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Rare and undiagnosed diseases tend to be diverse, misdiagnosed, and difficult to diagnose. In some cases, the 

disease is progressive and life-threatening. Yet, to date, an estimated 95% of rare diseases have no approved 

therapy. Therefore, rare and undiagnosed diseases are considered the ultimate challenges for understanding 

human diseases. Here, we review the research progress, research frontiers, and important scientific issues related 

to rare and undiagnosed diseases. We mainly focus on five topics: (1) the identification and functional analysis 

of disease-causing genes; (2) the construction of cells, organoids, and animal models for mechanism validation; 

(3) subtyping and diagnosis; (4) treatment and drug screening based on causative genes and mutations; and (5) 

new technologies and methods for studying rare and undiagnosed diseases. In this review, we briefly update and 

discuss the pathogenic mechanisms and precision medicine for rare and undiagnosed diseases. 
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Rare and undiagnosed diseases are recognized as major public health

oncerns worldwide. It is estimated that over 250 million people world-

ide, including 20 million individuals in China, suffer from rare and

ndiagnosed diseases. Misdiagnosis, undiagnosis, and a lack of appro-

riate therapy result in a huge emotional and financial burden on pa-

ients, their families, and the economy. An in-depth study of its patho-

enesis will provide fundamental support for the accurate diagnosis and

reatment of rare and undiagnosed diseases. This will contribute to the

evelopment of global medical science and new drugs. 

. Definition, challenges, and opportunities in the field of rare 

nd undiagnosed diseases 

Rare diseases are defined by the World Health Organization (WHO)

s diseases with a prevalence of 0.65–1 ‰ [1] . In the United States, a

are disease is defined as a condition affecting fewer than 200,000 peo-

le, while in Europe, it is defined as a disease with an occurrence rate

f less than 1/2000 [2] . The definition of rare diseases is important

or not only solving medical problems but also providing a basis and

cope for responding to public health problems and formulating poli-

ies. In the past few decades, China has strengthened its support for
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are diseases. In 2010, the Medical Genetics Branch of the Chinese Med-

cal Association, for the first time, defined rare diseases as any disease

ith a prevalence of less than 1/500,000 or a birth incidence of less

han 1/10,000. To strengthen the management of rare diseases and safe-

uard the health rights and interests of patients, in 2018, the National

ealth Commission, Ministry of Science and Technology, Ministry of

ndustry and Information Technology, State Drug Administration, and

tate Administration of Traditional Chinese Medicine jointly published

China’s First National List of Rare Diseases" with 121 rare diseases, most

f which were undiagnosed. The released 1st national list promoted the

apid progression of China’s rare disease diagnosis and treatment, ba-

ic research, drug development, and medical security. In 2019, China

stablished a diagnosis and treatment network involving 324 hospitals

hrough regional collaborations and remote support. This further im-

roved the comprehensive diagnoses and treatment capacities for rare

iseases [3] . In 2021, the definition of rare diseases in China was up-

ated as a condition satisfying at least one of the following three criteria:

n incidence of less than 1/10, 000 among newborns, a prevalence of

ess than 1/10,000, and an affected population of less than 140,000. Cur-

ently, there are approximately 7000 known rare diseases that together

ffect 10% of the national population. Approximately 80% of these
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iseases have a genetic basis and are Mendelian disorders. Undiagnosed

iseases are described as conditions eluding diagnosis, referring to phe-

otypically well-described diseases with unknown molecular bases, or

omplex phenotypic variations of common or rare diseases with hetero-

eneity, the mechanisms of which have not yet been elucidated. No-

ably, not all undiagnosed diseases are rare, indicating an intersection

etween the two categories. 

Impressively, rare diseases occur frequently in young patients. Ac-

ording to the "China Rare Disease Industry Report" released by the

oston Consulting Group, approximately 60% of Chinese patients with

are diseases are under 20 years of age. Although some patients respond

o treatment, only approximately 3% of patients can survive over 60

ears of age. Furthermore, the shortage and poor accessibility of orphan

rugs have been longstanding issues in China. Notably, only 5–10% of

he approximately 7000 rare diseases are druggable. Of the 121 rare dis-

ases on China’s First National List of Rare Diseases, 47 lack treatment

rugs worldwide, 16 have treatment drugs but are unavailable in China,

nd only 36 have approved pharmacotherapy in China. Considering the

thnic differences in genetics, environment, and other factors, there is

n urgent need to develop effective therapies for rare diseases that can

e applied to the Chinese population. 

The released list of rare diseases has greatly accelerated the pro-

ess of drug development and approval. International pharmaceutical

ompanies have taken the initiative to accelerate the layout in the Chi-

ese market. Notably, orphan drugs have been favored by many insti-

utions because of their clear targets, low requirements for the num-

er of enrolled cases, and high approval ratios. Currently, the develop-

ent of orphan drugs is promoted, and some are generally available for

pplication in common diseases (new indications). Meanwhile, multi-

isciplinary collaboration, multi-omics data analysis, the development

f gene and cell therapy, and systematic parsing of disease phenotypes

ave provided unprecedented opportunities to improve the accurate di-

gnosis and treatment of rare and undiagnosed diseases. 

. Frontiers in rare and undiagnosed diseases 

.1. Identification and functional analysis of disease-causing genes for rare 

nd undiagnosed diseases 

The current dilemma in rare disease research lies in the rapid and

ffective identification of pathogenic mutations and the development

f site-specific drugs. The etiology of rare and undiagnosed diseases is

omplicated, with a high degree of genetic and clinical heterogeneity.

enerally, genetic variants are critical for rare and undiagnosed dis-

ases. However, to date, only a small population of rare diseases have

dentified unusual genetic mutations, while the pathogenesis of most

ther rare diseases is still unknown. Additionally, in the absence of a

omprehensive analysis of the connection between signaling pathways

nd phenotypes, the molecular mechanisms of rare diseases remain to

e further validated. Therefore, efforts to identify novel causative mech-

nisms will markedly improve subtyping and innovation of therapeutic

trategies. 

