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Reanalysis of genomic data doubles the diagnostic yield for
Welsh patients recruited to the UK 100,000 Genomes Project
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The 100,000 Genomes Project (100KGP) undertook genome sequencing of patients with rare diseases and cancer to study the role
that genes play in disease, and to integrate genomics into UK healthcare. To contribute to 100KGP, the Wales Genomic Medicine
Centre (a partnership between the NHS All Wales Medical Genomics Service (AWMGS), Cardiff University and Genomics England)
recruited 438 individuals from 154 families that had been subject to pre-genomic genetic testing without reaching a diagnosis. The
majority of probands (64%, 98/154) had neurological or neurodevelopmental phenotypes. Genome sequencing, variant calling,
gene-based filtering and variant prioritisation were performed by Genomics England. AWMGS undertook clinical interpretation,
validation and reporting of variants. Initial diagnostic yield was 20.8% (32/154) with variants of uncertain significance (VUS) reported
for 11 more families. Most of the initial findings (83.7%, 36/43) could have been detected by clinical exome sequencing which was
standard of care in Wales at the time. Reanalysis of the T00KGP Wales data using updated variant prioritisation tools, expanded
gene lists, re-phenotyping and segregation studies, has increased diagnostic yield to 42.2% (65/154) (an improvement of 103%).
RNA analysis was used to clarify the clinical significance of VUS in COQ4, ENPP1, GATAD2B, NCAPD2, and THOC2. These findings
demonstrate the clinical utility of genome sequencing, RNA analysis, and periodic reanalysis of genomic data.
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INTRODUCTION
The UK government launched the 100,000 Genomes Project
(TOOKGP) in 2013 [1]. 100KGP was a hybrid clinical-research
initiative which used whole-genome sequencing (WGS) in a
National Health Service (NHS) setting to study rare disease and
cancer [2, 3]. In total, around 85,000 NHS patients had WGS [4].
Recruitment, phenotyping, sampling and feedback of results was
delivered by 13 NHS Genomics Medicine Centres in England with
related initiatives in Northern Ireland [5], Scotland [6] and Wales.
Responsibility for healthcare in Wales is devolved to the Welsh
Government. This means the NHS in Wales is separate from the
NHS in other parts of the UK. Wales has a single Medical Genetics
Service (the All Wales Medical Genomics Service (AWMGS)) which
provides clinics for inherited conditions throughout Wales.
AWMGS has a single CPA-accredited NHS Genetics Laboratory

with expertise in sample preparation, genomic analysis, inter-
pretation and reporting of genetic variation. Following the
dissolution of the UK Genetic Testing Network in 2018 [7],
AWMGS continued to access some gene panel tests still offered by
other UK genetics laboratories, sent some panel tests to clinical
laboratories in the European Union and employed clinical exome
sequencing to investigate patients with brain malformations,
early-onset epilepsy, intellectual disability (ID) and ectodermal
dysplasia.

In 2016, a Genomic Medicine Centre (GMC) was established in
Wales to contribute to the 100KGP. The GMC was a collaboration
between AWMGS, Cardiff University, and Genomics England
(GEL). The Wales GMC recruited participants for 100KGP
between January and October 2018. The aims of 100KGP in
Wales were aligned with those of the wider project: increasing
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the rate of diagnosis for rare disease, studying the genetic basis
of disease, integration of genomic medicine into routine NHS
clinical pathways, providing training opportunities, and devel-
oping infrastructure and expertise for genomic medicine in
Wales.

Here, we summarize the implementation and outcomes of the
100KGP in Wales. We describe the range of phenotypes in the
recruited cohort, reported findings, and initial diagnostic yield. We
estimate how often genomic findings would have been found by
previous standard of care testing and the rate of incidental/
additional findings in the 100KGP Wales cohort. We describe
subsequent efforts to reanalyse the data and the resulting
improvements in diagnostic yield that have been obtained.

SUBJECTS AND METHODS
The 100KGP in Wales operated within the regulatory approvals of the main
100KGP project and in a manner similar to other parts of the UK [6].

