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Abstract

Background: Clinical exome sequencing typically achieves diagnostic yields of 30–57.5% in 

individuals with monogenic rare diseases. Undiagnosed Disease Programs (UDPs) implement 

strategies to improve diagnostic outcomes for these individuals.

Aim: We share the lessons learned from the first three years of UDP-Vic, an Australian program 

embedded within a clinical genetics service in the state of Victoria with a focus on paediatric rare 

disease.

Methods: We enrolled families who remained without a diagnosis after clinical genomic 

(panel, exome or genome) sequencing between 2016 and 2018. We utilized family-based exome 

sequencing (family ES), family-based genome sequencing (family GS), RNA sequencing (RNA-

seq), and high-resolution chromosomal microarray (CMA) with research-based analysis.

Results: In 150 families, we achieved a diagnosis or strong candidate in 64 (42.7%) families (37 

in known genes with a consistent phenotype, three in known genes with a novel phenotype, and 24 

in novel disease-genes). Fifty-four diagnoses or strong candidates were made by family ES, six by 

family GS with RNA-seq, two by high-resolution CMA, and two by data reanalysis.

Conclusion: We share our lessons learned from the program. Flexible implementation of 

multiple strategies allowed for scalability and response to the availability of new technologies. 

Broad implementation of family ES with research-based analysis showed promising yields 

post a negative clinical singleton ES. RNA-seq offered multiple benefits in family ES-negative 

populations. International data-sharing strategies were critical in facilitating collaborations to 

establish novel disease-gene associations. And finally, the integrated approach of a multi-skilled, 

multidisciplinary team was fundamental in having diverse perspectives and strategic decision-

making.

Keywords

Whole Exome Sequencing; Rare Diseases/diagnosis*; Rare Diseases/genetics* Genetic 
Techniques; Genetic Diseases; Inborn; Exome; Undiagnosed
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INTRODUCTION

Collaborative diagnostic research initiatives are instrumental in the systematic approach 

to the diagnosis of rare genetic disease. Pioneered in 2008 with the National Institute 

of Health’s (NIH) Undiagnosed Diseases Program (UDP),1 which has since evolved into 

the NIH’s Undiagnosed Diseases Network (UDN),2 diagnostic programs have successfully 

utilized a range of technologies to investigate rare genetic disease. The National Genomic 

Research Institute launched the Centers for Mendelian Genomics in 2012 to discover the 

genetic basis underlying Mendelian traits and accelerate discoveries by disseminating the 

obtained knowledge and effective approaches through international collaborations.3 These 

programs are driven by experts in rare disease, have bridged research and clinical spaces 

to identify novel disease-genes, broadened access to novel technologies, and improved 

integration within the health system to develop appropriate referral pathways. Collectively, 

they serve as a crucial tool to meet the International Rare Diseases Research Consortium’s 

(IRDiRC) ambitious goals to improve diagnostic rates and reduce delay in the diagnosis of 

rare disease by 2027.4

Despite heterogeneity in approaches between programs, the most widely utilized genomic 

technology is exome sequencing (ES), which has allowed for diagnostic rates of 25–57.5% 

across a range of heterogeneous rare disease cohorts,5–8 and has accelerated novel disease-

gene discovery.9 Singleton ES – that is, sequencing of the affected proband only – is 

commonly utilized in the clinical setting due to its lower cost compared to family-based ES 

– that is, sequencing of the affected proband with additional family members (typically both 

biological parents and the proband as a trio). While clinical ES only examines genes already 

associated with disease, research-based ES analyses in UDPs take a broader approach to 

identify pathogenic variant(s) in genes not previously known to be associated with human 

disease. Together with the use of global data-sharing platforms10 and pathways to laboratory 

functional studies and animal models, these are key components of undiagnosed disease 

programs that connect researchers and facilitate novel gene discovery.11 There is significant 

heterogeneity between programs in their eligibility criteria and diagnostic approaches (Table 

1). Some centres recruit individuals who have never had next-generation sequencing (NGS) 

investigations (panel, exome or genome sequencing (GS)) but have had extensive other 

investigations.12–14 Other programs recruit individuals that may have already had NGS 

and outline approaches after a negative result, and some take a mixed approach by also 

accepting sequencing-naïve individuals.15–17 Phenotypic data collection also varies and may 

be obtained through a proband’s standard clinical course of care or require specific study 

visits to complete a detailed protocol.16 17

In our centre, while clinical singleton ES achieves a diagnostic rate of 52–57.5% across a 

range of paediatric phenotypes,7 8 this still leaves many affected individuals who undergo 

NGS without a diagnosis. These patients are offered streamlined recruitment to the Murdoch 

Children’s Research Institute’s Undiagnosed Diseases Program Victoria Australia (UDP-

Vic), initially funded by philanthropic donation and established in collaboration with The 

Broad Center for Mendelian Genomics (Broad CMG) at The Broad Institute of MIT and 

Harvard, USA. The UDP-Vic recruits patients after a negative clinical NGS (panel, ES or 

GS) result and incorporates multifaceted case-specific analytic strategies including family 
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ES, GS, RNA-sequencing (RNA-seq), and high-resolution chromosomal microarray (CMA). 

