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ABSTRACT

Background Variants in the dentin sialophosphoprotein
(DSPP) gene are associated with dentin dysplasia type Il
(DD-II; OMIM # 125420) and dentinogenesis imperfecta
(D) types Il (OMIM # 125490) and IIl (OMIM # 125500).
DSPP encodes a precursor protein cleaved into three
dentin matrix proteins: dentin sialoprotein (DSP), dentin
phosphoprotein/phosphophoryn (DPP) and dentin
glycoprotein (DGP). Exon 5 contains over 200 tandem 9-
base pair repeats (DSS domain), complicating sequencing
with standard methods.

Materials and methods We studied 112 individuals
(42 index cases and 70 relatives) with clinical signs of

DI or DD. DNA extracted from saliva was analysed using
the GenoDENT next-generation sequencing panel. For
inconclusive cases, long-range PCR and Oxford Nanopore
Technology (ONT) long-read sequencing were used to
overcome limitations in analysing the repetitive DSPP
region.

Results Pathogenic or likely pathogenic DSPP variants
were identified in 41 families, including 8 known and 14
novel variants. Most were in exon 5, causing frameshifts
resulting in a —1 reading-frame shift with a hydrophobic
C-terminal extension and termination at a downstream
stop codon. ONT sequencing enabled detection in

cases where short-read methods failed. Several variants
showed familial segregation and variable expressivity.
Conclusion This study demonstrates the value of long-
read sequencing to resolve complex DSPP regions and
expands the variant spectrum. The variability in clinical
presentation suggests the influence of modifier factors,
warranting further genotype—phenotype studies.
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INTRODUCTION

Dentin is a mineralised tissue formed by ectomesen-
chymal cells called odontoblasts, with an extracel-
lular matrix similar to bone, sharing type I collagen
as their major organic matrix component, although
they differ in their principal non-collagenous
proteins: osteocalcin (BGLAP) for bone and dentin
sialophosphoprotein (DSPP) for dentin. It presents
dentinal tubules packed closely together containing
the odontoblast cytoplasmic extensions. The odon-
toblast cell bodies are situated in the periphery of
the pulp tissue. Dentin is composed of inorganic
(70%) and organic matrix (20%) and water (10%).
Several non-collagenous proteins are present in the
organic matrix. The major non-collagenous dentin
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= The DSPP gene is responsible for inherited
dentinogenesis imperfecta (DI) and dentin
dysplasia (DD). Its highly repetitive exon 5
region poses major challenges for standard
sequencing methods, often resulting in missed
or inconclusive variant detection.

WHAT THIS STUDY ADDS

= Using a combination of short-read and
long-read Oxford Nanopore sequencing, we
identified 22 pathogenic variants, including 14
novel ones. Long-read sequencing outperformed
conventional methods in detecting variants.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These results promote the use of long-read
sequencing in diagnostics, especially when
targeting repetitive genes like DSPP. Clinically,
it provides better genetic counselling and
fosters further research into phenotype
modifiers and precision diagnostics.

matrix proteins, dentin phosphoprotein/phospho-
phoryn (DPP), dentin sialoprotein (DSP) and dentin
glycoprotein (DGP), are encoded by the DSPP
gene.! Variants in the DSPP gene are responsible for
dentin dysplasia type II (DD-II; OMIM # 125420;
ORPHA 1653) and dentinogenesis imperfecta (DI)
types 11 (OMIM # 125490; ORPHA 166260)
and III (OMIM # 125500; ORPHA 166265).' 2
In patients with DI, both dentitions (primary and
permanent) are affected, showing amber-brown
discolouration, attrition and short, tapered roots
with obliterated pulp chambers.>*® While the
primary teeth in DD-II show a similar phenotype
to DI, the permanent dentition usually exhibits a
nearly normal clinical appearance with thistle-tube
deformity of the pulp chambers and pulp stones in
radiological findings.’ ¢

The DSPP gene, expressed predominantly in
odontoblasts but also at lower levels in bones
and ductal epithelial cells,”® is part of a tooth/
bone gene cluster on chromosome 4. It comprises
five exons, with the first exon being non-coding.
DSPP stands as the largest member within the small
integrin-binding ligand N-linked glycoprotein
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(SIBLING) gene family, characterised by the presence of the
integrin-binding tripeptide, arginylglycylaspartic acid (RGD)."!
A distinctive feature of DSPP compared with other SIBLING
family members is the presence of over 200 tandem copies of
a nominal 9-basepair (bp) repeat encoded within exon 5. This
repeat comprises a series of aspartic acid (D) and phosphoserine
(S) repeats (DSS). DSPP is highly negatively charged, conferring
it the ability to bind calcium ions (Ca*?) and thus form hydroxy-
apatite that participates in dentin mineralisation,'* *?