Participants

Recruitment of participants ran between January 2018 and October 2018.
Patients were eligible if they had one of the rare phenotypes of presumed
genetic origin as set out in the GEL Rare Disease List [8] and if previous NHS
genetic testing had been negative. Probands were 85.7% White British, 3.2%
any other white background, 5.2% Asian or Asian British, 4.5% mixed
ethnicity, 0.6% Black or Black British-African and 0.6% other ethnicities. Nine
families (5.8%) were known to be consanguineous, six of these were from
Asian or Asian British backgrounds. Phenotypes of particular interest to the
recruitment team included: ID, epilepsy, congenital malformations, inherited
optic neuropathies, and retinal dystrophies.

Individuals were selected and referred by their clinician to the GMC
recruitment team. Referring clinicians were either consultant clinical
geneticists in AWMGS or an academic ophthalmologist (MV). Where
possible, probands were co-recruited with parents and other affected
family members. Parent-offspring trios were preferred but other family
structures (singletons, parent-child duos, quads) were also eligible. The
phenotype under investigation, associated Human Phenotype Ontology
(HPO) terms [9], family structure and information on prior genetic testing
were captured in GEL's OpenClinica database [10].

DNA sampling and genome sequencing

DNA was extracted from blood in the AWMGS Laboratory. DNA aliquots
containing a minimum of 10 ug at 100 ng/ul with an A260/A280 ratio of
1.8-2.0 were sent to GEL for short-read genome sequencing on an lllumina
sequencing platform as previously described [3]. Samples were submitted
to the GEL biorepository between March 2018 and December 2018.

Clinical bioinformatic analysis

Paired-end 150 bp reads were mapped to GRCh38 for variant calling and
analysed as per the GEL clinical bioinformatics pipeline for genome
sequencing with panel-based gene analysis [1]. Small variants (single
nucleotide variants (SNV) and indels <50 base pairs) were filtered based on
frequency, segregation with the condition, and mode of inheritance.
Variants were prioritised into three ‘tiers’. Tier 1 (predicted protein-
truncating or moderate-impact de novo variants e.g. missense) and Tier 2
(predicted protein-altering) were variants in genes with pre-existing
evidence for involvement in the phenotype under investigation (based
on a curated lists of ‘green’ genes from PanelApp [11]). Tier 3 variants were
predicted protein-truncating or protein-altering in other genes. Tiered
variant lists were returned to the Wales GMC between November 2018 and
December 2019 using the GEL Interpretation Portal. Variants were also
ranked by Exomiser score [12].

Copy-number variant (CNV) calling was introduced to the GEL pipeline in
January 2019, but was not retrospectively applied to closed cases [13]. The
Canvas software [14] was used to find CNVs >10 kb with a call quality score
>10. Mode of inheritance was not considered. Tier A CNVs overlapped with a
green gene in a panel applied to the patient. Heterozygous CNVs covering a
recessive gene were tiered. Tier null CNVs were those that did not meet the
criteria for tier A reporting. Manta software [15] was also used to call CNVs
and structural variants (SV) but this data was not used for clinical calling.

SPRINGER NATURE

Variant interpretation

AWMGS clinical scientists performed variant interpretation and classifica-
tion of tiered variants as per American College of Medical Genetics and
Genomics (ACMG) [16] and UK ACGS 2018 guidelines [17]. They analysed
all Tier 1 and 2 variants and the top five Tier 3 variants in known human
disease genes ranked by Exomiser.

Variant review included a clinical discussion at multidisciplinary team
(MDT) meetings, when needed. All variant classifications were recorded by
laboratories but only ACMG/ACGS Class 5 (pathogenic), Class 4 (likely
pathogenic) and ‘hot’ Class 3 (uncertain significance) variants were
included in diagnostic reports. Here, 'hot’ meant a variant of uncertain
significance (VUS) that narrowly missed a ‘likely pathogenic’ classification
and additional evidence might lead to it being upgraded. In contrast, a
‘cold’ VUS was considered unlikely to be disease causing and not reported.
Reported variants were validated by Sanger sequencing using retained
clinical DNA samples and formally reported back to the referring
consultant clinician for return to participants.

The 2025 NHS diagnostic pipeline used for the reanalysis is described in
the Supplementary Methods. In a separate analysis AbSplice score was
applied to 100KGP data to find SNVs near splice sites related to
developmentally regulated splicing events [18]. AbSplice score predicts
the likelihood that a variant causes abnormal splicing in a given tissue
[19]. A full description of this analysis is given in the Supplementary
Methods.

