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Undiagnosed Diseases Program

Results: Between June 2016 and December 2023, 1338 cases were submitted by 60 clinicians
from 22 Italian centers; 1019 were accepted. A definitive genetic diagnosis was achieved in
49% of cases, implicating 330 genes. Most pathogenic variants (70.2%) were de novo,

reflecting demographic trends, such as delayed parenthood. The remainder included autosomal
recessive or X-linked variants, with homozygosity observed in 9% of patients.
Conclusion: The Telethon Undiagnosed Diseases Program significantly shortened the average
diagnostic odyssey of ~8 years. Children born after 2016 benefited from faster diagnoses. This
initiative offers a scalable, cost-effective model for improving diagnosis, guiding treatment, and
supporting therapeutic innovation in rare pediatric diseases.
© 2026 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Advancements in parallel sequencing, arrays, and bioin-
formatics have led to an unprecedented increase in the
diagnosis and the identification of new Mendelian dis-
eases.' This has, in turn, resulted in a better understanding
of gene function and the development of targeted thera-
peutic approaches.” Severe pediatric-onset cases are mostly
caused by single-gene pathogenic variants.” However, sur-
prisingly, in the postgenomic era, the etiopathogenesis of a
significant proportion of childhood-onset genetic disorders
remains elusive.” Another major problem is specificity, with
overdiagnosis due to misinterpretation of gene variants.” To
overcome these problems and to provide a definitive diag-
nosis to several devastating childhood-onset diseases, we
developed a strategy to optimize available resources to
achieve diagnoses in the most severe undiagnosed diseases.
The Telethon Foundation is a leading Italian charity that
works to fight rare genetic diseases worldwide, with an
excellent international reputation and a total investment of
€660.3 million supporting 2960 research projects on genetic
diseases over the last 30 years.® The Telethon Foundation
has delivered results of global significance, such as the
strategy that led to the Strimvelis and Libmeldly gene
therapies for adenosine deaminase severe combined im-
munodeficiency (MIM #102700) and metachromatic leu-
kodystrophy (MIM #250100), respectively.”* In 2016, the
foundation launched the Telethon Undiagnosed Diseases
Program (TUDP), an initiative integrated with other undi-
agnosed diseases programs (UDPs) investigating rare dis-
eases around the world, such as the US National Institutes
of Health (NIH) UDP,” the Finding of Rare Disease Genes
(FORGE) project in Canada,'” the Initiative on Rare and
Undiagnosed Diseases project in Japan,'' the Undiagnosed
Diseases Program-Western Australia,'> and the Korean
Undiagnosed Diseases Program,'” all of which are part of
the Undiagnosed Diseases Network International (UDNI).
UDNI is a global network that established a consensus
framework of principles, best practices, and governance to
share scientific resources and expertise in undiagnosed
diseases. The TUDP has its own specific focus, namely, the
molecular resolution of severe undiagnosed pediatric cases
that have already been extensively evaluated through

routine genetic testing, including array comparative
genomic hybridization (array CGH), targeted gene panel
sequencing, and clinical exome sequencing (ES) made in
singleton for 25% of cases. The TUDP prioritizes cases
based on severe multisystem manifestations, neurologic
involvement, and dysmorphic features. These eligibility
criteria differ slightly from those of some of the other
UDPs, and such differences might explain differences in
terms of diagnostic approach, yield, and prevalence of
identified pathogenic variants. Here, we describe the strat-
egy used in the TUDP (Figure 1) and the results obtained to
date.

Materials and Methods
The TUDP: National and international networks

The TUDP is coordinated by the Telethon Institute of Ge-
netics and Medicine (TIGEM; www.tigem.it) in Pozzuoli,
Italy, and a growing number of clinical genetics centers in
Italy joined the program after a period of training. An online
portal for the submission of undiagnosed patients was also
created to receive individual cases from outside the
network. In this instance, the patient was submitted by a
physician and preassessed by one of the participating cen-
ters. In this first phase of the TUDP (TUDP 1.0 and TUDP
2.0), 22 clinical sites were included in the network and were
involved in monthly clinical plenary meetings (CPMs)
(Supplemental Table 1).