Sequencing genes characterised by highly repeated sequences
is challenging due to the inherent complexities involved in
deciphering repetitive elements. The presence of numerous
identical or nearly identical repetitions within these sequences
hampers the accurate determination of their specific arrange-
ment and length. Traditional sequencing techniques, such as
Sanger sequencing and short-read GenoDENT next-generation
sequencing (NGS), often struggle to accurately resolve highly
repetitive regions, leading to ambiguities in the obtained
sequences. These challenges are exacerbated when attempting to
sequence long stretches of DNA, as errors or omissions in repet-
itive regions may compromise the fidelity of the entire sequence.
Although technological advancements have enhanced our ability
to analyse repetitive sequences, accurately reconstructing these
regions remains a formidable task.'* 13

DSPP conforms to this pattern, exhibiting extensively repeated
sequences within a region widely recognised for harbouring
pathogenic variants. This characteristic adds complexity to
patient diagnosis, posing challenges in discerning and inter-
preting the genetic information precisely. Sequencing across
the repetitive region of DSPP is imperative for elucidating the
genetic underpinnings of inherited dentin defects and unravel-
ling their pathogenic mechanisms. The conventional approach
involved sequencing the DPP repetitive region by cloning PCR
amplification products and using the resultant plasmid DNA
as a template.'”> More recently, the use of single-molecule real-
time (SMRT) DNA sequencing showed good accuracy to resolve
these complex regions, allowing the characterisation of novel
frameshift variants involved in DI-IL’ '® Alternatively, Oxford
Nanopore Technology (ONT) long-read sequencing has been
used. Although ONT exhibits a higher per-base error rate than
SMRT sequencing, it provides flexible and ultra-long read
lengths, rapid and simplified library preparation and scalable,
cost-effective throughput that is well suited for routine diag-
nostic use.

In this study, we report genetic results for 112 individuals,
including 42 index cases presenting with dentin defects and 70
associated relatives. Overall, a molecular diagnosis was estab-
lished in 41 families. Using the GenoDENT next-generation
short-read sequencing panel,'” '* diagnoses were obtained for
seven families by NGS alone, while variants were confirmed in
additional families by complementary approaches: classic Sanger
sequencing (8 families), long-range PCR followed by Sanger
sequencing (6 families) or ONT long-read sequencing (10 fami-
lies). For cases in which NGS results were inconclusive due to
limited read depth and high mismatch rates or negative, ONT
long-read sequencing was applied and enabled diagnosis in 10
additional families. Altogether, ONT sequencing contributed
to the reliable characterisation of DSPP variants in 20 families
(figure 1).

Based on these results, we propose a diagnostic workflow
(figure 3E) in which ONT sequencing serves as an effective
second-line strategy for resolving DSPP variants in cases where
short-read sequencing is inconclusive, thereby improving the
molecular diagnosis of DI and DD.

METHODS

Patient’s phenotype

Patients presenting symptoms of DI or DD were recruited and
examined between 2016 and 2024 in the Reference Center
(CRMR) for rare oral and dental diseases in Strasbourg, France,
or in one of the affiliated Centers of the French network
O-Rares, Filiere TETECOU or directly by their treating medical
practitioner. When possible, parents and relatives were also
included in the study. Oral phenotype was documented using
the D[4]/phenodent registry protocol, previously described in
Bloch-Zupan et al."’