The UDP-Vic team is multidisciplinary with analysis of each case led by the recruiting 

clinical geneticist and integrated with the proband’s standard clinical care. Here we share 

our experiences and lessons learned over the first three years of the program.

METHODS

Study design and population

We prospectively recruited individuals undiagnosed after a negative NGS (panel, ES or GS) 

result from a single centre, Victorian Clinical Genetics Services (VCGS) in Melbourne, 

Australia from March 2016 to June 2018. The recruiting clinical geneticist proposed each 

individual at a clinical review panel at which time the following criteria were assessed: (i) 

their phenotype was likely to be monogenic; (ii) appropriate testing had been undertaken, 

including standard resolution CMA (CytoSNP300K, Core Exome, or GSA; Illumina, San 

Diego USA) and singleton ES; (iii) phenotypically relevant genomic lesions not tractable 

by ES had been excluded, e.g. FMR1 triplet repeat analysis or methylation studies for 

imprinting disorders; and (iv) additional family members for sequencing were available 

if appropriate. Ethics approval was granted by the Royal Children’s Hospital Ethics 

Committee (HREC 36291A). Written informed consent was obtained from each family.

Sequencing

The program applied family ES as the primary investigation to all families, with the 

deployment of adjunct tests in a case-specific manner. Reanalysis of previously generated 

ES data was performed iteratively by analysts and the recruiting clinical geneticists. Family-

based GS with accompanying fibroblast or muscle RNA-seq of the affected proband was 

performed in a subset of families who had already undergone non-diagnostic family ES. 

Individuals were selected for family-based GS and RNA-seq if there was a high ongoing 

suspicion of a monogenic condition, the family provided consent, and appropriate samples 

were able to be obtained during the study period. Aberrant gene expression or mRNA 

splicing events identified from RNA-seq were correlated with nearby rare GS variants that 

may be causative of the change in gene expression or splicing.

All research-based sequencing – ES, GS, and RNA-seq – and data processing were 

performed by the Genomics Platform at the Broad Institute of MIT and Harvard University. 

Additional bioinformatic analysis was performed at MCRI for RNA-seq analysis and 

mitochondrial genome variant calling. Further details are included in the supplementary 

methods. The ES, GS, and ES-based copy number variant call-set data were uploaded to 

an open-source web interface (seqr) for collaborative analysis between the Broad CMG 

and local investigators. Following analysis, each case was discussed in a multidisciplinary 

team teleconference comprising individuals from VCGS and Broad CMG including 

bioinformaticians, genomic analysts, clinical geneticists, genetic counsellors, and other 

disciplines such as cytogeneticists where this expertise was required.

We performed high-resolution CMAs utilising the Illumina Omni 5M SNP platform 

(Illumina, San Diego USA) in cases where there was clinical suspicion of an intragenic 
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CNV not detected by standard resolution CMA and ES. This array is validated to detect 

heterozygous copy number changes of 20 consecutive probes, giving an effective resolution 

of 1–10 kilobases. The high-resolution Omni arrays allowed for the detection of smaller 

structural variants and INDELS not detected by ES or the standard-resolution CMA required 

to enter the program.18 Further details are included in the supplementary methods.

Data collection

We collected data relating to phenotype, demographics, clinical investigations, and outcomes 

from February to July 2019, with a further update in January 2021. Data were extracted 

manually from electronic medical records and genetic files and stored in Phenotips19 and 

REDCap (Research Electronic Data Capture)20 – electronic data capture tools hosted at the 

Murdoch Children’s Research Institute.

A molecular diagnosis, or strong candidate for primarily novel gene discoveries, was 

considered the endpoint of an individual’s diagnostic trajectory. To reach a molecular 

diagnosis in an established disease gene, the variant was required to reach the criteria for 

the American College of Medical Genetics’ and Genomics’ classification of ‘pathogenic’ 

or ‘likely pathogenic.’21 For novel disease-gene variants and newly characterized (novel) 

but unpublished phenotypes of known disease genes, a ‘strong candidate diagnosis’ was 

proposed. We required a strong candidate diagnosis to meet the following three criteria: 

(i) phenotypically similar unrelated individuals (matched through data sharing platforms) 

with a variant in the same gene and population allele frequencies compatible with disease 

penetrance and inheritance pattern; (ii) in vitro or in vivo functional validation, either 

planned or underway via local or external research collaborators; and (iii) multidisciplinary 

agreement that variants in the proposed gene(s) were likely causative for the phenotype(s) 

and recommended for functional confirmation.

We also report families with a gene of uncertain significance (GUS) if a potential novel 

disease-gene or known disease gene with a novel phenotype has been proposed, but with 

insufficient or conflicting evidence regarding a gene-disease association. Similar to strong 

candidates, a GUS required multidisciplinary agreement that variants in the proposed 

gene(s) are a plausible cause for the phenotype and warrant functional confirmation. 