The TUDP is an active member of the UDNI and the
European Commission-funded program “Solve-RD, solving
the unsolved rare diseases” (http://solve-rd.eu/), which has
also reanalyzed a number of phenotypically well-
characterized genome/exome negative data sets from
TUDP patients submitted through European Reference
Networks.

Eligibility criteria and selection procedure

Most patients submitted to the TUDP presented with
congenital anomalies, significant neurocognitive involve-
ment, dysmorphic features, and/or  multisystem
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Figure 1 TUDP overview. The flow-chart illustrates steps of
TUDP patient enrollment, including Human Phenotype Ontology
(HPO) and informed consent acquisition, and monthly case dis-
cussion in clinical plenary meetings; samples processing by ES
and data analysis on accepted families, leading to the generation of
solved or unsolved reports. Arrows in green indicate an alternative
path for unsolved cases, including data sharing, reanalysis and
functional studies. ES, exome sequencing; TUDP, Telethon Un-
diagnosed Diseases Program.

manifestations. Requirements for enrollment were as fol-
lows: (1) proband age not above 18 years, (2) willingness of
healthy biological parents to participate in the study, (3)
complex phenotype, (4) complete set of phenotype data, (5)
complete set of clearly negative genetic tests, including
negative results from at least 180K array CGH, compre-
hensive gene panel sequencing (preferably clinical ES), and
additional tests where indicated (eg, metabolic screening

tests, Fragile X testing, or mitochondrial DNA testing). All
cases were reviewed and filtered by a team of clinical ge-
neticists from TUDP-affiliated centers, and filtered cases
were then fully annotated with Human Phenotype Ontology
(HPO) terms and presented in a standardized 5-slide Pow-
erPoint format for discussion at the monthly CPM, attended
by at least 1 member from each clinical center, TIGEM
scientists, and the TUDP coordinator (Figure 1). During the
CPM selection round, the completeness of previous testing
was evaluated to categorize the presented cases as “undi-
agnosed.” Cases were prioritized based on severity and
specificity for monogenic diseases. About 250 families
were annually enrolled. Those who did not meet the in-
clusion criteria (low priority) and showed evidence of a
possible genetic condition were referred to the National
Health Service for further investigation.

After acceptance at the CPM, the child’s parents were
asked to sign an informed consent form, and samples were
sent to TIGEM for analysis. Quality controls were carried
out promptly, and positive biological samples were pro-
cessed. Approximately 8% to 10% of cases were lost at this
stage.

Processing of personal data

A team from the Telethon Foundation assessed the ethical,
legal, and financial aspects of informed consent and
developed a model for data processing based on European
Union General Data Protection Regulation compliance
(https://gdpr.eu/). The informed consent developed and
shared between participating centers listed a number of
items, including (1) reasons for inclusion or exclusion from
the study, (2) description of essential genetic tests, (3) name
of person responsible for storing data and biological ma-
terial, (4) explanation of how patients can withdraw from
the study, (5) rules for data sharing and privacy, (6) ex-
pected results, (7) use of genetic diagnosis, (8) time frame
for producing an initial report, (9) likelihood of a diagnosis,
(10) possibility of unexpected results, including those un-
related to the condition under study, and (11) role of the
Telethon Foundation in supporting patients after diagnosis.
The informed consent form had to be signed at the time of
enrollment and kept at the referral pediatric clinical center
in accordance with the Declaration of Helsinki.

