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Abstract

Background Significant recent efforts have facilitated increased access to clinical genetics assessment and genomic
sequencing for children with rare diseases in many centres, but there remains a service gap for adults. The Aus-

tin Health Adult Undiagnosed Disease Program (AHA-UDP) was designed to complement existing UDP programs
that focus on paediatric rare diseases and address an area of unmet diagnostic need for adults with undiagnosed rare
conditions in Victoria, Australia. It was conducted at a large Victorian hospital to demonstrate the benefits of bring-
ing genomic techniques currently used predominantly in a research setting into hospital clinical practice, and iden-
tify the benefits of enrolling adults with undiagnosed rare diseases into a UDP program. The main objectives were

to identify the causal mutation for a variety of diseases of individuals and families enrolled, and to discover novel
disease genes.

Methods Unsolved patients in whom standard genomic diagnostic techniques such as targeted gene panel, exome-
wide next generation sequencing, and/or chromosomal microarray, had already been performed were recruited.
Genome sequencing and enhanced genomic analysis from the research setting were applied to aid novel gene
discovery.
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Results In total, 16/50 (32%) families/cases were solved. One or more candidate variants of uncertain significance
were detected in 18/50 (36%) families. No candidate variants were identified in 16/50 (32%) families. Two novel
disease genes (TOP3B, PRKACB) and two novel genotype—phenotype correlations (NARS, and KMT2C genes) were iden-
tified. Three out of eight patients with suspected mosaic tuberous sclerosis complex had their diagnosis confirmed
which provided reproductive options for two patients. The utility of confirming diagnoses for patients with mosaic
conditions (using high read depth sequencing and ddPCR) was not specifically envisaged at the onset of the project,
but the flexibility to offer recruitment and analyses on an as-needed basis proved to be a strength of the AHA-UDP.

Conclusion AHA-UDP demonstrates the utility of a UDP approach applying genome sequencing approaches
in diagnosing adults with rare diseases who have had uninformative conventional genetic analysis, informing clinical
management, recurrence risk, and recommendations for relatives.

Keywords Rare disease, Genome sequencing, Mosaicism, Genotype, Phenotype, Undiagnosed disease, Tuberous

sclerosis, TOP3B, PRKACB, NARS

Introduction
Rare disorders affect 8% of Australians, including almost
500,000 people living in Victoria, an Australian State with
a population of over 6.5 million [1]. Most have diseases
that begin in childhood, persist through adulthood and
are inherently complex. Over a third of adult Austral-
ians living with a rare disease endure a diagnostic odys-
sey lasting years [2], resulting in unnecessary or delayed
treatment, poorer health outcomes and substantial bur-
den on our health system [3].

It is estimated that over 80% [4] of rare diseases have
a genetic origin. Rapid evolution of high throughput
sequencing approaches has dramatically increased the
speed and reduced the cost of finding a genetic diagno-
sis. The most notable of these is exome sequencing (ES),
which has become the backbone of clinical genetic test-
ing and for some services, the first-line investigation of
choice [5-7]. However, clinical ES is limited in the detec-
tion of non-coding and large copy number variants and is
constrained to established gene-disease associations and
well-characterised phenotypes, yielding a diagnostic rate
of only 25-50% [5, 8—11]. While periodic ES-reanalysis
(12—36 months) increases yield by a further 10% [12-16],
for many adult patients, a diagnosis remains elusive.

Individuals with rare diseases benefit from diag-
nostic clarity through personalised intervention and
surveillance, which improves morbidity and mortal-
ity and allows clarification of inheritance patterns and
recurrence risks, enabling access to predictive and
reproductive genetic testing [17]. The Undiagnosed
Diseases Program (UDP) was first established by the
US National Institute of Health in 2008 [18] to pro-
vide answers for individuals with rare diseases who
remained undiagnosed despite exhaustive workup and
to provide insight into novel disease mechanisms [19].
This evolved into the US Undiagnosed Diseases Net-
work and subsequently into the Undiagnosed Diseases

Network International [20]. This network has led to
the diagnosis of thousands of individuals and advanced
our knowledge of gene-disease mechanisms and gen-
otype—phenotype correlations through extensive
clinician-scientist collaboration and multi-omics inte-
gration. The International Rare Disease Research Con-
sortium, set an ambitious goal of diagnostic genomic
testing being available for almost all patients with
rare diseases by the year 2020. This has not yet been
achieved and further work must be done to increase
implementation of genomic sequencing and analysis to
achieve diagnoses [21].

