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Abstract 

Rare diseases are collectively common, affecting approximately one in twenty individuals worldwide. In recent years, rapid 
progress has been made in rare disease diagnostics due to advances in DNA sequencing, development of new computational and 
experimental approaches to prioritize genes and genetic variants, and increased global exchange of clinical and genetic data. However, 
more than half of individuals suspected to have a rare disease lack a genetic diagnosis. The Genomics Research to Elucidate the Genetics 
of Rare Diseases (GREGoR) Consortium was initiated to study thousands of challenging rare disease cases and families and apply, 
standardize, and evaluate emerging genomics technologies and analytics to accelerate their adoption in clinical practice. Further, all data 
generated, currently representing ~7500 individuals from ~3000 families, is rapidly made available to researchers worldwide via the 
Genomic Data Science Analysis, Visualization, and Informatics Lab-space (AnVIL) to catalyze global efforts to develop approaches for 
genetic diagnoses in rare diseases (https://gregorconsortium.org/data). The majority of these families have undergone prior clinical 
genetic testing but remained unsolved, with most being exome-negative. Here, we describe the collaborative research framework, 
datasets, and discoveries comprising GREGoR that will provide foundational resources and substrates for the future of rare disease 
genomics. 
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Accelerating Diagnoses 
The past decade has seen rapid progress in clinical genetics due to increased discovery of genes and variants involved in 

Mendelian diseases and ongoing advances in sequencing, variant analysis and data sharing1–5. Despite this progress, most individuals 
who undergo clinical genetic testing for a suspected Mendelian condition remain undiagnosed6–9. For example, in the National Human 
Genome Research Institute (NHGRI) Centers for Mendelian Genomics, while over 3,800 genes were implicated in Mendelian disease, 
only about 11,000 out of over 28,000 families received a confirmed or potential molecular diagnosis. Thus, significant challenges remain 
to increase the molecular diagnostic yield and explain currently unsolved rare genetic disorders (Box 1: Challenges in Diagnosing Rare 
Genetic Diseases). In 2021, the NHGRI launched the GREGoR Consortium with five primary research sites and a data coordinating 
center to accelerate rare disease genetic research by harnessing the latest advances in sequencing including and especially genome 
sequencing and multi-omics; evaluating and prioritizing the use of functional genomics and novel computational strategies including 
recent advances in artificial intelligence; translating advances into routine clinical testing; advancing data sharing to foster a quorum of 
evidence for discovery; and collaborating with rare disease consortium worldwide to continue discovery and reporting of genetic etiologies 
for Mendelian diseases (Fig. 1). 
 

Box 1: Challenges in Diagnosing Rare Genetic Diseases: 
A) The pathogenic variant(s) may be located in a gene yet to be implicated in disease. Until now, over 5,000 protein-coding genes10,11 

have been implicated in at least one disease, but it is estimated that still 10,000+ disease gene relationships12,13 are undiscovered 
in just the remaining protein-coding genes.  

B) The pathogenic variant(s) may be located in the noncoding genome, where the mechanisms for how a variant manifests a clinical 
phenotype are not well understood leading to challenges in identifying candidates.  

C) The variant may be difficult to detect from solely short-read, exome or genome sequencing such as long repeats, inversions, and 
complex genomic rearrangements. The variant may be detectable but bioinformatic algorithms may struggle to call the variant 
correctly such as multi-nucleotide and mosaic variants. The variant may be detectable and called correctly but asserting its 
functionality or pathogenicity may require unavailable, orthogonal lines of evidence. 

D) More complex inheritance patterns such as multi-locus pathogenic variation, oligogenic, polygenic, variable expressivity, 
incomplete penetrance, imprinting, and/or mosaicism may also be confounding a diagnosis and necessitate a broader approach 
to understanding the mechanism of disease.  

E) A gene-disease relationship may be published or submitted to a genetic database but has yet to be reviewed and incorporated 
into clinical testing. This is compounded by the rapidly increasing number of Variants of Uncertain Significance (VUS). 

F) Many candidate variants and genes are n=1 regardless of the best data sharing practices. 
G) Because of the nature of novel discovery, there is not always a functional assay available to provide orthogonal evidence for or 

against a candidate variant or gene. Many times if a candidate does meet the inclusion criteria for an existing assay, the molecular 
phenotype measured in the assay may not match the potential mechanism of disease or fully recapitulate the pathophysiological 
impact, resulting in ambiguous results or an incorrect prediction of pathogenicity. 

H) Databases predominantly capture genetic information from individuals of European-like genetic ancestry potentially propagating 
biases in tools and reference data for variant classification for individuals of non-European-like genetic ancestry14. 

I) Newer genomic technologies may offer advantages over short-read DNA sequencing, but effective and widespread use of these 
technologies requires clear guidance and broad demonstration of efficacy.  