Sample handling and testing

All testing was centralized at the Telethon Foundation’s
in-house research institute, TIGEM, affiliated with the
Vanvitelli University Hospital (Naples, Italy), providing
economies of scale for clinical, genotyping, and bioinfor-
matics analysis. DNA or RNA extraction, quality control,
and quantification were performed. Different protocols
were used as technologies were updated. For ES, enrich-
ment was initially performed using SureSelect QXT Clin-
ical Research Exome Kits (Agilent Technologies),
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according to the manufacturer’s instructions. A total of 178
trios were enriched with Clinical Research Exome vl
(CREV1, 54 Mb), 170 trios with Clinical Research Exome
v2 (CREv2, 67 Mb), and all remaining trios (including re-
peats) with Human All Exon v7 (48.2 Mb) or v8 (41.6 Mb),
which include mitochondrial probes. Negative cases with
low coverage were systematically reanalyzed with the v8
enrichment. At baseline, sequencing was performed on a
NextSeq500 system (Illumina) and, from 2019 onward, on
an Illumina NovaSeq6000 system. Standard coverage for
each family member was set at >95% coverage at >20X.
For 25 families, short- and long-read genome sequencing
(GS) was also performed. ' A SurePrint Custom G3 Human
CGH Microarray, 1 x 1M (Agilent Technologies) was used
to confirm quantitative changes in exonic sequences of all
diseases and candidate genes or to search for a second
allelic variant. The bioinformatics pipeline and variant
annotation protocol were set up as previously described and
subsequently integrated with further improvements from
TIGEM and Solve-RD.'”'® An internal database was
created to store sample information (personal data, geno-
types, and phenotypes) and analysis output (retrieval of
quality statistics, variant annotations). This database con-
sists of about 8000 ES data sets and is part of the Network
for Italian Genomes (www.nig.cineca.it). This network of-
fers the advantage of comparing the frequency of variants
from Italian patients because many variants have a different
regional frequency distribution from that reported in inter-
national databases. In 2020 the TUDP pipeline was updated
based on the new reference genome (GRCh38/hg38
December 2013; GeneBank #GCA_000001405.15).

Match Maker Exchange

The Match Maker Exchange platform (https://www.
matchmakerexchange.org) was queried to connect clini-
cians and researchers around the world with an interest in
the same gene/s. From the start of the project, deidentified
patient phenotypic data from the TUDP were added to the
PhenomeCentral web portal, a restricted access network for
clinicians, researchers, and scientific consortia (including
FORGE and the NIH UDP), to share phenotypic data with
participating centers, and to find patients with similar phe-
notypes around the world and thus foster global collabo-
rations. Patient data were subsequently shared using other
tools, such as the Solve-RD Genome-Phenome Analysis
Platform (GPAP), Decipher, and ClinVar.

Sanger sequencing

Sanger sequencing was performed to validate all confirmed
pathogenic variants.

Sanger sequencing of the amplified fragment was per-
formed using a BigDye v3.1 sequencing kit (Applied Bio-
systems) and a 3500 Genetic Analyzer (Applied

Biosystems), according to the manufacturer’s instructions.
The RNU4-2 gene (HGNC:10193) was amplified by poly-
merase chain reaction using the following primers:
5-GTTCCAACAACAAGAAACCTCC-3'; 5-TCACGGA
ATACTCCTGAACAA-3'.

Results
Summary of TUDP cases

To identify possible pathogenic variants in undiagnosed
cases, we recruited a total of 1308 families, low priority was
assigned to approximately 10 % of cases (136), and 1172
families were accepted during the discussion at CPMs
based on eligibility criteria. All enrolled patients had pre-
viously undergone array CGH and a targeted NGS panel
related to the clinical suspicion at other centers. In some
cases (about 25%), clinical ES was also carried out on
singletons. ES was performed on 1019 TUDP families (a
total of 1077 affected patients), who provided biological
samples and informed consent (Table 1). About 13% of
enrolled families did not undergo ES because patients either
died, were diagnosed at another laboratory, or withdrew
from the study. HPO terms for all analyzed patients were
collected; the most frequent terms are listed in
Supplemental Table 2. The average age at the time of
recruitment was 9 years. For solved cases, the diagnostic
odyssey time preceding TUDP inclusion was 8 years (£5.3
SD) (Figure 2A, Table 1).'7:'