Historically, UDPs have prioritised increased access
to clinical genetics assessment and genomic sequenc-
ing for children with rare diseases [22], because they
are deemed more likely to benefit from rapid diagnosis
and treatment implementation than adults. This lack of
awareness and perceived low clinical benefit for adults
has limited their access to these projects, for whom a
large clinical service testing gap also remains. Notably,
despite evidence for utility and a comparable diagnostic
yield in targetable phenotypes such as syndromic intel-
lectual disability and multi-system disorders [23-27],
very few adult-focussed UDPs exist (see Table 1).

The Austin Health Adult Undiagnosed Diseases Pro-
gram (AHA-UDP) was a two-year project that aimed
to address an area of unmet need for adults in Victo-
ria with presumed orphan or undiagnosed Mendelian
disorders and was designed to complement the exist-
ing UDP-Victoria, which was targeted at paediatric rare
disease [22]. We used a combination of ES re-analysis,
genome sequencing (GS), ddPCR, advanced bioinfor-
matic algorithms [41, 42] and variant analysis software
[43] and collaborated with local, national, and interna-
tional researchers to increase diagnostic yield, expand
the phenotype of known diseases, and contribute to
novel gene discovery.
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Methods

Study design and population

The AHA-UDP was a two-year project applying emerg-
ing gene discovery technologies in adult participants
from a range of settings. It had two major objectives:
(a) to identify the causal mutations for a variety of dis-
eases in individuals and families enrolled over two years
using the latest advances in high throughput genomic
technologies; and (b) discover novel gene/phenotype
relationships. It was a prospective cohort study of indi-
viduals/families identified with rare, previously undiag-
nosed genetic conditions.

Probands over the age of 16 years known to Austin
Health were referred by their treating clinicians to the
AHA-UDP team for consideration of inclusion in the
program. Individuals/families were discussed at multi-
disciplinary case conference with subsequent recruit-
ment offered to eligible families. The inclusion criteria
were deliberately broad and included the presence, in a
family, of at least one adult member who: (a) was a reg-
istered patient of Austin Health; (b) had a rare, undiag-
nosed condition of presumed genetic aetiology; and (c)
in whom previous sequencing or microarray analysis
was non diagnostic and (d) was willing to sign consent
(individual or appropriate legal guardian), provide access
to clinical data and to provide a DNA sample. Proposed
individuals were prioritised based on uniqueness of their
phenotype, the number of affected individuals within
the family, individuals from different families having the
same apparently novel phenotype, the presence of con-
sanguinity, ineligibility for an alternate testing pathway or
project.

Eligible families were seen through the Austin Health
Genetics Service and offered enrolment. Written individ-
ual informed consent was obtained from the affected and
unaffected participants in each family.

The PhenoTips [44] phenotype/genotype database
was utilised. Pedigrees were created for each family and
phenotypes were recorded using HPO terms. Candidate
variants short listed from the bioinformatic pipeline were
recorded on the database and then reviewed at the AHA-
UDP Multidisciplinary team meeting. DNA samples were
extracted from blood (and other tissues for the tuberous
sclerosis complex (TSC) cohort) and stored using de-
identified sample IDs at the Melbourne Brain Centre.

Ethical approval for the study was granted by the Aus-
tin Health Ethics Committee (HREC/18/Austin/41).

Sequencing

The genomic analysis strategy was case-specific and
based on detailed clinical phenotyping which pro-
vided diagnostic flexibility. A typical approach was the
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re-analysis of non-diagnostic massively parallel sequenc-
ing data (gene panel or ES) followed by genome sequenc-
ing (GS) of the proband and additional family members,
as appropriate.

