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ABSTRACT: Background: Long-read sequencing and
multi-omic analytical frameworks are increasingly being
adopted in rare disease diagnostics. However, clinical
workflows comprehensively integrating these methodolo-
gies remain uncommon.
Objective: This study aimed to assess the potential and
limitations of integrating long-read genomic, trans-
criptomic, and proteomic analyses to characterize complex
structural variants.
Methods: Two unrelated patients presenting with dystonia
and comorbid neurological features underwent nanopore-
based long-read DNA sequencing. In patient 1, complemen-
tary transcriptomic and proteomic analyses were performed.
Results: The workflow enabled the identification and
characterization of two pathogenic complex structural var-
iants: a homozygous AluY-mediated inversion disrupting

PANK2, underlying neurodegeneration with brain iron
accumulation (patient 1), and a heterozygous de novo
16p13.3 duplication-triplication event associated with an
atypical dystonia-parkinsonism phenotype (patient 2).
Conclusions: Our findings underscore the diagnostic
potential of integrated long-read and multi-omic
approaches for complex structural variant characteriza-
tion, while illustrating persistent limitations of automated
pipelines and highlighting unpredictable relationships
between genomic, transcriptomic, and proteomic find-
ings. © 2026 The Author(s). Movement Disorders publi-
shed by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.
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A considerable proportion of movement disorders
has been attributed to highly heterogeneous monogenic
etiologies, both in pediatric and adult patient
populations.1-3 Since their introduction into clinical
practice, high-throughput short-read sequencing tech-
nologies have been regarded as the gold standard
approach for the molecular diagnosis of such condi-
tions.4-6 Nevertheless, the diagnostic yield of genetically
heterogeneous movement disorder syndromes remains
comparatively modest relative to the number of cases in
which a single-gene etiology would be clinically antici-
pated.7 In addition to an incomplete understanding of
causally associated genes and their underlying patho-
genic mechanisms, well-established factors also contrib-
ute to diagnostic gaps: (1) the intrinsic limitations of
short-read sequencing in detecting certain categories
of genomic alterations,8,9 and (2) the often insufficient
predictive and classificatory power of genomic sequence
data alone in establishing pathogenicity.10-12 In this
context, long-read genome sequencing (lrGS)and multi-
omic approaches are expected to improve the diagnosis of
monogenic disorders by better characterizing genomic
variants and their downstream molecular conse-
quences.9,13-18 However, successful and reproducible clini-
cal applications combining long-read genomics, short-
and long-read transcriptomics (short-read [srRNAseq]
and long-read RNA sequencing [lrRNAseq]), and proteo-
mics remain seldomly described in the published
literature.19-21

In this study, we report the diagnostic workup of two
unrelated patients presenting with complex forms of dys-
tonia, in whom standard short-read sequencing had
failed to yield a definitive molecular diagnosis. Through
long-read DNA sequencing, complemented by trans-
criptomic and proteomic analyses in the first patient, we
identified and characterized two pathogenic complex
structural variants (cxSVs): a PANK2-disrupting homo-
zygous inversion underlying neurodegeneration with
brain iron accumulation (NBIA; Online Mendelian Inher-
itance in Man [OMIM] 234200), and a heterozygous de
novo 16p13.3 duplication-triplication event associated
with an atypical dystonia-parkinsonism phenotype.22

Subjects and Methods

See Supporting Information Methods for details.

Results
Patient 1: PANK2-Related NBIA

The first patient, a 19-year-old woman, showed a
complex phenotype characterized by psychomotor
delay, absent language, dystonia, and brain imaging

compatible with PANK2-related NBIA. Further details
are reported in the Supporting Information Results.
Trio exome sequencing (ES), including detailed evalu-