We diagnosed 48.8% of cases (497 families), a per-
centage higher than the reported diagnostic yields detected
by similar programs (Table 1).” Pathogenic variants were
found in 330 different genes (Supplemental Table 3),
reflecting high genetic heterogeneity: 236 genes (71.5%)
were involved in single cases (Table 1). Notably, 32 genes
(9.7%) were found mutated in 3 or more families (Table 1,
Figure 2B). Although most TUDP cases were diagnosed
using trio ES, 8 cases (1.4%) were solved identifying copy-
number or structural variants with the help of specific tools
[MECP2 (HGNC:6990), EHMTI (HGNC:24650)],'"* or
single-exon-resolution molecular karyotyping [AUTS2
(HGNC:14262), SOX3 (HGNC:11199), DEGSI
(HGNC:13709), TBX6 (HGNC:11605)] or long-read GS
[NSDI (HGNC:14234), DEGSI]. Two additional cases
were diagnosed by short-read GS [SPAST (HGNC:11233),
APIS2 (HGNC:560)] (Supplemental Table 4).

Spectrum of variants and mode of inheritance

A total of 58 compound heterozygous (11.5%), 41 homo-
zygous (8.1%), 349 de novo (69.2%, including X-linked
diseases), and 30 X-linked (5.9%, maternally inherited)
pathogenic variants were identified in 504 solved TUDP
cases, which included 7 cases with double diagnosis
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Table 1 Demographic and diagnostic data from TUDP families

Total families
Category
TRIO
DUO
QUARTET
QUINTET
SEXTET
Diagnostic yield
Solved
Unsolved
Patient information
Patient Age (average)
Male
Female
Total patients
Mode of inheritance
Autosomal dominant®
De novo
Inherited
Autosomal recessive®
Compound heterozygous
Hom
X-Linked®
De Novo
Maternal inheritance
Two diagnoses®
De Novo + X-linked
Hom + De Novo
Hom + Hom
De Novo + De Novo
AD (maternal + paternal)
Gene occurrence
Families per gene

1

2

3

>3
Total different gene

Reanalysis diagnostic yield

Solved

Unsolved

Total probands
Reanalysis outcome

Solve-RD collaboration

New disease gene with TUDP

contribution

New disease gene discovered during

TUDP
Pipeline Update

1019
No.
948
16
53
1
1
No. (%)
497 (48.77%)
522 (51.22%)

9y
614 (57%)
463 (43%)
1077
No. of Families (%)

319 + [4] (64.08%)
12 (2.38%)

55 + [3] (11.51%)
41 (8.13%)

25 + [1] (5.15%)
30 (5.95%)

2 (0.39%)
1 (0.19%)
2 (0.39%)
1 (0.19%)
1 (0.19%)

No. of Gene (%)
236 (71.5%)
62 (18.8%)

17 (5.2%)
15 (4.5%)
330

No. (%)

73 (17.18%)

352 (82.82%)
425

No. (%)
9 (12.32%)
12 (16.43%)
27 (36.98%)

25 (34.24%)

AD, autosomal dominant; CNV, copy number variation; Hom, homozy-
gous; SV, structural variant; TUDP, Telethon Undiagnosed Disease Program.
Single-nucleotide variant. Number in square brackets indicates SV and

CNV.