In recent decades, several molecular strategies have been employed

o uncover disease-related genes. First, genetic engineering and sequenc-

ng can help identify pathogenic variants. In addition, DNA polymorphic

ariation provides information on haplotype structure, linkage disequi-

ibrium, hot spots for recombination, and population-specific mutational

pectrum. For example, using a small set of polymorphic markers, the

enetic variant for Huntington’s disease was mapped to chromosome 4

n a large pedigree linkage analysis [4] . In addition, the development

f genome infrastructure also promotes positional cloning precision.

or instance, Xia et al. successfully cloned the GJB3 gene using a ho-

ologous expressed sequence tag search and revealed that mutations

n GJB3 might be responsible for hereditary deafness [5] . Furthermore,

he completion of the euchromatic fraction of the human genome has re-

arkably facilitated disease gene discovery. By combining linkage anal-
852 
sis and sequence identification, a collaborative team led by Liu and

hang successfully discovered and cloned the causative gene SLC20A2 ,

hich is responsible for familial idiopathic basal ganglia calcification

6] . 

Previous studies on rare diseases have focused on single-base mu-

ations or copy number variants (CNVs) in the coding region, whereas

nly a few studies have evaluated the influence of other types of de novo

utations, such as the repetition or deletion of large fragments. This is

ainly limited by second-generation sequencing technology, which is

neffective for analyzing highly heterozygous genomes, highly repeti-

ive sequences, high GC regions, complex CNVs, and large structural

ariations (SVs). Therefore, third-generation sequencing capable of pro-

ucing substantially longer reads will help solve challenges with tradi-

ional genomic sequencing. Finally, it will help identify more causative

enes and uncover the mechanisms in rare and undiagnosed diseases.

n 2009, Ng et al. published the first report on whole exome sequenc-

ng (WES). They observed rare and common variants of MYH3 and de-

ned it as a disease-causing gene in patients with Freeman-Sheldon

yndrome [7] . Combining WES with gene chip localization technology,

ang et al. team successfully identified the cloned SCA35 pathogenic

ene TGM6 [8] . Furthermore, the application of WES in a large family-

ased study (n = 4293) revealed that approximately 42% of patients

ith developmental disorders harbored de novo pathogenic mutations

9] . Over the past decade, WES has contributed to 25–45% of diagnoses,

ndicating its strong diagnostic potential for genetic disorders [10–13] .

owever, most of the pathogenic mechanisms require further valida-

ion. In 2021, a pilot study published in the New England Journal of

edicine involved analysis of the gene profiles of 4660 participants from

he 100,000 Genomes Project and revealed that whole-genome sequenc-

ng (WGS) helps improve the efficiency of genomic diagnostics across

 range of rare diseases. For instance, 13% rare diseases were caused

y mutations in non-coding sequence or mitochondrial genomes, tan-

em repeat expansions in persons with Huntington’s disease and others,

hile an additional 2% of the diagnoses involved in coding variants

n regions of low coverage on exome sequencing. This pilot study sup-

orted that WGS is useful for discovering more genomic variants and

hat long-read sequencing may be more promising for rare disease di-

gnoses [14] . Fully phased long-read sequencing is more effective in

etecting structural variations and acquiring sequence information that

s poorly captured by short-read sequencing. Additionally, recent publi-

ations have highlighted the success of employing transcriptomic data

rovided by RNA-Seq to improve diagnostic yields in a wide range of

are diseases. By providing direct insights into the transcriptional alter-

tions unique to patients, RNA-seq sheds light on the causative variants

nd thus, improves rare disease diagnosis beyond WES/WGS sequencing

15] . Therefore, it is valuable to explore the combination of traditional

enomics techniques and RNA-Seq in both diagnostic and research set-

ings. Hopefully, it will help to promote the overall diagnostic rates and

rovide new strategies for defining disease-causing mechanisms and di-

gnosis of rare diseases. 

Although most rare diseases are characterized by Mendelian inher-

tance, pathogenic genes have only been identified in 20–40% of these

onditions. However, non-coding sequences, make up 98% of the human

enome and have been of functional importance in recent studies [16] .

on-coding regions include various regulatory elements and ncRNA

enes, which affect gene expression, protein products, and metabolite

evels depending on the regulation of transcription, translation, or chro-

atin homeostasis [ 17 , 18 ]. Recently, pathogenic variants located in the

romoter, RNA-binding region, 5 ′ untranslated region (5 ′ UTR), and non-

oding SVs have been identified and verified to increase the risk of

eveloping disorders, suggesting that non-coding pathogenic variants

ay be a novel interpretation of the loss of heredity [19–22] . In addi-

ion, epigenetic modifications, gene-environment interactions, and de-

elopmental compensatory mechanisms also affect inherited penetrance

ue to different changes in transcription, metabolism, or signaling path-

ays. For example, more than 68% of individuals with autism spec-
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rum disorder (ASD) shared the same pattern of histone acetylation in

he brain. This epigenetic pattern affecting common molecular path-

ays may also be responsible for the tremendous heterogeneity of ASD

23] . Similarly, using DNA methylation chips, Erfan et al. analyzed ge-

omic methylation in patients with neurodevelopmental abnormalities

nd predicted epigenetic features that were unique to patients [24] .

enome-wide association studies (GWAS) have been used as a major

ool for identifying genotype-phenotype associations in recent years.

ost disease-associated genetic variants found using GWAS are located

n non-coding regions of the genome [25] . Specifically, Gandal et al. re-

orted a transcriptome-wide association study that integrated transcrip-

omic and genomic data from over 2000 brain samples from patients

ith schizophrenia, bipolar disorder, and ASD, and found that nearly

000 ncRNAs are dysregulated in at least one disorder, and many have

ignificant central nervous system enrichment without functional anno-

ation [26] . Overall, from a systems biology perspective, the integrated

nalysis of multi-omics data, including genomics, transcriptomics, epi-

enetics, proteomics, and metabolomics, reflects the complexity of

omplicated diseases and provides new insights into the molecular

tiology. 