Each patient presenting with DI or DD, as well as their non-
affected family member, gave written informed consent in accor-
dance with the Declaration of Helsinki, both for the registry and
for genetic analyses performed on salivary samples. The terms
used to describe dental anomalies were defined in de La Dure-
Molla et al.*

Sample collection and DNA extraction

Saliva samples were sent to the genetic diagnostic laboratory
at the University Hospitals of Strasbourg for genetic investiga-
tion. All the samples were collected using the Oragene DNA
kit (DNA Genotek, Canada kit). Genomic DNA was extracted
using two different protocols depending on the volume of saliva:
manually for volumes <1mL or using an automated extraction
protocol for volumes =1 mL. The manual extraction procedure
is described in Rey et al (2019)."® Automated extraction was
performed using the QIAsymphony SP automate and the QIAs-
ymphony DSP DNA Midi Kit (#937255, QIAGEN). The setup
of the QIAsymphony SP was done according to the manufactur-
er’s instructions. A customised protocol for DNA extraction was
applied following the Oragene DNA Genotek protocol (ID372,
available at https://www.dnagenotek.com/ROW/pdf/MK-AN-
00029.pdf).

Extracted DNA was directly quantified using the Qubit V.2.0
and the dsDNA BR Assay (#Q32850) or dsDNA HS Assay
(#Q32851) Kit (Thermo Fisher Scientific) depending on the
DNA sensitivity. The dsDNA HS Assay Kit provides an accurate
and selective method for the quantification of sensitive DNA
samples and is designed to be accurate for initial DNA sample
concentrations from 0.005 to 120 ng/uL, while the dsDNA BR
Assay Kit is designed to be accurate for initial DNA sample
concentrations from 0.2 to 2000 ng/uL.

Genetic testing

NGS panel GenoDENT

Samples of patients exhibiting clinical features characteristic of
DI/DD were first analysed on the GenoDENT panel, which has
been updated over the years since its development.'” The most
recent version (V.8.0) explores 653 genes (online supplemental
table S1). The GenoDENT panel searches for two gene catego-
ries, including a diagnostic panel (248 genes identified as respon-
sible for rare diseases with orodental manifestations in humans)
and a discovery panel (405 candidate genes reported in tooth
development or orodental anomalies in in vitro/in vivo research
models). Probe design was obtained through the Agilent SureDe-
sign portal (https://erray.chem.agilent.com/suredesign, Agilent,
USA) with the aim of capturing the exonic sequence along
with 25 bases of their flanking intronic sequences by comple-
mentarity. To improve sequencing quality for the DSPP gene, a
specific design was implemented by adding additional probes
targeting its repetitive regions. The Agilent SureSelect QXT
protocol was used to prepare the libraries, and sequencing was
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Diagnostic workflow and validation strategy for DSPP variant detection. Forty-two families were analysed using an NGS panel. DSPP variants

were initially identified in 31 families, while no candidate variant was detected in 11 families. When sequencing quality and segregation data were sufficient,
variants were directly validated (seven families). In cases of insufficient sequencing quality or unavailable relatives (24 families), classic Sanger sequencing
was performed, leading to variant validation in 8 families. For unresolved cases, long-range Sanger sequencing was applied, validating DSPP variants in

an additional six families. Remaining negative cases underwent ONT sequencing, resulting in validation in 10 families. Among families without variants
identified by the initial NGS panel, ONT sequencing identified and validated DSPP variants in 10 families, while no DSPP variant was found in 1 family. DSPP,
dentin sialophosphoprotein; NGS, next-generation sequencing; ONT, Oxford Nanopore Technology.

done on a NextSeq 550 (Illumina, San Diego, USA). GenoDENT
has been enforced in a diagnostic setting since 2018 allowing the
availability of the results for the corresponding doctor/dentist
and genetic counselling.

For families 11 and 14, the probands had been sequenced by
NGS several years earlier, and individual parental DNA samples
were no longer available in sufficient quantity for separate anal-
ysis. Parental DNA samples from the same sequencing run were
pooled by parent (mothers and fathers separately) and sequenced
as single samples to assess segregation of the variant identified
in the proband. Inconclusive results correspond to patients
sequenced by NGS who either had a variant identified with poor
sequencing quality (<10X, only one allele represented and/or
no variants called) or for whom no pathogenic mutation was
identified (negative results). In both cases, additional experi-
ments (Sanger sequencing, ONT or both) were required.