(Table I). Genotype-phenotype correlation also identified
14 pathogenic variants inherited from apparently healthy
parents. Upon retrospective clinical evaluation, it was found
that the parent who was heterozygous for the identified

@ Odysseyoverview

Q

onset Di icodyssey  mTimetoissue a TUDP report
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: -
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Figure 2 Patient diagnostic odyssey and most frequent
causative genes. A. Odyssey overview. Distribution of patients’
diagnostic odyssey across 5 age groups (months): 0-24, 24-48, 46-
72, 72-96, and more than 96 months. The orange bar represents the
interval from birth to the initial onset of clinical signs. The gray
bar corresponds to the time before enrollment in the TUDP pro-
gram without a molecular diagnosis, and the blue bar indicates the
time from TUDP enrollment to a definitive molecular diagnosis.
B. Recurrent mutated genes. The bar graph shows the list of
causative genes that were identified in 3 or more families. TUDP,
Telethon Undiagnosed Diseases Program.

variant was also mildly symptomatic. By far the most
common type of pathogenic variant arose de novo in a
single affected child with a negative family history. We
found 183 de novo predicted loss-of-function protein-trun-
cating variants (frameshift, nonsense) and 55 splice-site
variants, whereas the remaining variants were protein-
altering missense variants with loss- or gain-of-function
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effects. Detailed information on solved TUDP cases (sex,
age, genotype, and inheritance) is summarized in
Supplemental Table 4. The prevalence of de novo variants
was similar to that observed in the Deciphering Develop-
mental Disorders study (69.2% vs 76%, respectively).’

We then compared parental age at the time of conception
in the different classes of variants and found a more
advanced paternal (36.38 years) and maternal (32.69 years)
age for de novo variants compared with inherited patho-
genic variants (34.80 years for the father and 30.37 years
for the mother) (P < .001). This finding confirms the pre-
diction of an increase in the occurrence of de novo variants
in older parenthood.”'

Matching for new genes and phenotypic expansion

In 33 families, we detected putative pathogenic variants in
30 novel candidate genes not previously associated with
human disease. Match Maker Exchange platform allowed
us to identify additional unrelated cases with a putative
deleterious variant in the same gene and overlapping phe-
notypes. Sixteen of these genes were new discoveries
identified with the contribution of the TUDP,>>! whereas
the remaining 14 candidate genes are still being validated
by in vitro and in vivo functional studies to support the
pathogenicity, providing a definitive clinical diagnosis.
However, most of the identified pathogenic variants were
located in known disease genes (Supplemental Table 4).
Among these, 31 original articles and 13 case reports
illustrated phenotypic expansions identified by the TUDP.
All the publications involving the TUDP are reported in
Supplemental Table 5, including a recent study describing
a therapeutic approach following diagnosis.”> The contri-
bution of HPO to the phenotype expansion was furtherly
analyzed in the Supplemental Results section and
Supplemental Figure 1.

ES reanalysis of unsolved cases

A systematic reanalysis was performed annually. As of
December 2023, the reanalysis had only involved 425 cases
that remained unsolved after the initial analysis. This
increased the diagnostic yield by 17.2% (see Table 1). Raw
trio sequencing data (FastQ) were reprocessed using the
VarGenius analysis pipeline'® based on the updated
Genome Analysis Toolkit (GATK release 4.0.5). In addi-
tion, the remaining phenotypic and genomic datasets were
processed using GPAP, an online tool for diagnosis and
gene discovery in rare disease research developed as part of
the Solve-RD project (https:/solve-rd.eu).”> Pathogenic
variants were found in 73 reanalyzed patients, 9 cases
(12.3%) were solved by the GPAP tool and 25 (34.2%) by
the updated version of the VarGenius pipeline. In the
remaining 39 reanalyzed cases (53,4 %), pathogenic vari-
ants were identified in genes associated with disease during
the TUDP study (Table 1).*%’

Among these, we identified 11 probands with de novo
variants in RNU4-2, recently described as causing a novel
neurodevelopmental disorder (ReNU syndrome; MIM
#620851).°® Three variants were identified through
whole-exome sequencing reanalysis, whereas the others
were detected by Sanger sequencing screening of the entire
unsolved cohort (see Supplemental Methods section).