  
EVALUATING EMERGING METHODS FOR ASCERTAINING RARE DISEASE DIAGNOSES 
Squeezing the Exome 

The most impactful approach to date for diagnosing rare diseases has been exome sequencing and periodic reanalysis of the 
protein coding sequences in the human genome15–19. GREGoR has led or contributed to 83 papers studying molecular diagnoses in 365 
genes with more than a third being novel disease gene discoveries or phenotypic expansions20–99 (Supplementary Table 1: Tracking 
GREGoR Papers With Molecular Diagnoses) and provided a variety of automated pipelines for large cohort, exome and genome 
reanalysis, which include phenotypic data integration16–18. The success of reanalysis is largely driven by new disease gene discoveries 
and phenotypic expansions since the original analysis17, however new tools focused on reanalysis of well-known disease genes and loci 
have continued to yield diagnostic successes100. For example, the inability to phase short-read exome (and also short-read genome) data 
can confound diagnoses of pathogenic compound heterozygous variants for recessive diseases. To overcome this, GREGoR contributed 
to a highly accurate method for inferring phase, and has calculated and released all pairwise phasing estimates and usage guidance for 
rare coding variants in exomes occurring in the same gene through the Genome Aggregation Database (gnomAD)101,102. 

Further, new computational approaches are increasingly able to identify structural variants and copy number variants from 
exomes. GREGoR researchers have developed tools to identify and implicate hundreds of pathogenic structural variant diagnoses from 
existing exomes that may have otherwise gone unsolved38,103–106. Combined, GREGoR’s efforts to continually extract diagnoses from 
existing exomes demonstrate the ongoing potential for continued innovation in genomic data reanalyses for rare diseases worldwide. 
 
Short-Read Genome Sequencing 
 GREGoR has published a framework guiding usage of genomic technologies when genetic testing via panel or exome 
sequencing is inconclusive107. The next step is typically short-read genome sequencing (srGS). srGS has already become widespread, 
with large-scale initiatives like the All of Us program108 and UK Biobank109 releasing srGS for nearly a million individuals. However, similar 
to exomes, the full diagnostic potential of srGS is still underutilized. For example, the SeqFirst-Neo program110 using rapid first-line, short-
read genome sequencing based on broad eligibility criteria, obtained a precise genomic diagnosis in 50% of infants in an intervention 
group versus just 10% in the conventional care group. One year later, the intervention group had ninefold greater odds of diagnosis 
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compared to the control group and five times as many infants from underrepresented backgrounds received diagnoses. Ongoing 
GREGoR research aims to further extract diagnoses from srGS and demonstrate its increasing utility as a first-line clinical test.  
 

 
Figure 1 | Overview of GREGoR. Strategic framework of the GREGoR Consortium for accelerating genomics in rare disease 
research, highlighting cross-cutting themes, systematic data generation, computational innovations, and endpoints of success.  
 

However, most molecular diagnoses deduced by srGS are found in protein-coding genes, suggesting they could potentially be 
detected by exome sequencing. To evaluate the relative utility of srGS, a large-scale study of 822 families by GREGoR researchers 
reported that of 218 patients who received a diagnosis via srGS, 72% of variants should have been detectable by exome sequencing111. 
The remaining 28% of cases were explained by variants not readily accessible on exomes such as tandem repeat expansions, deep 
intronic variants, structural variants, and variants in difficult-to-sequence coding regions. Overall, srGS resulted in a >8% increase in the 
diagnostic yield compared to just exome sequencing and underscored the growing support for using srGS as a first-tier test.  

GREGoR is also developing new visualization tools for structural and copy number variants106 by repurposing read depth data 
from srGS to mimic SNP arrays to achieve resolution as low as 1 kb - beyond the 5 kb limit of the current standard using array comparative 
genomic hybridization. Thus, srGS could potentially serve as a cost-effective, first-line, unifying assay by simultaneously replacing both 
arrays and exomes and enable more accurate, nucleotide-resolution breakpoints of structural variants, which have historically been critical 
in uncovering mechanisms of genomic rearrangements. Most breakpoints including published structural variants lack validation at 
nucleotide resolution which is relevant for genomic assembly and hypothesis-driven inferences of SV impact on gene expression. In this 
same vein, GREGoR investigators are showing that local sequences surrounding candidate and pathogenic variants can offer insights 
into secondary structure mutagenesis and other mechanisms of genomic disorders70,71,112. GREGoR’s existing and ongoing work to 
uncover diagnoses from srGS emphasizes the substantial, yet underutilized, potential of both primary analysis and reanalysis of srGS for 
rare disease discoveries. 
 
Long-Read Sequencing 

Long-read sequencing has recently ushered in new diagnostic opportunities in rare diseases. GREGoR and others have 
demonstrated that use of targeted long-read sequencing can reveal variants, particularly structural variants spanning repetitive 
sequences, in both known and novel disease genes that are missed or difficult to detect by short-read sequencing40,97,113–115. With 
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emerging long-read technologies that allow targeting of specific genomic regions such as adaptive sampling, targeted sequencing panels 
can evolve beyond coding regions to include UTRs, promoters, intronic, intergenic, and large expanses of noncoding regions around 
known disease genes. For example, GREGoR in collaboration with Twist developed the Twist Alliance Dark Genes Panel to produce 
phased variants across 389 medically-relevant and complex autosomal genes, where short-read sequencing tends to fail116. Not only 
were novel pathogenic variants discovered, but an annotated resource was also created to address gaps in current databases for these 
genes.  

One of the major challenges with use of long-read sequencing in rare diseases remains the absence of control datasets for 
filtering and prioritizing variants. GREGoR is using long-read genome sequencing from individuals with diverse genetic ancestry with an 
aim to create benchmarks and a database of structural variants for filtering and prioritization, and to catalog structural variants in genes 
that are difficult to sequence using short-read technology117–120. Specifically, GREGoR researchers started the 1000 Genomes Project 
ONT Sequencing Consortium to generate a database of structural variants derived from long-read sequencing for filtering and 
prioritization of structural variants in unsolved individuals and recently released the first 100 samples of long-read data from diverse 
populations121. GREGoR is also establishing a baseline catalog of complex structural variants using optical genome mapping. Moreover, 
GREGoR is developing tools for improved and useful annotation for kilobase and megabase scale variants especially using long-read 
sequencing with a focus on mosaic structural variants122,123. Additionally, innovative computational tools in long-read sequencing variant 
calling and analysis123,124 are being developed including de novo variant callers and long-read pipelines for mitochondrial variant calling. 