NGS exome sequencing

For patients with DI of family 5§ (online supplemental figure
S1, online supplemental table $4) who tested negative with the
GenoDENT panel, exome sequencing was performed directly in
the genetic diagnostic laboratory at University Hospitals of Stras-
bourg. Exons of DNA samples were captured using® in-solution
enrichment methodology (Nimblegen Seqcap EZ MedExome
Target Enrichment Kit, Roche) with the company’s biotinylated
oligonucleotide probe library (Kappa HyperPrep Library Kit)
and sequenced with a NextSeq 550 (Illumina, San Diego, USA)

as paired-end 75bp reads, resulting in an average coverage of
50x.

Long-range PCR

To amplify the repetitive regions of the DSPP gene, a long-range
PCR was performed using the TaKaRa LA Taq (#RR002M),
following the manufacturer’s instructions. The primers DSPP-
ES-Forward: CCCCTCCATCTATTGATGCTAGCACA and
DSPP-E5-Reverse: ~ CCCATAGCCCAGGTAGGTTGAATAGT
were used to amplify an amplicon of 3796 bp, which was tested
(1) with several primers (online supplemental table S2) for
Sanger sequencing or (2) directly sequenced with the MinION.

Sanger sequencing and segregation

The Amplifix V.1.5.4 software was used to design the primers
that were eventually ordered from Eurofins MWG (online
supplemental table S3). A first PCR was done to generate the
amplicons, and the sizes were checked by electrophoresis on the
TapeStation system (Agilent).

Following enzymatic cleanup with the Illustra Exoprostar kit
(Sigma-Aldrich) to eliminate residual deoxynucleotide triphos-
phates (ANTPs) and salts, sequencing reactions were set up using
the BigDye Terminator Cycle Sequencing Kit (Applied Biosys-
tems, Thermo Fisher Scientific). The resulting products were
subsequently purified with the BigDye Xterminator Purification
Kit (Applied Biosystems, Thermo Fisher Scientific). Purified
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Figure 2 Dental phenotype in patients carrying dentin sialophosphoprotein variants. Both permanent and primary dentition of probands display the
hallmarks of DI, with transparent amber-brown discolouration of the dentin, enamel loss and excessive tooth attrition. Clinical variability is observed among
families. Panoramic radiographs show obliterated pulp and root canals, with absence of the pulp chamber. The roots appear short and narrow, and a
bulbous-shaped crown with a marked cervical constriction is observed. Families 6, 14 and 15 exhibit clinical features of dentin dysplasia, presenting a similar
phenotype to DI in primary teeth, while the permanent dentition appears nearly normal but shows deformity of the pulp chambers and pulp stones on
radiographic examination. Families are displayed in ascending order according to the location of the pathogenic variant (see online supplemental table S4).

DI, dentinogenesis imperfecta.

samples were then analysed on an ABI 3500/3500 XL capillary
sequencer (Applied Biosystems, Thermo Fisher Scientific) and
sequence data were processed using the SEQUENCE Pilot soft-
ware (JSI Medical Systems).

Oxford nanopore long-read sequencing

The sequencing libraries were prepared with the Ligation
Sequencing Kit V9 (#SQK-LSK109, Oxford Nanopore Tech-
nologies) and multiplexed with the Native Barcoding Expansion
1-12kit V4 (#EXP-NBD104, Oxford Nanopore Technologies)
following the manufacturer’s instructions. Prepared libraries
were loaded on a MinION flow cell (#FLO-MIN106, Oxford
Nanopore Technologies) and sequenced with the MinION
MK1B device (Oxford Nanopore Technologies). ONT-only vari-
ants were validated through segregation analysis.

Variant classification

The American College of Medical Genetics (ACMG) classi-
fication®! ** was followed to classify genetic variants. Class 1
and 2 correspond to benign and likely benign polymorphisms,
respectively. Class 3 or variants of uncertain significance are not

recommended for clinical decision-making. Variants of class 4
(probably pathogenic) or 5 (pathogenic) identified by NGS were
checked by Sanger sequencing. Long-range sequencing was
performed when sequencing artefacts or poor-quality reads were
encountered due to the sequencing difficulties of some areas of
the DSPP gene. A detailed report describing the genetic variants
found in the patient was written and sent to the geneticist.