ation and reevaluation of the PANK2 locus, failed to
identify any pathogenic or likely pathogenic variant
(Fig. S1A). Parallel srRNAseq and trio short-read whole
genome sequencing (srWGS) were initiated to further
investigate the PANK2 locus. srRNAseq demonstrated
a significant splicing outlier (adjusted P = 0.026804;
delta psi: �0.32), while expression outlier analysis did
not reach statistical significance; sample-level ranking
nonetheless indicated reduced PANK2 expression,
approximately consistent with monoallelic levels
(Fig. S2A,B). Read-alignment and Sashimi-plot inspec-
tion of srRNAseq data identified a marked reduction in
read coverage at the exon 4–5 junction (Fig. S2C,D),
and closer examination showed that the residual reads
mapping to this junction were, in fact, misaligned,
originating from a distinct locus on chromosome
20 (Fig. S2E). Concordantly, srWGS showed a homozy-
gous 9.65-Mb stretch on chromosome 20p13 (Fig. S3).
Within this region, a subset of implemented structural
variant (SV) callers indicated the presence of an inver-
sion of approximately 1.265 Mb, providing a potential
genomic correlate for the transcriptomic findings. How-
ever, breakpoint resolution and unambiguous variant
identity could not be established from short-read data.
The putative breakpoints were localized to two highly
homologous short interspersed nuclear elements of the
AluY subfamily: one residing within PANK2 intron
4 and the other in the intergenic region between TMC2
and NOP56 (Fig. S1B). The rearrangement was
predicted to divide the PANK2 gene into two discrete
segments: one comprising exon 1 through a portion of
intron 4 (containing exons 1–4 of the canonical tran-
script NM_001386393.1), and the other encompassing
the remainder of intron 4 through exon 7 (containing
exons 5–7). In both parents, the srWGS result was con-
sistent with a heterozygous carrier state.
Given the complexity of the variant, ONT-based lrGS

was performed to refine breakpoint resolution, confirm
the inversion architecture, and verify zygosity. Interest-
ingly, the automated SV calling algorithms integrated
into the Oxford Nanopore Technologies (ONT) pipe-
line (Spectre and Sniffles2, with the later addition of the
alternative tool CuteSV for validation) failed to detect
the inversion. Conversely, manual inspection of the lrGS
data enabled a more accurate delineation of the
breakpoints of the homozygous inversion and provided
a clearer visual representation of the involvement of the
two AluY elements (Fig. 1A). The spatial configuration
of the two AluY elements, located at (GRCh38/hg38)
chr20:2648550–2648648 and chr20:3913791–3914088,
was consistent with nonallelic homologous recombina-
tion as the underlying mutational mechanism, with these
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sites representing the most probable recombination sub-
strates driving the rearrangement (Figs. 1B and S4).
To further resolve the apparent discrepancy between

a homozygous frame-disrupting inversion and the
absence of a significant reduction in overall PANK2
mRNA expression (approximately 78% of the control
mean; log2 fold-change: �0.3479758), we performed
lrRNAseq and proteomic analysis to characterize the
residual transcriptomic and translational output at the
PANK2 locus. lrRNAseq confirmed the complete
absence of full-length PANK2 transcripts. Residual
transcriptional activity was nonetheless detected under
both nonsense-mediated decay (NMD)-inhibited and
uninhibited conditions, comprising at least three trun-
cated isoforms derived from the 50 segment and, unex-
pectedly, one isoform encompassing exclusively exons
5, 6, and 7 (Figs. 1C and S5). The exons 5 to 7 isoform
was notably overrepresented in the NMD-uninhibited

relative to the NMD-inhibited condition, suggesting
active transcriptional production rather than passive
NMD escape; alternatively, stress responses induced by
cycloheximide treatment may have comparatively
reduced the production of this isoform.
The detection of still preserved, although truncated,

isoforms provided an explanation to the nonsignificant
expression outlier readout by OUTRIDER, which
aggregates reads across all annotated exons of a gene
but is not able to discriminate between truncated non-
functional transcripts and full-length productive ones.
Proteomic analysis corroborated the transcriptomic
findings, demonstrating reduced overall PANK2 protein
abundance in the patient sample at a magnitude
broadly comparable with that observed at the transcript
level, although not reaching statistical significance as a
formal expression outlier (Fig. 1D,E). However, the rel-
ative overabundance of the exons 5 to 7 isoform

