Downloaded from genome.cship.org on May 12, 2025 - Published by Cold Spring Harbor Laboratory Press

Research

Unraveling undiagnosed rare disease cases by HiFi
long-read genome sequencing
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Solve-RD is a pan-European rare disease (RD) research program that aims to identify disease-causing genetic variants in pre-
viously undiagnosed RD families. We utilized 10-fold coverage HiFi long-read sequencing (LRS) for detecting causative struc-
tural variants (SVs), single-nucleotide variants (SNVs), insertion-deletions (indels), and short tandem repeat (STR)
expansions in previously studied RD families without a clear molecular diagnosis. Our cohort includes 293 individuals
from 114 genetically undiagnosed RD families selected by European Reference Network (ERN) experts. Of these, 21 families
were affected by so-called “unsolvable” syndromes for which genetic causes remain unknown and for which prior testing
was not a prerequisite. The remaining 93 families had at least one individual affected by a rare neurological, neuromuscular,
or epilepsy disorder without a genetic diagnosis despite extensive prior testing. Clinical interpretation and orthogonal val-
idation of variants in known disease genes yielded 12 novel genetic diagnoses due to de novo and rare inherited SNVs, indels,
SVs, and STR expansions. In an additional five families, we identified a candidate disease-causing variant, including an
MCF2/ FGFi3 fusion and a PSMA3 deletion. However, no common genetic cause was identified in any of the “unsolvable”
syndromes. Taken together, we found (likely) disease-causing genetic variants in 11.8% of previously unsolved families
and additional candidate disease-causing SVs in another 5.4% of these families. In conclusion, our results demonstrate
the potential added value of HiFi long-read genome sequencing in undiagnosed rare diseases.
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Rare diseases (RDs) affect 400 million people worldwide (Nguen-
gang Wakap et al. 2020). It is estimated that 80% of these diseases
have a genetic origin (Sernadela et al. 2017). Pinpointing the dis-
ease-causing genetic variant is important for RD families, because
it ends an often time-consuming, stressful, and costly diagnostic
odyssey (Biesecker and Green 2014). In addition, several disease
management strategies and treatment options depend on the spe-
cific disease gene or variant (Pogue et al. 2018).

With routinely used short-read sequencing (SRS) technolo-
gies, such as exome and genome sequencing, diagnostic yields
vary between 8% and 70%, depending on the diseases studied
and inclusion criteria used (Wright et al. 2018). Besides incomplete
knowledge of the functional and phenotypic consequence of ge-
netic variation, shortcomings at the variant identification level
may substantially contribute to the fact that many RD patients re-
main genetically undiagnosed. Indeed, SRS technologies result in
an almost complete characterization of short genetic variants (sin-
gle- and multinucleotide substitutions and small insertions and
deletions) in the unique portions of an individual’s genome, but
the analysis of duplicated and repetitive genomic regions and par-
ticularly the identification of structural variants (SVs) and short
tandem repeat (STR) expansions remain far from complete
(Chaisson et al. 2019; Chintalaphani et al. 2021; Porubsky et al.
2023). Several recent studies demonstrate that long-read sequenc-
ing (LRS) technologies uncover a whole new reservoir of (struc-
tural) genetic variation (Chaisson et al. 2019; Zook et al. 2020;
Beyter et al. 2021; Pauper et al. 2021; Kucuk et al. 2023). Now

that these LRS technologies produce high-quality sequencing
reads at steadily dropping costs, researchers are able to
evaluate the hypothesis that part of the genetically undiagnosed
RDs is caused by variants that remain hidden from previously
used technologies. The exploration and interpretation of SVs in
undiagnosed RD families by LRS have indeed shown to be success-
ful in the past couple of years for several disease phenotypes
(Merker et al. 2018; Sanchis-Juan et al. 2018; Mizuguchi Suzuki
et al. 2019a,b; Zeng et al. 2019; Fadaie et al. 2021). Here, as part
of the Solve-RD consortium effort, we applied long-read genome
sequencing to 293 individuals from 114 previously undiagnosed
RD families to show the potential additional benefits of LRS for re-
solving the genetic cause in rare disease patients.

