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Although next-generation sequencing has emerged as a powerful tool for diagnosing rare diseases (RD), many cases of inherited
metabolic diseases (IMD) remain unsolved, hindering the diagnosis, clinical and therapeutic management of the patients. The
primary aim of this study is to address the most elusive cases by applying long-read sequencing (LRS) targeted to the gene of
interest on seven patients (FARS2, GYS2, PEX1, SLC2A1, AGL, ACAT1, and ACADM), identifying six novel pathogenic variants including
two intronic variants, a structural variant and three transposable elements (TE) insertions. In addition, we have demonstrated the
effect on splicing of an exonic variant previously reported as missense. Functional genetic tests specific for the expected effect of
each variant of uncertain significance were designed, such as minigenes analysis or chromatin conformation capture assay. From
the TE insertions, two were located in the genomic region of GYS2 or PEX1, causing a reduction in their mRNA expression. The third
was located 7.6 kb downstream of SLC2AT; it alters the interaction between the SLC2AT promoter and its distal regulatory element
via the establishment of a loop with the 3’ border of the native topologically associating domain. This study shows that the
combination of LRS and functional genetic assays confers a powerful approach for expanding the mutational spectrum of IMD,
adding data to improve the diagnosis of this large group of RD.
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INTRODUCTION

Inherited metabolic diseases (IMD) are a diverse group of nearly
2000 disorders that collectively represent somewhat common
disorders [1]. Currently, the gold standard for diagnosis involves
identifying abnormal levels of biochemical markers in newborn
screening or after the first manifestation of the symptoms. This
diagnosis should be confirmed by molecular-genetics technolo-
gies [2].

The emergence of next-generation sequencing (NGS) has
become the gold standard for genetic testing. Exome sequencing
(ES) is the most commonly used genetic test in the clinical setting;
however, it leaves a significant number of cases undiagnosed [3].
Thus, other technologies that target a wider spectrum of genetic
variation are needed [3].

The variants that fall in non-coding regions can impact various
mechanisms, such as splicing [4] or transcription regulation. In
complex eukaryotes, gene expression is regulated by non-coding
sequences known as cis-regulatory elements (CRE), including

promoters and enhancers [5]. While the basal promoters are
located in proximity to the gene’s transcription start site (TSS),
enhancers are often found in distant regions, requiring the 3D
conformation of chromatin to bring them into physical proximity.
Topologically Associating Domains (TADs) delimit, in large part,
gene’s regulatory landscapes and are established by the activity of
CCCTC binding factor (CTCF) and cohesin [6]. Thus, variants
affecting CRE activity or TAD organization may contribute to
disease [7].

Short-read genome sequencing (srGS) increases the diagnostic
rate compared to exome sequencing, some cases remain
incomplete [8]. One of the main drawbacks of srGS is its limited
read length [9] that prevents the detection of some structural
variants (SV) and tandem repeat expansions (TREs). Long-read
sequencing (LRS) enables mapping of repetitive or duplicated
regions, detection of TREs and SV at the same time, resolving
break-points at nucleotide resolution [10]. Additionally, the
sequencing of native molecules eliminates PCR bias, conferring
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this technology the ability to analyze epigenetic mechanisms [10]
and allows phasing of all types of variants detected.

SVs are defined as differences between huge DNA segments,
normally bigger than 50 bp, across genomes. They are usually
produced by errors during DNA replication or repair. Genomic
regions with a high percentage of homology can lead to
erroneous recombination events, resulting in different types of
SV. Transposable elements (TE) are sequences with a high number
of repeats that comprise around two-thirds of the human genome
and can serve as homology regions for the generation of SV
[11-14].

Among the different classes of TE, only non-Long-Terminal
Repeats retrotransposons, such as Long Interspersed Nuclear
Elements (LINEs), specifically L1 subfamily, Alu, and SINE-VNTR-Alu
(SVA), maintain the ability to move in the human genome [15, 16].
The insertion of TE fragments in the genome can lead to disease
by exon interruption, alteration of splicing, epigenetic changes,
deletion production or even by changing the chromatin
conformation [11, 12, 16, 17].

New technologies have significantly increased the number of
identified variants, which require the determination of their effect.
While in silico predictors may help prioritize them, they are not
sufficient to establish their pathogenicity. Therefore, functional
genetic tests are necessary [18], such as minigenes for splicing
variants, reporter assays for changes in promoters or enhancers,
chromatin conformation capture techniques to analyze alterations
in chromatin 3D interactions, among others [19].

