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Characterized by their low prevalence, rare diseases are often chronically debilitating or life threatening. Despite their low
prevalence, the aggregate number of individuals suffering from a rare disease is estimated to be nearly 400 million worldwide.
Over the past decades, efforts from researchers, clinicians, and pharmaceutical industries have been focused on both the diagnosis
and therapy of rare diseases. However, because of the lack of data and medical records for individual rare diseases and the
high cost of orphan drug development, only limited progress has been achieved. In recent years, the rapid development of
next-generation sequencing (NGS)-based technologies, as well as the popularity of precision medicine has facilitated a better
understanding of rare diseases and their molecular etiology. As a result, molecular subclassification can be identified within each
disease more clearly, significantly improving diagnostic accuracy. However, providing appropriate care for patients with rare
diseases is still an enormous challenge. In this review, we provide a brief introduction to the challenges of rare disease research
and make suggestions on where and how our efforts should be focused.
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RARE DISEASE: WHAT’S DIFFERENT?

Compared with other disease categories (e.g. genetic disease,
mental disease), rare disease is an independent classification
of diseases grouped by their prevalence in a stable population.
Generally speaking, there is currently no unified, widely ac-
cepted definition for rare disease. Some definitions rely solely
on the number of people living with a disease, while others
take factors such as the existence of adequate treatments into
consideration. For example, the United States Rare Diseases
Act of 2002(Wellman-Labadie and Zhou, 2010) defines a rare
disease as “any disease or condition that affects fewer than
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200,000 people (or about 1 in 1,500 people) in the United
States” (Hampton, 2006; Reinecke et al., 2011). However,
the European Commission on Public Health (ECPH) defines
rare diseases as “life-threatening or chronically debilitating
diseases which are of such low prevalence (fewer than 1 in
2,000 people) that special combined efforts are needed to
address them” (Rodwell and Ayme, 2015; Baldovino et al.,
2016). Under this definition, diseases that are not life-threat-
ening or chronic are excluded, no matter how many peo-
ple they affect. Furthermore, even for definitions defined
solely by prevalence, differences still exist. Unlike the United
States, the legal definition of a rare disease in Japan is one that
affects fewer than 50,000 patients, or about 1 in 2,500 peo-
ple (Migita et al., 2016). In China, there is currently no clear
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definition for rare diseases. Therefore, rare diseases can vary
in prevalence throughout different populations, and a disease
that is considered rare in some populations may be consid-
ered common in others.
To facilitate increased communication, knowledge sharing

and coordinated orphan drug development across national
borders, the World Health Organization (WHO) defines rare
disease based on a higher prevalence: less than 6.5–10 in
10,000 (Franco, 2013; Gong et al., 2016).

RARE DISEASE: WHAT’S IMPORTANT?

As an important public health issue and challenge to med-
ical care, the diagnosis and treatment of rare diseases has
attracted enormous efforts from researchers, clinicians, and
companies worldwide over the past decades. However, re-
search on both the diagnosis and treatment of rare diseases
reveals an extreme imbalance between these efforts and their
returns (Potter et al., 2016). This phenomenon is mainly at-
tributed to the high research cost, extreme rarity, and obscure
pathogenesis of these diseases. In this review, we address
these important issues, and identify which areas require the
most attention.

Reducing the high cost of research

High costs are a common obstacle in rare disease research,
and are a continual source of frustration for governments
and researchers. It is estimated that the cost of research and
development efforts over 10 years will be nearly one billion
dollars in the United States alone (Collins, 2011). This
problem has seriously impeded the progress of obtaining new
medical treatments for most patients suffering from a rare
disease. There are more than 7,000 rare diseases identified by
Orphanet (http://www.orpha.net/consor/cgi-bin/index.php),
but only 355 of them are known to have efficient therapies
(Boycott et al., 2013).
Establishing a national center with centralized resources

and a centralized knowledge base has been proposed as one
approach towards reducing costs (Ekins, 2017). It is antici-
pated that coordinating commercial efforts will generate new
therapies by focusing efforts on the investigation of a single
rare disease. Furthermore, generalizing the approach to ther-
apeutic development across all rare disease treatment types
will enhance productivity, and all rare diseases would ben-
efit. Of course, sharing rare disease information through a
well-structured knowledge base will significantly reduce re-
search costs.