However, the additional evidence of phenotypically similar unrelated individuals with a 

variant in the same gene was lacking. We considered all probands with a variant in a GUS as 

undiagnosed.

RESULTS

Diagnoses

From 2016–2018, 150 families with a suspected rare genetic disease were recruited to 

UDP-Vic. Of these, 144 (96.0%) probands had a negative ES result prior to enrolment, 

of which 17 had a negative family ES result (one duo; 15 trios; one quad). Of the 

remaining six probands, four were enrolled after an appropriate clinical gene panel showed 

no pathogenic variant(s), one proband was enrolled after a negative clinical GS result, and 

one proband was enrolled after reportedly negative research GS, but on further inquiry, 
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prior research sequencing had not actually occurred. In total, 144/150 (96.0%) probands 

were paediatric (less than 18 years of age) at the time of enrolment and 115 (76.7%) had 

neurodevelopmental phenotypes (Table 2).

Overall, 64/150 (42.7%) families achieved a molecular diagnosis or strong candidate 

diagnosis (Figure 1). Of these, 37 were in known disease-genes with a phenotype consistent 

with others with pathogenic variant(s) in that gene. For the remaining 27 with a diagnosis or 

strong candidate diagnosis, three were in known genes with novel phenotypes, and 24 were 

in novel disease genes. If we considered only the 144 families that had undergone ES prior 

to recruitment, rather than a panel (n=4), GS (n=1), or no previous sequencing (n=1), 62 

(43.1%) achieved a molecular diagnosis or strong candidate diagnosis.

As part of the UDP-Vic workflow, 15 disease gene manuscripts have been published (Supp 

Table 1). Of the 24 novel gene discoveries, nine have been published.22–30 A further two 

of our novel disease-gene strong candidates matched with multiple research groups via 

Matchmaker Exchange and these manuscripts have been published.31 32 At the time of 

matching, these external groups’ manuscripts had sufficiently progressed such that the UDP-

Vic was not part of their publication or discoveries. However, we annotate these discoveries 

as novel (see Supp Table 2) as they were unpublished at the time of discovery within the 

UDP-Vic. The remaining 13 candidate novel genes are yet unpublished but are considered 

strong candidates with further functional studies underway. Of the three novel phenotype 

discoveries in known disease genes, two have been published33 34 with one strong candidate 

awaiting publication. Finally, of the 37 diagnoses in known genes with known phenotypes, 

four have been published as part of descriptive cohorts.35–38

Of the remaining 86 families without a diagnosis or strong candidate diagnosis, three 

families have variants in GUS (GTF3C1, FZD8, PSMD6). These variants have insufficient 

evidence to be a strong candidate as, to our knowledge, there are no matches with 

phenotypically similar unrelated individuals and considered undiagnosed.

Sequencing of other affected and unaffected family members (Family ES)

Family-based ES made the majority of diagnoses in the cohort (54/64 diagnoses or strong 

candidate diagnoses; Figure 2). In total, 142 families underwent family ES (128 were trios, 

11 quads, and three quints) with a diagnostic rate of 38.0%. These 54 families achieved a 

molecular diagnosis or strong candidate diagnosis despite 52 having a negative ES result 

prior to recruitment. Of these 52, 22 were novel discoveries (19 novel disease genes 

and three known disease genes with novel phenotypes). The remaining 30/52 diagnoses 

were achieved by a variety of methods including: new literature confirming novel gene-

disease associations after the initial negative clinical sES or family ES (six families); 

small structural variants detected via CNV calling as part of the family ES pipeline (five 

families including one with new gene-disease association); improvements in coverage and 

updated bioinformatic pipeline on our ES platform compared to the initial ES prior to 

entry to the UDP-Vic (three families, one with a mosaic variant, one with a variant in a 

repetitive genomic region, and one with a variant in the mitochondrial genome); broader 

research-based analysis of family ES wherein genes that were initially masked on clinical 

analysis were reviewed (one family); finally, application of family ES over singleton ES 
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allowed improved curation of causative variants (15 families). Such was the case for the 

diagnosis of an in-frame deletion in USP9X in a female in middle childhood with syndromic 

intellectual disability (FAM16, Supp Table 2).38 The variant was present in the singleton ES 

data but not selected for curation as it was not recognized at the time that in-frame deletions 

in USP9X might be a causative variant for this phenotype. The addition of parental data with 

family ES led to the recognition of this variant as de novo which prompted further analysis 

and established the diagnosis.

Family-based GS and RNA-seq

Of the 64 diagnoses or strong candidate diagnoses, six were made by family GS and 

proband RNA-seq (Figure 2). In total, 24 families underwent family GS (21 trios, three 

quads) and proband RNA-seq leading to a diagnostic rate of 25.0% (6/24). In two families, 

the superior coverage of GS compared to ES led to the identification of a pathogenic 

variant. In a child with hypertelorism, congenital glaucoma, anterior segment dysgenesis, 

and tetralogy of Fallot, a pathogenic variant in FOXC1 was identified after negative sES and 

family ES in two centres (FAM11, Supp Table 2). The causative FOXC1 variant was not 

found on review of the ES data likely because the high guanine-cytosine (G-C) content of 

the region makes it challenging to detect with ES. This was the only family in our cohort 

with an affected parent, which modified our variant search strategy with family sequencing 

data. In a child with severe global developmental delay, cortical visual impairment, and 

infantile spasms, a de novo missense variant in the mitochondrial gene MT-ND1 was 

identified by updated bioinformatic analysis using family GS data (FAM149, Supp Table 

2).