RNA extraction and quality control

The RNA methods used to analyse an ENPP1 variant have previously been
described [20]. NCAPD2, COQ4 and GATAD2B variants were analysed by the
Wessex Genomics Laboratory Service (Salisbury) using published methods
[21]. In brief, RNA was extracted from peripheral blood, converted to cDNA
and targeted PCR performed. PCR products were visualized by agarose gel
electrophoresis and subsequently analysed by Sanger sequencing. COQ4
and THOC2 variants were investigated using whole transcriptome RNA-seq
on fibroblast RNA performed in-house in AWMGS. A detailed description of
the RNA-seq methods used are given in the Supplementary Methods.

RESULTS

Proband demographics

In total, 154 probands and 284 family members were recruited.
Among probands, 104 (67.5%) were under 18 years at recruitment,
85 (55%) were male and 69 (45%) were female. The majority of
probands (98, 63.6%) were in the Neurology and Neurodevelop-
mental Condition category, 66 of these (42.9% of all probands)
had ID. The remainder were distributed across other categories
(Fig. 1A, Supplementary Table 1). Fifteen probands (9.7%) were
recruited under more than one condition category. One hundred
and forty-five (94%) probands were recruited with family
members: 119 (77%) parent-child trios, 13 (8.4%) parent-child
duos, 9 (5.8%) singletons, 5 (3.2%) parent-child quads and 8 (5.2%)
other family structures (Fig. 1B, Supplementary Table 2). Twenty-
seven relatives (9.5% of the co-recruited family members) were
considered to have the same rare condition as the proband.

Variant assessment

One or more Tier 1 and/or Tier 2 variants (SNV and indels) were
found in 92 of 154 families (59.7%); one family (3 affected siblings
and their unaffected mother) had no tiered variants returned; all
other families had three or more Tier 3 variants returned (average
81.4 per family). The numbers of tiered variants for different family
structures are shown in Fig. 1C. Consistent with the findings of
Scottish 100KGP report [6], the number of tiered variants returned
for interpretation reduced with increasing family size. Tiered CNV
were only returned for 45/154 families (29.2%). On average 1.2 Tier
A (high priority) and 67.2 Tier Null (low priority) CNVs were
reported per family. Twenty-two variants were discussed in formal
MDT meetings (20 were reported), 27 other variants were
discussed by email between the laboratory scientists and
clinicians (23 subsequently reported).
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Fig. 1 Recruitment and results from the 100,000 Genomes Project in Wales. A Top 12 recruitment disease categories. Categories are as those
set out in the Genomics England Rare Disease List (v1.7, June 2017) [8]. Where a proband was entered with conditions in more than one category,
the proband is included within counts for all relevant categories. Abbreviated categories: Undiagnosed monogenic (disorder seen in a specialist
genetics clinic); Limb girdle muscular (dystrophy); Syndromic congenital heart (disease) and Undiagnosed metabolic (disorders). B Family
structures among recruited individuals. C Average numbers of tiered variants for different family structures (range as error bars). D Rates of
diagnostic findings following the initial analysis of returned variants (2019) and currently (2025). AD autosomal dominant, AR autosomal recessive,

VUS variant of uncertain significance.

Diagnostic yield

Following the initial analysis of returned variants in 2018/19,
pathogenic or likely pathogenic variants consistent with the
phenotype were found in 32/154 families (20.8%) (Fig. 1D). In
addition, 11 families (7.1%) had ‘hot’ VUS that were returned to
participants. For the remaining 111 families (72.1%) no genetic
cause for the phenotype was identified. The initial findings
included four Tier A CNVs, the rest were small variants. Standard of
care (SOC) in Wales in 2018 was a clinical exome/Mendeliome
(TruSight One [TSO] Expanded sequencing panel). We found
83.7% (36/43) of reported findings were in target regions of the
TSO panel (annotated in Supplementary Table 3). This may
overestimate the yield of SOC testing as sequencing coverage was
not modelled in detail. Variants likely to be missed by SOC testing
included non-coding variants, SV and variants in genes not
included in the TSO panel.