The lack of understanding of genetic patterns also limits etiology

alidation in some rare diseases. Besides monogenic disorders (classi-

al Mendelian), polygenic and oligogenic disorders have attracted in-

reasing attention. Oligogenic disorders are genetic diseases caused or

odulated by multiple gene variants. For instance, Jing et al. sug-

ested that oligogenic inheritance may play a role in the onset of pul-

onary arterial hypertension (PAH) and that several genes, including

MPR2, BMP9, and PTGIS , may be responsible for PAH phenotypic

ariability. Hypermethylation of the BMPR2 promoter, MicroRNA-483,

nd DNMT3B , were revealed to be involved in the epigenetic regula-

ions in PAH [27–31] . Overall, it is recommended that more inheritance

atterns warrant further attention by the in-depth discovery of new

athogenic genes, creating oligogenic inheritance maps of rare diseases,

apturing key target molecules, and developing more effective treatment

pproaches. 

Complex genetic mechanisms, such as non-Mendelian inheritance,

on-coding variants, and epigenetic modifications, may be key factors

n rare and undiagnosed diseases of unknown etiology. Currently, there

re still several limitations to the identification and functional analy-

is of disease-causing genes. For example, it remains a big challenge

o identify new pathogenic genes and mutations, understand inheri-

ance patterns, reveal inherent and pathogenic mechanisms, and ex-

lore treatment strategies of genetic variants. In addition, deciphering

are and undiagnosed disease requires the development of new multi-

isciplinary technologies. The interdisciplinary collaboration of emerg-

ng technologies, such as third-generation sequencing, bioinformatics,

tructural biology, gene editing, and many other disciplines, has greatly

eepened the understanding of pathogenic mechanisms and promoted

he exploration of treatment strategies. Furthermore, the identification

nd functional analysis of genetic variants depend on the establishment

f large-scale disease cohorts and large population reference databases.

herefore, the construction of national special disease cohorts (includ-

ng family and high-quality cohorts) and biological sample banks may

e valuable. In addition, national data-sharing networks are critical for

he discovery of new pathogenic genes and mutants unique to patients

ith rare and undiagnosed diseases. Taken together, the key scientific

ssues associated with the management of rare and undiagnosed diseases

re identifying new pathogenic genes and new variants, uncovering the

athogenic and molecular mechanisms, underlying genotype and phe-

otype associations in rare and undiagnosed diseases. 

.2. Construction and mechanism of cells, organoids, and animal 

odels 

With the development of sequencing technology and advancements

n research methods, many new pathogenic genes and mutation loci
853 
ave been identified. The gold standard for identifying pathogenic genes

r loci is to accurately model disease phenotypes in genetic animal

odels. However, these models often do not faithfully replicate human

iseases. Therefore, there is an urgent need to establish viable disease

odels for solving clinical issues in rare disease research, such as high

opulation prevalence, the low prevalence in single diseases, scarcity

f clinical samples, difficulty in cohort establishment, challenges in per-

orming clinical trials, and sluggish traditional screening. Therefore, the

stablishment of stable and reliable disease models is indispensable for

tudying pathogenic mechanisms and developing therapies. 

.2.1. Cell and organoid models of rare diseases 

Stem cells have the potential to differentiate into multiple functional

ell types, paving the way for the treatment of genetic diseases. Induced

luripotent stem cells (iPSCs) are currently one of the most promising

ools. iPSCs carrying the patients’ genetic information can be stored for

 long time and are convenient for the establishment and accumulation

f clinical cohorts. iPSCs may help to solve the problem of spatiotempo-

al limitations in research on rare diseases. Currently, cells, tissues, and

rganoids derived from patient iPSCs are important models for study-

ng rare and undiagnosed diseases. For instance, a study of xeroderma

igmentosum (XP), a rare hereditary skin condition, showed that neural

ells derived from XP patient-specific iPSCs were hypersensitive to DNA

amage-induced apoptosis [32] . This suggests that XP-iPSCs are valu-

ble tools for clarifying the molecular mechanisms underlying neurolog-

cal abnormalities in patients with XP. Similarly, Liu et al. reported that

ascular smooth muscle cells induced from progeria children-specific

PSCs manifested aging-related phenotypes, including nuclear contrac-

ion, heterochromatin deletion, and telomere depletion [33] . As ap-

roximately 80% of rare diseases are caused by a single-base mutation,

ingle-base editing technology has become a popular tool for gene ther-

py in rare diseases, such as spinal muscular dystrophy, thalassemia, and

emophilia. Since iPSCs can be easily generated from gene-edited single

olonies, iPSCs and their organoids are emerging as one of the most im-

ortant tools for novel cell or gene therapy. Xie et al. reported that the

BB gene corrected in 𝛽-thalassemia iPSCs using the CRISPR/Cas9 tool

nd revealed that compared with parental iPSCs, gene-corrected iPSCs

estored the expression of HBB [34] . Additionally, Chinese researchers

ave assessed the roles of engineered iPSC-derived regulatory immune

ells, specifically macrophages, and proposed engineered macrophages

or use in treating complicated autoimmune diseases such as systemic lu-

us erythematosus. Patient-derived organoids have unique advantages

or rapid disease modeling and drug screening in rare disease studies.