In this work, taking advantage of the metabolic profiling of our
participants, we have been able to focus our study on specific loci,
which removes a limitation to clinical use of LRS. We have tested
the potential use of LRS targeted to specific loci in combination of
a comprehensive set of functional and metabolomics assays to
reduce the diagnosis gap in IMD.

MATERIALS AND METHODS

Participants

Participants’ fibroblasts (from all cases except for P2, from which a hepatic
biopsy was used) were obtained from skin biopsies. Cultures were
maintained in Minimal Essential Medium (MEM) supplemented with 10%
fetal calf serum, 1% glutamine, 100,000 U/L penicillin and 100 mg/dL
streptomycin. Cells were maintained in a humidified incubator held at 5%
CO, and 37°C.

RNA studies

RNA was extracted using the RNeasy Micro Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. A total of 1.5 ug of RNA were
used for cDNA retrotranscription using the SuperScript VILO cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MS, USA) following the
manufacturer’s protocol. Fragments of interest were amplified by PCR
using FastStart Tag DNA Polymerase (Roche Applied Science, Indianapolis,
IN, USA) and specific primers and Sanger sequenced using the BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA, USA).

Differential gene expression was analyzed by RT-qPCR. This assay was
performed starting with 250 ng total RNA that was transcribed to single-
stranded ¢DNA using NZY First-Strand cDNA Synthesis Kit (NZYTech,
Lisbon, Portugal) following the manufacturer’s instructions. Specific
primers were designed for AGL (HGNC:321) and SLC2AT (HGNC:11005).
GUSB (HGNC:4696) was used as an endogenous control. gPCR experiments
were performed in a LightCycler® 480 Instrument (Roche Applied Science)
using PerfeCTa SYBR® Green FastMix (Quantabio, Beverly, MA, USA),
following the LightCycler® manufacturer’s instructions except for the
amplification step which was modified to 10s at 95°C, 30 s at 60°C, and
30s at 72 °C. Cycle threshold values were obtained and analyzed using the
2722 method. Primers used for amplification will be sent upon request.

Long-read sequencing
High-purity DNA was extracted from peripheral blood or from participant-
derived fibroblasts using the MagNA Pure Compact System and either the
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MagNA Pure Compact Nucleic Acid Isolation Kit |-Large Volume or the
MagNA Pure Compact Nucleic Acid Isolation Kit | (Roche Applied Science)
following the manufacturer’s instructions.

Libraries were prepared with 1d Ligation Library Prep Kit (Oxford
Nanopore Technologies [ONT], Oxford, UK) utilizing LSK114 for P5 and P7
and LSK109 for the rest, and were sequenced in a MinlON or PromethlON
P2 device (ONT) using R9.4.1 for P1, P2, P3, P4 and P6 and R10.4.1 for P5
and P7. For sequencing and enrichment of the target region, the adaptive
sampling tool [20] was used, implemented in the MinKNOW software
(ONT), using a bed file with the genomic coordinates of interest.
Bioinformatic analysis of the generated data was performed with a
pipeline from Longseq Applications that consisted of: i) base calling using
Dorado base caller, which is integrated within the MinKNOW software [21]
using FAST basecaller for P1, P2, P3, P4 and P6 and HAC for P5 and P7; ii)
alignment to the human reference assembly (GRCh38) using Minimap2
[22]; iii) variants calling with Sniffles2 [23] software for SVs, iv) Clair3 was
used for SNV calling and phasing of alignments [24], v) annotation of the
variants was done using SnpEff, SnpSift, VEP. For visual inspection and
interpretation of long-read alignments, Integrated Genome Viewer (IGV)
was used [25]. The data quality was assessed using MinlON QC and
QualiMap tools. Methylation calls were only obtained for P7.

All variants were named following the Human Genome Variation Society
(HGVS) recommendations and verified using the software VariantValidator [26].