Secondary findings

At recruitment, participants were asked if they wanted secondary
findings (also known as additional findings) fed back. GEL looked
for genomic findings known to cause serious conditions for which
there was good evidence that knowing about them could
influence healthcare. The conditions were based on the 2013
ACMG secondary findings gene list but did not include genes
associated with inherited cardiac conditions [22, 23]. Secondary
findings were returned for 7 out of 422 (1.7%) 100KGP Wales
participants who opted in to receiving health-related additional
findings. This rate is similar to the rate of additional findings
returned for rare disease probands (1.58%) and relatives (1.7%) in
other parts of 100KGP [24]. Two individuals had an LDLR variant
that was classified as a ‘cold’ class 3 VUS and not fed back.
Pathogenic variants in BRCA2, MSH6 and RET were returned to
participants (Supplementary Table 4).

Ongoing review and reanalysis

In the 7 years following the initiation of 100KGP Wales, data from
100KGP Wales has contributed to at least 10 research publications
[20, 25-33]. In addition to findings identified by researchers using
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the GEL Research Environment (n = 18), there have been ongoing
local efforts to review and reclassify variants (n=18). The 36
variants included 3 new VUS and 3 previous VUS that were
upgraded to pathogenic or likely pathogenic. At present (2025),
pathogenic or likely pathogenic variants that explained the
phenotype have been found in 65/154 families (42.2%), an uplift
from the original diagnostic yield (32/154) of 103% (Fig. 1D). In
addition, 11 families (7.1%) have a VUS reported. Variants returned
to participants are listed in Supplementary Table 3. Several
approaches contributed to the increased diagnostic yield. These
included new literature and discovery of new disease genes
(n=12), phenotype-directed review of tiered variants (n=7),
detection of SV (n=4), improved in silico splicing prediction
(n=3), RNA analysis (n=5), breakpoint analysis of known
translocations (n=2), improved indel calling (n = 3), additional
reports in clinical variant databases (n =2), testing of additional
relatives (n=1) and episignature analysis (n=1). Some new
diagnoses were based on evidence from two or more approaches.
For the remaining 78 families (50.6%) no genetic cause for the
phenotype has been identified to date (Fig. 1D).

We systematically reanalysed 100KGP Wales data using a
modern diagnostic pipeline developed by AWMGS for WGS
interpretation. Re-analysis included review of SNV, CNV, and short
tandem repeats (STR) in the Variant call format (VCF) files. An
average of 58 variants per proband were identified for further
evaluation. Of the 144 families with VCF files available via the GEL
Interpretation Portal, 70 had a reported variant (pathogenic, likely
pathogenic and VUS) from previous analysis. In total, 60/70
(85.7%) reported variants were detected by the modern diagnostic
pipeline. Key differences between the modern analysis pipeline
and the initial T00KGP analysis included access to contemporary
variant databases such as ClinVar (n = 12 new variants identified),
annotation with SpliceAl (n =4), and use of Manta/Canvas data
(n=2). Variants found by the modern analysis pipeline are
annotated in Supplementary Table 3. Four diagnostic variants (in
ARCN1, KMT2A, UPF3B and CACNATF) were in the VCF file but
filtered out due to low quality metrics or read depth, two variants
were filtered due to being inherited from parents labelled as

SPRINGER NATURE
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unaffected (NPRL3, CIC), one variant was mosaic (SCN2A, allele
fraction 18.8% (9/48 reads)), and one variant was filtered due to
gnomAD frequency (TUBB2A variant in a region of high homology)
[28]. A homozygous SV in ENPPT and the t(6;13) translocation were
not detected in the SV VCF supplied by GEL. Components of the
ENPP1 SV could be found in the VCF but full assembly required
manual inspection and curation [20].

RNA analysis

RNA analysis was used to clarify the clinical significance of variants
in COQ4 (individual P1), NCAPD2 (individual P2), GATAD2B
(individual P3), THOC2 and ENPPI1. Detailed case reports for P1,
P2 and P3 are provided in the supplementary material. The ENPP1
results are published elsewhere [20]. A manuscript describing the
THOC2 results is being prepared.

RNA analysis was key to the diagnosis of COQ4-associated
coenzyme Q;q (CoQ;) deficiency in participant P1. This individual
is a 16-year-old male with early-onset intractable epilepsy, severe
developmental delay, dystonia, lactic acidosis, and abnormal
muscle respiratory chain enzymes studies. However, muscle CoQ;o
level was normal. Review of individual P1's WGS data found
compound heterozygous COQ4 missense variants: (Tier 2,
Exomiser rank 3) NM_016035.5, c¢.205A>G, p.(Met69Val) and
c.211G>A, p.(Ala71Thr). These variants were close to an exon
edge and adjacent to known pathogenic variants [34].