FIG. 1. Multi-omic characterization of the homozygous PANK2-disrupting inversion at chromosome 20p13. (A) Integrative Genomics Viewer (IGV)23 visuali-
zation of ONT long-read genome sequencing (lrGS) data from patient 1 at the centromeric (top) and telomeric (bottom) inversion breakpoints. Soft-clipped
reads were concentrated around two highly homologous AluY sequences, enabling manual delineation of the breakpoints. Detailed annotation and inter-
pretation of the read alignments are provided in Supporting Information Figure S4. (B) Schematic representation of the structural rearrangement at the
PANK2 locus. The wild-type chromosome 20p13 configuration (top) harbored two highly homologous AluY elements in reverse complement orientation,
with the centromeric element located within the PANK2 locus. Nonallelic homologous recombination (NAHR) between these elements was proposed as
the mechanism underlying the �1.265-Mb inversion (pathogenic allele, GRCh38: chr20:g.2648659_3914087inv), which divided PANK2 into two discrete,
noncontiguous segments on the rearranged chromosome (bottom). (C) Sashimi plot of the lrRNAseq data from the same three samples, illustrating the
exon connectivity patterns of the detected transcript isoforms. The complete absence of reads spanning the exon 4–5 junction confirmed the lack of full-
length PANK2 transcripts in patient 1. Residual isoforms encompassing exclusively exons 5, 6, and 7 were detectable in the nonsense-mediated decay
(NMD)-uninhibited condition and appeared overrepresented relative to the NMD-inhibited condition, suggesting active transcriptional production rather
than passive NMD escape. (D) PROTRIDER rank plot of PANK2 protein abundance across 254 internal proteomics samples from subjects with rare dis-
eases. Patient 1 ranked among the lowest-expressing samples (rank 3/254), indicating reduced overall PANK2 protein abundance, although not reaching
statistical significance as a formal expression outlier. The sample with the lowest PANK2 expression had a confirmed diagnosis of PANK2-related neu-
rodegeneration with brain iron accumulation (NBIA; biallelic pathogenic variants), while the individual ranked second to lowest carried a single heterozy-
gous pathogenic PANK2 variant, providing further contextual support for the clinical relevance of the observed expression reduction in patient 1. (E) Bar
plot of peptide signal intensities corresponding to individual PANK2 exons in patient 1 fibroblasts (light bars) compared with the aggregated mean of
10 control samples from the same batch (dark bars). Peptides encoded by exon 1 were undetectable in patient 1. Peptide intensities corresponding to
exons 2 to 4 were markedly reduced relative to controls, while those corresponding to exons 5 to 7 showed a comparatively lesser reduction, consistent
with the residual exon 5 to 7 transcriptional activity detected by lrRNAseq. No peptide signals corresponding to an exon 5– to exon 7–specific isoform
was identified above background levels. UTR, untranslated region. [Color figure can be viewed at wileyonlinelibrary.com]
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detected by lrRNAseq was not reflected by a cor-
responding increase at the peptide level (Table S1). One
possible explanation could be linked to the presence, in
the truncated transcript, of a short sequence derived
from the inverted segment, which corresponds to the
first exon of an uncharacterized noncoding RNA
(LOC105372505): the inclusion into the transcript of a
sequence not meant to be translated could affect the
stability of the 50 end of the fusion isoform, possibly
leading to inefficient translation (Fig. S6). In addition,
proteomic profiling indicated a complete absence of
detectable peptides encoded by exon 1 (P = 3.6 � 10�9

when compared with same-batch controls).

Patient 2: 16p13.3 Duplication-Triplication
The second patient, a 22-year-old woman, had a clin-

ical history of mild intellectual disability, gait abnor-
malities, generalized dystonia, and parkinsonism.
Further details are available in the Supporting Informa-
tion Results.
Copy-number variant (CNV) analysis of trio ES data