Sharing information across national borders

To facilitate better communication, data sharing and diagno-
sis of rare diseases, a request for collaboration across national
borders has long been proposed (Mascalzoni et al., 2013).
The first step towards this goal should be the development of

a well-integrated knowledge base with enhanced data stan-
dards, which can provide comprehensive information about
rare diseases worldwide. When building this international
knowledge base, the following issues should be considered
closely: reducing the redundancy of diseases listed in differ-
ent registries, adding annotations for rare diseases and link-
ing data from different levels with well-defined standards for
each data category.
Because different populations have different rare diseases

prevalent, it is unsurprising that existing rare disease reg-
istries/databases are often independent between nations or
communities, making their representation of disease names
inconsistent. Unifying disease name representation and re-
ducing this redundancy should receive close attention. In
addition, researchers increasingly recognize the importance
of the coordination, sharing and exchange of rare disease in-
formation scattered around the world (Nambot et al., 2017;
Ramoni et al., 2017; Trama et al., 2017). Therefore, the stan-
dardized annotation and categorization of rare diseases is ur-
gently needed to improve recommendations for clinical man-
agement, and to advance research into disease mechanisms.
Recently, the concept of precision medicine has opened a

new door in rare disease diagnosis and treatment (Collins and
Varmus, 2015). The practices of precision medicine mainly
rely on two factors: precisely personalized medical treat-
ment and close tracking of clinical manifestations (including
symptoms and phenotypes) (Mirnezami et al., 2012; Arnedos
et al., 2015), which is used in the phenotypic annotation of
rare diseases. Along with increasing public awareness of
rare diseases, much effort has been devoted to relevant pre-
clinical and clinical research. For example, next-generation
sequencing (NGS) technology has been gradually adopted
to identify genes that cause rare diseases (including some
novel phenotypes), which is accompanied by a parallel need
for large-scale phenotypic annotations (Boycott et al., 2013).
In other words, when applying NGS to identify rare disease
causing genes, precise and comprehensive phenotypic anno-
tations should be enforced. Otherwise, large investments of
manpower and financial resources will result in only very lim-
ited returns, and sequencing data will have limited value in
subsequent integrative analyses. Because phenotypic anno-
tations for rare diseases are limited, greater efforts should be
made to systematically mine and integrate related data from
existing databases, electronic medical records, and published
literature.
Systematic investigations into a specific disease always in-

volve both molecular and clinical data (Lu et al., 2016; Yang
et al., 2016). Likewise, to thoroughly interpret rare diseases,
different levels of data, including clinical records and molec-
ular data are necessary. To more comprehensively integrate
these data, linkages between data from different resources
should be provided. Currently, genotypic data generated from
biological experiments is always integrated and stored based
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on the project. These genotype datasets mostly provide infor-
mation regarding genotypes and genes without phenotypic or
clinical information. In addition, the significant gap between
rare disease treatment outcomes generated from highly con-
trolled trials and real world outcomes could greatly benefit
from a standardized health-system which can store, integrate
and exchange clinical rare disease patient records (Westfall et
al., 2007; Manuti et al., 2010; Potter et al., 2016).

Paying closer attention to pediatric rare diseases

Pediatric rare diseases mainly consist of two parts: rare pe-
diatric diseases and childhood cancer. Rare pediatric disease
is defined by the FDA as a disease that affects fewer than
200,000 individuals in the U.S., and primarily affects those
aged from birth to 18 years (Bavisetty et al., 2013). Child-
hood cancer, which as a whole is classified as a rare dis-
ease, is defined by the National Center for Health Statistics
in the United States (Howlader et al., 2017) as cancers with
complete prevalence counts in children under 15 years of age
(about 130 in 10,000 of all children). In contrast to adult can-
cers, rare pediatric cancer is classified according to morphol-
ogy, rather than the primary site of origin (Steliarova-Foucher
et al., 2005).
Over the past years, pediatric rare disease research has been

limited, and few studies have addressed the needs of pediatric
rare disease patients separately from those of adults. How-
ever, 80% of rare diseases have a genetic component and
75% of rare diseases affect children (Bavisetty et al., 2013).
There is a disparity between the large proportion of rare dis-
ease cases that are pediatric, and the corresponding research
efforts, making pediatric rare diseases an important medical,
social, and economic issue.
In addition, many pediatric rare diseases or conditions are

more difficult to diagnose and manage than adult rare dis-
eases, because early stage symptoms may be absent, masked,
misunderstood, or confused with the symptoms of other dis-
eases. This clear sense of urgency demands innovation and
acceleration in diagnosis and drug development for pediatric
rare diseases (Bhattacharya et al., 2016).

RARE DISEASE: WHAT DO WE ALREADY
HAVE?

To find solutions to the challenges and problems listed above,
various strategies have been developed, including data re-
sources and tools. Here, we summarize those resources and
tools, and give a brief introduction to their content and us-
age. Hence, we categorize these resources and tools into three
groups.