Trio GS (Novogene—Illumina NGS) was performed for
an affected proband and their unaffected parents where
a de novo mutation or autosomal recessive (AR) pat-
tern of inheritance was suspected. Trio/Quad GS was
also performed as appropriate where there were multi-
ple affected individuals in a family (sequencing of more
than one affected individual increases the diagnostic
yield). In other individuals singleton GS was undertaken
(where GS of parents and/or other affected individuals
was either not practicable or not thought likely to signifi-
cantly increase yield).

Variants were reported using the GRCh38/hg38 refer-
ence genome. SNP and indel variants were called using
GATK v4.1.9.0 [45, 46]. Structural variants were called
using an ensemble of methods; CNVnator v0.4.1 [47],
Manta v1.6.0 [48] and smoove v0.2.5 [49].

Variant filtering was performed using in house pipeline
Cavalier and SVPV v1.00 [43], based on annotation by
Ensembl VEP v104.3 and subsequent filtering by variant
impact, affected genes and allele frequency in gnomAD.
Variants were visualised using IGV snapshots and SVPV
pdf generated for candidate variants using Cavalier, an
in-house method (available from https://github.com/
bahlolab/nf-cavalier). Variants were classified based on
review of Cavalier presentation slides.

The following tools were used to examine genomic
sequencing data for expansions: exSTRa v0.9.0.0
(expanded STR algorithm: detecting expansion with
paired-end Illumina sequencing data [42]), Expansion-
Hunter v3 (algorithm for expanded known STR detec-
tion[50]), and ExpansionHunter Denovo v0.9.0 (genome
wide novel STR detection algorithm[41]).

Candidate variants in genes without known disease
associations were uploaded to the GeneMatcher database
with patient consent.

Microarray analysis

Microarrays were performed on a subset of samples
using the Illumina Infinium Omni 2.5 SNP microarray
platform.

TSC1/2 mosaicism analysis

Targeted gene sequencing of coding regions and splice
sites was performed on DNA extracted from blood and
other affected tissues (see table [51]). Libraries were pre-
pared and enriched using Sureselect XR target enrich-
ment (Agilent Design ID 0825941). Indexed libraries were
pooled and sequenced to a targeted coverage of 700—
1000 reads/base (Illumina NextSeq500, 2*75 bp). Seqliner
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v0.8 was used to generate aligned reads and call variants
against the hgl9/GRCh37 human reference genome.
PathOS v1.5 was used to annotate and transform vari-
ants to standard nomenclature and filter for rare, non-
synonymous variants within 20 bp of coding exons. Copy
number was analysed using Gaffa 3.0 Targeted. Data was
analysed on CLC Genomics Workbench v12.0.2 to screen
for low frequency variants present at>1% VAF. Mosaic
variants were then validated with ddPCR as described
previously [51].

Report generation and return of results

Following analysis, each case was discussed in a MDT
teleconference comprising clinical geneticists, genetic
counsellors, clinical scientists and bioinformaticians.
Reports were written collaboratively using a cloud office
platform before signing off by PI. Participants were noti-
fied of their results on completion of the study by letter
(referring clinician cc’d) and offer of a follow up appoint-
ment, unless a variant of potential clinical significance
was found with possible reproductive implications,
in which case they were notified sooner. Validation of
research results by the referring clinician using a NATA
accredited clinical laboratory was recommended.

Mirroring UDP-Vic [22], families were considered
solved when a molecular diagnosis in an established dis-
ease gene was made, or when a strong candidate for novel
gene discovery was identified. For molecular diagnoses in
established disease genes, the variant needed to reach cri-
teria for the American College of Medical Genetics and
Genomics (ACMG) classification of pathogenic or likely
pathogenic (P/LP) [52]. For novel disease-gene variants
and new phenotypes in known disease genes, we adopted
the same ‘strong candidate diagnosis’ approach as UDP-
Vic [22]. This required the candidate diagnosis meet the
following three criteria: (i) phenotypically similar unre-
lated individuals (matched through data sharing plat-
forms) 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 exter-
nal 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.