As long-read sequencing becomes more commonly used, a key focus for GREGoR is comparing the molecular diagnostic yield 
and cost-effectiveness of short-read versus long-read sequencing for rare disease cohorts. In multiple studies, long-read genome 
sequencing uncovered novel candidate variants and genes that were missed by exome or short-read genome sequencing, including de 
novo, compound heterozygous, structural, and epigenetic variants69,115,125. In comparison to short-read sequencing, long-read sequencing 
offers advantages such as better phasing, improved understanding of haplotype blocks, and methylation analysis. GREGoR researchers 
have been leveraging these advantages by developing tools126 to utilize methylation data and investigating the diagnostic yield 
improvements from genome-wide DNA methylation arrays in relation to long-read sequencing127. 

In addition to methylation analyses, usage of long-read sequencing to offer multi-omic insights beyond traditional DNA 
sequencing are increasingly being applied to find and understand molecular diagnoses as well as mechanisms in rare diseases. One 
such technology is Fiber-seq, which uses long-read sequencing to simultaneously evaluate primary DNA sequence with a nucleotide-
resolution view of surrounding chromatin and epigenetic architecture128,129. GREGoR is developing unifying assays looking to 
simultaneously assay the genome, methylome, epigenome, and transcriptome to identify and understand mechanisms of rare diseases130. 
Such unifying assays help explain previously elusive variants95 that may have been visible on exome or short-read genome sequencing 
but may not have been nominated as candidate variants. The comparison and contrast of multiple layers of -omics data in a single, 
unifying assay mechanistically implicates the pathogenicity of these candidates, especially for noncoding variants. 
 
Multi-omics 

Complementing advances in DNA sequencing, rapid advances in development of -omics assays continue to provide insights 
into genome function. In rare disease diagnosis, methylome and transcriptome data have broadly demonstrated their utility by 
identification of outlier events in methylation131, splicing, or gene expression implicating pathogenic variants132–134. However, there is no 
standardization of clinical and research transcriptome sequencing despite its promise as a primary diagnostic tool135. GREGoR has 
focused on complementing hundreds of cases with methylation and transcriptome data to facilitate development of standards and new 
computational methods. For example, recent activities in GREGoR have demonstrated how combined transcriptome and long-read 
genome analyses can aid in prioritizing structural variants when allele frequency information is limited136.  

An ongoing focus of GREGoR has been creating data that enables evaluation and prioritization of multi-omic assays for rare 
disease diagnosis. Currently, usage of multi-omics is predominantly limited to research and limited information exists to suggest which 
post-genome, -omics assay would yield the most useful information. To address this challenge, GREGoR has been generating a squared-
off matrix for a subset of families, for whom long-read genome, methylation, chromatin-accessibility, transcriptome, proteome and 
metabolome data are being collected. Complementing these data, GREGoR has been supporting development and integration of 
reference -omics data from the Common Fund Data Ecosystem to advance outlier detection for various -omics assays by integrating 
larger control datasets. Multiple efforts in GREGoR are also facilitating more routine use of these data such as updates to the seqr 
platform to expand intake of multi-omics data types to enable routine linking of outliers in these data to underlying genomic variation137. 
 
Functional Modeling 
 Functional assays have been critical to identify, screen, and/or validate candidate genes and variants to confirm novel genotype-
phenotype relationships and phenotypic expansions and to uncover underlying genomic mechanisms of disease. Of the 83 papers led or 
facilitated by GREGoR resulting in novel disease gene discoveries or phenotypic expansions, 44 were supported by orthogonal functional 
experiments to confirm these findings (Supplementary Table 1: Tracking GREGoR Papers With Molecular Diagnoses). Much of the 
functional work in the rare disease field has historically relied on classic model organisms like zebrafish, yeast, fruit flies, and mice. Model 
organism research continues to play a significant role in GREGoR’s collaborative efforts with the broader genomics and scientific 
community, advancing the understanding of disease genes and their variations138.  

An emerging area of technologies for rare disease research is in single cell studies. For example, GREGoR researchers have 
been able to make high-resolution maps of fetal hematopoiesis to understand how Trisomy 21 predisposes to hematological 
malignancies139; understand regulatory programs contributing to hair and skin diseases140; and discover candidate causal variants for 
Alzheimer and Parkinson disease141. Additionally, GREGoR researchers are developing single cell technologies to simultaneously profile 
chromatin accessibility, transcriptomics, and nuclear protein abundance142 as well as applying improvements on single-cell, whole 
genome amplification methods to understand somatic copy number variations in healthy and diseased brain tissue143.  