myotrophic lateral sclerosis (ALS) is a rare disease with a high in-

idence rate. Traditional research approaches mostly focus on typical

athogenic genes (such as TDP43 ), and it is difficult to find the comor-

id mechanism of ALS patients, which results in a long disease course.

ecently, Pereira et al. established human ALS-iPSCs and derived senso-

imotor organoids that contained physiologically functional neuromus-

ular junctions. They demonstrated that multidimensional information,

ncluding model building, pathogenic diagnosis, neurophysiological de-

ection, and multi-omics screening, can be completely collected in one

ear [35] . Their work greatly accelerated organoid-related research and

elped explore the comorbid mechanisms of ALS. Samarasinghe et al.

enerated organoids from iPSCs from patients with Rett syndrome and

evealed abnormal epileptiform network activity in organoids, which

as rescued with the unconventional neuromodulator drug pifithrin- 𝛼.

his revealed the potential value of characterizing such rare conditions

nd identifying individualized therapeutic drugs [36] . iPSCs enable the

evelopment of an unlimited cell source for any human tissue and are

easible for fast and high-throughput expansion. Recent studies have

eported the successful generation of iPSCs or organoids by reprogram-

ing patient-specific cell sources, such as blood, skin, and even urine.

ombining advanced technologies, including gene editing, cell factories,

nd high-throughput screening, will greatly accelerate drug discovery

y constructing an iPSC-based high-throughput screening system. 
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.2.2. Animal models 

Animal models play a pivotal role in disease research. This is indis-

ensable for identifying causative genes, revealing pathogenic mecha-

isms, identifying drug targets, and screening and validating therapeutic

rugs. Moreover, the availability of suitable animal models is vital for

valuating therapeutic effects. An ideal animal model is characterized

y accurate modeling human disease, predictability of drug treatment,

ase of experimental manipulation, and low costs. 

Currently available animal models are mostly rodents. Various trans-

enic animal models with genetic mutations have been established to

imic rare human diseases. For example, Fgf23-R176Q transgenic mice

ffectively mimic autosomal dominant hypophosphatemic rickets ac-

ompanied by hypophosphatemic osteomalacia when fed a low-iron diet

37] . Glycogen storage disease type Ia is caused by a lack of glucose-

-phosphatase- 𝛼 (G6pc) activity. The G6pc knockout mouse model

howed severely disturbed glucose homeostasis and rarely lived beyond

eaning, which is similar to the pathological characteristics of humans

38] . Notably, the National Resource Center of Model Mice plans to pro-

ide approximately 100 mouse models for rare disease research at cost

rices in the following years, which would greatly promote the devel-

pment of rare disease research. Furthermore, because of the significant

volutionary differences between rodents and humans, non-human pri-

ates and trees show better prospects for mimicking reality for design-

ng animal models. Chen et al. reported that MeCP2 mutant monkeys

imic the clinical phenotype, advanced cognition, and disease process

f ASD [ 39 , 40 ]. As mentioned above, monkey models provide effective

tudy tools for intervention strategies, including elucidating molecular

echanisms and exploring gene therapy. In a recent non-human primate

tudy, the investigators used adenine base editing to knock-down PCSK9

n cynomolgus monkeys and demonstrated 66% whole-liver PCSK9 edit-

ng and an approximately 60% reduction in blood LDL-C levels [41] .

his study provides preclinical evidence of precise in vivo editing for

on-human primates and provides novel insights into the prevention of

are diseases. 

.2.3. Semi-cloning technology 

Li et al. reported the creation of androgenetic haploid embryonic

tem cells (AG-haESCs) that could support full-term embryonic devel-

pment upon injection into MII oocytes, leading to the generation of

emi-cloned (SC) mice [42] . Importantly, they further demonstrated that

y combining the CRISPR-Cas9 library and AG-haESCs, SC mice carry-

ng different mutant genes could efficiently be generated, enabling rapid

henotyping of uniform founders without mosaicism in one generation.

G-haESC-mediated semi-cloning technology provides a rapid and ef-

cient experimental assay for identifying pathogenic genetic variants.

or instance, Müllerian anomalies (MA) are considered complex con-

enital diseases because no major genes have been found to account

or human MA in monogenic inheritance. Through the joint utilization

f genetic analysis and semi-cloning technology, researchers confirmed

hat single genetic variants in GEN1 or WNT9B were insufficient for MA,

hereas double heterozygous mutations in GEN1 and WNT9B could lead

o abnormal development of Müllerian ducts as a result of the synergis-

ic mutational effect [43] . Numerous studies have shown that myotonic

ystrophy type 1 (DM1) is a genetic disorder that compromises multi-

le organs, however, there is no suitable mouse model for mechanis-

ic and potential drug screening studies. Li et al. successfully generated

uadruple heterozygous mutant mice in one step by injecting haploid

SCs carrying quadruple mutant genes ( Dmpk, Six5, Mbnl1 , and Dmwd )

nto the oocytes. Mice with quadruple mutations can mimic symptoms

f the most severe form of DM1 [44] . Prof. Richard H. Finnell also high-

ighted this work and appreciated that it represented an excellent proof

f principle to support the combination of CRISPR-Cas9 and AG-haESCs

or studying complex diseases [45] . Semi-cloning technology simplifies

he recapitulation of complex human diseases, breaks the bottleneck of

raditional models, and provides support for identifying pathogenic gene

utations and their combinations. This approach is vital for dissecting
854 
he underlying mechanisms of rare diseases and also provides new mod-

ls and therapeutic strategies for exploring genetic etiology and poten-

ial treatment. 