Families were listed as having a variant of uncertain sig-
nificance (VUS) when they were unsolved, and when: (a)
a plausible variant in known gene was found but that var-
iant did not meet Pathogenic/Likely Pathogenic ACMG
criteria, or (b) a potential novel disease-gene or known
disease gene with a novel phenotype was found, but there
was insufficient evidence for the variant to be considered
a strong candidate.
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Results

Participants

The AHA-UDP commenced in December 2018 and
recruited the final family in March 2021. Most cases
were referred by a Clinical Geneticist or Neurologist for
consideration to the AHA-UDP team. One hundred and
fourteen individual participants from 51 families were
offered enrolment in the project; one individual with-
drew from the study and one individual did not provide
a sample, resulting in 104 participants from 50 families
who participated in the study.

All probands were adults at time of enrolment,
although many had symptom onset in childhood. Four
affected relatives under the age of 16 were recruited for
potential variant segregation. In the 50 families who par-
ticipated, the primary phenotype (based on HPO termi-
nology) of the condition under investigation included
an abnormality of the nervous system (HP:0000707)
(n=30), a risk of neoplasm (HP:0002664) (n=12), an
abnormality of the genitourinary system (HP:0000119)
(n=4), an abnormality of the cardiovascular system
(HP:0001626) (n=2), an abnormality of the endocrine
system (HP:0000818) (n=1), an abnormality of metabo-
lism/homeostasis (HP:0001939) (n=1) and an abnormal-
ity of the musculoskeletal system (HP:0033127) (n=1).
Eight of the twelve families with a condition associated
with a risk of neoplasm were recruited because they
were suspected to have mosaic TSC. In those with an
abnormality of the nervous system, there were six who
were recruited because the proband had intellectual dis-
ability believed to be due to an undiagnosed syndrome.
Table 1 shows a comparison of the AHA-UDP cohort
and diagnostic rates with other published UDP stud-
ies. Table 2 shows the characteristics of the AHA-UDP
cohort. Table 3 shows a summary of the genetic testing
undertaken in the cohort. See supplement 1 for a clinical
summary of all families. See supplement 2 for tabulated
results and outcomes for all families.

Diagnoses

Ninety-eight individuals from the 50 families were phe-
notyped and genotyped. All probands had standard clini-
cal genetic testing appropriate to their phenotype prior
to recruitment. Singleton GS was completed for 21, trio/
quad GS analysis was completed for 11, ES reanalysis was
completed for 14, and TSC1/2 deep sequencing (700-
1000x) to detect low level mosaicism was undertaken for
8. This was followed by ddPCR validation at Melbourne
Brain Centre for those found to have a candidate mosaic
variant. Validated mosaic TSCI or TSC2 candidate vari-
ants were identified in 4/8 individuals, PTEN analy-
sis via the Peter MacCallum Cancer Centre laboratory
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Table 2 Summary of AHA-UDP cohort
Participants
Total number of participants® 104 (50 probands)
Sex 55M, 57F
Age at enrolment of participants tested (mean) 48 (SD=17,95% Cl 44-52)
Total number of clinically affected individuals 73
Total number of families 50
Number of families with a single affected individual 38
Clinical phenotypen
Abnormality of the nervous system (HP:0000707) 30 (60%)
Intellectual disability believed due to an undiagnosed syndrome 6 (12%)
Risk of neoplasm (HP:0002664) 12 (24%)
Tuberous Sclerosis Complex (TSC) 8 (16%)
Abnormality of the genitourinary system (HP:0000119) 4 (8%)
Abnormality of the endocrine system (HP:0000818) 1 (2%)
Abnormality of the cardiovascular system (HP:0001626) 2 (4%)
Abnormality of the musculoskeletal system (HP:0033127) 1 (2%)
Abnormality of metabolism/homeostasis (HP:0001939) 1 (2%)
Tests prior to enrolment
Karyotype 3
Chromosome microarray 26
Fragile X 6
Methylation testing 3
Single gene/s testing 17
Gene panel 11
Singleton ES 25
Trio ES 3

ES reanalysis

1

The characteristics of the AHA-UDP cohort. *Some participants were unaffected family members enrolled for trio GS or exclusion mapping. AThe primary phenotype