Results

Our complete study cohort consists of two different subcohorts
(Fig. 1; Supplemental Table S1). Firstly, a subcohort of 21 famil-
ies (including 16 trios) with clinically well-recognized, so-
called “unsolvable” syndromes, including Aicardi (MIM ID %
304050), Hallermann-Streiff (%234100), Gomez-Lopez-Hernan-
dez (%601853), Pai (%155145), and syndromes belonging to the
oculoauriculovertebral spectrum, all of which remain genetically
elusive despite huge global efforts to identify the disease cause.
These patients had not necessarily undergone previous testing.
The second subcohort consisted of 232 individuals from 93
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Previously undiagnosed RD families
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HiFi LRS in a unique cohort of 293 individuals from 114 RD families. The study cohort consists of two subcohorts: the “unsolvables” (families

affected by clinically well-recognizable syndromes for which the cause is yet unknown) and the “unsolved” (families affected by a rare neurological, neu-
romuscular, or epilepsy disease). All patients were recruited via four European Reference Networks and subsequently sequenced using a single SMRT cell of
sequencing data per individual. Genome-wide calling of SVs and SNVs was conducted, and STRs were genotyped at 56 known disease-associated loci.
(ERN) European Reference Network, (BND) breakend call, (INH) inherited variant, (DNM) de novo mutation.

families with rare neurological, neuromuscular, or epilepsy disor-
ders selected by experts from ERN-EURO-NMD, ERN-EpiCARE,
ERN-RND, and ERN-ITHACA. While most of these patients are af-
fected by conditions for which several genetic causes are known,
these particular families remained “unsolved”; as extensive diag-
nostic and/or research testing, including prior exome or genome
sequencing, had failed to yield a diagnosis (Supplemental
Table S2).

Within known disease-relevant genes (ERN-specific gene lists;
Methods), we assessed all types of SVs. Outside these gene panels,
we focused our analysis on putative de novo events in parent-off-
spring trios and, due to the lack of effective population databases
for SVs, on large inherited SVs (>100 kb [corresponding to break-
end calls]) since these events are more likely to affect the pheno-
type (Methods). We also genotyped 56 known disease-associated
STR loci and assessed all rare SNVs within known disease-relevant
genes and, in parent-offspring trios, on putative de novo events in
the complete genome (Methods).

On average, we identified 55,658 SVs (=20 bp; 23,385 SVs >
50 bp) and 4,700,505 SNVs per individual (Methods; Supplemen-
tal Table S3). Of these, 13,481 SVs and 43,172 SNVs are private to a
single family. In the 42 parent-offspring trios included in the
study, we identified an average of 32.6 candidate de novo SVs,
which were reduced to 8.5 after quality filtering. Following visual
curation in the Integrative Genomics Viewer (IGV), this number
was further refined to an average of 0.81 per trio.

From the 18 visually curated putative de novo SVs for which
flanking sequencing primers could be designed (0.43 per trio on
average), four were confirmed as de novo variants in the child.
Of the remaining calls, five were false positives, six were true vari-
ants inherited from a parent, and three were true positives where
the parental sequences failed (Methods; Supplemental Fig. S1;
Supplemental Tables S4 and SS5).

Identification of (likely) pathogenic variants in
previously undiagnosed RD

Unsolvable syndromes

In the subcohort consisting of 21 families with “unsolvable” syn-
dromes, we could not identify a gene or locus in which rare (de
novo) variants were present in multiple families with the same syn-
drome. However, in a sporadic female patient (P0185637) initially
diagnosed with Aicardi syndrome, presenting with global develop-
mental delay, partial agenesis of the corpus callosum, and abnor-
malities with the vasculature and innervation of the eye, we
identified a de novo missense variant in TUBAIA (tubulin alpha
la, MIM ID *602529, NM_006009.4, Chr12:g.49,185,725C>T,
€.641G>A, p.(Arg214His); Fig. 2; Table 1). The variant has previ-
ously been described as a cause of lissencephaly 3 (LIS3, MIM ID
#611603; Bahi-Buisson et al. 2014). Clinical reassessment of the
patient’s phenotype confirmed the new diagnosis.

Disease-causing variants identified in rare neurological and
neuromuscular diseases, and epilepsies

After prioritizing and clinically interpreting genetic variants in the
93 families from the “unsolved” subcohort, we established a genet-
ic diagnosis in 11 of them (Methods; Table 1).