Taken together, based on construction and mechanistic research on

ells, organoids, and animal models, the key scientific issues are system-

tically establishing disease-specific iPSCs and highly effective animal

odels. This will help recapitulate rare and undiagnosed human dis-

ases, expand the production of gene-edited cell and animal models, and

rovide an important research platform for screening disease-causing

enes, pathogenic mechanisms, and drug development. 

.3. Subtyping and diagnosis of rare and undiagnosed diseases 

Rare diseases usually exhibit high phenotypic heterogeneity and un-

bvious syndromes at an early stage; therefore, they inevitably hin-

er both diagnosis and treatment. It has been reported that patients

ith rare diseases visit an average of eight physicians before receiv-

ng an accurate diagnosis. The average time to obtain a diagnosis of

 rare disease is 5–7 years, and 2–3 incorrect diagnoses were made

or a given condition [16] . A delayed diagnosis may lead to irre-

ersible progression of the patient’s condition. Pathological changes

re the basis of current clinical diagnoses, which do not apply to un-

iagnosed diseases. Thus, clinical diagnosis patterns should shift from

 classic phenotype-driven model to a genotype-driven one. The de-

elopment of next-generation sequencing technology has made it pos-

ible to establish precise clinical diagnostic patterns. These measures

ay remodel the hierarchy, subtyping, and diagnosis patterns and pro-

ote the development of precision medicine for rare and undiagnosed

iseases. 

Recently, Yang et al. observed that inherited skin disorders are

aused by defective ion channel functioning. They revealed that muta-

ions in the sodium channel 𝛼 subunit-coding SCN9A gene cause primary

rythermalgia [46] . Similarly, gain-of-function mutations in TRPV3 , a

ene coding transient receptor potential ion channel, causes Olmsted

yndrome characterized by palmoplantar and periorificial keratoderma,

tch, and hair loss [ 47 , 48 ]. According to these studies, they proposed

 new term “skin channelopathies ” and developed drugs targeting ion

hannels. Undiagnosed diseases may be serious or life-threatening dur-

ng childhood, and an early diagnosis for these children will provide

irection for personalized treatments and improve their quality of life.

or instance, subtyping based on genotype-phenotype combinations can

nchor causative genes using only a few hundred samples from ASD pa-

ients with high heterogeneity. This greatly improves the efficiency of

he identification of pathogenic genes. 

The emphasis of rare disease subtyping and diagnosis is to estab-

ish genotype-phenotype correlations. Currently, some critical issues,

uch as identifying pathogenic genes and variants based on multi-omics

ata and determining molecular targets suitable for clinical diagnoses,

eed to be further explored. Single-omics techniques also help predict

he symptoms of rare diseases. For instance, using blood transcriptome

equencing, Frésard et al. established a core network of rare disease-

elated genes and demonstrated how transcriptome data from a large

ontrol cohort. This can be directly utilized for rare disease identifica-

ion, even prior to generating disease-specific differentiated cell types,

urther aiding the interpretation of risk variants in a unique cell type

elevant for rare disease research [49] . In comparison, the integration

f multi-omics data is more useful for diagnosing and revealing new

athogenic mechanisms of rare and undiagnosed diseases. For instance,

ummings et al. reported that the integration of transcriptome sequenc-

ng, WES, and WGS data from patients with undiagnosed muscle dis-

rders yielded a higher diagnosis rate, reinforcing the power of a large

ystematic application to validate candidate splice-disrupting mutations

50] . Additionally, Snyder et al. integrated autism-related genomic,

ranscriptomic, and proteomic data and constructed a multi-layer mod-

le enriched for known genes, as well as genes harboring rare mutations

n autism [51] . Furthermore, mapping rare variants in patients onto pro-
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ein complexes revealed novel proteins and the molecular machinery

nvolved in autism. 

Currently, most existing large-scale studies are limited to European

nd American enrollment; therefore, it is necessary to establish national

are disease cohorts and disease-oriented biobanks in China and develop

rtificial intelligence strategies based on both genotypes and pheno-

ypes. These innovations are essential for understanding disease mecha-

isms, establishing clinical diagnostic patterns based on a combination

f phenotypes and genotypes, and developing personalized therapies. 

Taken together, the key of subtyping and diagnosis is pinpointing

omplex molecular mechanisms by utilizing multi-omics datasets, re-

olding phenotype-genotype-driven diagnosis patterns, and developing

ersonalized and accurate diagnoses of rare and undiagnosed diseases. 

.4. Treatment and drug screening based on causative genes and mutations 

The pathogenesis of rare and undiagnosed diseases is complex. Due

o the limited understanding of most rare diseases, the available treat-

ents are not sufficient to meet the demands of the patients. Currently,

ew emerging novel therapies, such as small-molecule drugs, protein-

ased therapeutic agents (proteins, peptides, and antibodies), antisense

ligonucleotides, small interfering RNA (siRNA), and cell and gene ther-

pies, have driven the development of rare and undiagnosed diseases.

o meet the demand for the clinical diagnosis of rare diseases, it is ur-

ent to explore new therapeutic targets, develop new therapeutic drugs,

nd optimize gene therapy technologies. 