Bioinformatics analysis

Short-read sequencing (NGS) data analysis

The STARK (Stellar Tools from raw sequencing data Analysis to
variant RanKing) bioinformatics pipeline was used for NGS data
analysis. Analysis was performed as previously described in Bloch-
Zupan et al.” Sequences were aligned to the Genome Reference
Consortium Human Build 37 (GRCh37). A sequencing depth of
=30X was achieved for 95% of the coding regions.

Long-read sequencing (ONT) data analysis
We implemented an in-house analysis pipeline using ONT
recommended tools. Basecalling was performed with Dorado,

4

Caravello G, et al. J Med Genet 2026;0:1-8. doi:10.1136/jmg-2025-111345


https://dx.doi.org/10.1136/jmg-2025-111345

L L Ll

AT

ORLIS I
w4

A — m o i B ‘ y

ol

i
Il QTR W
Cmmn T En

=,
STe
=
553383

ool

inié

ik

Il
Tl
fiis

LT

' DSPP
Long-Range Sequencing ‘

4

. Variant
Informatics tools ”
Calling

No variants

Candidate variants

T 2 5
Functional “ Diagnostic Panel and/or Exome
analysis report Sequencing

<___-l"'-"

Figure 3  Sequencing results and revised diagnostic strategy for patients
with dentinogenesis imperfecta or dentin dysplasia. (A) Next-generation
short-read sequencing shows lower accuracy and higher error rates
compared with (B) ONT long-read sequencing. (C) Short-read sequencing
poorly detected a nucleotide deletion compared with (D) ONT long-read
sequencing. The black arrow indicates the c.3480del variant. (E) Updated
diagnostic workflow: initial analysis begins with long-range PCR of DSPP
exon 5 followed by ONT sequencing, alignment and variant calling. If
variants are detected, variants of uncertain significance undergo functional
analysis, while pathogenic variants directly support diagnostic reporting. If
no variants are identified, short-read gene panel or exome sequencing is
subsequently performed. DSPP, dentin sialophosphoprotein; ONT, Oxford
Nanopore Technology.

ONT’s latest basecaller, and reads with a mean quality score
below 8 were discarded. Filtered reads were aligned to the
reference genome using minimap2 with default parameters.
Single-nucleotide variants and insertions/deletions were identi-
fied using DeepVariant. Sequences have been aligned to either
Genome Reference Consortium Human Build 37 (GRCh37)
or the Telomere-to-Telomere assembly of the CHM13 cell line
(T2T-CHM13v2.0) and analysed using the Integrative Genomics
Viewer V.2.12.2 programme. Only samples with a minimum
coverage of 20X were analysed.

Control population databases

All the variants described in the publication were checked
within the following databases: Genome Aggregation Database
(gnomAD),” 1000 Genomes Project** and Exome Aggregation
Consortium.”

RESULTS

For patients in whom we identified a pathogenic variant in
DSPP using our standard validation protocol that involves next-
generation short-read sequencing,'” '® we managed to confirm
the variant using two strategies: either by performing Sanger
sequencing or by amplifying the whole exon 5 of DSPP with
a long-range PCR, followed by Sanger sequencing. However,
in certain cases, the conventional approach detected variants in
DSPP within repetitive sequences, but without sufficient quality
to pass genetic diagnosis (online supplemental table S4), such
as low coverage and high rates of sequencing mismatches in
these regions (figure 3A-D). In this context, we chose the ONT
approach for these patients, as well as those who were tested
negative by NGS.

Clinical descriptions of dentin defects by family

DI type II manifests as discoloured amber-brown translucent
teeth. Both primary and permanent teeth can be involved. Rapid
enamel wear and attrition are typically found, exposing defec-
tive dentin underneath (families 1-5, 8-13, 16-41). Frequent
infections of the pulp chamber may occur. In radiographic exam-
inations, a marked cervical constriction and globular or bulbous
crown are usually observed. The roots are short and conical.
Pulp obliteration is often present, with both the pulp chamber
and root canals affected (figure 2, online supplemental figure
S1).