Structural variants

In two unrelated male patients (P0078963 and P0695060; Fig. 3A-
D) with muscular dystrophy, we identified disease-explanatory
inversions breaking DMD (dystrophin, MIM ID *300377,
NM_004006.3; Fig. 3A,C). The breakpoints in patient P0078963
are ChrX:23,308,848 and ChrX:32,004,110 GRCh38 (hg38)
resulting in an inversion of 8.7 Mb, which breaks DMD in intron
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Figure 2. Visualization of the TUBATA de novo missense variant in P0185637 using IGV, and a pedigree of the family. The variant had earlier been de-
scribed as a cause of lissencephaly. Healthy family members do not carry the variant. Sequenced individuals are marked with an asterisk (*) in the pedigrees.

44, resulting in a truncated transcript (Fig. 3A). This event was ini-
tially discovered by optical genome mapping (OGM) and LRS de-
tected the exact breakpoints of the event. In patient P0695060,
an inversion of ChrX:17,398,320-32,130,845 was identified (Fig.
3C). This event breaks NHS (NHS actin remodeling regulator,
MIM ID *300457, NM_0129186.2) in intron 1 and DMD in intron
44. This event was confirmed by Sanger sequencing, which also
highlighted the insertion of a short ATAAT sequence in the first in-
tron of NHS, and of a 38 nt sequence in the intron 44 of DMD,
which likely favored the inversion. As these genes have opposite
orientations on the chromosome, the inversion results in two the-
oretical fusion genes in which the exon orientation is conserved.
However, neither theoretical gene product is in frame much past
the fusion breakpoint. The likely disruption of both genes is also
in line with the patient’s phenotype, who in hindsight presents
not only with a dystrophy but also with a cataract, which is a char-
acteristic feature of Nance-Horan syndrome (MIM ID #302350)
caused by loss-of-function variants of NHS.

In a duo consisting of an affected father and affected son
(PO011782 and P0011781, respectively; Fig. 3E-H) presenting
with hereditary spastic paraplegia (HSP), we detected a 1.2 kb
deletion encompassing the entire exon 6 of REEP1 (receptor acces-
sory protein 1, MIM ID *609139, NM_001371279.1), Chr2:
g.86,232,216-86,233,399del, eventually leading to a frameshift
mutation p.(Gly140Cysfs*18) that removes exons 6-9. Both the fa-
ther and the son are heterozygous carriers of this deletion (Fig. 3F,
G). Variants in REEP1 have been described in autosomal recessive
distal hereditary neuronopathy (MIM ID #620011) and autosomal
dominant (AD) spastic paraplegia 31 (SPG31, MIM ID #610250).
Of SNVs, frameshift variants are the most common causative var-
iant type in SPG31 cases (Beetz et al. 2008). In addition, single-
exon deletions in REEP1 of exons 2 and 3 have been described as
pathogenic (Goizet et al. 2011). Additionally, two cases with dele-
tions encompassing more than one exon have been described
(Ishiura et al. 2014), neither affecting exon 6.

In a singleton patient with adult-onset distal myopathy
(P0657753, Fig. 31-K), a 65 kb duplication involving MYOT (myo-
tilin, MIM ID *604103, Chr5:137,832,296-137,897,203) had earli-
er been identified by a gene panel for myofibrillar myopathy.
Because we did not observe this variant in our filtered variant calls,
we reverted to the raw sequencing data for this specific case, which
allowed us to determine that the duplication was in tandem. The
variant also segregates with the probands similarly affected sibling.
Heterozygous variants in MYOT are a known cause of myofibrillar
myopathy 3 (MIM ID #609200), a slowly progressive muscle disor-

der with an adult onset. A separate report on the family, including
functional validation showing increased expression of myotilin,
has been published (Spinazzi et al. 2025).