Minigene studies

To examine the splicing pattern in vitro, the pSPL3 vector was used (Exon
Trapping System, Gibco, BRL, Carlsbad, CA, USA). The fragment containing
ACATT (HGNC:93) exon 10 and adjacent intronic regions was isolated from
the case and cloned into the pGEMT-Easy vector (Promega, Madison, WA,
USA) and the alleles isolated. The insert was excised with EcoRl (Roche
Applied Science), purified using the QIAquick Gel Extraction Kit (Qiagen),
and subsequently cloned into the pSPL3 vector dephosphorylated with
Thermosensitive Alkaline Phosphatase (Promega). Ligation was performed
using the Rapid DNA Ligation Kit (Thermo Fisher Scientific). Restriction
enzyme analysis and Sanger sequencing were used to select the clones
containing the desired wild-type and mutant alleles. Two pg of the wild-
type or mutant minigene were then transfected into the HepG2 cell line
using JetPEl transfection reagent (Polyplus-Transfection, lllkirch, France)
following the manufacturer’s protocol. Cells were harvested 48 h post-
transfection. Transcription profile studies were performed as described in
the section RNA studies, and amplification was performed with vector
internal primers.

Luciferase reporter assay system

The promoter sequence, including the potential TSS of ACADM, was
identified using the Eukaryotic Promoter Database (EPD) (https://
epd.epfl.ch//index.php) and the ENCODE Candidate Cis-Regulatory Ele-
ments (cCRE) registry on the University of California, Santa Cruz genome
browser (https://genome.ucsc.edu/).

The selected region was amplified both from healthy control and patient
fibroblasts using specific primers carryin,\%; the Gateway attB1 and
attB2 sites and cloned into the pDONRT 221 vector (Thermo Fisher
Scientific) using Gateway™ BP Clonase™ Il (Thermo Fisher Scientific)
following the manufacturer’'s recommendations. The obtained vector was
transformed in the DH5a strain. The NC_000001.11(NM_000016.5):c.-
440T>C variant was both introduced in the control DNA using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA, USA) and isolated from the case. Next, the insert was moved to the
pIRIGF vector (Addgene, Watertown, MA, USA) by recombination using
Gateway™ LR Clonase™ Il (Thermo Fisher Scientific) following the
manufacturer’s instructions. Clones were confirmed by Sanger sequencing.

The HepG2 cell line was then transfected with 2 pg of wild-type or
mutant constructs using JetPEl transfection reagent (Polyplus-Transfection)
following the manufacturer’s indications. Cells were harvested 48 h post-
transfection.

Firefly and Renilla reniformis luciferase activities were assessed using the
Dual-Luciferase Reporter Assay System (Promega) following the manufac-
turer's indications, and detected using FLUOstar OPTIMA microplate reader
(BMG Labtech, Durham, NC, USA).

Circular chromatin conformation capture
Circular Chromatin Conformation Capture coupled to NGS (4Cseq)
experiments were performed and analyzed as in our previous study [27].
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Viewpoint-specific primers for the SLC2AT promoter or CRE region are
indicated in Supplemental Information (Table 2)

Al and Al-assisted technologies in the writing process
Grammarly has been used to improve the readability of the manuscript.
After using this tool, the authors reviewed and edited the content as
needed and take full responsibility for the content of the publication.

RESULTS

In this study, we included seven participants (P) (Table 1) presenting
clinical and/or biochemical suspicion of an IMD. The possible
diagnoses were a combined oxidative phosphorylation deficiency
(MIM#614946),  glycogen  storage  disease  (MIM#240600/
MIM#232400), peroxisome biogenesis disorder (MIM#214100), glu-
cose transporter 1 deficiency syndrome (GLUT1-DS; MIM#606777),
alpha-methylacetoacetic aciduria (MIM#203750), or medium-chain
Acyl-CoA dehydrogenase deficiency (MIM#201450). All these
diseases are associated with an autosomal recessive inheritance
pattern, except for GLUT1-DS, which has an autosomal dominant
inheritance.

Following the clinical and/or biochemical diagnosis, ES analysis
identified a heterozygote pathogenic variant in six participants
(five exonic and one intronic), which are associated with an
autosomal recessive inheritance, while no pathogenic variants
were found in the patient with GLUT1-DS possible diagnosis
(Table 2). All variants had been previously described in HGMD
(2025 v3), except for ACATT NM_000019.4:c.841G>A. Despite this
clinical testing, all cases remained unsolved.