DD affects both primary and permanent teeth. Primary teeth
show a similar phenotype to DI (families 6, 7, 14 and 15).
Permanent teeth have a normal clinical appearance. X-rays show
bulbous crowns, cervical constrictions and wide pulp chambers.
Other signs, such as flame-shaped pulp chambers and calcifica-
tions, can also be part of the tooth anomalies (family 14; see
figure 2).

DSPP variants identified by NGS

Using our routine strategy, we identified 14 different DSPP
variants: 1 in exon 3 and 13 in exon 5 (online supplemental
table S4). Among them, the heterozygous pathogenic variant
¢.52G>T; p.(Val18Phe), previously described by Xiao et al,*
was found in families 1, 2 and 3 with isolated DI (figure 2,
online supplemental figure S1). Familial segregation confirmed
maternal transmission in families 1 and 3 (online supplemental
table S4 and figure S1).

Novel variants found using ONT
Variants in repetitive regions required long-range PCR for
detection.

Eight families (21-28) initially showed a non-pathogenic
insertion (c.2656_2657insGTGAAGCA) using NGS. The use of
ONT coupled with the most recent reference genome (T2T),
which has been shown to better solve repetitive repeats,”” 2
revealed a pathogenic variant (c.2652del; p.Asp884Glufs*430)
instead. Multigenerational inheritance was confirmed in most
cases, although parental samples were unavailable for some.

Moreover, ONT sequencing also revealed additional novel
pathogenic variants, c¢.1887del, c.1937del, c.2483del, ¢.2827del
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and ¢.3180del, in families 13, 15, 17, 29 and 32, respectively
(online supplemental table S4).

Several frameshift variants were detected and classified as
probably pathogenic or pathogenic based on their absence from
population databases and clinical features consistent with DI or
DD.

Familial segregation supported dominant inheritance and
affected individuals commonly exhibited enamel loss, amber
to brown discolouration, obliterated pulp chambers, short or
conical roots, bulbous crowns and marked cervical constrictions
(figure 2, online supplemental figure S1).

All DSPP-associated entities represent a single genetic disease
spectrum, in which clinical phenotypes reflect varying degrees of
severity rather than distinct disorders.

DISCUSSION

The present study provides significant insights into the genetic
landscape of DI and DD-II by investigating DSPP gene variants
in a cohort of 112 individuals. Our findings confirm that DSPP
variants harbour a high degree of phenotypic variability, partic-
ularly within exon 5, which is known for its repetitive nature.
Our previous routine strategy, based on next-generation short-
read sequencing, enabled the identification of DSPP variants in
24 individuals, including probands and their relatives. However,
in several cases, sequencing artefacts and low-quality reads
led to inconclusive results. To overcome these limitations, we
revised our diagnostic workflow to begin directly with long-read
DSPP exon 5 sequencing using ONT (figure 3E). This approach
has successfully resolved previously ambiguous cases, allowed
for accurate characterisation of DSPP variants and led to the
discovery of novel pathogenic mutations. These findings high-
light the value of integrating long-read sequencing into routine
diagnostics for hereditary dentin disorders. Notably, DSPP vari-
ants were identified in all index cases (41) except one presenting
DI or DD clinical features, suggesting that the penetrance of
DSPP-related dentin disorders is complete.

One of the major challenges in DSPP sequencing is the pres-
ence of extensive tandem repeats within exon §, which compli-
cates traditional sequencing methods. Innovative strategies and
bioinformatics tools are continually being developed to enhance
the precision and reliability of sequencing efforts in these intri-
cate genomic regions. Short-read NGS variant calling and/or
conventional Sanger sequencing failed to detect several patho-
genic variants due to the repetitive nature of these sequences.
Long-range PCR followed by Sanger sequencing provided
partial resolution, but ONT-based sequencing emerged as the
most reliable approach for characterising these regions. Our
results highlight the critical role of third-generation sequencing
in overcoming these diagnostic hurdles and establishing a more
comprehensive variant spectrum for DSPP.