Repeat expansions

In two families with autosomal dominant ataxia (AD-ATX), we
identified disease-explanatory heterozygous expansions of the
GGCCTG motif in intron 1 of the NOP56 gene (Table 1;
NOPS56 ribonucleoprotein, NM_006392.4, MIM ID *614154).
Repeat expansions in NOP56 are a known cause of AD spinocer-
ebellar ataxia 36 (SCA36, MIM ID #614153; Kobayashi et al.
2011). The hexanucleotide motif count in a duo consisting of
two affected siblings (P0016368 and P0018504; Fig. 4A) was esti-
mated at >1200. In the other family, consisting of two affected
family members in two generations and one unaffected family
member (P0018996, P0019023, and P0019024, respectively, Fig.
4B), the motif count was >34 in the affected mother and >45
in the affected child. The pathogenic repeat threshold of
NOPS56 is generally regarded to be 650 hexanucleotide repeats;
however, shorter repeats are also known to be causative (Obaya-
shi et al. 2015). The repeat expansion in the latter family was
also discovered by reduced expression through RNA-seq and
whole genome sequencing by parallel efforts in Solve-RD (Sup-
plemental Fig. S2).

In a family presenting with AD-ATX (P0016356, P0019033),
we found a repeat expansion in DABI (DAB adaptor protein 1,
NM_001365792.1, MIM ID *603448), a known causal gene for
Spinocerebellar ataxia 37 (SCA37, MIM ID #615945). Age-depen-
dent penetrant alleles have been reported to have an insertion of
31-75 ATTTC repeats, while the normal motifs are usually uninter-
rupted and consisting of 7-400 units of ATTTT (Matilla-Duefias
and Volpini 1993). The analysis of LRS data indicated the presence
of two alleles in the index case P0016356, one with seven ATTTT
repeats and another with a complex structure of (estimated) 615
ATTTT motifs, followed by 117 ATTTC repeats and then again by
29 ATTTT repeats (Fig. 4C), supported by five high-quality span-
ning LRS reads.

Finally, a homozygous repeat of the pathogenic AAGGG mo-
tif in the RFC1 gene (replication factor C, NM_002913.5, MIM ID
*102579) was found in a patient with ataxia (P0019027). Repeat
expansions in RFCI are known to cause CANVAS-spectrum dis-
order (“cerebellar ataxia, neuropathy, and vestibular areflexia
syndrome,” MIM ID #614575), being very consistent with the
observed phenotype. The number of AAGGG motifs was estimated
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Figure 3. Visualization of disease-causing SVs in the “unsolved” subcohort in the form of cartoons and/or IGV screenshots, along with corresponding
pedigrees. In two unrelated male patients (P0078963 in A,B, P0695060 in C,D) with muscular dystrophy, we found X-Chromosomal inversions (A-D). In
both cases, DMD is disrupted (A,C), in one a second gene disruption adds to the phenotype (C). In a father and son with hereditary spastic paraplegia, we
detected a deletion of REEPT exon 6 (E-H). The deletion in PO01782 and P0011781 is shown here as a cartoon (£) and as a screenshot in IGV (F). The dele-
tion was also visualized by agarose gel electrophoresis, which confirms that both patients are heterozygous for the deletion (G). The pedigree of the family is
shownin H. In a patient with adult-onset distal myopathy, a 65 kb duplication involving MYOT (/) was confirmed to be in tandem by LRS (J). The pedigree of
the family is shown in K. Sequenced individuals are marked with an asterisk (*) in the pedigrees (B,D, G, H,K). (MD) Muscular dystrophy, (AD-HSP) autosomal

dominant hereditary spastic paraplegia.
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Figure 4. Visualizations were produced using the PacBio TRGT tool and pedigrees for the families with pathogenic STR expansions. In siblings P0016368
and P0018504, a heterozygous GGCCTG expansion in NOP56 was detected (A). In another family, an expansion including the motifs GGCCTG and
CGCCTG in NOP56 was detected in one generation (P0018996), and the STR expansion was subsequently also identified in the mother (B). In patient
P0016356 and their father, we identified heterozygous STR expansion DABT, including both ATTTT and ATTTC motifs (C). In another patient, we identified
homozygous STR expansions in RFC1 (D). Alleles are denoted by “A1” and “A2.” Sequenced individuals are marked with an asterisk (*) in the pedigrees.

(AD-ATX) Autosomal dominant ataxia.

by the tool to be 271 on one allele and 1181 on the other allele
(Fig. 4D). However, it is possible that the first allele is longer
than 271 pathogenic repeats, since it was inferred based on
soft clipped reads, not reads spanning the full repeat. The visuali-
zation of LRS data from this patient in IGV indicated that no nor-
mal alleles were present. The further validation of this likely
causative repeat is to be described elsewhere.