Both variants are listed in ClinVar (VCV001345226.9, conflicting
classifications, and VCV003342649.1, likely pathogenic). RNA-seq
data from P1's skin fibroblasts was compared with GTEx fibroblast
count data and a set of in-house controls. After adjustment for
multiple testing only two genes were significant expression
outliers genome-wide (P < 0.05): COQ4 and C90ORF129 (the latter
looked artefactual). COQ4 RNA was significantly reduced in P1
(fold change 0.69, z = —7.46, adjusted P=5.72x 10"7). The COQ4
transcripts in P1 also had a higher proportion of a truncated
isoform (25% compared to ~1% on controls, Supplementary
Fig. 1). Both alleles were present in the RNA transcripts
(Supplementary Fig. 2). A qualitative reduction of COQ4 RNA
was also confirmed by targeted PCR (Supplementary Fig. 3). The
COQ4 variants were both classified as likely pathogenic.

Individual P2 is a 14-year-old male with congenital micro-
cephaly (-8 SD), moderate ID, short stature, bilateral hearing loss
and previous primitive neuroectodermal tumour. Review of
individual P2's WGS data found compound heterozygous variants
in NCAPD?2 (Tier 3, Exomiser rank 3). The variants were a canonical
splice site variant (NM_014865.4, c.1954+1G>A) and a splice
region variant (c.3019G>A, p.(Gly1007Ser)). SpliceAl scores were
1.00 for c.1954+1G>A (predicted donor loss 1 bp 5" at the adjacent
splice site) and 0.11 for c.3019G>A (predicted donor loss at that
nucleotide). The ¢.3019G>A variant had a higher Pangolin score
(0.5) with the predicted donor loss at the same position. Targeted
analysis of NCAPD2 RNA from blood demonstrated both variants
resulted in aberrant transcripts (Supplementary Figs. 4, 5). The
¢.1954+1G>A variant caused an in-frame single exon deletion,
r.1715_1954del, p.(Gly572_Thré51del). The ¢.3019G>A variant
resulted in an out-of-frame single exon deletion, r.2908_3019del,
p.(Asn970AlafsTer40). The transcript containing r.2908_3019del
appeared to be present at low levels as an apparently full-length
transcript containing the r.3019g>a variant was also visible. Both
variants were classified as likely pathogenic.

Individual P3 is a 16-year-old female with global developmental
delay, ID, hypotonia and absence seizures. The GATAD2B variant
was detected through analysis of AbSplice scores for SNVs near
splice sites related to developmentally regulated splicing events
[18]. The variant (NM_020699.4: c.1217-399C>T) was de novo and
predicted to create a pseudoexon in intron 6 of GATAD2B with a
splice acceptor site 99 bp 5’ of the variant and a donor site 2 bp 5’
of the variant (SpliceAl scores 0.74 and 0.50, respectively).
Targeted analysis of GATAD2B RNA from the proband’s blood
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confirmed the presence of aberrant transcripts containing the
pseudoexon (Supplementary Figs. 6, 7). The variant resulted in an
out-of-frame insertion: r.1216_1217ins1217-498_1217-401,
p.(Lys407TrpfsTer28) and was classified as likely pathogenic.

DISCUSSION

We have described the execution and outcomes of the T00KGP in
Wales. In total, 154 families, predominantly parent-child trios, were
recruited and underwent WGS. Participants recruited to 100KGP
Wales came from a wide range of phenotype categories and had
been subject to previous genetic investigation without reaching a
diagnosis. The initial diagnostic yield of 20.8% was slightly lower
the rate reported for the 100KGP pilot (25%) [3]. This likely reflects
differences in recruitment and analysis. For example, 100KGP
Wales recruited more children (67.5% versus 26% in the pilot), a
higher proportion of ID probands (42.9% versus 6% in the pilot)
and more parent-offspring trios (77% versus 36.5% in the pilot). A
detailed comparison of demographic and disease category
differences between 100KGP Wales and the pilot is given in
Supplementary Table 1. In addition, around 14% of the diagnostic
findings in the pilot came from research beyond the standard
pipeline - something that was not part of initial analysis in Wales.