Discussion

The TUDP is a multicenter program that aims to establish a
sustainable standard for the diagnosis of rare and severe
childhood-onset monogenic diseases that elude clinical and
genetic recognition. We defined a strategy to achieve stan-
dardized clinical and genetic evaluation among all partici-
pating pediatricians and geneticists. The protocol provides
for multiple levels of comparison and matching, with peri-
odic reanalysis of unsolved cases and reports of clinical value
to patients’ families. The average age of accepted cases was 9
years; these patients had already spent an average of 8§ years
(£5.3 SD) in their diagnostic odyssey before being accepted
into the TUDP, with peaks of up to a decade.'”'®

For these families, the diagnosis has changed their lives,
not only in terms of preconception counseling but, above
all, in terms of giving a name to the disease and being part
of a group of patients around the world who share the same
desire to receive targeted therapy. The diagnostic odyssey
has been significantly shortened since the launch of the
TUDP. Individuals born from 2016 onward have been able
to obtain a rapid and definitive diagnosis thanks to their
immediate enrollment in this program. This can be con-
trasted with the diagnostic timelines for those born before
the project’s inception. Among the 497 solved cases, 151
had pathogenic variants in disease genes identified after the
initiation of TUDP. In patients older than 8 years, 116
(76.8%) carried variants in these newly discovered genes,
indicating that the diagnostic reporting time (approximately
18 months) was linked to the involvement of novel disease
genes (Figure 2B).

The TUDP activities had the advantage of the Info_Rare
portal, which was previously launched by the Telethon
Foundation. Info_rare is a free online help service providing
information to patients after a genetic diagnosis. Info_rare
provides information on rare genetic disease centers, and
diagnostic and referral centers for patient care, as well as
news on scientific publications, ongoing genetic disease
studies, and clinical trials. Patients with this support have
sufficient information to join existing associations or to
create new associations under the name of the gene
responsible for the rare genetic disease.

The TUDP has achieved a genetic diagnosis in almost
49% of all enrolled patients. From 2016 to 2023, the
diagnostic rate exhibited minimal fluctuations, as demon-
strated in Supplemental Figure 2. This stability may be
attributable to a number of factors, including the systematic
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updating of bioinformatics pipelines and the reanalysis of
unsolved cases. Additionally, the continuous identification
of new disease genes has contributed to this stability. The
TUDP program has played a significant role in this effort.
The output of the study so far includes not only new di-
agnoses for patients but also 74 publications, the identifi-
cation of 16 new disease genes, and the creation of specific
calls for scientists to study rare genetic diseases
(Supplemental Table 5).

Diagnosis rates for undiagnosed conditions vary widely
between studies conducted around the world. In general,
diagnostic rates tend to be higher in children than in adults,
a difference that may be partly due to the greater multi-
factorial contribution in late-onset diseases (polygenic,
immune, infectious, environmental, etc).39 Recruitment of
families after clinician-led preselection and routine genetic
testing (eg, array CGH and clinical exome testing) resulted
in a cohort that was depleted of most known syndromes and
large structural variants. These criteria are common to other
UDPs and reduce the apparent diagnostic yield compared
with first-line testing and distort factors influencing the
likelihood of receiving a diagnosis. Therefore, the diag-
nostic yield of this study is a conservative estimate, and a
yield greater than 75% would be expected if trio GS were
offered as a first-line strategy.’’"* Other studies support the
conservative nature of the reported dlagnostlc yields in
preselected cohorts after routine screening.*”**