ONT sequencing started to be widely used in the 2010s. It
is a cutting-edge technology in the field of DNA sequencing
that offers a unique and promising approach. Unlike traditional
sequencing methods that rely on the detection of fluorescent
signals, nanopore sequencing involves passing a single DNA
strand through a nanoscale pore. As the DNA molecule traverses
the pore, it causes disruptions in the electrical current, allowing
for real-time analysis of the sequence. This method is advanta-
geous for several reasons, including its ability to sequence long
stretches of DNA, detect various types of modifications and
provide rapid results.”” ** This technology has already proved
its efficiency: it was used to pinpoint variants in giant protein
titin (TTN) repeated domains and improved the diagnosis of

patients with myopathies,®! allowed the identification of variants
for patients who were in diagnostic wandering®? and enabled
the characterisation of structural deletions that were unsolved
with exome sequencing.’ In our study, the use of ONT allowed
the identification of DSPP variants classified as likely patho-
genic or pathogenic in 20 families. Of these, variants in half
of these families had already been detected using the targeted
NGS panel, while the remaining half represented novel discov-
eries made possible by long-read sequencing. Although long-
read sequencing significantly reduced diagnostic wavering by
improving the detection of variants in the repetitive regions of
DSPP (figure 3), these unresolved cases suggest that other mech-
anisms—such as deep intronic or regulatory variants, or RNA-
level alterations—may contribute to the phenotype and remain
undetected with our current approach. Additionally, we cannot
exclude that variants in other genes, not covered by our panel,
may be responsible for the clinical features observed in these
individuals.

The identified DSPP variants predominantly consisted of
3’-DSPP —1 frameshift mutations. In a mouse model, these vari-
ations have been demonstrated to impact odontoblasts through
polarity loss, autophagy and junction abnormalities, which
result in delayed dentin deposition, ectopic mineralisation along
collagen and missing processes.'

Notably, the clinical variability observed among patients
carrying the same pathogenic variant suggests the influence of
additional genetic, epigenetic or environmental factors modu-
lating the phenotypic expression of DSPP variants. The hetero-
geneous expressivity is evident in families where the same variant
is inherited across generations, yet affected individuals exhibit
differing severities of dentin anomalies. A key observation from
our study was the recurrent inheritance pattern of specific DSPP
variants. For example, the ¢.52G>T (p.Val18Phe) variant was
identified in different families and consistently associated with
isolated DI. Similarly, novel variants such as ¢.1729_1924del
(p.Ser577Alafs672) and c.1814del (p.Ser605Metfs709) exhib-
ited strong pathogenicity and familial segregation patterns.
These findings further validate the classification of these vari-
ants as disease-causing variants and emphasise the importance of
genetic counselling for affected families.

Furthermore, our study underscores the need for continuous
improvements in genome assembly references and draws atten-
tion to the potential influence of DSPP haplotype diversity on
variant interpretation within the DPP repetitive region. The
initial misinterpretation of the ¢.2656_2657insGTGAAGCA
variant as disease-associated—later clarified through alignment
with the updated T2T reference genome—may, at least in part,
be related to differences between patient-specific DSPP haplo-
types and the reference sequence, as previously reported.’ ' This
observation illustrates how haplotype-related indel configura-
tions in highly repetitive regions can complicate short-read align-
ment and variant calling and highlights the value of improved
reference genomes and long-read sequencing approaches for
accurate DSPP variant classification.

The identification of novel pathogenic variants and the
confirmation of known ones strengthen the genetic basis of DI
and DD-II by leveraging advanced sequencing methodologies.
It is important to perform genetic testing in individuals with
dentin defects. Aside from isolated DI and DD-II, this dental
phenotype might be associated with a mild form of osteo-
genesis imperfecta or an undiagnosed skeletal disorder that
needs specific care and support/management of the patient,
for instance, related to COL1A1 and COL1A2 pathogenic
variants.®*
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In conclusion, our study enhances the understanding of DSPP-
related dentin disorders by leveraging advanced sequencing
methodologies. We identified 22 pathogenic or likely pathogenic
DSPP variants, including 8 (36%) previously reported and 14
(64%), novel variants thereby expanding the known mutational
spectrum. Our findings advocate for the integration of long-
read sequencing technologies into routine diagnostic workflows,
ensuring more accurate genetic diagnosis and personalised
management strategies for affected individuals. Future research
should focus on expanding cohort studies, investigating poten-
tial genotype—phenotype correlations and exploring therapeutic
interventions targeting DSPP-associated dentin defects.
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