RNA-seq was instrumental in resolving synonymous variants or deep intronic variants that 

led to aberrant splicing in the remaining four diagnoses or strong candidate diagnoses. 

Firstly, in a child with severe global developmental delay, microcephaly, diaphragmatic 

hernia, and talipes equinovarus born to non-consanguineous parents, RNA-seq on fibroblasts 

identified aberrant splicing and reduced expression of TRAPPC4 (FAM27, Supp Table 

2).37 A homozygous intronic variant resulted in either exon 3 skipping or a 40 nucleotide 

extension of exon 3; both aberrant transcripts were predicted to undergo nonsense-mediated 

decay. Secondly, in a child with optic atrophy, ophthalmoplegia, global developmental 

delay, episodic ataxia, and symmetrical lesions in the brainstem and thalami on brain 

MRI and normal respiratory chain enzyme analysis on muscle, a missense variant and a 

synonymous splice site variant in NDUFV1 were detected in a compound heterozygous 

state by family GS (FAM42, Supp Table 2). RNA-seq on fibroblasts demonstrated 

aberrant splicing with skipping of exon 8 leading to frameshift. This, combined with 

fibroblast respiratory chain enzyme analysis confirmed the diagnosis of mitochondrial 

complex 1 deficiency [MIM:618225]. Thirdly, in siblings with global developmental delay, 

microcephaly, sensorineural hearing impairment, radial ray defect, and abnormal signal 

intensities on brain MRI born of fourth-degree consanguineous parents, RNA-seq detected 

an aberrant splicing event implicating a homozygous deep intronic variant in NDUFB10 
(FAM4, Supp Table 2) leading to inclusion of a cryptic exon and frameshift resulting 

in nonsense-mediated decay.27 Finally, in siblings with microcephaly, severe intellectual 

disability, and ataxia born to healthy unaffected parents, compound heterozygous variants 
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(c.6625C>T; p.(Arg2209Ter) and c.2610+5G>A) were identified in a strong candidate novel 

disease-gene (TPR, FAM29). Both variants were initially identified on family ES and 

family GS, however RNA-seq was able to show that the c.2610+5G>A variant disrupted 

splicing and shortening of exon 20, suggesting that the phenotype might be related to 

loss-of-function (van Bergen et al, manuscript in preparation).

High-resolution CMA

Of the 64 diagnoses or strong candidate diagnoses, two molecular diagnoses were made by 

high-resolution CMA, neither of which were detected on standard CMA (Figure 2). High-

resolution CMA was performed in 38 families, yielding a diagnostic rate of 5.2% (2/38). 

Firstly, a deletion in exon 10 of MSL3 (FAM18, Supp Table 2) identified on systematic 

review of X chromosome copy number losses in a male, in conjunction with global 

data sharing, led to collaboration and identification of a novel disease-gene association.24 

Secondly, in a male in late adolescence with clinical features suggestive of Rubenstein-Taybi 

syndrome [MIM #180849], we identified a de novo chromosome 16p13.3 intragenic deletion 

of exon 2 of CREBBP. Both diagnoses had been missed by ES; however, in both cases, 

the family ES was conducted prior to the implementation of our CNV-calling pipeline. 

Retrospective application of CNV-calling confirmed the deletion was visible in the family 

ES data of both families.

ES reanalysis

Finally, of the 64 diagnoses or strong candidate diagnoses, two were made only by 

reanalysis of previously generated singleton ES data (Figure 2). Singleton ES reanalysis was 

undertaken in an ad hoc manner in our cohort, usually by their recruiting clinical geneticist, 

and only performed in 15 probands, leading to a diagnostic rate of 13.3%. The primary 

ES data were reanalysed one to 17 months after the initial negative ES result. Firstly, 

one diagnostic variant in SLC2A1 (FAM78, Supp Table 2) was identified after updating 

the phenotypic data with the primary clinician. Secondly, in a female toddler with global 

developmental delay, microcephaly, spasticity, and abnormality of the cerebral white matter, 

a strong candidate variant in PYCR3 was identified after an analysis of clinical singleton 

ES data was expanded to investigate potential novel disease-genes utilizing a research-based 

approach (FAM81, Supp Table 2). The variant was established to be de novo by Sanger 

sequencing.

