2011) and public and (commercial)
professional domains of the Human Gene Mutation Database (HGMD;
Stenson et al., 2003). Although the LOVD collects (basic) phenotypic
data as well, it seems more focused on genotype and does not have a
straightforward and detailed way of presenting clinical information.
The well-known DECIPHER database (Firth et al., 2009) collects
phenotypic data in a similar manner and has a similar ability to display
a graphical summary. Previously mentioned resources like OMIM
(Amberger et al., 2014) and GeneReviews (Adam et al., 2010) have
their main focus on phenotype: they aim to summarize the currently
available literature of a specific syndrome as well as historical record
of how the gene was discovered. The HDG website series focuses on
phenotypic data of published and unpublished patients—the latter
collected directly from clinicians—and thereby fills the gap between
the information available in the scientific literature and the clinical
data of unpublished patients (Table 1 displays a complete overview of

this comparison between different databases).

4 | DISCUSSION

When compared to the other currently available online resources
(Table 1), the HDG website series adds value given its combination of
several properties. First and foremost, the HDG website series builds
a dynamic up-to-date resource of phenotypes and genotypes for
clinicians, researchers and families. The data in the HDG website
series are presented in an easy to understand graphical fashion,
resulting in an up-to-date, at-a-glance, overview. Another strong suit
is that the quality of data is ensured by the curation of a gene website
by a team of experts on that specific gene leading to better and more

accurate data. For instance, underreporting of symptoms in other

databases, such as DECIPHER per patient, has been previously
reported (van der Sluijs et al., 2018), possibly due to the method of
data collection. This significantly hampers acquiring a clear and up-to-
date overview of the whole phenotypic spectrum of novel gene
defects, information that is not only crucial for counseling patients
and their caregivers, but also for researchers looking for the breadth
and depth of the clinical information.

As we have shown, the HDG website series is rapidly expanding
and we hope to keep growing it until there is a specific gene website
for each known, rare, disease-causing gene. Although there has been
tremendous discovery over the last 10 years, for some disorders such
as autism spectrum disorder, a large number of new genes await dis-
covery and much larger numbers of patients will need to be surveyed
to prove their disease association (Feliciano et al., 2019). For these
rarer disorders, phenotypic details will be even more critical. Going
forward, we plan to make the genotype and phenotype of a specific
patient viewable on the website—which for instance DECIPHER
already has implemented.

Some genes can be related to different clinical syndromes or
different forms of inheritance. It is up to the moderator team to
decide whether there is such a clear geno- or phenotypic distinction
to be made and, subsequently, a second different gene website for
such a gene should be created. Two examples are SETBP1 and
DEAF1, where for each gene two gene websites are available. For
SETBP1 the gain-of-function mutations leading to the Schinzel
Giedion syndrome (OMIM #269150) and the loss-of-function muta-
tions leading to just a developmental delay (OMIM #616078) (see
https://www.humandiseasegenes.info/setbplgeneschinzelgiedion
syndrome/ https://www.humandiseasegenes.info/setpblgeneautoso
maldominantmentalretardation29/). For DEAF1 the HDG website
series has distinct websites for the autosomal dominant form and the
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autosomal recessive form (OMIM #615828 resp # 617171) (see
https://www.humandiseasegenes.info/deaflautosomaldominant/ resp
https://www.humandiseasegenes.info/deaflautosomalrecessive/).

The difficulty that arises for recently discovered novel and rare
genes (on which HDG is particularly focusing) is that the spectrum
and possible multiple distinct syndromes are not known (yet). There-
fore, we have made the moderator team responsible for deciding
whether multiple gene websites should be created for a specific gene.

Next, we showcase three examples of gene websites and
their added value to demonstrate the importance of the HDG
website series. First, the ARID1B gene website (https://www.
humandiseasegenes.info/ARID1B), which was created in 2018 and
used to gather phenotypic data for a study. Mutations in ARID1B
can lead to a scope of phenotypes ranging from the recognizable
Coffin-Siris syndrome to less specific intellectual disability (Hoyer
et al,, 2012; Santen et al., 2012). Because of this broad spectrum and
the possibility of relatively mild symptoms in patients with mutations
in ARID1B, one could argue that collecting high-quality phenotypic
data is even more important for this gene. Without knowledge of the
whole spectrum of disease (which may not be captured in the
published work), one could, erroneously, discard a possible pathogenic
variant in ARID1B if the patient does not fit the Coffin-Siris syndrome
phenotype.

The benefit of the HDG website series for Coffin-Siris syndrome
has already been demonstrated by providing the full clinical spectrum
by Van der Sluijs et al. (van der Sluijs et al., 2018). As moderators
of this gene website, they utilized the ARID1B website to collect
novel phenotypic data. With this strategy, information of 81 new,
unpublished patients was collected, which made an extensive geno-
and phenotype study possible. Presently, the phenotypic information
of 170 patients with mutations in ARID1B is freely available on the
ARID1B website. This example shows added value for not only
clinicians, but also for clinicians/researchers.

Another two examples are the Koolen-de Vries syndrome gene
website (https://www.humandiseasegenes.info/kansl1/) and the gene
website for patients with mutations in YY1 (https://www.
humandiseasegenes.info/yy1/). Koolen-de Vries syndrome is a multi-
system disorder characterized by developmental delay, intellectual
disability, distinctive facial features, hypotonia, epilepsy, amiable
behavior, and congenital malformations in multiple other organ
systems. It is caused by either a truncating mutation in KANSL1 or a
by a 17921.31 microdeletion (Koolen et al, 2006; Koolen &
Vries, 2013; Sharp et al., 2006; Shaw-Smith et al., 2006). In the
current literature, 128 unique patients have been published for whom
the phenotype has been clearly described (Barone et al., 2015; Ciaccio
et al., 2016; Dornelles-Wawruk et al., 2013; Dubourg et al., 2011; El
Chehadeh-Djebbar et al., 2011; Kavakli, 2018; Koolen et al., 2006,
2012, 2016; Koolen et al.,, 2008; Morgan et al., 2018; Nascimento
et al, 2017; Sharkey et al., 2009; Terrone et al., 2012; Zollino
et al., 2012).

The Koolen-de Vries syndrome gene website currently shows the
phenotypic data of 147 patients in a clear, graphical overview. Not

only is there more data available than in the literature, all information

is available in one place, which saves valuable clinician time looking to
inform her/his patient. Clinical research is significantly easier in like
manner with all the phenotypic data stored in HPO terms in one
place.

The same goes for the final example, YY1 (named Gabriele-de
Vries syndrome). Mutations in this gene were associated with a syn-
dromic form of intellectual disability in 2017 and, in total, 11 patients
with a pathogenic variant in YY1 have been described in the literature
(Gabriele et al., 2017; Morales-Rosado & Kaiwar, 2018). The YY1 gene
website, however, has currently collected data from 14 patients.
Although three additional patients might not seem like much, symp-
toms such as a ventricular septal defect or hepatic fibrosis were
described in these additional patients, which had not been reported

before.

5 | CONCLUSION

The Human Disease Gene (HDG) website series is a noncommercial
initiative providing up-to-date clinical data for rare genetic syndromes,
thus not only assisting clinicians but also other professionals in acquir-
ing this essential information. Since these data also include the pheno-
type of unpublished patients, publication bias is avoided and
considerably more information is available. Moreover, it covers data
coming from clinical genetic centers and research groups worldwide,
underscoring that the HDG initiative is a global grassroot initiative,
leveraging expertise at an international scale. Those interested to
adopt a gene as part of the HDG website series, please contact us at

info@humandiseasegenes.com.
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