Single-nucleotide variants

In a sporadic male patient with suspected titinopathy (P0008178),
presenting with progressive proximal muscle weakness and myo-

pathic features in his muscle biopsy, we identified a deep intronic
SNV in DMD (ChrX:33,174,335C>T) (Fig. 5A). This variant has
previously been shown to be a cause of Becker muscular dystrophy
(BMD, MIM ID #300376) through exonization of a 149 bp se-
quence within intron 1 of DMD (Okubo et al. 2020). Clinical reas-
sessment of the patient’s phenotype confirmed the BMD diagnosis.

In a duo consisting of an affected mother and daughter
(P0859417, P0016160) with AD HSP, we identified a variant in in-
tron 6 of SPAST (spastin, MIM ID *604277, NM_014946.4, Chr2:
g.32,115,840G > A, c.1004+5G>A) (Fig. 5B). Variants in SPAST
are known to cause HSP4 (MIM ID #182601; Hazan et al. 1999)
and while the same variant has not been previously recorded, a
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Figure 5. Visualization of disease-causing SNVs and indels in the “unsolved” subcohort in the form of IGV screenshots, along with corresponding ped-
igrees. In a sporadic patient with suspected titinopathy, we identified a deep-intronic variant in DMD (A). The nonaffected sibling did not carry the variant
(A,B). In a duo consisting of an affected mother and affected daughter with HSP, we identified a noncanonical splice site variant in SPAST (C,D). In a patient
with titinopathy (P063122), a maternally inherited and a de novo variant had been identified earlier (C—F). The two variants are located 109 kb apart,
but the alleles were successfully phased through the entire region by LRS (G). The reads are colored by haplotag; pink and light blue, or yellow and
purple represent different alleles in A, C, £, and G. Unphased reads, such as X-Chromosomal reads in males, are shown in gray (A,E). Sequenced
individuals are marked with an asterisk (*) in the pedigrees (B,D,F). (BMD) Becker muscular dystrophy, (AD-HSP) autosomal dominant hereditary spas-

tic paraplegia.

variant affecting the same base has previously been evaluated as
pathogenicin ClinVar (variation ID 989101). The variant was iden-
tified in parallel by the referring laboratory but was initially consid-
ered to be of uncertain significance. Subsequent RNA analysis
eventually demonstrated skipping of exon 6 showing that the var-
iant is likely pathogenic through loss-of-function exon-skipping.
In a sporadic patient with suspected titinopathy (P0631224),
two pathogenic frameshift variants in TTN (titin, MIM ID
*188840, NM_001267550.2) had been previously identified
before submission to the Solve-RD collection. Of these, one
was maternally inherited, Chr2:g.178530761dup, c.105854dup,
p-(Pro35286Thrfs*13), and one de novo, Chr2:g.178640613del,
€.40652del, p.(Pro13551GlInfs*47) (Fig. 5C). Both variants are lo-
cated in ubiquitously expressed exons; the maternally inherited
variant affects the constitutional exon 308, and the de novo vari-
ant affects exon 221, which is expressed in 99% of TTN transcripts
(Savarese et al. 2018). Previous SRS efforts had not been successful
in identifying on which allele the de novo event had occurred.
Using our approach, we were able to successfully differentiate be-
tween the alleles and confirmed the two frameshift variants to
be in trans, thus explanatory for the patient’s phenotype (Fig. SD).

Candidate disease-causing variants identified in rare
neurological, neuromuscular, and epilepsy diseases

In addition to the pathogenic variants identified above, in
which the disease gene is well established and fits the patient’s
phenotype according to clinical experts, our analyses revealed
novel, candidate disease-causing aberrations in five additional
families (Table 1).

De novo duplication on Chromosome X

In a female patient (P0936700) presenting with arthrogryposis
multiplex congenita, thoracolumbar scoliosis, and restrictive ven-
tilatory defect, we discovered a 500 kb X-chromosomal tandem
duplication (ChrX:g.139,164,887-139,679,311dup), which was
confirmed de novo in the patient by gel electrophoresis and se-
quencing (Fig. 6A-D). The breakpoints of the duplication disrupt
two genes: FGF13 (fibroblast growth factor 13, MIM ID *300070,
NM_004114.5), and MCF2 (MCF.2 cell line derived transforming
sequence, *311030, NM_001171876.2).