Registries and databases with essential information about
rare diseases

Centralizing resources and knowledge for rare diseases

around the world is an efficient way of managing and sharing
related information. The incorporated data should include
clinical records, phenotypic and genetic annotations (gene
and genotype) and suggested treatment strategies, etc.
To promote the sharing and exchange of information, a

standardized registry system for rare diseases must be es-
tablished. A rare disease registry (RDS) usually consists of
anonymous, patient-reported information collected at base-
line annually and information from medical record reviews
(Solomon et al., 2017). Currently, some popular RDS include
the ALS registry Swabia (Nagel et al., 2013), the Belgian
Neuromuscular Disease Registry (Roy et al., 2015), the Na-
tional Registry of Myotonic Dystrophy (DM) (Hilbert et al.,
2012), and the Global Rare Diseases Patient Registry Data
Repository (GRDR) (Rubinstein and McInnes, 2015).
By extracting disease-phenotype associations from dis-

ease descriptions in Online Mendelian Inheritance in Man
(OMIM) (http://www.omim.org/), the Human Phenotype
Ontology (HPO) intends to realize large-scale computational
analysis of the human phenome (a set of all phenotypes ex-
pressed by a species) and currently contains around 116,000
terms to describe individual phenotypic anomalies (Groza
et al., 2015). HPO provides an easy way for people to find
rare disease-phenotype associations and integrate phenotypic
annotations for rare diseases. In addition, text mining is
a popular method to comprehensively collect phenotypic
information and disease-phenotype associations. One of the
most used approaches for disease-phenotype text mining is a
pattern -based strategy (Xu et al., 2013).
By integrating gene and genotype, genetic data can greatly

help to improve understanding of molecular disease etiolo-
gies, find rare cancers through cancer subclassification and
facilitate new rare disease treatments (Kraja et al., 2011;
Sykes et al., 2011; Veldhuijzen van Zanten 2017). As the
molecular fundament of phenotype, genotype identification
also plays a very important role in rare disease research
(Bogdanova-Mihaylova et al., 2017; Waisbourd-Zinman et
al., 2017). Close attention has been paid in detecting asso-
ciations between rare mutations and rare diseases (including
rare cancer) in recent years. When collecting genotypic
information, both the individual mutations/variants and the
genotype-phenotype correlation should be recorded. Current
popular rare disease-specific databases with genotype-based
data included are Orphanet (http://www.orpha.net/con-
sor/cgi-bin/index.php), Monarch Initiative knowledge base
(https://monarchinitiative.org/) and DECIPHER (https://de-
cipher.sanger.ac.uk/), but the lack of standardized genotype
and phenotype data representation limits their usage in related
fields. Application of NGS in disease research has identified
many novel associations between genes and phenotypes,
which necessitate the re-annotation of human disease-caus-
ing genes, especially for rare diseases. Community based
efforts such as ClinVar (https://www.ncbi.nlm.nih.gov/clin-
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var/) are being made to collect gene information, including
both disease-gene and phenotype-gene correlations. The
major databases hosting this information include HPO
(http://human-phenotype-ontology.github.io/), OMIM
(http://www.omim.org/), UniProt (http://www.uniprot.org/),
GWAS (http://www.gwascentral.org/) and CTD_HUMAN
(http://ctdbase.org/). A summary of these resources, with
relevant information and listing their advantages and disad-
vantages can be found in Table 1.

Standards for multilevel data related to rare diseases

The significant characteristics of rare diseases are their ex-
tremely small population and dispersed distribution. Sharing
and exchanging clinical and related data can greatly facilitate
the effective diagnosis of rare diseases. To reach the goal of
building a systematic knowledge base for commutating, ex-
changing, and sharing disease information, disease nomen-
clature and classification standards, together with synonym
mappings across different databases are required.
To standardize disease names, an ontology/controlled

vocabulary is thought to be an ideal solution, because
it can not only provide standard representation of each
concept (i.e. disease), but also provide essential infor-
mation for data sharing and exchange (e.g. synonyms,

cross reference linkages) (Schriml and Mitraka, 2015).
Current ontologies/CVs that can be used as documents to
develop standards for rare disease nomenclature include Dis-
ease Ontology (DO), the Orphanet Rare Disease Ontology
(ORDO), the Unified Medical Language System (UMLS),
Medical Subject Headings, and SNOMED. For the same
reasons, ontologies/CVs are also needed to standardize rare
disease classification. These ontologies include Interna-
tional Classification of Diseases (ICD, the most popular
versions in use are ICD-9 and ICD-10) and Disease Ontol-
ogy. Although integrating existing standards can improve
the nomenclature and classification of rare diseases, updating
ontologies/CVs and adding more disease terms are still nec-
essary, because each system has its own internal limitations.
A defect common to these systems (excluding ORDO) is
that they are not specific to rare disease, and only a limited
selection of rare disease names is listed. Although ORDO
is developed especially for rare diseases, it only includes
rare diseases in Orphanet. As a classification system mainly
focusing on common diseases, different versions of ICD use
different codes for the same diseases, which makes it hard
to map and standardize corresponding diseases with ICD
systems.
The acceleration of  data  accumulation  requires  a  pub-