(based on HPO terminology) of the condition under investigation

Table 3 Summary of testing and outcomes

Testing through UDP (per family)
High resolution array

Gene panel re-analysis

5

Single gene/s testing il
1
Singleton whole exome sequencing 1
1

Exome reanalysis 4
Singleton whole genome sequencing 21

Trio whole exome sequencing 1

Trio whole genome sequencing 8

Quad whole genome sequencing 3

Short tandem repeat analysis 4
ddPCR validation 10
Functional studies 3

Main outcomes

Solved 16 (32%)
Candidate VUS 18 (36%)
No candidate 16 (32%)

A summary of the tests arranged and main outcomes of the study

was undertaken for one patient, and PRKACB, TOP3B
and NARS functional studies were undertaken in three
respective families. Chromosomal microarray was under-
taken in multiple tissues and individuals in one family.
Confirmatory microarray was undertaken in one family.
In total, 16/50 families had a diagnosis or strong candi-
date diagnosis made (32%). One or more candidate vari-
ants of uncertain significance were detected in a further
18/50 families (36%). No candidate variants were identi-
fied in 16/50 families (32%) (see Fig. 1). Table 3 contains a
summary of the tests arranged and main outcomes.

Published case demonstrating a novel method for rapid
short tandem repeat detection

NOP56/SCA36 (AH006)

Spinocerebellar ataxias are often caused by expansions
in short tandem repeats (STR). Recent methodological
advances have made repeat expansion (RE) detection
via GS feasible. We published a family demonstrat-
ing the use of the ExpansionHunter and exSTRA algo-
rithms to provide a clear and rapid diagnosis of NOP56
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quad: 3

trio: 7
GS: 27

singleton: 39

ES: 11 I

TSC_DS: 8 I

other: 3 il

Fig. 1 Sankey diagram of AHA-UDP analysis

SCA36 due to the intronic GGCCTG motif expan-
sion in three affected individuals in a single family
with a clinical diagnosis of SCA [53]. A diagnosis was
obtained within five days of receiving the sequencing
data. A clinical examination confirmed symptoms con-
sistent with SCA36. Molecular diagnostics for SCA36
are not available in Australia- testing was sought via
two international providers (Fulgent, Temple City, CA,
and MNG Laboratories, Atlanta, GA). Both returned
a positive result showing an expansion of a single
allele > 70 repeats, however neither diagnostic lab offers
exact size estimation methods (such as Southern blot)
for this locus.

Novel disease gene discoveries

TOP3B (AH035)

A novel homozygous deletion was found that included
TOP3B was found on an Infinium Omni2.5 (Illumina)
microarray in an individual with bilateral renal cancer
[54]. Topoisomerase III beta is one of the least under-
stood members of the topoisomerase family of pro-
teins. Immunoblotting with an antibody against TOP3B
showed no detectable protein. Analysis in both the
patient and modelled human cells showed that disruption
of TOP3B causes genome instability with a rise in DNA
damage and chromosome bridging (mis-segregation due
to formation of Halliday junctions). The molecular defect
underlying this pathology is a significant rise in R loop
formation (post processing mRNA/DNA dimers). This
identified TOP3B as a putative cancer gene and supports
recent data that R loops are involved in cancer aetiology.
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Neurology: 22

solved: 16
éyndromic ID: 6 I
<7 Wi VUS: 17
A Renal: 4
Cancer: 3 i
7 4 unsolved: 16
*
' TSC: 8 I
Other: 6
MATIC
PRKACB (AH033)

We identified a de novo missense variant in PRKACB
on ES re-analysis in an individual with ID, refractory
focal epilepsy, spasticity, periventricular nodular het-
erotopia, a common atrium / AVSD, polydactyly and
several tumours (benign ovarian tumour, liver haeman-
gioma and renal cell carcinoma). PRKACA and PRKACB
encode two catalytic subunits of cAMP dependent pro-
tein kinase (PKA). This case was reported along with 3
other PRKACB variants and 3 affected individuals with
the same PRKACA variant (one family) [55]. All affected
individuals had the same novel phenotype of atrioven-
tricular septal defects or a common atrium, along with
postaxial polydactyly and other features including skele-
tal anomalies, ectodermal defects of variable severity and
cognitive deficits.