Diagnostic odyssey

We sought to understand the diagnostic trajectories of families recruited to UDP-Vic in 

order to inform our counselling and management of expectations. The median time from 

the negative NGS result before UDP-Vic recruitment to the establishment of a diagnosis or 

strong candidate diagnosis was 1.42 years (IQR 1.03–2.48 years). The median time from 

first genetics consultation to diagnosis or strong candidate diagnosis was 5.14 years (IQR 

2.71–7.31 years). As families recruited early in the research program have been studied for 

longer periods, each intake year has reached a higher diagnostic yield than the following 

(55.0% for 2016, 52.8% for 2017, 24.6% for 2018) (Figure 1).
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Data sharing

Data sharing, primarily through Matchmaker Exchange,10 was undertaken for variants 

in 72 (48.0%) families identified by research-based sequencing, of which 51 (70.8%) 

families reached at least one match. Of all 26 novel diagnoses and strong candidate 

diagnoses (variants in novel disease-genes and known genes with novel phenotypes), 

19 (73.1%) potentially causative variants were matched and pathogenicity confirmed in 

unrelated individuals using Matchmaker Exchange. Matches through international data 

sharing networks, have led to 10 publications to date.22–24 26 28–30 33 34 38 The remaining 

have functional studies underway or are the subject of manuscripts in preparation.

DISCUSSION

We report here on the first three years, 150 families enrolled, and 64 (42.7%) diagnoses 

or strong candidate diagnoses in our Undiagnosed Diseases Program, considering both our 

successes and potential areas for improvement. By analysing each of our testing strategies, 

our organizational and personnel structure, and the timelines involved in testing, we share 

the lessons we have learned from the program.

Lesson 1: Flexible implementation of testing strategies allowed for scalability and 
response to the availability of new technologies

The stepwise approach utilizing multiple testing methodologies developed iteratively as the 

program grew in scope and provided multiple benefits. Firstly, it allowed for improvements 

in the scalability of the process. The UDP-Vic requires considerable resources as clinicians, 

analysts, and other researchers are extensively involved in all stages from recruitment to 

diagnosis. By careful selection of a subset of the cohort to access more resource-intensive 

testing, such as family GS and RNA-seq, we were able to scale the program quickly 

without overwhelming our systems. Secondly, it allowed the program to respond as different 

technologies emerged or became achievable in our setting. This shift was clearly observed 

when high-resolution CMAs became available in our centre. We successfully demonstrated 

their utility in detecting smaller CNVs missed by ES in two probands in our first intake 

cohort, such that by the third intake year, high-resolution CMA analysis was frequently 

applied within our centre earlier in the diagnostic workup before family ES. This iterative 

and adaptive approach was also found to be successful in the study of the Duke/Columbia 

site of the UDN.16 Looking towards the future, as family ES becomes more widely available 

as a first-line clinical test in suspected rare genetic disease,39 we anticipate a shift of the 

UDP-Vic to perform family GS with RNA-seq after negative family ES and copy number 

analysis.

Lesson 2: Family ES with research-based analysis provided the highest diagnostic yield

We found family ES to achieve a high diagnostic yield (38.0%) in our primarily singleton 

ES-negative population. While this study was not designed to directly compare rates 

between testing methodologies, family ES was effective at prioritising de novo variants and 

thus allowed for diagnostic improvements that justified its use instead of solely employing 

ES-reanalysis or moving directly to family GS. Such was the case in the diagnosis of a 

de novo variant in USP9X (FAM16, Supp Table 2), a diagnosis where the use of family 
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ES added additional diagnostic evidence of a variant that is an in-frame deletion in an 

X-chromosome gene in a female. Family ES was especially helpful in identifying novel 

disease-gene candidates that could be considered for submission to data sharing services. 

ES-reanalysis also proved useful with our diagnostic rate of 13.3% similar to the median rate 

of 15% reported by others and reviewed previously.40 As seven diagnoses made by family 

ES were aided by new information published following an initial negative clinical exome, 

reanalysis of singleton ES data after 18 months could be an alternative strategy to family ES 

in cost-constrained settings.

Whilst consensus exists that ES is a first line diagnostic tool for certain phenotypes,39 

the choice of either singleton or family-based sequencing strategy is likely to be context-

dependent.41 In our centre clinical singleton ES achieves a reasonably high diagnostic 

rate (52–57.5%)7 8 and family ES is less frequently deployed as first-line due to cost 

considerations. However, with the lessons learned in the UDP-Vic and incremental gains in 

diagnostic yield from family ES,42 our practice continues to evolve. Where funding allows 

for family ES as a diagnostic test, data from this study and others would support its use, 

especially for undifferentiated and complex phenotypes.

After a negative family ES result, GS was most useful in detecting causative variants when 

coupled with RNA-seq. This combined approach allowed the correlation of aberrant splicing 

events with deep intronic variants not detectable by family ES. Only two of the six diagnoses 

made by family GS did not require RNA-seq. We were surprised to not identify more 

individuals with pathogenic CNVs on GS data but this may change as we increasingly 

utilise this strategy. The incremental diagnostic potential of GS over ES43 comes at a cost, 

both financially and in data processing resources.44 As GS reference libraries and pipelines 

continue to improve, family GS with RNA-seq may become the research test of choice, 

particularly as family ES is increasingly used in clinical settings.