Table 1        Comparison of selected databases with a focus on genetic (including gene, genotype, and genotype-phenotype relationships) information in human
diseasesa)

Name Scope and Scale Standards Advantage (√)/Disadvantage (×)

DECIPHER
Genetic information and phenotypic
descriptions from NGS studies

~ 43,000 cases
HGVS, HGNC, HPO

√ Genetic information is derived from both genomic
screening and exome sequencing

× Genetic and phenotypic data are represented
as free text in descriptions/ summaries, hard

to integrate and analyze
DB

HPO

Gene-disease correlations and
phenotypic curated data from

OMIM.
~ 12,000 Phenotypes

HPO, NCBI

√ Gene(s) and phenotype(s) with their associated
diseases are represented as well-structured

disease-gene or disease-phenotype pairs, which
make it easier to integrate and analyze

× Rare diseases are limited, and disease names
are non-standardized

Orphanet Phenotypic descriptions and genes
5,833 disease entries

HGNC, ICD, MedDRA, MeSH,
OMIM, UMLS, UniProt

√ Rare disease-specific knowledge
× Genetic and phenotypic data are represented
as free text in descriptions/summaries, hard

to integrate and analyze

OMIM Phenotypic descriptions and genes
22,644 entries (disease or gene)

HGNC, HPO, ICD, OMIM,
PhenoDB, SNOMED, UMLS

√ Entries include both disease and gene, which
makes information easier to retrieve.
Disease names are standardized
× Rare diseases are limited.

KDB

MIkb

Human and model organism
genetics and phenotypes

36K diseases, 33K phenotypes,
500K genotypes, 30K genes, 2M
curated phenotype associations,

>100 species.

HPO,
MPO

√ Provides information for multi-species
× Rare diseases are limited, and disease names

are non-standardized

a) DB, database; KDB, knowledge base; MIkb, Monarch Initiative knowledge base; HGVS, Human Genome Variation Society; HGNC, HUGO gene
Nomenclature Committee; HPO, Human Phenotype Ontology; NCBI, National Center for Biotechnology Information; ICD, International Classification of
Diseases; MedDRA, Medical Dictionary of Regulatory Activities; MeSH, Medical Subject Headings; UMLS, Unified Medical Language System; SNOMED,
Systematized Nomenclature of Medical Terms.
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lic-oriented database, with a well-structured framework
and proper linkages between multilevel information about
rare diseases. To meet this demand, we are working with
Beijing Children’s Hospital to develop a standards-based
annotation system for rare disease called eRAM (www.pe-
diascape.org/eram), which contains multilevel information
including symptom, phenotype, genotype, gene and geno-
type-phenotype relationships for about 16,800 rare diseases.
Our system provides an initial step for the share and exchange
of data with the public, which can help clinical professionals,
patients and their families to learn more about rare diseases.
We welcome people around the world to share their expe-
riences and clinical information through our system, which
will greatly benefit rare disease diagnosis, treatment, and
research.

PERSPECTIVES

In this review, we provide a brief introduction to the chal-
lenges present in the field of rare disease research, and
provide suggestions concerning where and how our efforts
should be focused. Although providing appropriate care for
patients with rare diseases is still challenging, efforts made
by researchers to emphasize the importance of rare diseases
have been successful in raising public awareness. In recent
years, advances in NGS and ‘Precision Medicine’ have
offered tremendous promise in the effective diagnosis of rare
disease, providing hope for millions of affected patients. As
a result, more recent discoveries regarding the molecular
basis of rare diseases have enabled the identification of many
potential therapies.
Although previous works on rare diseases have increased

public awareness, the existing body of research is still not
enough, and considerable efforts should be continually made
from medical specialists to develop the knowledge base for
clinicians with patients in their care (Potter et al., 2016). To
reach the goal of improved andmore efficient diagnosis, treat-
ment, and novel drug development for rare diseases, the shar-
ing and integration of multilevel data about rare diseases with
international cooperation is one of the key factors for the suc-
cess.
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