In addition to single cell and model organism studies, new functional experiments and high-throughput functional genomics are 
progressively integrated into GREGoR's research through cross-consortium collaborations with the NHGRI IGVF (Impact of Genomic 
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Variation on Function) consortium144. Technologies such as Multiplexed Assays of Variant Effect145, Massively Parallel Reporter 
Assays146, mini-gene splicing assays147, and high-throughput imaging for cellular mislocalization148 are providing functional data to 
validate or invalidate candidate genes and variants and give mechanistic understanding to variant penetrance and pleiotropy149,150. For 
example, GREGoR has exported over 500 candidate genes and variants to IGVF, and more than 100 have been selected for further 
functional evaluation including in the IGVF’s Perturb-seq experimental plans. Further, GREGoR investigators are generating hundreds of 
isogenic human induced pluripotent stem cell (hiPSC)-derived neural stem cells and glutamatergic induced neurons with CRISPR-
engineered, systematic structural variant deletions of local topologically associated domains and chromatin loops151,152. These models 
are eligible to be shared as a GREGoR resource, and in conjunction with transcriptomic and single cell profiles from mice, are being used 
to study the complex and context-dependent impacts of structural variation on neurodevelopment. Finally, GREGoR is importing 
predictions of noncoding variant functions from IGVF to improve the understanding of noncoding mechanisms involved in rare diseases153. 
At the same time, GREGoR researchers are advancing the creation and use of developmental cell atlases to develop deep learning 
models trained on chromatin accessibility and gene expression data representing diverse adult, fetal and developmental contexts to 
enable the identification of context-specific regulatory effects of rare and de novo noncoding variants. 
 
REFRAMING RARE DISEASE ANALYSIS 
Reference Genomes 

Adoption of new reference genomes has lagged in clinical settings. Despite publication of GRCh38 over a decade ago, many 
clinical labs till today still use GRCh37154. Part of the entrenchment of GRCh37 was the lag in necessary infrastructure development to 
support allele frequencies, in silico scores, bioinformatic tools, and clinical databases on GRCh38. Thus, till today, the majority of known 
clinical disease genes and phenotypic expansions were initially discovered using GRCh37. As a result, research groups, including those 
in GREGoR, have been studying the differences between GRCh37 and GRCh38 and more references in variant calling and downstream 
analyses. At the exome level, it has been shown that the reference genome alone impacts variant calling in ~1% of the exome, with 206 
genes enriched in discordant calls, including 8 known disease genes155. These discrepancies were more pronounced at the RNA level, 
with research in GREGoR highlighting that 1,492 genes demonstrate reference-dependent quantification, 3,377 genes exhibit reference-
exclusive expression, affecting 512 known disease genes156. GREGoR investigators have also focused on fixing the GRCh38 
reference157, benchmarking medically relevant genes for both GRCh37 and GRCh38158, and resolving pathogenic inversions in reference 
genome gaps using the telomere-to-telomere (T2T) reference125. 

An important question for the field focuses on whether there will be development of flexible pipelines and tools capable of using 
the newest references, such as T2T and the pangenome159. GREGoR in collaboration with Illumina has benchmarked the DRAGEN 
pipeline which uses graph-based alignment among many other novel features for variant calling in short-read genome sequencing160. 
Looking ahead, GREGoR is collaborating with the Human Pangenome Reference Consortium (HPRC) through methods development 
like the Pangenome Research Tool Kit161 to demonstrate accurate variant calling in regions of the genome that were previously too 
complex for accurate variant calling. Further GREGoR investigators are utilizing pangenome approaches to understand complex tandem 
repeats in known disease genes162 and exploring the infrastructure necessary for widespread adoption of the pangenome in clinical 
settings. 
 
Deep Phenotyping 

Studying phenotypic heterogeneity in the context of genetic heterogeneity is critical to solving unsolved Mendelian disease. 
Assignment of Human Phenotype Ontology (HPO) terms163 is a mandatory requirement for GREGoR data collection to allow end users 
to link all possible genotypes to all possible phenotypes. Additionally, GREGoR is developing novel algorithms based on the directed, 
acyclic HPO graph to resolve blended phenotypes resulting from multilocus pathogenic variation8,56, implicate genetic heterogeneity as 
resulting in similar phenotypic manifestations49,71, and elucidate gene- and variant-driven phenotypic heterogeneity in rare diseases that 
have demonstrated genetic heterogeneity80,164. Upstream of phenotypic analysis pipelines, GREGoR is building large language models 
for optimal phenotypic extraction from electronic health records165. Understanding phenotypic complexity is particularly critical in tackling 
the rarest and most challenging molecular diagnoses (Box 2: The Rarest and Hardest Molecular Diagnoses), where genetic 
heterogeneity and diverse mechanisms of pathogenicity require nuanced interpretation and integration of multiple technologies.  
 