Transcriptional studies

In an attempt to identify the cause of the disease in the seven
cases, we conducted RNA studies in participant-derived fibroblasts
to evaluate the effect of possible variants affecting expression,
splicing, or mRNA stability. For P1, the transcriptional profile was
previously reported [28], detecting two amplicons: one containing
the two single-nucleotide variants (SNVs) detected in ES and a
smaller amplicon which exhibited a skipping of exons 3 and 4 and
a portion of exon 2 (r.49_904del) of FARS2 (HGNC:21062).

We detected exon 10 skipping in GYS2 (HGNC:4707) (Fig. 1A),
and no variants in exon 10 and flanking regions were detected in
GYS2 that could explain the skipping detected in P2. Exon
32 skipping in AGL was detected in P5 and was attributed to
variant  NC_000001.11(NM_000642.3):c.4260-1G>T  previously
identified by ES (data not shown). Both exons skipping result in
out-of-frame transcripts. We also detected two aberrant isoforms
of ACADM (HGNC:89) produced by the exonic variant
NM_000016.5:c.542A>G previously misclassified as missense.
One consists on a shortening of 58 bp of exon 7 (r.542_599del)
producing an out-of-frame transcript (Fig. 1C), and the other
consists on a 87 bp shortening, from which 58 bp correspond to
exon 7 and 29 bp to exon 8 (r.542_628del), resulting in an in-frame
deletion (Fig. 10).

Allele-specific expression (ASE) was detected in three cases. Thus,
the variants NM_000466.3:c.2097dup and NM_000019.4:c.841G>A
present in PEXT (HGNC:8850) and ACATI, respectively, displayed
increased read numbers compared to their wild-type alleles (Fig. 1B),
while aberrant ACADM transcripts caused by NM_000016.5:c.542A>G
were increased (Fig. 1D). Besides, RT-qPCR quantification confirmed
a significant reduction of 96% or 80% of AGL or SLC2AT mRNA
expression in P5 and P4, respectively, when compared to at least
three healthy controls (data not shown).

Long-read sequencing

The observed transcriptional defects prompted us to search for
non-coding variants by LRS targeted to cover up to 3 Mb of the
genes of interest, thus encompassing the targeted locus and its
regulatory landscape.
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In P1, we detected two reads showing a tandem duplication that
includes the complete sequence of exon 5 of FARS2 (Fig. 2A). This
duplication was absent in DECIPHER. We designed a specific PCR and
confirmed the disease-specific duplication (Fig. 2B, C), determining
the variant's breakpoints: NC_000006.12(NM_006567.5):c.905-
5741_1065+1116dup that could not be previously mapped due to
low coverage. Since we did not have parental samples available, we
could not conduct segregation studies. Also, the low coverage of the
LRS experiments did not allow for phasing the SV and the SNV
identified in ES. The results suggest a duplication of exon 5 (161 bp)
in the cDNA that likely causes a frameshift and ultimately leads to
the degradation of the abnormal transcript (Fig. 2A). This additional
genomic analysis suggests that the aberrant transcript observed in
previous studies [28] is a result of this duplication.

We also identified TE insertions among three different partici-
pants. The sequence revealed two LINE1 fragments and one SVA in
GYS2, SLC2AT and PEX1, respectively. In P2, a 1.5 kb fragment of a
LINE_L1 (NM_021957.4:c.1300_1301ins[PP887427.1:9.1_1518]) was
detected inserted in exon 10 of GYS2 (Fig. 2B). This insertion likely
causes the 79 bp skipping of exon 10 (previously observed) and the
subsequent degradation of the aberrant mRNA due to the
existence of a frameshift. The presence of the insertion was
confirmed in the paternal allele by a specific PCR assay (Fig. 2B).
Instead, the 2.6 kb SVA insertion of P3 occurred in intron 8 of PEX1
(Fig. 2C). Finally, ONT sequencing of P4 identified a 2.5 kb LINE_L1
insertion 7.6kb downstream of SLC2AT in both fibroblast and
blood-extracted DNA (Fig. 2D). None of the three insertions has
been reported in the control population before.

Regarding SNVs, we detected four novel variants. In P5, we
found a novel deep intronic variant NC_000001.11(NM_
000642.3):c.3259+927A>G in AGL, in trans with the previously
detected variant. According to different in silico predictors, this
variant increased the strength of a pre-existing splicing donor. For
P6, a novel intronic variant was detected in ACAT]
(NC_000011.10(NM_000019.4):c.941-60T>C) that eliminated a
SRp55 binding site. Finally, for P7, we found two variants of
uncertain significance with minor allele frequency below 1% and
in trans with the exonic variant. One variant was found in the
promoter region of ACADM NC_000001.11(NM_000016.5):c.-
440T>C and the other was a deep intronic variant
NC_000001.11(NM_000016.5):c.945+803A>C.