In the 7 years since recruitment ended, WGS data generated by
100KGP Wales has enabled the identification of novel disease
genes and expanded gene-phenotype associations, resulting in
new diagnoses for affected individuals [20, 25-33]. The diagnostic
yield of 100KGP Wales has now doubled (42.2%). Key reasons for
the improved yield include iterative reanalysis of the data, clinical
reassessment of patients/families, new disease associations, and
additional information from new diagnostic techniques such as
RNA analysis.

We found a modern NHS WGS analysis pipeline was able to
detect 85.7% of diagnostic variants identified by the research
community using 100KGP Wales data. The main reasons for the
NHS pipeline missing diagnostic variants were variants being
inherited from a parent annotated as unaffected, and issues with
the quality or read depth of the variant in the VCF file. The VCF
files available on the Clinical Interpretation Portal were generated
in 2018 and unprocessed raw data file types (e.g. FASTQ files) were
not available. Reprocessing the original FASTQ files with updated
software may improve the quality of variant calls. Inherited
dominant disease alleles remain a challenge for interpretation. It is
laborious to distinguish these from the large number of neutral
inherited heterozygous variants. Furthermore, variants are likely to
be de-prioritized if they are inherited from a parent thought to be
unaffected (e.g. due to non-penetrance, milder expression or lack
of documentation) or if a variant is not shared by affected relatives
due to genetic heterogeneity (as may have happened to the
family with no tiered variants in our cohort).

Following completion of recruitment to 100KGP Wales, AWMGS
developed its own genomic sequencing capacity, leading to the
first NHS-commissioned trio rapid WGS service in the UK [35].
Local sequencing solved many of the challenges of repatriating
genomic data; however it means Welsh genomic data does not
flow to the UK National Genomics Research Library (NGRL). No
equivalent to the NGRL currently exists in Wales which limits
research access to NHS genomic data. Neither routine reanalysis of
genomic data nor RNA-seq are currently NHS funded in Wales.

Our findings align with the growing evidence that periodic
reanalysis of genomic data from unsolved cases can substantially
improve diagnostic rates in rare disease cohorts. Multiple studies
have demonstrated significant increases in diagnostic rates
following reanalysis, with yields ranging from 2.3% to 22%
[36-38]. Dai et al. conducted a meta-analysis showing that
reanalysis had an overall diagnostic yield of 10% [39]. Application
of clinical expertise can also improve reanalysis yield. Involvement
of clinical geneticists in data interpretation has been shown to
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lead to a 15.5% increase in diagnoses [40]. Similarly, phenotypic
evaluation and clinical insights led to an upgraded classification of
several tiered variants in the 100KGP Wales cohort (7/36 (19%) of
the newly reported variants or upgraded VUS in 2025).

We recognise the limitations of this study. The T00KGP Wales
cohort size of 154 families is relatively small, which may limit the
generalizability of the findings. In addition, while our study
demonstrates the value of reanalysis, it did not determine the
optimal frequency of reanalyses or the cost-effectiveness of this
approach in a resource-limited healthcare setting. Despite the
benefits of reanalysis, implementing systematic reanalysis in
clinical practice faces several challenges. Workforce capacity has
been identified as a major barrier, along with ethical, legal and
economic considerations [41, 42]. To address these issues, various
implementation strategies have been proposed, including the
development of automated reanalysis pipelines and increased use
of artificial intelligence [43, 44].

We found RNA analysis particularly useful for the investigation
of tiered variants classified as VUS. RNA sequencing was critical to
establishing the diagnosis of COQ4-associated CoQ; deficiency in
participant P1. CoQ,, (or ubiquinone) is an essential component of
the electron transfer chain, where it shuttles electrons from
complex | or Il to complex Il [45]. The spectrum of COQ4-assciated
disease includes patients with neonatal- or infantile-onset severe
neurological impairment, often accompanied by cardiomyopathy
and respiratory distress [46, 47] and patients with later-onset
ataxia and spasticity [48, 49]. Individual P1 was a diagnostic
challenge because although his phenotype was consistent with a
mitochondrial disorder, his muscle CoQ;q level was normal and
blood CoQ;, level was only at the lower end of the reference
range. Respiratory chain enzymes studies showed P1 had border-
line low complex Il + lll and low complex IV activity in muscle. Low
complex [+l activity is common in COQ4-associated CoQ;q
deficiency [46, 50]. Low complex |+ Il activity is also reported in
COQ4 patients [46, 47] but this was not measured in P1. Reduced
complex IV activity is not considered a typical feature but reduced
activity (30-50% of mean control values) has been reported in
some COQ4 patients [46].