Box 2: The Rarest and Hardest Molecular Diagnoses: 
Over time, consistent themes have emerged in the life cycle of disease gene discovery. Typically, the first and easiest candidate 
variants implicated are de novo and/or predicted loss-of-function (pLOF) variants that segregate with the phenotype in a pedigree. 
These two variant classes have logical frameworks supporting their putative mechanisms. A de novo variant, found in an affected 
proband but not in the unaffected parents, significantly increases the probability of being causative, especially when other de novo 
cases show the same clinical phenotypes166,167. pLOF variants such as nonsense single nucleotide variants, frameshifting insertions 
or deletions, and splice-site altering variants imply a null effect, because many of these pLOF variants are expected to be caught by 
the mRNA surveillance mechanism known as nonsense-mediated decay (NMD)168,169. NMD is a highly sensitive mechanism present 
in all tissues and destroys faulty transcripts with premature stops with high efficiency and fidelity170,171. This same mechanistic reliability 
explains why pLOF variants are often the first variant type to be implicated in a novel gene-to-disease discovery, because clinical 
geneticists can reliably infer that the presence of a pLOF variant will putatively lead to destruction of the faulty RNA transcript and no 
protein production which is in alignment with a potential pathogenic mechanism of loss of function. Subsequently, other single 
nucleotide and structural variants in the same gene or region are often implicated after a quorum of cases is established although 
different types or locations of variation in the same gene can result in distinct clinical phenotypes. Further, once one gene has been 
implicated it serves as a seed for other genes in the same protein complex172 or protein pathway70 or gene family173,174 to be implicated 
in the same or similar clinical phenotypes. 
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Currently, Online Mendelian Inheritance in Man (OMIM) and the Gene Curation Coalition (GenCC) have documented over 5000 genes 
as being implicated in at least one Mendelian condition10,11. Most of these discoveries were achieved through sequencing and 
interpretation of primary DNA variation in the context of a proband’s phenotypes without requiring additional -omics or integrative 
analyses. While many thousands more disease genes can still be discovered with these same established gene discovery principles, 
GREGoR is pursuing cases unsolved by standard clinical genetic testing hypothesized to have among the rarest and most difficult-to-
detect or interpret pathogenic variation, which many times requires integration of multiple -omics to 1) discover a candidate variant 
refractory to traditional sequencing methods; 2) provide proper context to interpret a variant that may have been seen in the primary 
DNA sequence but there was not enough understanding to nominate the variant as a candidate; or 3) provide orthogonal validation of 
a candidate discovered in the primary DNA sequence but for which the interpretation was speculative at best. Below we discuss 12 of 
the rarest and hardest molecular diagnoses pursued by GREGoR investigators: 
 
1. Noncoding variants occur in genomic regions that do not code for proteins, such as noncoding RNAs, promoters, enhancers, 

and untranslated regions. Despite not altering protein sequences, these variants can disrupt mechanisms such as gene regulation, 
splicing, expression, or RNA stability, playing a role in development of rare diseases. Genome sequencing is crucial for detecting 
variants in noncoding regions, but techniques like ChIP-seq, ATAC-seq, RNA-seq, Fiber-seq and Massively Parallel Reporter 
Assays can help identify and provide mechanistic explanation for potential pathogenic noncoding variation. For example, 
noncoding variants such as deep intronic variants may be involved in alterations in splicing, where exons or introns may be 
incorrectly skipped or included during mRNA processing leading to changes in the final transcript potentially leading to clinical 
phenotypes175. While these variants are often visible in primary DNA sequencing, their interpretation is typically speculative without 
orthogonal validation such as RT-PCR, RNA sequencing, or mini-gene splicing assays to validate whether or not aberrant splicing 
occurred by understanding the sequence of the processed mRNA. Similarly, long-read RNA-sequencing is particularly useful for 
detecting full-length transcripts and interpreting complex splicing patterns. Additionally, splicing-specific variant effect predictors176 
and variant effect predictors that tabulate scores for all the >9 billion single nucleotide variants in both coding and noncoding 
regions can be deployed to identify potentially pathogenic noncoding variants. Work by GREGoR and others have shown that 
noncoding variants can be the ‘missing variant’ in trans with a pathogenic coding variant for recessive rare diseases177,178. 
GREGoR is pursuing generalizable methods for understanding noncoding variant effects at scale44,93.  

2. Noncoding genes produce molecules that perform potential regulatory, structural, or catalytic roles rather than encode proteins. 
These include rRNA, tRNA, miRNA, lncRNA, snRNA, and more, and perturbations in noncoding genes may cause rare genetic 
diseases. A flagship example is perturbations in RNU4-2 in which cases from multiple GREGoR sites contributed to rapid discovery 
and progress to publication establishing perturbations in RNU4-2 as one of the most commonly mutated causes of 
neurodevelopmental disorders75,179. Even though RNU4-2 is a noncoding RNA, it’s discovery timeline is analogous to the typical 
gene discovery life cycle. The main cases found were de novo insertions at the same site in a very large cohort with phenotype-
matching cases. RNU4-2 has now served as a seed for more RNU4 minor spliceosome genes being implicated in 
neurodevelopmental disorders180,181. Another example from GREGoR is CHASERR, a long noncoding RNA adjacent to CHD2 
which was implicated in developmental and epileptic encephalopathy93. The CHASERR discovery was a strong collaboration with 
the father of the initial proband serving as a coauthor on the manuscript, highlighting the power of patient partnerships in 
accelerating rare disease genomics. Further, using Fiber-seq, GREGoR investigators have identified STRTS, an intergenic locus 
implicated in congenital hypothyroidism95. These findings illustrate the diagnostic potential of noncoding regions of the genome, 
which are not systematically included in standard variant analysis workflows. With thousands of noncoding transcripts still poorly 
understood, GREGoR continues to explore this untapped reservoir of genomic information, paving the way for novel disease-gene 
discoveries in the noncoding space. 

3. Multilocus Pathogenic Variation (MPV) refers to the presence of multiple, independently pathogenic variants in multiple genes 
or loci that collectively contribute to an individual’s clinical manifestation182–184. These variations can interact in complex ways, 
leading to compounded effects that may influence disease severity, onset, or progression, often complicating diagnosis and 
treatment185. GREGoR researchers have shown that as many as 5% of individuals where molecular diagnoses are ascertained 
have MPV8, with this rate being even higher in rare disease families with parental consanguinity38,184. While individual variants 
comprising MPV are typically routinely diagnosed from just DNA sequencing, the interpretation of MPV typically requires deeper 
phenotypic analyses and represents a much broader area of gene dosage models for disease causing variation186.  