.4.1. Small-molecule compounds 

The demand for cost-effective tissue-targeting therapies keeps small-

olecule drugs at the forefront of discovery efforts and tends to be stable

nd easy to scale. Loss- or gain-of-function mutations in protein prod-

cts are considered the root cause of rare diseases with well-defined

athogenic genes. Traditional drug discovery focuses on altering pro-

ein levels by direct inhibitors or activators, and hence, regulates disease

tates. Therefore, although thousands of causative proteins are involved

n the development of rare diseases, 70–80% are categorized as "undrug-

able". Therefore, targeted intervention strategies are not applicable in

ost rare diseases. One appealing idea to address is to establish small

olecule-targeted protein degradation technologies that may provide

hemical biology tools for studying pathogenic mechanisms and devel-

ping therapeutic drugs and potentially revolutionizing biomedicine.

o overcome these problems, Lu et al. developed innovative targeted

herapeutic technologies based on small-molecule compounds, includ-

ng autophagosome-tethering compounds to degrade pathogenic pro-

eins and enhance the global protein quality control system. Moreover,

hey developed a new high-throughput compound screening platform

ased on small-molecule microarray [52–54] . These studies provided a

ew fundamental idea of intervention treatment, which is expected to

stablish a new paradigm for drug development in rare diseases. 

.4.2. Gene therapy 

Gene therapies seek to correct DNA alterations responsible for any

iven genetic disease. Gene therapy is emerging as an effective treat-

ent for genetic diseases, either by replacing defective genes or by in-

erting normal copies into the genome. In recent years, several gene

herapy drugs have shown great potential in clinical settings [55] . For

nstance, SPK-9001 is an investigational bioengineered vector that ex-

resses factor IX. Patients with hemophilia B in a phase 1/2 clinical

rial of SPK-9001 experienced increased coagulant activity and reduced

leeding episodes [56] . Furthermore, Luxturna is a gene therapy drug

or leber congenital amaurosis caused by mutations in RPE65 [57] . It has

een reported that one dose of luxturna could slow the progression of

ision loss and restore some vision, particularly, night vision. Addition-

lly, Onpattro® is a liposomal siRNA specifically targeting transthyretin

TTR) [58] , which reduces the accumulation of TTR in tissues and re-

ults in improved treatment of polyneuropathy in patients with hered-
855 
tary transthyretin amyloidosis. In recent years, gene therapy for rare

iseases has been developed. Notably, the number of clinical trials fo-

using on eye disease alone has increased by more than 200%. In 2019,

ver 250 companies worldwide were engaged in gene therapy and gene-

odified cell therapy, and nearly a thousand clinical projects are un-

erway. However, gene therapy-related problems, such as safety risks,

ong-term effects, and the low efficiency of gene delivery, remain to

e solved. Furthermore, some technological bottlenecks still limit gene

herapy, such as precisely delivering exogenous genes to target cells, re-

ucing tumor risk by insertional mutagenesis of integrated vectors, and

nsuring long-term effectiveness as non-integrating vectors. 

Notably, the efficacy of gene therapy in complex diseases is still not

deal. This is mainly due to the lack of identification of the core causative

enes in rare diseases. Thus, it would be worthwhile to switch the direc-

ion of gene therapy by exploring the relationship between controlling

he symptoms of the disease and the regulation network of causative

enes, and not just focusing on the expression levels of these genes. 

.4.3. Novel gene therapy strategies based on gene editing 

In recent years, gene editing technology has been used to pre-

isely edit or correct genomes. Such technology is also expected to

olve the shortcomings of the available gene therapies for rare diseases.

RISPR/Cas9, a new gene-editing tool, provides an important strategy

or the precise treatment of rare diseases [ 59 , 60 ]. Currently, utilizing

nd innovating gene editing tools is critical for the development of gene

herapy. 

Newby et al. used a custom adenine base editor to convert the

ickle cell disease (SCD) allele (HBB 

S ) into non-pathogenic 𝛽-globin

HBB 

G ). They observed a one-time autologous treatment for SCD in mice

hat eliminated pathogenic HBB 

S and generated benign HBB 

G [61] . In

reclinical research, Liang et al. developed a novel gene therapy for

emophilia A (HA), including in situ genetic correction or non-viral

ector delivery systems [62] . Impressively, FVIII secretion was rescued

n candidate cell types derived from gene-corrected iPSCs. Addition-

lly, they further explored gene-edited allogeneic stem cell therapy and

RISPR/Cas9 in vitro therapeutic strategies to promote the clinical de-

elopment of gene therapy for HA. Recently, CRISPR Therapeutics and

esearchers at Stanford University have initiated clinical trials on sickle

ell disease using different gene therapies. CRISPR Therapeutics used

RISPR turn on a fetal form of hemoglobin in patient’s blood stem cells

nd reinfused edited blood stem cells into patients to correct sickle cell

isease [63] . Porteus et al. outlined a CRISPR-based method for tar-

eting hematopoietic stem cells via homologous recombination at the

BB locus to advance the development of next-generation therapies for

-hemoglobinopathies [64] . CRISPR gene editing-based therapies have

lso been approved for the investigation of human diseases such as

elanoma, synovial sarcoma, and multiple myeloma. 

Despite continuous improvements, gene editing technology still

as some drawbacks, including off-target mutations, safety risks, a

ider editing window of single-base editors, and the low editing effi-

iency of targeted integration of large fragments. To overcome these lim-

tations, Ping et al. reported that the NanoProCas9 system integrates tar-

eted delivery and the conditional activation of CRISPR/Cas9, avoiding

ff-target mutations at non-targeted sites and offering precise genome

diting for inflammatory diseases [ 65 , 66 ]. Furthermore, Li et al. re-

orted the identification and engineering of Cas12b, which is small

nd highly specific, making it suitable for therapeutic genome editing

 67 , 68 ]. However, the safety and efficiency of this gene-editing sys-

em are challenging. Currently, the adeno-associated virus (AAV) is the

ost popular vector for in vivo applications [69] . The efficacy of in

ivo CRISPR/Cas9-mediated substrate reduction therapies to treat pri-

ary hyperoxaluria type I (PH1) was evaluated; the administration of an

AV8-CRISPR/Cas9 vector prevented oxalate overproduction and kid-

ey damage, with no signs of toxicity in Agxt1 − / − mice [70] . The key

ssues of virus vector delivery include the development of more AAV

erotypes, safer and more precise delivery, and whole-novel virus vec-
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or tools. Owing to their controllable physicochemical properties, sim-

le preparation, and viable biocompatibility, non-viral delivery materi-

ls have remarkable potential in preclinical research and clinical trials.

he rapid advancement of gene editing tools and gene delivery systems

ill accelerate the development of new strategies for gene therapy. 