Lesson 3: RNA-seq offers utility in family ES-negative populations

RNA-seq played two important roles in advancing our path towards diagnosis in some 

individuals. Firstly, similar to the University of California-Los Angeles clinical site of the 

UDN,15 it was useful in investigating variants of uncertain significance from ES or GS by 

assisting in the interpretation and validation of abnormal splicing due to intronic or splice 

site variants. Secondly, RNA-seq was able to act as an a priori diagnostic tool when no 

candidate had previously been proposed by ES or GS, as was the case for the deep intronic 

variant in NDUFB10 (FAM4, Supp Table 2). RNA-seq has a limitation of often requiring 

biologically relevant tissues to be sampled, and in our cohort introduced delays and 

invasive biopsies in acquiring fibroblast samples from probands. Given our predominantly 

neurodevelopmental cohort, we may not be interrogating the most appropriate tissue 

(nervous tissue), and we may increase the diagnostic yield of RNA-seq if this tissue was 

accessible. Regardless, we highlight the benefits of utilizing RNA-seq in family ES negative 

populations within a UDP.
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Lesson 4: Analysis informed by deep phenotyping and knowledge of disease mechanisms 
underpinned many of our novel disease-gene discoveries

Many of our novel discoveries were clinically driven and supported by expertise in disease 

mechanisms. Such was the case in our diagnosis of biallelic variants in ADARB1 (FAM8, 

Supp Table 2). The proband’s phenotype of microcephaly, severe global developmental 

delay, and seizures had sufficient overlap with other RNA editing syndromes,45 leading to 

the recognition of ADARB1, which has a role in RNA editing, as a clear candidate. Data 

sharing and international collaboration led to a novel disease-gene discovery.28 Similarly, 

in another proband whose phenotypic features were strongly suggestive of a ciliopathy, the 

homozygous variant in SMO, a gene implicated in SHH-GLI signalling, was considered a 

novel candidate to pursue even though mosaic mono-allelic variants in SMO had previously 

been associated with Curry-Jones syndrome [MIM #601707]. This again led to international 

collaboration and the discovery of a novel phenotype associated with biallelic variants in 

SMO (FAM7, Supp Table 2).33

Lesson 5: Data sharing was critical in facilitating rapid collaborations to establish novel 
disease-gene associations

Research-based sequencing with the use of data-sharing tools and functional work was able 

to accelerate novel discoveries. In particular, we found that international collaboration via 

Matchmaker Exchange contributed to 19 diagnoses or strong candidate diagnoses, similar to 

other heterogeneous populations with suspected Mendelian disease.46 For the three GUS and 

other potential variants in undiagnosed families, data sharing strategies will be a critical tool 

in order to reach a diagnosis. Integrating these translational tools into a UDP workflow is 

critical to the acceleration of novel discoveries, an essential component in the diagnosis of 

rare diseases.

Lesson 6: Allowing for the passage of time, and the rapid change in rare-disease literature, 
led to additional diagnoses in families previously without a diagnosis

The diagnosis of rare diseases is a rapidly moving field, with ongoing novel disease-gene 

discoveries, disease-gene phenotype expansions, improvements in referral pathways and 

systems, and implementation of novel technologies. Seven of our diagnoses in known genes 

were made in genes associated with human disease after the previous negative exome and 

before resequencing within the UDP-Vic. The cutting-edge nature of rare disease research is 

such that novel discoveries are continually being made.47 Two of our diagnoses with novel 

disease genes were concurrently being published by external groups at the time of matching 

via data sharing networks, and these manuscripts had sufficiently progressed such that the 

UDP-Vic was not part of their publication or discoveries. While we did not contribute to 

these novel manuscripts, we mention these diagnoses to highlight the timely nature of novel 

discoveries and the rate of change within the field.

The time that passed from initial clinical exome to research-based analysis allowed for 

this new literature to be published, and additionally allowed new clinical information to 

manifest, potential candidates to be analysed over multiple multidisciplinary meetings, 

matching on data-sharing platforms, exchange of information between multiple international 

research groups, and functional studies to be performed. Our diagnostic rate of probands 
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in the first intake year continued to increase in year three and will likely continue to 

increase.46 While our time to diagnosis falls short of the IRDiRC’s goal of within one year 

if their disorder is present in the medical literature,4 programs such as the UDP-Vic pave 

the way for clinical translation of multifaceted analytic strategies in rare disease diagnostics. 

Improvements in diagnostic timelines may now lie at two bottlenecks – recognition of rare 

disease by general clinicians and thus early referral to genetics centres, a timeline which has 

not been measured in this study, and efficiently improving diagnostic pathways within such 

programs.