Novel disease gene phenotype relationship discoveries
NARS (AH025)

In collaboration with the NARS project at University of
Antwerp [56] a missense variant in the NARS protein
was identified [c.1025G > A (p.Cys342Tyr)]. Two affected
children (LD, DD) had an onset of neuropathy symp-
toms at age 18 and 19 respectively. Relatively rapid pro-
gression of bilateral lower limbs more than upper limbs
weakness over 6 months was noted, with subsequent
sensory involvement. NCS identified sensori-motor neu-
ropathy with low normal conduction velocities. Their
father had small fibre neuropathy symptoms (burning
pain in the feet) with onset age 55 whilst the mother was
asymptomatic.
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KMT2C (AHO016)

A 200 kb intragenic heterozygous microdeletion (exons
2-43 of 59) was detected in the KMT2C gene on micro-
array analysis in a proband with mild ID and renal can-
cer. Loss of function variants in KMT2C have been
reported in association with a variety of neurodevelop-
mental phenotypes; autism, a Kleefstra syndrome-like
developmental phenotype [57-60], schizophrenia sus-
ceptibility, bipolar disorder, and cancer predisposition.
Li et al. [59] described a germline mutation in KMT2C
(MLL3) in four individuals from a multigenerational Chi-
nese family with colorectal cancers and acute myeloid
leukemia. Sasaki et al. [60] reported three different vari-
ants in KMT2C (MLL3) in three closely related family
members with familial nasopharyngeal carcinoma using
exome sequencing. One variant [p.(Tyr816*)] was pre-
dicted to result in a premature stop codon and loss-of-
function, the other two variants were missense variants.
They hypothesised that inactivating mutations of MLL3
may be associated with a highly penetrant and previously
unknown cancer-predisposition syndrome. No functional
studies were performed (PMID: 26014803). Somatic vari-
ants in the KMT2C gene are often identified in renal cell
cancer [61]; however, none of the families reported with
germline alterations in this gene have had renal cancer.
This variant is classified as pathogenic according to the
ACMG criteria[52] (PVS1, PM2, PS2).

There is therefore sufficient evidence to conclude that
this microdeletion explains the individual’s ID and there
is limited evidence to suggest that haploinsufficiency of
KMT2C is cancer predisposing.

Mosaic TSC

Eight individuals with a definite clinical TSC diagnosis
or suspected TSC were enrolled in the AHA-UDP pro-
ject (see supplement 3). All had prior negative stand-
ard of care NGS TSC sequencing. Approximately two
thirds of TSC is de novo [62] with mosaicism known to
be common in this group and likely accounting for the
relatively low sensitivity (~85%) of conventional Sanger
or NGS sequencing for individuals with a clinical diagno-
sis of TSC [62]. Therefore, a strategy of deep sequencing
(700—1000* coverage) and ddPCR validation of low level
mosaic variants was adopted [51]. In three individuals
mosaic low level variant allele fraction (VAF) strong can-
didate TSC2 variants were identified and validated. In a
further individual a mosaic low level VAF candidate vari-
ant was identified but failed ddPCR validation. In another
individual a mosaic T7SCI VUS was identified. The AHA-
UDP TSC cohort has been published as part of a collabo-
ration between our groups and a Chinese paediatric TSC
cohort [51]. These results are in keeping with previously

Page 9 of 14

published cohorts of TSC patients showing a high level of
TSC1 or TSC2 pathogenic variant mosaicism in individu-
als with a definite or suspected clinical diagnosis of TSC,
in particular for TSC2 variants, which account for 92% of
mosaic patients [63]. This is in contrast to germline TSC
where TSC2 accounts for 69% of cases [64—70]. Of people
with a previous NVI (no variant identified) after conven-
tional TSC testing it is estimated that~50% are mosaic
[51, 63].

Discussion

Case selection mirrors paediatric UDP cohorts

This study identified a cause for 32% of individuals/fami-
lies recruited to an adult UDP program with a further
36% having a genomic finding that did not meet criteria
for a definite diagnosis.