Functional genomics reclassified three new variants as
pathogenic

In addition to the RNA analysis, we assessed the effect of the SNVs
detected in AGL, ACAT1, and ACADM, as well as the SV identified in
SLC2A1, through functional genetic tests.

To analyze the intronic variant in AGL, a transcriptional profile
analysis was conducted. The results suggest that the variant
NC_000001.11(NM_000642.3):c.3259+927A>G results in a 105 bp
PE insertion (Supplementary Fig. 1A) r.3259_3260ins[3259 +
818_3259+922] p.(Gly1087_Leu1532delinsAspPheHisLeuThrVal).
Although this PE insertion is in frame, it generates a premature
stop codon that presumably activates NMD.

A minigene analysis was done for the intronic variant detected
in ACAT! in P6. The results suggest that the variant
NC_000011.10(NM_000019.4):c.941-60T>C leads to the skipping
of the 65 bp of exon 10 of ACATT (Supplementary Fig. 1B).

For the identified ACADM promoter variant (NC_000001.11(NM_
000016.5):c.-440T>C), the luciferase reporter assay showed slightly
reduced transcriptional activity of this allele (data not shown).
However, these results do not fully justify the reduced expression
observed in the transcriptional profile (Fig. 1D).

To investigate the potential effect of the LINE insertion detected
7.6kb into the SLC2AT 3’ region, we first investigated the 3D
structure of this locus, exploiting available micro-HiC data [29, 30].
The SLC2A1 region is organized in a TAD delimited by a single
CTCF binding site (CBS) in a reverse orientation in its 3’ side, which
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interacts with two forward-oriented CBS of the 5 TAD boundary
(Fig. 3A, B; red arrows), in agreement with the loop extrusion
model of TAD establishment [31]. The CBS of the 3’ TAD border
also contacts the forward-oriented CBS near the SLC2A7 TSS and in
5" of the TAD (Fig. 3A, B; yellow arrows). Analysis of SLC2AT
promoter interactions by 4Cseq in healthy individuals’ fibroblasts
(controls), confirmed that SLC2AT contacts are largely restrained
within its TAD, with the largest fraction of interactions spanning
the locus and ~21kb upstream of the gene TSS (Fig. 3C,
Supplementary Fig. 2A, B). Besides, the SLC2AT promoter also
strongly contacts a region 80 kb upstream (hereafter referred to as
5" distal region) and near the CBS of the TAD border. According to
ENCODE epigenetic profiles [32], this region contains several
sequences enriched in the H3K27 acetylation mark (Fig. 3C;
Supplementary Fig. 2A, B), a modification associated with active
CRE [33].

In P4 fibroblasts, the SLC2AT promoter contacts with its 5’ distal
region were strongly reduced compared to controls (Fig. 3G
Supplementary Fig. 2A, B, D). Conversely, proximal locus interac-
tions tended to increase (although not statistically significantly),
suggesting a more closed chromatin conformation. To confirm
these results, we used as viewpoint (VP) the cluster of CRE located
in the 5" distal region (hereafter referred to as SLC2A7-CRE). This
region strongly contacts the SLC2A7 promoter and gene locus in
controls (Fig. 3E; Supplementary Fig. 2C, E), while its interactions
were significantly reduced in those of P4 (Supplementary Fig. 2C,
E). Interestingly, the SLC2AT-CRE VP increased its interactions with
the region immediately 5 of the LINE insertion (Fig. 3E;
Supplementary Fig. 2C, E). Of note, this tendency was observed
in the comparison of P4 sample with that of either control, but it
reached statistical significance only against control 1 or in P4 vs
control averaged comparisons (Supplementary Fig. 2E), likely due
to the variability in 4Cseq experiments. Instead, an equivalent
region located on the opposite side of the SLC2A7-CRE VP
(Supplementary Fig. 2E) did not show any clear tendency among
conditions, supporting the specificity of the observed differences.