Considerable variation in diagnostic yield, ranging from
26% to 36%, was observed in the first programs for undiag-
nosed childhood diseases.”*° Detection rates may vary as
result of technical, analytical, and knowledge differences.
Technical differences are mainly due to exome enrichment and
sequencing technologies, analytical differences to the bioin-
formatics pipeline, and the increasing number of new disease
genes observed in recent years may also explain the higher
diagnostic rate of UDPs in recent years."’ Assuming that all
phases were performed to optimal standards, the higher suc-
cess rate of the TUDP (about 49%) compared with most-
reported data from other programs could be the effect of
both selection criteria and data reanalysis. All patients enrolled
in the TUDP were severe, <18 years of age, were analyzed in
trio, and had received a negative array CGH result. We believe
that these selection criteria enriched our cohort of monogenic
diseases. Only trio sequencing allows the identification of
undescribed de novo pathogenic variants, which were those
most commonly found in this study (70%). Although ex-
pected, such a high prevalence of de novo pathogenic variants
as a consequence of increasing parental age at conception was
striking. Aging increases the frequency of germline variants,
and the cultural and social tendency to delay parenthood is
likely to have several social implications in Western pop-
ulations.”' In contrast, the reduction of parental consanguinity
in Western demographics will make homozygosity rarer and
more limited to cases from countries in the Middle East, North
Africa, and South Asia.*® The inclusion of adult patients and
adult-onset disorders in other programs, such as the NIH UDP,
may explain their lower diagnostic rate."’

Despite the high diagnostic yield achieved by the TUDP, a
significant proportion of patients remain undiagnosed. In
about 1.4% of our cases, the genetic defect was identified by
additive studies based on tools for structural variant calling
from mapped paired-end sequencing reads, the use of high-
resolution array CGH with single-exon coverage of all
known disease-causing genes, specifically developed within
the TUDP, and the use of long-read GS technology. This
result is consistent with the emerging evidence that still
elusive cases may be in part solved with a similar combined
approach.'”?%* The hypothesized genetic defects underly-
ing these cases include deep intronic splice variants, regula-
tory element variants, elusive complex structural changes,
mosaicism, and polygenic disorders. All of these could be
solved in the next few years with the introduction of future
technologies, such as those providing end-to-end chromo-
some sequencing and full-length single-cell RNA
sequencing. However, the “dark matter” of unsolved cases
may have an additional explanation: the lack of answers may
be primarily due to a lack of knowledge. The real number of
human disease genes is certainly higher (at least 6000-
13,000) than those currently described, and the majority
remain unknown because there are too few affected cases,
and their phenotype is too unspecific to establish causality.””
These cases remain unsolved because no other patients with
the same variant have been identified. If this hypothesis is
correct, then the most cost-effective strategy will be to in-
crease the number of patients who are trio-sequenced and to
store the data for reuse. According to OMIM statistics, 150-
200 new single-gene disorders have been identified annually
in recent years. As this trend accelerates, the number of
known disease genes will grow even faster. Indeed, having
access to such a large repository of DNA and next-generation
sequencing data from undiagnosed patients allowed us to
rapidly resolve a significant number of cases, both through
reanalysis of ES data and targeted analyses. A striking
example is the recent discovery that the RNU4-2 gene that has
been recognized as one of the most common causes of syn-
dromic neurodevelopmental disorders>®*7 and, in our case
series, the second most frequently mutated gene after DDX3X
(HGNC:2745) (Figure 2B).*

This study has implications for both clinical practice and
health policy, ending the diagnostic odysseys for patients and
providing correct preconception information. For example,
extended preconception carrier screening will not effectively
prevent most cases caused by de novo pathogenic variants.
The information provided by this study should be used by
national health systems to improve the accuracy and cost-
effectiveness of diagnosis of rare pediatric diseases using
our protocol. Unsolved TUDP cases represent a resource for
the discovery of unknown mechanisms underlying genetic
diseases by the next phase of the TUDP (TUDP 3.0) that
includes further phenotypic and genetic analysis of unsolved
TUDP cases using optical genome mapping, long-read GS,
and RNA studies. Reported findings point to an increase of at
least 5% to 10% of diagnosed cases,’! but more conservative
estimates suggest that a proportion of these variants could
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also be detected by conventional short-read sequencing, if
coverage-related loss of detection and algorithm-driven loss
of accuracy could be avoided.

Data Availability

All data presented in this study are available upon request.
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