4. Oligogenic molecular diagnoses involve the contribution of variants in two or more genes or loci that collectively lead to a clinical 
phenotype, a concept distinct from traditional monogenic inheritance patterns or MPV. These cases often present diagnostic 
challenges because the individual variants may not cause disease independently but act in concert to disrupt pathways or 
biological networks. GREGoR investigators have shown especially for congenital heart disease the importance of digenic and 
oligogenic mechanisms94,182,183. Currently, we can identify oligogenic variants through DNA sequencing, but the full scope of 
oligogenic molecular diagnoses may extend across multiple layers of multi-omics. For example, combinations of transcriptomic, 
proteomic, or metabolomic alterations may converge with DNA variation to create synergistic effects that contribute to disease, 
representing a new frontier for rare disease genomics. 

5. The Multiple de novo Copy Number Variant (MdnCNV) phenotype is a form of multilocus pathogenic variation where four or 
more independent, constitutional de novo copy number variants arise in the same person within one generation187,188. GREGoR 
researchers have shown that this ultra-rare phenotype occurs in roughly 1 in over 12,000 individuals referred for genome-wide 
chromosomal microarray analysis. MdnCNV typically requires integration of multiple technologies as well as use of quantitative 
phenotyping analysis to fully characterize and understand genomic and clinical impact, including but not limited to arrays, short-
read sequencing, and long-read sequencing.  

6. Complex Genomic Rearrangements (CGRs) are kilobase to megabase-scale structural changes in the genome that involve 
multiple breakpoints, rearrangements, and/or integration of novel sequences in cis that result in duplications, deletions, inversions, 
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and translocations, often affecting gene function and regulation. While CGRs have been catalogued189–192 and shown to be very 
abundant across diverse populations, the accurate detection and assembly of CGRs, especially their breakpoints, typically requires 
more than just short-read DNA sequencing. Long-read sequencing (including adaptive sampling and ultra long-reads), optical 
genome mapping, chromosomal microarray analysis, and linked-read sequencing can help provide nucleotide resolution for CGRs 
to understand their mechanisms of formation to better understand how they precipitate genomic disorders and contribute to clinical 
variability and disease severity 193–195. 

7. Tandem repeats are sequences where a nucleotide motif is repeated consecutively a varying number of times196–199. These 
repetitive regions can be unstable, leading to expansions or contractions, which are associated with several genetic disorders. 
Due to the potential for multi-mapped short reads, only shorter tandem repeats have typically been well detected from short-read 
sequencing technologies. However, long-read sequencing technologies are particularly effective at completely spanning short and 
longer tandem repeats, enabling accurate determination of repeat length and structure. Additionally, specialized bioinformatic 
tools162,200,201 designed for repeat analysis can help in accurately calling tandem repeats and identifying pathogenic expansions 
or contractions. GREGoR is collating large databases and truth sets of tandem repeats across diverse populations202–204 to enable 
more systematic integration of tandem repeat analysis into sequencing pipelines.  

8. Mosaic Variation originates from post-zygotic mutations and is considered germline if confined to the germ cells or somatic if 
acquired during or after the first mitotic divisions. Mosaic variation can lead to variations in phenotype, depending on the proportion 
and distribution of the mutant cells across tissues. Detecting mosaic variation often requires more than standard DNA sequencing 
due to the low variant allele fraction of mosaic alleles. Reliable detection of mosaic variation typically requires high read-depth 
sequencing and orthogonal techniques such as digital droplet PCR for validation and bioinformatic discrimination123 between 
mosaic variants and sequencing artifacts. GREGoR is collaborating with the SMaHT (Somatic Mosaicism across Human Tissues) 
consortium to understand pathogenic mosaic variation at scale. 

9. Multi-nucleotide Variants (MNVs) are two or more variants within the same codon on the same haplotype205–207. Accurately 
identifying and interpreting MNVs is typically a challenge for variant callers and annotation pipelines that may incorrectly interpret 
the single MNV as multiple independent variants. However, it has been shown that there are over 50 variants per person affected 
by MNVs208. Incorrect interpretation of MNVs can alter the interpretation of clinically pathogenic variation such as nonsense single 
nucleotide variants that do not lead to a premature stop codon introduction. Many variant effect predictors and Multiplex Assays 
of Variant Effects systematically score every possible MNV in a target locus. GREGoR is evaluating the utility of these data towards 
VUS reclassification and novel disease gene discovery. 

10. NMD Escaping Variants introduce premature stop codons in mRNA that evade NMD, producing truncated proteins of unknown 
function that may or may not manifest clinical disease. These variants are visible on primary DNA sequencing and because 
extensive work has been done to determine the rules of NMD escape209,210, many of these variants are already implicated in 
clinical disease and can be speculated on from just primary DNA sequencing171,211. However, newer approaches such as long 
read RNA-seq and proteomics are opening new doors into the investigation of NMD escape alleles and their downstream 
mechanisms.  