Thus, our data suggest that the region located 80 kb upstream of
the SLC2AT TSS contains a CRE cluster likely regulating SLC2AT1
expression and that the LINE insertion correlates with a decrease in
the interactions between SLC2AT1 and this CRE cluster via rewiring of
the contacts of the latter towards the vicinity of the LINE (Fig. 4).

), SLC2A1

NM_000466.3
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[3259 + 818 _3259 + 922]

Skipping of exon 10: r.941_1005del
PEX1 NC_000007.14
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Variant effect
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20% SLC2AT expression
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r.49_904del
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r.4260_4347del
r.542_599del®

ASE
ASE

ASE allele-specific expression, SVA SINE-VNTR-Alu, LINE Long Interspersed Nuclear Element, FARS2 NC_000006.12(NM_006567.5),

DISCUSSION

Advances in sequencing technologies have led to the genetic
diagnosis of many persons suspected to have a genetic disease.
Nevertheless, diagnostic yield remains lower than expected [34].
Combining newer tools like LRS with multi-omics and functional
analyses may help resolve more cases and shorten the diagnostic
odyssey in IMD.

In this study, we show that applying adaptive sampling with
ONT LRS makes it possible to phase and identify clinically relevant
variants [35]. This approach is highly versatile, as it can target any
genomic region without requiring prior assay design. As has been
described by focusing LRS on specific genes, the method reduces
both experimental and analytical barriers, ultimately facilitating its
clinical adoption and contributing to a more comprehensive view
of disease-associated variation [3].

In IMD, the presence of a biochemical biomarker eases the focus
of genetic technologies to a limited number of genes. IMDs are
identified in the neonatal screening program or after clinical
suspicion and subsequent analysis by biochemical genetics.
Nevertheless, molecular-genetic confirmation is needed. In our
cohort of unsolved individuals, LRS has revealed the missing hit in
six of them. Our results confirm that targeted LRS may be an
adequate “next step” after genetic testing in the clinical setting
when a candidate locus of interest is known. This technique has
increased sensitivity to detect SV over srGS [35].
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Participants (P) analyzed in this study with the results from exome sequencing (ES), RNA analysis, targeted long-read sequencing (T-LRS) and the validated effect from the variants detected
“Effect detected in this work.
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by T-LRS.
Participant
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Table 2.
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Fig. 1 Transcriptional analysis of participants (P) 2, 3, 4 and 6. A Sashimi plot obtained for GYS2 in P2. Exon 10 skipping is marked with the

black rectangle. B Quantification of the percentage of reads of cDNA of PEXT and ACATT with or without (wt) the exonic variants detected in P3
and P6. C Transcriptional profile of the ACADM gene performed in RNA isolated from control (C) or P7 fibroblasts. Wild-type or aberrant
transcripts of ACADM are represented on the right with the exonic variant NM_000016.5:c.542A>G marked in red. Deleted regions are depicted
in light gray. All bands have been Sanger sequenced. D Quantification of the percentage of reads obtained after next-generation sequencing
of the ACADM cDNA obtained from case P7. The percentage of reads with a normal splicing pattern or mutant with either the 58 bp or the

87 bp deletions are represented.

One of the major problems to conclude a definite genetic
diagnosis is the assessment of the clinical relevance of VUS. This is
more evident when an SV is detected due to the lack of public
databases of population frequencies. Thus, different orthogonal
analyses should be applied to validate these variants. RNA-Seq is
one of the most powerful systems to evaluate variants affecting
gene expression or splicing [36] if the gene is expressed in
accessible tissues. Indeed, using the results of the RNA-Seq, we
were able to identify defects in transcription (low expression
levels, splicing defects, or ASE) that guided an LRS approach and,
in the end, validated the clinical effect of the variants. The
transcriptional defects have been related to intronic and promoter
SNVs, duplications, or TE insertions.

In our knowledge, this is the first time the insertion of a TE has
been reported to cause an IMD. Two of them were found inside
the gene, one in exon 10 of GYS2, and the other was present in
intron 8 of PEX1. This type of movement has been associated with
pathology by inserting pseudoexons, leading to degradation via
NMD [37]. The third TE insertion was detected 7.6 kb downstream
of SLC2AT and could explain the reduction of the gene expression
[38]. This result demonstrates that the movement of TE is a more
common cause of disease than initially thought and that it should
be implemented in the clinical setting in the future.