We placed an emphasis on recruiting patients with
neurological conditions—there are approximately 7211
(OMIM) [71] phenotypes with a known genetic molecu-
lar basis; caused by pathogenic variants in approximately
4660 genes. Panel App Australia [72] lists 3935 green
genes on their “Mendeliome” gene panel (v1.1894) and
5382 genes in total (including putative disease genes).
Of these phenotypes a significant proportion are neu-
rological. For example for intellectual disability syn-
dromes (v0.6063) alone there are 1621 known causative
genes (Panel App Australia) [72]. A subset of recruits
were judged to have phenotypes likely due to repeat dis-
orders. Molecular diagnosis for dominant ataxia repeat
expansions (SCA 1, 2, 3, 6 and 7) are readily available,
however no molecular diagnostics are available in Aus-
tralia for rarer ataxias such as SCA36, or recently discov-
ered ataxias such as CANVAS [73] and SCA27B [74]. The
rapid diagnosis of SCA36 highlights the utility for WGS
in the diagnosis of rare repeat expansion disorders.

Diagnostic rates are equivalent

Paediatric UDP program diagnostic rates are generally
higher than comparable adult cohorts [23] due to dif-
ferences in case selection (severe neurodevelopmental
phenotypes and/or congenital malformations) and low
survivability of the most severe disorders into adulthood.
Additionally, patients with the more severe genetic con-
ditions may already have been diagnosed in childhood. It
is of note that prenatal diagnostic rates are higher again
than similar paediatric cohorts [75], likely for similar
reasons. Also of note is that rare diseases are a leading
cause of death in childhood whereas this is not the case
in adults (only ~5% of adults have a rare genetic disease)
[4]. An Italian population based study [76] compared
the mortality rates across several types of rare genetic
diseases in adults and demonstrated improved efficacy
of treatment and reduced mortality through genetic
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diagnosis. The diagnostic rate from the only other adult-
focused UDP identified in the literature (UD-PrOZA)
was 18%.

In adult UDPs (AHA-UDP and UD-PrOZA) with
careful case selection, and controlling for severity (sur-
vivability), the diagnostic rates were equivalent to pae-
diatric cohorts; children with undiagnosed rare diseases
become adults, and the population prevalence of genetic
conditions are unlikely to change significantly over time
(although, the proportion with a diagnosis will increase).
Lower diagnostic rates could also be explained by a loss
of history or medical information over time with deep
phenotyping often being key to diagnosis, as well as
less capacity for family (trio) sequencing if relatives are
deceased or unavailable. Adults are also likely to have
other medical phenotypes in addition to those caused
by their genetic condition, further complicating diagno-
sis. Adult-onset multifactorial diseases are often difficult
to distinguish from less common monogenic diseases
with similar phenotypes (e.g. familial cancer syndromes,
maturity onset diabetes of the young (MODY), familial
hypercholesterolaemia (FH), cardiomyopathy syndromes,
dementia syndromes etc.). This makes case selection
more challenging. It is generally considered that a>10%
chance of a monogenic condition is an acceptable thresh-
old for the deployment of genetic testing in adults. This
figure comes from cancer genetics [77], is to some extent
arbitrary, and is dependent on the cost of genetic testing
at a given time. Additionally, trio analysis is less likely to
yield additional diagnoses in adults (even when parents
are available), because a greater proportion of adult-onset
genetic disease follows an autosomal dominant pattern of
inheritance and a smaller proportion of adult genetic dis-
ease is due to de novo mutations in the proband, render-
ing the trio de novo approach less powerful.

The AHA-UDP project met its aims of demonstrating
the utility of novel analysis techniques (exome re-analy-
sis, genome sequencing, deep sequencing, ddPCR, novel
short tandem repeat detection algorithms) in improving
diagnostic rates and identifying novel gene disease asso-
ciations. We identified a diagnosis in 32% of the enrolled
families (all of whom had had uninformative previous
standard of care clinical diagnostic genetic testing). We
identified two novel disease genes and five new geno-
type—phenotype associations. The detection of a rare
repeat expansion in one family highlights the exceptional
utility of these novel repeat expansion analyses; par-
ticularly in adult disease programs given that many of
the diseases caused by repeat expansions have onset in
adulthood.