11. Incompletely Penetrant Variants refer to pathogenic changes in DNA that do not always result in observable clinical disease, 
even in individuals carrying the variant. This variability can complicate interpretation, especially in family studies where carriers 
appear unaffected68,71,212. These variants often challenge diagnostic workflows because traditional penetrance assumptions do 
not hold, necessitating integration of orthogonal lines of evidence such as animal models71,212 and epigenetics89 to understand the 
variant pathogenicity. These functional efforts are particularly critical for diseases where penetrance may be age-dependent, sex-
influenced, or modified by external factors89. Further, in a case-by-case analysis across all of gnomAD v4, >95% of incompletely 
penetrant pLOF variants found in severe, early-onset, highly penetrant haploinsufficient disease had explainable causes such as 
a downstream frame-restoring variant, predicted re-initiation by a downstream methionine, a MNV changing the interpretation of 
a nonsense variant to a missense or synonymous variant, or the location of the pLOF variant being in an NMD Escape region213. 

12. Variants of Uncertain Significance (VUS) are most often reported from testing genes that already have been established in 
disease pathogenesis214, though by definition, all variants found in candidate genes with insufficient evidence for disease 
implication are also VUS. VUS are accumulating rapidly over time as testing volume expands. In fact, VUS are more often reported 
during panel testing compared to exome or genome sequencing due to professional practices215 and are disproportionately called 
in individuals from non-European-like genetic ancestry14. Thus, while transitioning to consistent first-line clinical usage of exome 
or genome sequencing coupled with phenotypic analyses will decrease the rate of clinically reported VUS, given that most causal 
variants are only found in a single individual, integration of functional modeling is often required to reclassify VUS. Multiplexed 
Assays of Variant Effects are high-throughput experiments orthogonal to the clinical sequencing pipeline that produce functional 
scores for all variant effects in a target locus and when their evidence strength is clinically calibrated and incorporated with other 
lines of evidence, demonstrate significant promise in massive VUS reclassification14,216. 

 
DIVERSIFYING RARE DISEASE GENOMICS AND DIAGNOSTICS 

Participation in rare disease research can be influenced by numerous factors, including but not limited to institutional, 
socioeconomic, geographic, linguistic, cultural, educational, and insurance factors217–220. GREGoR sites, many of which are in urban 
centers, have implemented procedures for online enrollment, chatbots221, remote consent, offsite sample collection (including mobile 
phlebotomy in rural areas), and translated materials in multiple languages to improve accessibility. Attention to these details has allowed 
GREGoR to foster many international collaborations with local scientists to sequence and make available sequencing data from 
thousands of individuals of non-European-like genetic ancestry, actively seeking to address the disparities in genomic data availability 
across Middle Eastern, North African, Southeast Asian, South American, and other underrepresented groups such as African-American 
and Hispanic peoples.  
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Diversifying participants in genomics research via recruitment of participants from underrepresented populations is just one 
approach to fostering equity. GREGoR is pursuing orthogonal approaches to increase access to a genetic diagnosis by pursuing improved 
variant calling methods, applying multiplexed functional assays to improve interpretation of VUS that are enriched in underrepresented 
populations, and testing technologies and workflows that reduce barriers to equitable access to a genetic diagnosis. For example, 
GREGoR is collaborating with the Human Pangenome Reference Consortium to reduce bias and improve variant calling accuracy across 
all populations via usage of the pangenome. GREGoR has analyzed population biobank data to show a higher prevalence of Variants of 
Uncertain Significance and fewer Pathogenic or Likely Pathogenic classifications in individuals of non-European-like genetic ancestry14. 
These disparities were alleviated by using high throughput, multiplexed functional experiments to test every possible single variant in 
genes of interest to resolve VUS disparities between populations. However, this study demonstrated that allele frequency and variant 
effect predictors contribute to the inequitable classification of variants and more work to prevent bias in clinical variant classification is an 
important future priority for GREGoR. Finally, the SeqFirst program110 shows that using simple criteria to assess eligibility for rapid short-
read genome sequencing significantly increases the proportion of non-White and Black infants who receive a precise genetic diagnosis. 
GREGoR and SeqFirst are conducting a comparison of long-read versus short-read sequencing in the SeqFirst cohort to better 
understand the relative value of these technologies within populations in this cohort.  
 
ACCELERATING DATA SHARING 

Data sharing is critical to the advancement of rare disease genomics and diagnoses222,223. GREGoR is committed to rapid 
release of genomic and phenotype data to the larger research community within AnVIL and making these data FAIR (Findable, Accessible, 
Interoperable, and Reusable)224 and machine-readable. At the time of AnVIL submission and prior to analysis, deep phenotyping (Fig. 
2A), potentially multiple orthogonal lines of -omics data (Fig. 2B, 2C), and pedigree data (Fig. 2D) are made available via the GREGoR 
data model for broader dissemination to the research community. Currently, DNA data on approximately 7400 individuals from over 3000 
families is available with transcriptome data available for over 500 individuals and nearly 200 participants with both exome and short-read 
genome data (dbGaP:phs003047; Fig. 2B). Within the next year, planned releases include additional short and long read genomes, short 
and long read RNA-seq, Fiber-seq, ATAC-seq, metabolomics and proteomics. GREGoR has begun to assess cases (Fig. 2E) and has 
identified candidate discoveries and molecular diagnoses for over 400 families which are added in subsequent AnVIL submissions over 
time. GREGoR hopes that solved cases can be used by the community as positive controls for benchmarking tools and that the current 
dataset of unsolved cases (many of which are exome negative) holds tremendous potential for discovery by collaborative community 
efforts. 
 