Taken together, there are several key scientific issues limiting the di-

gnosis and treat of rare diseases and must be solved through the follow-

ng efforts: (1) identifying new therapeutic targets and accelerating the

linical translation of new pharmaceuticals, (2) innovative paradigms

or new drug development and exploring new treatment options, (3)

aunching new trials to develop new patterns and strategies for gene

herapy, improving the safety and effectiveness of gene therapy, and

4) modifying existing weak patterns or using drug repurposing to ac-

elerate the qualitative development of the therapeutic field. 

.5. New technologies and methods for studying rare and undiagnosed 

iseases 

The key aspect of the prevention of rare diseases is the identifica-

ion of causative genes to facilitate early diagnosis and intervention. Re-

ent progress in undiagnosed diseases has demonstrated that traditional

ptions that focus on monogenic or multigenic research have not met

he need for diagnosis and therapy. Therefore, interdisciplinary stud-

es will provide more concepts and research patterns, help to elucidate

athogenic mechanisms and promote early warning and prevention of

he pre-transition state of rare diseases. 

Biomarkers play a vital role in disease detection, treatment, and

ollow-up. However, the expression of traditional biomarkers is not al-

ays constant with changes in time and conditions. In contrast, molec-

lar networks represent a steady biological state. Network biomarkers

omprise a group of molecules that are strongly correlated with each

ther. Therefore, network biomarkers as biological features have great

dvantages in terms of stability and accuracy. In 2018, Chen et al. devel-

ped a model-free method that theoretically derived an index based on

 dynamical network biomarker (DNB). The application of a single DNB

o clinical data shows that DNB members are effective for early warning

nd prognostic analysis [71] . Specifically, the DNB method successfully

dentified critical transitions in liver cancer and colorectal cancer based

n genomics or proteomics data [ 72 , 73 ]. Therefore, DNB can predict

ritical transitions by identifying fluctuating features, quantitatively de-

ecting the pre-transition state, serving as an effective early warning

ignal, and providing viable theory and methods for warning [ 74 , 75 ].

oreover, before the critical transition occurs, early intervention or en-

ancement of the molecular functions of DNB may significantly delay

udden deterioration. This may be a potential entry point for breaking

hrough the traditional idea of investigating complex disorders. 

Various biomolecule modifications are also important factors that

ffect the occurrence and development of diseases. Glycosylation is an

nzymatic process that transfers carbohydrates or glycans to proteins

r other organic molecules, such as lipids. This modification is highly

omplex because glycosylation sites can be decorated with various sugar

hains. Moreover, the lack of updated and convenient databases pre-

ents storage and references to emerging glycosylation data. Alterations

n site-specific glycosylation patterns have been associated with physio-

ogical functions. Therefore, aberrant glycosylation has been implicated

s a significant contributor to many human diseases [76] . 

PANX1, a member of the pannexin family, is a highly glycosylated

hannel-forming protein. Wang et al. described four independent fam-

lies in which mutations in PANX1 caused familial or sporadic female

nfertility via oocyte death phenotype [77] . These mutations alter the

ANX1 glycosylation pattern and result in aberrant PANX1 channel ac-

ivity and ATP release in oocytes. This study showed the critical role

f glycosylation patterns in human oocyte development, providing a ge-

etic explanation for a subtype of human reproductive diseases. Glycans

lay essential functional roles in various biological processes and are

ne of the major types of biomacromolecules in cells. Due to the stag-
856 
ering complexity of glycans, the detection of glycan glycosylation is

xtraordinarily difficult. Therefore, strategies for labeling, imaging, and

rofiling glycans have been key issues in glycobiology research. Fur-

hermore, Chen et al. developed precise chemical tools and intact gly-

opeptide analysis methods to probe glycosylation in a cell-specific and

rotein-specific manner [ 78 , 79 ]. The application of these methods en-

bles visualization and tracking of glycans in cells, tissues, and living or-

anisms. Therefore, dissecting glycosylation regulation is important for

ncovering the roles of glycosylation in physiological processes, such as

eural networks, cell heterogeneity, and embryonic development, and

or improving disease diagnosis and therapeutics. 

Taken together, the development of new technologies and meth-

ds is critical for investigating rare and undiagnosed diseases. Inter-

isciplinary systems will further accelerate the establishment of new

echnologies and innovative research paradigms, and elucidate the

athogenic mechanisms, ultimately improving the precise diagnosis and

reatment of corresponding diseases. 

. Challenges and prospects of rare and undiagnosed diseases 

.1. Identification and functional analysis of pathogenic genes 

Currently, the identification of new pathogenic genes and muta-

ions in rare and undiagnosed diseases has much room for improve-

ent. Therefore, for uncovering the pathogenic mechanisms and elu-

idating molecular mechanisms based on genotype-phenotype corre-

ation, the following steps should be taken: (1) Systematic identifica-

ion of new disease-causing genes and variants and revealing new ge-

etic inheritance patterns. (2) Comprehensive exploration of the rela-

ionship between disease genotype and phenotype. (3) Interpretation of

he pathogenic mechanisms based on the discovery of new pathogenic

enes and variants. (4) Researchers should focus on common problems,

uch as studies of common mechanisms between different rare disorders,

ommon diseases, and rare diseases. 