Our diagnostic rates are potentially subject to ascer-
tainment bias as most referrals were from Clinical
Geneticists or experienced Neurologists, and cases
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were selected on the basis of a perceived high prior
probability of a monogenic cause. However, genomic
testing is still at a premium and so it is likely that in
most clinical and research contexts where it is being
utilised as a diagnostic test that it would be reserved
for cases judged to have a reasonable diagnostic yield.

A study of the illness narratives of participants in
the American UDN [78] compared the experiences
of adult probands with those of parents of paediat-
ric probands. They found that adult probands hoped a
diagnosis would help them resume their former lives.
In contrast the parental group understood that their
child was unlikely to be cured but hoped a diagnosis
would lead to an improvement in medical management.
For adult patients, frustration often stemmed from the
need to validate symptoms in light of nondiagnostic
testing, while for parents it was caused by a concern
that evidence crucial to making a diagnosis was being
overlooked. That adult patients and parents experience
undiagnosed conditions differently, demonstrates the
need to further understand and address the psychologi-
cal impact of undiagnosed conditions in these groups
in order to provide optimal support.

Federally funded genomic testing through the Medi-
care program to identify the cause of childhood syn-
dromes and intellectual disability for children aged ten
years and younger became available in Australia on 1
May 2020 [79] due to the evidence that had been gath-
ered from paediatric populations[80]. However, for
individuals in Australia with an undiagnosed syndrome
who are older than 10 years of age, publicly funded
diagnostic testing remains difficult to access because
the evidence for utility in adulthood has been under-
explored. Yet clear cases for adult-onset genetic testing
already exist for example for conditions where disease
prevention is possible through screening, risk reducing
surgery or chemoprophylaxis and for conditions associ-
ated with severe outcomes where predictive testing can
enable future planning for at risk individuals.

There can be unique benefit to adults of reproductive age
By way of example, we targeted mosaicism and milder
conditions that do not present in childhood. Through
targeting mosaicism in patients with suspected TSC
and previous uninformative conventional TSC sequenc-
ing, we were able to confirm mosaic likely disease caus-
ing mutations in 3 out of 8 individuals analysed and a
mosaic variant of uncertain significance was identified
in one further individual. This is consistent with other
recent reports that mosaicism is more common in TSC
than had previously been recognised.
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Adults with undiagnosed conditions are generally
underserved

As the utility of UDP programs becomes more estab-
lished they will leverage novel technologies to increase
diagnostic yield. The Austin UDP group will be involved
in recruiting patients (initially re-analysing data) to
the Undiagnosed Diseases Network-Australia (UDN-
Aus) [81]. This is an Australia wide project which began
recruiting patients in 2022, leveraging a partnership
with the Broad Institute [82] and their Segr platform
[83] to enable cloud-based exome/genome analysis by
the recruiting clinician (rather than a bioinformatician).
The intention is that this model will increase access to the
UDP model for clinicians and patients and enable upskill-
ing of clinicians in genomic analysis and a more cost
effective/ sustainable model for UDP delivery.

The recruitment and diagnostic framework established
by AHA-UDP will continue to be utilised to identify, con-
sent and phenotype adult patients with likely monogenic
undiagnosed diseases. Suitable cases will be submitted
for consideration of recruitment to the recently activated
nationwide Australian Undiagnosed Diseases Network
(UDN-Aus).

Conclusion

Here we describe the outcomes from AHA-UDP. We
hope our results will encourage other, similarly placed
hospitals to also embark on such programs.

The AHA UDP study was conceived to address the
absence of a UDP project for adult patients with rare/
monogenic disease in Australia. The study met its aims
in terms of demonstrating the utility of an adult UDP
framework in achieving comparable diagnostic rates to
previously published paediatric UDP studies and in addi-
tion a comparable rate of novel genotype phenotype rela-
tionship discovery. This has been demonstrated by the
results presented in this paper and the already published
papers arising out of this study.
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