identified a possible candidate de novo heterozygous
copy number gain of �832 kb at the 16p13.3 locus
(chr16:g.1765013_2597766dup) (Fig. 2A); however,
the precise nature, boundaries, and internal architecture
of the variant could not be resolved by short-read data.
Given that cxSVs affecting this region have recently
been associated with movement disorders,22 ONT-
based lrGS was performed to verify the presence and
refine the structural properties of the ambiguous CNV
detected by ES (Fig. 2B). This analysis showed a
complex genomic rearrangement characterized by a
large-scale duplication encompassing an internal,
smaller-scale triplicated segment, structurally analogous
to the variants described recently in the context of path-
ogenic 16p13.3 SVs22 (Figs. 2C and S7). Nevertheless,
precise breakpoint delineation and full resolution of the
variant’s internal architecture also remained unac-
hievable by ONT pipeline analysis, owing to the excep-
tional repetitive complexity of the region and the
disproportionate size of the cxSV relative to the mean
read length generated. Through manual inspection of
soft-clipped reads, the telomeric breakpoint of the
duplicated segment was precisely mapped to chr16:
g.1764458, with the soft-clipped sequences originating
downstream of chr16:g.2351916, thereby defining the
telomeric boundary of the triplicated segment (Fig. S7).
The centromeric breakpoint of the triplication could
not be precisely resolved because of the presence of a
segmental duplication within the reference sequence,
mirroring the challenges previously described.22

Through manual review of read depth and allele frac-
tion distributions at informative polymorphic sites, the
proximal boundary of the triplication was estimated to
lie between chr16:g.2580660 and chr16:g.2610716,

with the former position considered more probable.
Similarly, the distal breakpoint of the duplication could
only be approximated between chr16:g.2634578 and
chr16:g.2687070. The orientation of the most proximal
segment of the duplication also remained undetermined.
The triplicated segment encompassed the ATP6V0C
locus, previously identified as the primary phenotype-
driving gene in palindrome-mediated 16p13.3 triplica-
tions.22 Notably, the broader SV additionally involved
several genes with established relevance to other neuro-
logical and movement disorders, including MAPK8IP3
(MIM *605431), TSC2 (MIM *191092), and CCNF
(MIM *600227), for which it cannot be excluded that
a dosage imbalance may contribute to determining the
patient’s phenotype. A summary of affected genes and
their predicted copy-number dosage is provided in
Table S2.

Discussion

The two cases presented in this report exemplify both
the diagnostic promise and the practical constraints of
long-read sequencing in a real-world clinical setting. In
the first patient, the additional integration of trans-
criptomic and proteomic analyses further illustrates
how multi-omic profiling can yield unexpected yet diag-
nostically critical insights that would remain inaccessi-
ble through genomic approaches alone.
In the first patient with PANK2-related NBIA, the

complementary application of srRNAseq and srWGS
provided converging but individually inconclusive evi-
dence. Critically, lrGS was required to confirm the pres-
ence and architecture of the pathogenic homozygous
inversion and delineate the AluY-mediated NHAR
mechanism, findings that an automated pipeline failed
to produce despite including the two best-performing
SV callers in the field.25 Without prior clinical suspicion
guiding manual inspection, the diagnosis would have
been missed.
Beyond variant detection, the subsequent multi-omic

profiling demonstrated a level of molecular complexity
that was neither anticipated from the genomic data nor
fully reconciled across analytical layers, because neither
RNA outlier analysis nor proteomics alone accurately
reflected the underlying biological reality, namely, a
homozygous truncating rearrangement with complete
loss of wild-type protein. Conversely, a DNA-only
approach would not have shown the unexpected abun-
dance and diversity of residual truncated isoforms,
whose functional significance and potential contribu-
tion to the phenotype remain to be determined, even
though the clinical severity suggests a near-complete
loss of PANK2 function; targeted activity assays may
shed more light on this aspect.26 Our observations sug-
gest that hard-to-predict splicing events (even involving
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different loci) or posttranscriptional regulatory mecha-
nisms may modulate residual PANK2 output in ways
that current predictive frameworks cannot anticipate,
and underscore the indispensability of lrRNAseq in
resolving transcript-level complexity that short-read
approaches misrepresent.
In the second patient with 16p13.3 duplication-

triplication, lrGS successfully identified the internal trip-
licated segment nested within the larger duplication, a
tier of structural complexity entirely unappreciated by
ES. Read-depth profiles were also more reliably inter-
pretable in long-read data, and manual inspection of
soft-clipped reads enabled precise mapping of the
telomeric breakpoint of the duplication and the bound-
ary between the duplicated and triplicated segments.
However, even with sequencing depth substantially
exceeding that reported in prior studies of this locus,22