Biochemical studies in COQ4 patient muscle and fibroblasts
show CoQ; is often severely reduced (<10% mean control value)
[46]. However, some COQ4 patients have CoQ;q levels similar to
controls [51]. The functional severity of mutations may partly
explain this. Patients with later onset or long-term survival (like
individual P1) have only relative reduction (40-70% of mean
control CoQ;, values) [46, 49] or levels at the lower end of the
reference range [52]. Timing of CoQ;q testing may also influence
the result. P1's muscle biopsy and blood CoQ;q test were
performed when he was clinically stable possibly missing a
transient reduction in CoQ;q. P1's CoQ;o production may not be
sufficient during metabolic stress (e.g. intercurrent illness or
prolonged seizures) explaining why he had higher plasma lactate
during acute illness. A decrease in plasma CoQ;, concentration
was noted in a previous COQ4 patient whose disease worsened
due to rotavirus infection [53].

RNA analysis also helped interpret the NCAPD2 variants
identified in participant P2. NCAPD2 encodes non-SMC condensin
| complex subunit D2 a component of the condensin complex
which plays a key role in chromosome condensation [54].
Mutations in NCAPD2 are associated with autosomal recessive
primary microcephaly type 21 (OMIM 617983). NCAPD2 patients
are extremely rare. Table 1 summarizes previously reported
patients with biallelic NCAPD2 variants. P2 shares several features
with previously reported individuals including severe microce-
phaly, short stature, severe ID, ASD, emotional instability, and
hyperactivity. Interestingly, splice site variants have been common
in the NCAPD2 patients reported to date. The ‘leaky’ nature of the
splice variants may allow some full-length protein to be produced.

SPRINGER NATURE

This may indicate that complete loss of NCAPD2 expression may
not be compatible with survival.

Mutations in genes encoding centrosomal proteins (e.g. ASPM
or MCPHT) cause the mitotic spindle to fail to align leading to
oblique cell cleavage events that result in premature asymmetric
cell division reducing the neural stem cell pool. In contrast,
condensin mutations introduce chromatin bridges but do not alter
spindle orientation [55]. Consistent with this, P2 did not have
premature chromosome condensation when tested. The chroma-
tin bridges cause chromosome segregation errors leading to
micronucleus formation and increased aneuploidy in daughter
cells. This is expected to reduce cell proliferation and survival,
depleting the neuronal number generated during neurogenesis
resulting in microcephaly [55]. An increased rate of aneuploidy in
neural progenitors might have contributed to the brain PNET in
individual P2. To date, no other NCAPD2 patients or their
heterozygous relatives have been reported to have cancer.
However, a patient with NCAPD3 variants (the paralog of NCAPD2
encoding the corresponding subunit in the condensin Il complex)
developed a highly malignant anaplastic medulloblastoma at 8
years of age [55]. NCAPD2 has recently been recognised as an
oncogene which is expressed in a wide range of cancer types.
However, the mechanism for this role may be different as clinical
stage and poor prognosis were associated with over-expression of
NCAPD?2 rather than deficiency [56, 57].

In conclusion, we have described the implementation and
outcomes of the T00KGP in Wales. Our results demonstrate that
genome sequencing, coupled with systematic reanalysis, signifi-
cantly improves diagnostic yield in rare diseases. The 103%
increase in diagnostic rate over seven years highlights the
dynamic nature of genomic diagnosis and the need for healthcare
systems to implement protocols for periodic reanalysis of genomic
data. Challenges remain in determining the optimal frequency
and methodology for reanalysis. Our findings demonstrate the
value of integrating new techniques, including RNA-seq and
improved SV detection, into routine genomic diagnostics.
Furthermore, our experience highlights the value of embedding
genomic research alongside routine clinical care, facilitating new
discoveries while improving diagnostic rates for patients.
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