FGF13 modulates the function and location of voltage-gated
sodium channels in the brain (Fry et al. 2021). Mutations in the
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Figure 6. Visualization of candidate disease-causing SVs in the “unsolved” cohort. In a sporadic patient (P0093700) with arthrogryposis multiplex con-
genita, we detected an X-Chromosomal tandem duplication (A-D). The duplication spans from intron 1 of MCF2 to intron 2 of FGF13 and also includes F9
(A). The result of the duplication is a hypothetical fusion gene, including FGF13 exons 1-2 and MCF2 exons 2-29 (B). The duplication was validated by PCR
and agarose gel electrophoresis (C) using primers targeting the breakpoints of the duplication, and a combination of the MCF2 forward and FGF1 3 reverse
primers (primer pair 1, A,C). In a sporadic patient with psychomotor development delay (P0021581), we detected a deletion of PSMA3 exons 9-11, here
shown as a cartoon (E) and as a screenshot using IGV (F). The deletion was validated by agarose gel electrophoresis (G) and Sanger sequencing. The index
P0021581 has three healthy siblings who do not carry the deletion (H). In a sporadic female patient (P0537031) with congenital malformation syndrome,
we detected a 5 Mb tandem duplication on Chromosome 4, visualized here as a cartoon (/). The pedigree is shown in /. In a sporadic male patient
(P0016165) with autosomal dominant spastic paraplegia, with a similarly affected father, we detected a 300 kb tandem duplication on Chromosome
2, visualized here as a cartoon (K). The pedigree is shown in L. In a family with an affected mother and son (P0847234 and P0958540), we detected
an intronic variant in REEPT (M). The reads are colored by haplotag; pink and light blue represent different alleles in M. The index patient also has an affected
uncle, whose sample was not sequenced (N). Sequenced individuals are marked with an asterisk (*) in the pedigrees (D,H,/,L,N). (NMD) Neuromuscular

disorder, (CMS) congenital malformation syndrome, (AD-HSP) autosomal dominant hereditary spastic paraplegia.

gene have been linked to developmental and epileptic encepha-
lopathy 90 (MIM ID #301058) and intellectual developmental dis-
order (MIM ID #301095). MCF2 is an oncogene belonging to a
family of GDP-GRP exchange factors, the role of which is to mod-
ulate the activity of small GTPases in the Rho family. In addition to
brain tissue, it has relatively high expression in the adrenal gland,
the testes, and the ovaries. Molinard-Chenu and colleagues report-
ed a putative pathogenic missense mutation in MCF2 in a patient
presenting with complex perisylvian syndrome (Molinard-Chenu
et al. 2020).

The duplication results in a hypothetical FGF13-MCF2 fusion
gene, in which the breakpoint resides within the second intron of
FGF13 and the first intron of MCF2 (Fig. 6B). The entire fusion gene
product is in-frame. The putative pathogenic mechanism of this
fusion gene will be subject for another study.

PSMA3 carboxy-terminal deletion

In a sporadic female patient (P0021581), we identified a de novo
15.3 kb deletion on Chromosome 14 affecting the three last exons
(ex 9-11) of PSMA3 (proteasome 20S subunit alpha 3, MIM

ID *176843, NM_002788.4) (Fig. 6E-H), Chr14:58,268,649—
58,283,944. The phenotype consists of a marked delay of psycho-
motor development resulting in the achievement of independent
walking at the age of 3 years. The patient displays facial dysmor-
phism and marked intellectual disability. From the age of 21,
there was a progressive worsening of motor functioning. Nerve
conduction studies revealed an axonal sensorimotor neuropathy.
Unaffected siblings of the index patient did not carry the deletion,
and haplotyping of PSMA3 suggests that the deletion has arisen de
novo in the patient. The deletion breakpoints were confirmed by
Sanger sequencing, and its absence in the siblings was confirmed
by PCR and gel electrophoresis (Fig. 6G).

PSMA3 is expressed in tissues throughout the body, including
skeletal muscle and nerve tissues. As a proteasome subunit, the role
of PSMA3 is to contribute to the proteolytic pathway of aberrant
proteins and/or