 
 

Figure 2 | Overview of Publicly Released GREGoR Data. Summary of second public data release (dbGaP:phs003047). (A) Distribution 
of top 30 phenotypes in GREGoR based on Human Phenotype Ontology descriptions. (B) Table of numbers for probands and total 
individuals for each sequencing modality. (C) Venn diagram depicting overlap across short-read genomes, RNA-seq, and long-read 
genomes in data generation. (D) Family structures comprising the overall cohort from a total of n=3059 families. (E) Summary of current 
solved cases. Data is shared prior to analysis but even the current diagnostic outcomes underscore the challenges and opportunities in 
resolving rare disease cases that are previously exome negative.  
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Many commercial and academic clinical labs have undiagnosed cases potentially explained by novel gene discoveries or 

phenotypic expansions. The GREGoR Consortium has actively engaged with clinical labs to study effective strategies for exome and 
genome analysis without overburdening variant analysts225. GREGoR has released recommendations for clinical labs to report variants 
in novel candidate genes and support follow-up investigations, enabling broad discoveries and patient diagnoses226. 

To enable exchange of data and facilitate collaboration, all GREGoR candidate genes are shared to Matchmaker Exchange227,228 
through either GeneMatcher212, seqr130 or MyGene2229. Notably, for the 83 GREGoR publications (Supplementary Table 1: Tracking 
GREGoR Papers With Molecular Diagnoses) involving novel disease genes or phenotypic expansions, almost every project has been 
influenced by findings from connections made across or within nodes of the Matchmaker Exchange. Novel candidate genes and 
phenotypic expansions are also curated for validity and publicly shared to the Gene Curation Coalition database to accelerate access to 
early evidence of novel gene-disease relationships and aid in standardized clinical diagnostics and research11. Analogously, candidate 
variants and molecular diagnoses are deposited in ClinVar230,231. Also GREGoR is leveraging federated variant-level matchmaking 
through tools such as VariantMatcher232,233, which allows queries of variant data across different genomic datasets, even when a variant 
or gene has not been recognized as a candidate with the hope of accelerating disease-causing variant-level discovery within and beyond 
the exome.  

GREGoR has developed a novel data model that emphasizes the essentials of rare disease research such as the importance 
of data accessibility, consent consistency and transparency, and the usage of many accepted ontologies and common standards. Every 
variant in the GREGoR joint callset is machine-readable with both a unique GA4GH Variant Representation Specification (VRS) ID234 
and ClinGen allele ID235, and the data model accommodates variants and output files from a wide variety of genomic, multi-omic, 
phenotypic, and molecular data types, and is modularly designed to support the integration of future data types. GREGoR implements 
this model within AnVIL workspaces for data submission and validation to enable (1) streamlined genomic and phenotypic data deposition; 
(2) scalable, semi-automated quality control of molecular, phenotypic, and variant annotation data; and (3) expedited, controlled-access 
release to the broader research community. 

Inside AnVIL, the GREGoR data is also queryable via seqr, which integrates variant filtration, annotation, and causal variant 
identification137. Outside AnVIL, GREGoR has developed a public variant browser236, which already includes >95 million variants. Not 
only is the number of families predicted to triple by the end of GREGoR, but de-identified phenotypic data are also being added to the 
public browser, allowing researchers to easily explore putative genotype-phenotype relationships in rare disease families.  

 
CONCLUSION 

GREGoR aims to advance state-of-the-art approaches to determine molecular diagnoses for individuals with unsolved rare 
diseases. Central to this approach is the creation of a broadly accessible and information-rich genomics data resource derived from 
individuals and families with rare diseases for whom prior standard-of-care testing such as exome sequencing has been non-diagnostic. 
This resource is defined by a future-forward data model and infrastructure that incorporates genomic and other -omic datasets generated 
through emerging technologies, family structure data, and rich phenotypic data and currently is supporting data for over 3500 families, 
many of whom remain unsolved. 

Several opportunities remain to advance rare disease research and accelerate diagnoses. Foremost, the effort to complete a 
comprehensive catalog of genes underlying Mendelian conditions remains far from finished. While thousands of Mendelian conditions 
have been described, a significant proportion of these conditions still lack a known genetic cause, leaving substantial gaps in our 
understanding. Further, even when all genes for Mendelian conditions are identified, causal variant discovery will remain far from 
saturated. This is particularly true for missense variants, which often require functional validation, and for noncoding variants, where the 
regulatory mechanisms are complex and poorly characterized. Far from being a task of "wrapping up the edges," these challenges 
represent a vast forefront in genomic research, demanding both innovative methodologies and sustained collaboration to make 
meaningful progress. Alongside these challenges, the advancement of functional genomic assays has required the vetting of these 
approaches at scale in individuals of diverse genetic ancestries and diverse rare disease phenotypes. Such efforts are critical to 
establishing the standards of when and how to use a specific approach and will guide expectations on their relative yields at scale and 
their adoption in clinical practice. Lastly, there is a palpable need to translate scientific discoveries into curation practices that align with 
formal clinical standards. To address these gaps, GREGoR provides data and infrastructure that will catalyze the development and 
implementation of new approaches to advance genomics in rare disease by the broader community. 
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Supplementary Table 1: Tracking GREGoR Papers With Molecular Diagnoses
Gene PMID Functional Work
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SUFU 34675124 No
SYDE1 36622818 No
SYNE1 38716726 Yes
SYNGAP1 34582790 No
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