Lesson 7: Multidisciplinary expertise was fundamental in having diverse perspectives and 
strategic decision-making

Recruitment, data analysis, and testing strategy decision-making occurred within a 

multidisciplinary team. Such a process allowed for a wide range of specialist perspectives 

and different approaches tailored to the undiagnosed case. Inclusion of the treating 

clinician in variant curation increases the diagnostic yield owing to a deep knowledge 

of the phenotype, as well as centralised analysis with access to phenotypic data via 

medical records.48 49 Expanding this to subspecialist analysis by bioinformaticians and 

cytogeneticists enriched our diagnostic capacities. An example of this was FAM18, who 

remained undiagnosed after singleton and family ES. Analysis by high-resolution CMA 

and manual analysis by a cytogeneticist on our team led to the recognition of a novel X 

chromosome CNV in MSL3, a novel gene at the time. Our multidisciplinary international 

team met monthly, and all processes were embedded within our clinical service, facilitating 

communication and rapid translation of findings. This also led to upskilling of all team 

members, including trainees, in the different strategies required for successful outcomes.

Limitations

We have reported our experiences with our UDP and acknowledge our approach involves a 

relatively small number of primarily paediatric patients with syndromic neurodevelopmental 

phenotypes. While the aim was to select patients most likely to benefit from such a 

program, diagnostic yields may not be replicable at other services with phenotypically 

different patients. Our cohort was already extensively investigated with the majority (96%) 

having already received a negative singleton ES result, a point of difference compared to 

many UDPs. Our genetic investigations occurred over an extended time course and were 

resource-intensive, a process that requires substantial investment for any clinical service. 

Additionally, comparisons of diagnostic yields per genetic testing strategy are difficult given 

different subsets of the cohort had undergone each test. In its current format, scalability is a 

major hurdle to overcome as our clinical and research teams are small, and few steps in our 

process are automated.

Ongoing diagnostic odyssey

There is little consensus on the optimal strategies for the remaining 86 families of our cohort 

who remain without a diagnosis.50 For some, continued ES-reanalysis with research-based 

strategies and data-sharing networks may reach a molecular diagnosis.51 For others, many 

potential strategies may be on the horizon. While RNA-seq is particularly suited to gene 

expression analysis, other ‘omics’ analytic modalities could complement genomic testing 
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where gene expression is not affected. Proteomics, metabolomics, and epigenomics could all 

play adjunctive roles in improving the likelihood of elucidating the diagnostic cause.52 53 

Alternatively, long-read genome sequencing (LRS) promises to address the shortcomings of 

short-read sequencing technologies.54

CONCLUSION

UDPs provide a concentration of expertise – structural, technological, and workforce - 

in improving outcomes in the complex task of diagnosing rare diseases. Our experience 

in the first three years of the UDP-Vic suggest that (i) stepwise approaches are useful 

in the flexibility and scalability of a UDP allowing for the incorporation of new testing 

modalities over time; (ii) family ES is highly effective in achieving a diagnosis following 

a negative singleton ES result; (iii) RNA-seq in conjunction with GS offers significant 

benefit after a negative family ES result, but the incremental diagnostic gain of family 

GS alone requires further investigation; (iv) in-built adjunctive research-based methods 

such as the use of international data-sharing strategies and confirmatory functional studies 

are critical to novel diagnoses; (v) extended timelines may be necessary for some novel 

diagnoses; and finally, (vi) diverse multidisciplinary perspectives were fundamental to 

strategic decision-making about diagnostic approaches to each case. For those who remain 

undiagnosed even after the above methodologies, future technology such as LRS and the 

promise of ‘omics’ technologies provide significant hope. Further research is necessary on 

the impacts of a diagnosis on medical management from such programs, the psychosocial 

impacts such programs have on their participants, and economic analysis comparing our 

approach of implementing a UDP fully integrated with an outpatient genetics service 

compared to necessitating travel to dedicated centers such as those of the UDN for 

completion of a detailed research protocol.16 17 Our findings provide additional perspectives 

to implementing a program in the diagnosis of rare genetic disease, emphasizes the high 

diagnostic rate after negative singleton ES achievable in a UDP, and highlights the value of 

a multidisciplinary team utilizing different diagnostic technologies whilst fully interdigitated 

with the clinical service.
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Figure 1: 
Diagnoses or strong candidate diagnoses by intake year and analytic approach

Figure 1 shows the diagnoses or strong candidate diagnoses by intake year and diagnostic 

test. The total number of diagnoses or strong candidate diagnoses is also included by intake 

year.

Abbreviations: family ES – family-based exome sequencing; family GS – family-based 

genome sequencing; RNA-seq – ribonucleic acid sequencing
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Figure 2. 
Pathway to diagnoses or strong candidate diagnoses after entry into the UDP-Vic

Figure 2 shows the investigations that reached a diagnosis or strong candidate diagnosis 

in the cohort of 150 families enrolled in the UDP-Vic. Note that six families who had 

undergone family ES prior to enrolment in the UDP underwent family GS and RNA-seq 

directly, rather than repeated family ES within the UDP-Vic. Research-based sequencing 

was performed at the Broad CMG. *High-resolution CMAs were used before, alongside, 

or after investigations at The Broad CMG, therefore this testing option is not placed in 

connection with other testing options. However, the two families that reached a molecular 

diagnosis via high-resolution CMA both occur after a negative family ES result prior to 

the implementation of CNV calling within the family ES pipeline. Abbreviations: UDP-