Finally, the use of LRS allows the detection of SNVs, indicating the
potential use of this technology to identify all types of variants. We

European Journal of Human Genetics (2026) 34:543 - 553

have identified SNVs affecting the splicing process in AGL and
ACATI. For the case of P6, the re-analysis of ES data allowed to
detect the intronic variant in ACATT1 in the visualization of BAM files,
although it was not correctly called in the variant calling files (VCF).
The filtering strategy to obtain the VFC limited variant detection to
exons +10 bp, therefore, leaving NC_000011.10(NM_000019.4):c.941-
60T>C undetected. Thus, in autosomal recessive disorders, when a
previously pathogenic variant is identified in a gene associated with
the phenotype of a participant, all ES data should be carefully re-
evaluated to ensure no disease-causing changes are being missed.

Predicting the effect of novel SVs is a complicated mission,
especially when they fall outside the coding regions of genes [39].
Our 4Cseq experiments demonstrate that, in P4 fibroblasts, the
SLC2A1 promoter shows a significant decrease in contacts with a
cluster of sequences enriched in enhancer epigenetic marks. This
suggests that this region contributes to SLC2AT regulation and
may explain the decrease in SLC2A1 expression in P4. Although
the magnitude of these alterations is relatively modest, this may
be due to two factors. First, the patient is heterozygous for the
LINE insertion, so the interactions of the other allele likely
attenuate the observed differences. Second, the SLC2A1-CRE
cluster may be active in a cell-type-specific manner, as suggested
by ENCODE H3K27ac profiles, which show particularly low activity
in fibroblasts (NHLF cells). While gene-enhancer contacts can
occur across cell types, their strength often depends on enhancer
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activity [40]. Thus, experimenting with a cell type where the CRE
cluster is active would likely reveal stronger effects. This also
suggests that, although disruption of TAD internal organization
may account for the transcriptional effects observed in patient-
derived fibroblasts, the pathological phenotype of P4 may result
from context-specific SLC2AT downregulation.

SPRINGER NATURE

SLC2A1

TE can shape gene regulatory landscapes through different
mechanisms [41], including serving as CRE, or altering chromatin
organization by bearing CBS [42]. Our 4Cseq data show that the SLC2AT
promoter does not significantly change its interactions with the region
near the LINE insertion in P4, unlike observed with the SLC2AT-CRE VP.
This suggests that the LINE is unlikely to directly regulate SLC2AT.
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Fig.2 Long-read sequencing detects structural variants and insertions of transposable elements in participants 1, 2, 3, and 4 (P1, P2, P3,
and P4). A Read visualization in the Integrative Genomics Viewer (IGV). The figure shows the pairs of linked reads in green and blue, both
covering the duplication of exon 5. The left-lower part of the panel represents the specific PCR and RT-PCR amplification assay to confirm the
exon 5 duplication in gDNA and cDNA. The primers used for RT-PCR are indicated in the figure. The upper part depicts the wild-type allele
(WT) and the lower part the allele with the structural variant (SV), the duplication is marked in red. The forward (F) and reverse (R) primers
used for the amplification are represented as black arrows. The right-lower part of the panel shows the agarose gel results of the specific PCR.
B Read visualization in IGV. The figure shows, marked by a red rectangle, the insertion of a fragment of a Long Interspersed Nuclear Element
(LINE) in the exon 10 of GYS2. The left-lower part of the panel represents the specific PCR amplification assay to confirm the LINE insertion. F
and R primers are marked with black arrows. The right-lower part of the panel shows the agarose gel results. C Read visualization in IGV of the
results for P3. The figure shows, marked by a red rectangle, the insertion detected in intron 8 of PEX1. D Read visualization in IGV of the results
for P4. The figure shows, marked by a red rectangle, the LINE fragment insertion detected in the 3' region of SLC2AT. MW molecular weight
marker, C control sample, P parental sample, M Maternal sample.
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Fig. 3 3D organization of the SLC2A7 genomic region and conformational changes in participant 4 (P4). A,B Micro-HiC heatmap in HFFc6
(A) and chromatin immunoprecipitation coupled to sequencing (ChlPseq) profile for CTCF in NHLF cells from ENCODE (B). CTCF binding sites
(CBS) with forward (red arrows) or reverse orientation (blue arrows) are displayed below the heatmap. The CBS orientation was predicted
using the CTCFBS prediction tool [46]. The SLC2A1 exonic structure is represented by blue boxes and arrows in the intronic regions indicate
transcription orientation. The LINE insertion detected in P4 (L) is marked by a yellow box and dashed line. C,E Mean 4Cseq normalized profiles
of SLC2AT promoter (C, upper graphs) or the SLC2AT-CRE (cis regulatory elements) cluster (E, upper graphs) viewpoints obtained from control
and P4 fibroblasts. Each VP and the corresponding excluded region are marked by a red asterisk. The profiles include the average of two
technical replicates for each sample and two biological replicates. The lower graph depicts the difference in contact score between the
P4 sample and the mean of the controls. D ENCODE ChIPseq profiles for the H3K27ac epigenetic mark of different cell lines. The CRE
constituting the cluster in the SLC2AT 5’ distal region are depicted by green rectangles.