the centromeric breakpoints remained unresolvable
because of a flanking segmental duplication in the refer-
ence sequence, a limitation previously noted by Fasham
et al.22 Full resolution of such regions would likely
require ultra-long read lengths in the order of hundreds
of kilobases, which is currently beyond the routine out-
put of available platforms. This finding directly

challenges the premise that contemporary long-read
sequencing kits can serve as a universal single-test solu-
tion for cxSV characterization.27

Across both cases, a unifying theme emerges: the
diagnostic resolution of cxSVs currently depends criti-
cally on expert-guided manual curation at different
analytical levels. Automated pipelines, whether short-
or long-read based, fell short in detecting, characteriz-
ing, or correctly interpreting more complex variants
and their molecular consequences. This represents a
substantial obstacle to the scalable implementation of
long-read sequencing and multi-omic diagnostics in
routine clinical practice and highlights the urgent need
for more robust, SV-aware automated tools capable of
handling complex rearrangements in repetitive genomic
contexts.
This study had limitations. First, transcriptomic and

proteomic analyses were performed in only one of
the two patients, limiting the generalizability of the mu-
lti-omic observations. Although fibroblast-based
srRNAseq has been shown to capture more than 80%
of the transcriptional landscape of dystonia-associated
and other neurological disease–associated genes,20

expression studies involving neurologically relevant

FIG. 2. Genomic characterization of the heterozygous de novo 16p13.3 duplication-triplication in patient 2. (A) Integrative Genomics Viewer (IGV) visual-
ization of exome sequencing (ES) data displaying read-depth coverage across the relevant 16p13.3 genomic region, as estimated by ExomeDepth.24

An elevated read-depth signal consistent with a heterozygous copy-number gain of �832 kb was detected; however, the internal architecture and pre-
cise boundaries of the variant could not be resolved. (B) IGV visualization of ONT long-read genome sequencing (lrGS) read alignments across the
same region. Colored bars above the reads indicate automated copy-number variant (CNV) calls generated by the lrGS pipeline, representing the esti-
mated duplicated segment (upper dark blue and lower light blue) and triplicated segment (upper dark blue and lower white). Red bars were added man-
ually following direct inspection of the read-depth profiles and soft-clipped read data, and indicate a more accurate delineation of the boundaries of the
CNV segments. Two distinct duplication calls were returned by the automated pipeline, corresponding to the duplicated and triplicated tiers of the
rearrangement, respectively. (C) Schematic representation of the interpreted 16p13.3 structural rearrangement. The reference allele is depicted as five
discrete genomic segments (A–E). Estimated allelic dosage for each segment is indicated as 2� (diploid), 3� (triplicated), or 4� (quadruplicated), with
2� representing the wild-type copy number. Framed question marks denote breakpoints that could not be precisely resolved. Arrows indicate the esti-
mated orientation of each segment relative to the forward strand of the reference allele; segments accompanied by unframed question marks had ori-
entations that could not be unambiguously determined from the available data. [Color figure can be viewed at wileyonlinelibrary.com]
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isoforms would benefit from tissue-specific analyses.28

In addition, the limited sample size of this study pre-
cludes definitive conclusions; this work is intended as
an illustrative contribution. Systematic expansion of the
case series will be necessary to establish a more general-
izable understanding of the capabilities and limitations
of long-read and multi-omic approaches for cxSV
diagnostics.

Conclusions
The two cases presented in this report illustrate that

long-read sequencing and multi-omic analyses hold con-
siderable potential for uncovering and characterizing
cxSVs that elude conventional short-read approaches.
However, accurate interpretation of genomic variants
and their molecular consequences required complemen-
tary expert-guided manual curation, because automated
tools across used platforms typically failed to detect or
fully resolve the identified rearrangements. Careful, inte-
grative, and critically informed analysis by specialists
therefore remains indispensable, representing a bottle-
neck on the path toward scalable, automated diagnostic
pipelines for cxSVs.
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