.2. Disease models of rare and undiagnosed diseases 

Animal models and scarce non-human primates still limit the study of

athogenic mechanisms and the development of drugs for rare and un-

iagnosed diseases. The following steps should be taken: (1) Utilization

f new technologies to achieve high-efficiency and large-scale devel-

pment of effective animal models for understanding the pathogenesis

f and discovering drug targets. (2) Systematic and standardized estab-

ishment of iPSCs and iPSC-derived cells and organoids for providing

n effective platform for research on unveiling pathogenic mechanisms

nd drug screening. (3) Expanding the range of non-human primates to

elect suitable animal models for rare disease research, in addition to

stablishing primate models using single-base editing technology based

n monogenic diseases. 

.3. Subtyping and diagnosis of rare and undiagnosed diseases 

Early diagnosis and intervention and improved diagnostic rates of

are and undiagnosed diseases play an important role in promoting

he clinical revolution of genomic medicine. New diagnostic patterns

hould be established based on the following: (1) Developing new di-

gnostic methods for undiagnosed diseases, integrating second- and

hird-generation sequencing technology, multi-omics technology, and

emodeling disease diagnosis systems. (2) Clarifying disease subtyp-

ng by shifting the diagnosis patterns from classic phenotype-driven

odels to genotype-driven sub-molecular models. (3) Establishing

henotype-genotype-driven precise diagnosis patterns and developing

ovel research paradigms by building a large-scale population genotype

atabase (including healthy and diseased populations), achieving accu-

ate subtyping through a single-phenotype genome project, and achiev-

ng precise phenotypic tracking by building a multiyear follow-up co-
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ort. (4) Comprehensive and systematic understanding of disease oc-

urrence and development by dissecting spatial-temporal development

n the same disease. 

.4. Treatment and drug screening of rare and undiagnosed diseases 

To date, the following key issues limit the treatment and drug screen-

ng for rare disease therapy: most causative proteins are “undruggable ”,

elivery systems are less safe and efficient, and the long-term efficacy

f drugs is difficult to maintain. 

In the future, the following steps should be taken: (1) Uncover-

ng new therapeutic targets based on new pathogenic genes or novel

athogenic mutations of known genes in rare diseases. (2) Improv-

ng gene editing technology, precise regulation technology for genome

rugs and vector delivery systems of gene therapy, enhancing the tar-

eting of organs/tissues and sub-organelles, optimizing the efficiency

f gene therapy, making full use of the established non-human primate

odels based on single-gene diseases to evaluate the safety and effi-

acy of gene therapy. (3) Establishing innovative technology platforms

nd developing original gene therapy, cell therapy technologies, and

argeted regulatory technologies. 

.5. New technology and method for studying rare and undiagnosed 

iseases 

To fully integrate the resources of basic research and clinical plat-

orms, collect and share standardized high-quality clinical and basic re-

earch data, and establish a collaborative group including basic and clin-

cal research, the following steps should be taken: (1) Development of

ew technologies and methods to study the genetic factors involved in

he occurrence and development of rare and undiagnosed diseases. (2)

pplication of DNB to reveal the mechanisms underlying the occurrence

nd development of disease to achieve early diagnosis and early signs of

are diseases. (3) Focus on biomolecular-specific modifications (such as

lycosylation) and provide a theoretical basis for understanding disease

athogenesis, diagnosis, and treatment. 

. Concluding remarks and prospects 

Multidisciplinary and interdisciplinary collaboration is vital for re-

earch on rare and undiagnosed diseases. The national foundation will

ncourage researchers to (1) take advantage of rich clinical resources

nd discover new pathogenic genes and variants of rare and undiag-

osed diseases, (2) elucidate genotypes and phenotypes by applying

uitable cell and animal models, (3) screen new targets for diagnosis

nd treatment, and establish diagnosis and treatment patterns. 

To promote original research breakthroughs, the construction of

n innovative ecology for clinical transformation, and the sustainable

evelopment of rare and undiagnosed diseases should be promoted.

e propose that the following critical issues should be achieved: (1)

dentification of new disease-causing genes and new variants and dis-

ection their functional and molecular mechanisms. (2) Dissection of

he genotype-phenotype relationship of rare and undiagnosed diseases,

nd elucidation of the molecular mechanism of the heterogeneity of

omplex undiagnosed diseases. (3) Establishment of animal models

hat efficiently and specifically mimic rare human diseases using multi-

isciplinary technologies. Systematic and standardized establishment of

PSC models for rare and undiagnosed diseases to provide effective plat-

orms for unveiling pathogenic mechanisms and drug screening studies.

4) Uncover network biomarkers of rare and diagnosed diseases, de-

elop accurate diagnosis and molecular subtyping patterns, and disease

arly warning systems based on genotype-phenotype correlations. (5)

iscover new therapeutic targets based on causative genes and variants,

echanistically analyze rare and undiagnosed diseases, apply drug re-

urposing to screen potential drug candidates, and establish a precise di-

gnosis and treatment system based on phenotype-genotype integration.
857 
6) Develop highly efficient gene therapy systems, in particular, precise

odification techniques based on DNA- or RNA-editing technologies, ef-

ectively use endogenous vectors to optimize delivery systems, and im-

rove the targeted delivery, effectiveness, and safety of gene therapy. (7)

trengthen the cooperation of multidisciplinary and multifield research,

ncluding clinical medicine, genetics, bioinformatics, genetic engineer-

ng, and chemical biology, and develop innovative research paradigms

o promote the integration of new technologies and methods, including

pigenetic factor identification, molecular network analysis, accurate di-

gnosis of large-scale disease data, glycosylation modification detection,

nd gene editing applications. (8) Build large-scale population genotype

atabases (including healthy and diseased populations) and multiyear

ollow-up cohorts to achieve resource sharing. 
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