Instead, we identified putative CBS within the LINE sequence mechanisms may account for this phenomenon, such as the enhancer

(Supplementary Fig. 3), although with some variation across LRS
results. Despite confirming CTCF binding at the LINE is technically
challenging, the presence of CBS near both the CRE cluster and the
LINE may explain the observed contact rewiring. Nonetheless, other

European Journal of Human Genetics (2026) 34:543 - 553

RNA- or TE-derived upstream antisense RNA-mediated looping
described for Alu elements [43].

Finally, our results expand previous studies emphasizing the
role of chromatin organization and gene-enhancer interactions in
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Fig.4 Scheme summarizing the chromatin conformation changes
observed in control vs participant 4 (P4) fibroblasts. In control
fibroblasts, the SLC2AT promoter contacts a cis-regulatory element
(CRE) cluster located 80 kb upstream, likely via the looping of the
CTCF binding site (CBS) of the 3’ topologically associating domain
(TAD) border with the CBS of near the gene transcription start site
(TSS), as well as those at the 5’ TAD border. This may result in the
establishment of an active conformational hub (green shadowed
circle) involving the SLC2AT locus (light blue box) and promoter, as
well as proximal and distal enhancers (green circles; for simplicity,
CRE located within the SLC2A7T locus itself are not depicted),
promoting or sustaining high SLC2AT transcription. Instead, in P4,
the CRE cluster contacts are displaced towards the vicinity of the
LINE insertion at the TAD border, possibly by CTCF-mediated
looping between the CBS near the CRE cluster and those of the
LINE. This leads to a reduction of CRE cluster-SLC2AT promoter
contacts, and possibly, to an overall alteration of the structure of the
conformational hub, weakening SLC2AT transcription.

disease [7], and highlight the value of chromatin conformation
capture methods for assessing the functional impact of novel
genetic variants.

In the evolving landscape of precision and preventive medicine,
several neonatal genomic sequencing pilot projects are exploring
the potential use of ES or srGS to expand the number of
detectable conditions beyond those identified by mass spectro-
metry and to enable early treatment before symptom onset [44].
Because these pilot genomic sequencing efforts mainly rely on
short-read technologies, some of the variant types identified in
our study would not be assessed using these approaches.
Importantly, this does not affect the performance of established
biochemical newborn screening, and no children currently
identified through biochemical screening would be missed.
However, our results show that some pathogenic variants
associated with disorders not currently detected by biochemical
newborn screening are challenging to capture with short-read ES
or srGS, whereas they can be resolved using long-read sequen-
cing. Our findings highlight the value of srGS and LRS for
detecting pathogenic variants in non-coding regions and non-
standard variant types [45] and point to future needs such as
pangenome references and population-specific databases to fully
enable these technologies in clinical and eventually newborn
contexts.

SPRINGER NATURE

In conclusion, this study has narrowed the diagnostic gap in
IMD by integrating multiple omics data. We have expanded the
mutational spectrum, identifying non-standard disease-causing
variants. This enhanced knowledge will contribute to improving
the sensitivity and specificity of genetic diagnosis for IMDs.

DATA AVAILABILITY

All the new variants have been submitted to the ClinVar database (https://
www.ncbi.nlm.nih.gov/clinvar/)  with  the following accession  numbers:
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SUB15762466, SUB15762472 and SUB15768776. The data supporting the results of
this study are available in the article and Supplementary Information or can be made
available by contacting the corresponding author upon reasonable request.
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