Vic – Undiagnosed Diseases Program-Victoria; ES – exome sequencing; GS – genome 

sequencing; RNA-seq – Ribonucleic acid sequencing.
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Table 1

Global diagnostic programs for rare genetic disease

Program (Clinical site if 
applicable)

Launch 
year

Population 
characteristics

Prior genomic 
sequencing

Analytic strategies utilized

Undiagnosed Diseases Program 1 2008 Heterogenous phenotypes Nil prior genomic 
sequencing

Traditional genetic and 
biochemical investigations, 
ES, GS

Finding Of Rare disease GEnes 
(FORGE) Canada Project 55 56

2010 Paediatric, heterogeneous 
phenotypes

Nil prior genomic 
sequencing

Traditional genetic and 
biochemical investigations, ES

Deciphering Developmental 
Disorders study 57 58

2011 Paediatric, primarily 
neurodevelopmental 
phenotypes

Nil prior genomic 
sequencing

Traditional genetic and 
biochemical investigations, ES

Centers for Mendelian Genomics 
3 

2012 Heterogenous phenotypes Various genomic 
sequencing

ES, GS, RNA-seq, 
methylation, long read 
sequencing

Undiagnosed Diseases Network 2 2014 Heterogenous phenotypes Various genomic 
sequencing (32% ES-
negative)

Clinical review, targeted 
genetic and biochemical 
investigations, ES, GS

Undiagnosed Diseases Network 
(Dukes/Columbia Clinical Site) 
16 

2014 Heterogenous phenotypes, 
predominantly paediatric

Various genomic 
sequencing (60% ES-
negative)

Re-phenotyping, targeting 
genetic and biochemical 
investigations, and GS.

Undiagnosed Diseases Network 
(University of California-Los 
Angeles Clinical Site) 15 

2014 Heterogenous phenotypes, 
79% paediatric

Various genomic 
sequencing

ES, GS, reanalysis of prior 
genomic sequencing, RNA-seq

Care4Rare Canadian 
Consortium 11 59

2014 Heterozygous phenotypes Nil previous genomic 
sequencing

ES, GS, reanalysis of 
sequencing data, multi-omics

SpainUDP 12 2015 Heterogenous phenotypes Nil previous genomic 
sequencing

Phenotyping, ES

Italian undiagnosed Rare 
diseases network 60 

2016 Heterogenous phenotypes Nil previous genomic 
sequencing

Phenotyping, ES

Undiagnosed Diseases Program - 
Western Australia 14 

2016 Heterogenous phenotypes Nil previous genomic 
sequencing

Traditional genetic and 
biochemical investigations, 
ES, GS

Japan’s initiative on rare and 
undiagnosed diseases 61 

2017 Heterogenous phenotypes Undiagnosed post six 
months of ‘standard’ 
investigations

NGS technologies

Korean Undiagnosed Diseases 
Program 13 

2017 Primarily paediatric, 
neurological phenotypes

Nil previous genomic 
testing

Traditional genetic and 
biochemical investigations, ES

Table 1 highlights other published international undiagnosed disease programs. These are primarily ongoing diagnostic programs, therefore the data 
summarised in this table reflect the state of the program at the time of publication and do not summarise the true total number of participants or 
tests in each program. Generally, there are two main study designs. Either the clinical visit/evaluation with genomic analysis is performed involving 
those doing the clinical evaluation, or the sequencing is completed independently, with phenotype data provided by the referring physician. All 
programs allow for pathways to functional studies for novel disease-gene discoveries. Entry into each program required an extensive clinical 
workup, though we have highlighted if the program reports previous genomic sequence before entry, such as ES or GS. The Undiagnosed Diseases 
Network (UDN) in the United States has multiple clinical sites. We have only included two of these listed in separate rows in the table to underline 
different methods reported. Abbreviations – ES exome sequencing; GS – genome sequencing; RNA-seq – RNA sequencing
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Table 2

Characteristics of UDP-Vic

Total Cohort 150

Sex of proband

 Male 87 (58.0)

 Female 63 (42.0)

Consanguineous family

 Yes 10 (6.7)

 No 140 (93.3)

Affected relatives

 Affected first-degree relatives 16 (10.7)

 Affected second-degree relatives 3 (2.0)

Phenotype category

 Syndromic neurodevelopmental 93 (62.0)

 Non-syndromic neurodevelopmental 22 (14.7)

 MCA / Dysmorphism (non-neurodevelopmental) 19 (12.7)

 Neuromuscular 5 (3.3)

 Craniofacial 2 (1.3)

 Musculoskeletal 4 (2.7)

 Dermatological 2 (1.3)

 Haematological 2 (1.3)

 Ocular 1 (1.1)

Deceased

 Total deceased 10 (6.7)

 Deceased at the time of diagnosis 2 (1.3)

Table 2 shows the phenotype characteristics of the UDP-Vic. n(%) Abbreviations: MCA - multiple congenital anomalies
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