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INTRODUCTION

Abstract

Background: Genome diagnostics is considered gold standard diagnostics for
epidermolysis bullosa (EB), a phenotypically and genetically heterogeneous group
of rare disorders characterized by blistering and wounding of mucocutaneous
tissues. EB is caused by pathogenic variants in genes encoding proteins of the
dermo-epidermal junction. Accurate genetic diagnosis of EB is crucial for
prognostication, counselling and precision-medicine. Genome diagnostics for EB
started in 1991 with the introduction of Sanger sequencing (SS), analysing one
gene at a time. In 2013, SS was superseded by next-generation sequencing (NGS),
that allow for high-throughput sequencing of multiple genes in parallel. Several
studies have shown a beneficial role for NGS in EB diagnostics, but its true benefit
has not been quantified.

Objectives: To determine the benefit of NGS in EB by systematically evaluating the
performance of different genome diagnostics used over time based on robust data
from the Dutch EB Registry.

Methods: The diagnostic performances of SS and NGS were systematically evaluated
in a retrospective observational study including all index cases with a clinical
diagnosis of EB in whom genome diagnostics was performed between 01 January
1994 and 01 January 2022 (1 =308), registered at the Dutch EB Expertise Centre.
Results: Over time, a genetic diagnosis was made in 289/308 (94%) EB cases. The
diagnostic yield increased from 89% (SS) to 95% (NGS). Most importantly, NGS
significantly reduced diagnostic turnaround time (39days vs. 211 days, p <0.001).
The likelihood of detecting variants of uncertain significance and additional findings
increased from 5% and 1% (SS) to 22% and 13% (NGS) respectively.

Conclusions: Our study quantifies the benefit of NGS-based methods and
demonstrate they have had a major impact on EB diagnostics through an increased
diagnostic yield and a dramatically decreased turnaround time (39 days). Although
our diagnostic yield is high (95%), further improvement of genome diagnostics is
urgently needed to provide a genetic diagnosis in all EB patients.

and wounding of mucocutaneous tissues.' The prevalence of EB
in the Netherlands has recently been reported to be 22.4 per mil-

Epidermolysis bullosa (EB) comprises a heterogeneous group of  lion people.? Four major types of EB are recognized, depending
rare genetic disorders featuring mechanical fragility, blistering ~ on the level of skin blistering: EB simplex (EBS), junctional EB

Linked article: A. Klausegger et al. ] Eur Acad Dermatol Venereol 2025;39:19-20. https://doi.org/10.1111/jdv.20433.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Journal of the European Academy of Dermatology and Venereology published by John Wiley & Sons Ltd on behalf of European Academy of Dermatology

and Venereology.

154 wileyonlinelibrary.com/journal/jdv

] Eur Acad Dermatol Venereol. 2025;39:154-160.


www.wileyonlinelibrary.com/journal/jdv
https://orcid.org/0000-0002-6440-4915
https://orcid.org/0000-0003-0502-9665
https://orcid.org/0000-0001-8053-216X
https://orcid.org/0000-0002-0273-8020
https://orcid.org/0000-0002-2986-0915
https://orcid.org/0000-0002-0497-4780
https://orcid.org/0000-0002-2239-9054
https://orcid.org/0000-0003-2086-9363
mailto:
https://orcid.org/0000-0002-3734-753X
http://creativecommons.org/licenses/by-nc/4.0/
mailto:p.c.van.den.akker@umcg.nl
https://doi.org/10.1111/jdv.20433

BAARDMAN ET AL.

| 155

(JEB), dystrophic EB (DEB) and Kindler EB (KEB). The major
EB types are further subdivided into >30 EB subtypes based on
clinical features and the specific gene variant(s) involved." To
date, 16 genes have been found to underlie the different EB sub-
types, all encoding structural proteins of the dermo-epidermal
junction." It is essential to know the disease-causing gene vari-
ants in EB for (early) prognostication of the disease course, ge-
netic counselling and future precision-medicine approaches.’
Although microscopic analysis on skin biopsies can provide im-
portant clues to the diagnosis, genome diagnostics is currently
considered the gold standard method in EB diagnostics.

Over the past three decades, genome diagnostics for EB
has witnessed many changes. Sanger sequencing (SS)-based
methods (‘first-generation sequencing’) for EB were intro-
duced in the early 90s and implemented in diagnostics at the
Dutch EB Expertise Centre (EB Centre) in 1994.%° SS is based
on PCR amplification of specific protein-coding regions in
genomic DNA, followed by Sanger sequencing of the ampl-
icons.*® In EB, SS was usually initiated after identification
of a candidate gene by immunofluorescence microscopy
and transmission electron microscopy studies on skin biop-
sies. However, these genetic test results do not always reveal
a candidate gene, leaving a number of EB cases genetically
unsolved, and the many amplicons and genes that had to be
sequenced frequently led to diagnostic delays.

Overcoming these shortcomings, next-generation sequenc-
ing (NGS) for EB was introduced in 2013.” NGS refers to a collec-
tion of methods that share the ability to sequence multiple genes
in parallel. In March 2014, targeted panel sequencing (TPS) was
implemented in our EB Centre. TPS captures the protein-coding
regions of genes of interest from genomic DNA, and these re-
gions are subsequently amplified and sequenced in parallel. In
2017, TPS was replaced by whole-exome sequencing (WES),
4years after its first reported use for genodermatoses.” WES cap-
tures and sequences most of the protein-coding regions of the
genome, with analysis then bioinformatically restricted to the
regions of interest. If no causative variants are found in the initial
analysis, WES offers the opportunity to scrutinize other regions
of the exome by altering the bioinformatic data analysis strategy.

Earlier studies demonstrated the benefit of NGS for eluci-
dating genetically unsolved EB cases via the discovery of se-
quence variants in new EB genes, and these studies showed
a higher diagnostic yield (DY) and shorter turnaround time
(TAT).* " NGS-based methods are thus generally perceived as
hugely beneficial in current EB diagnostics. However, no stud-
ies have been performed to thoroughly assess the true power
of NGS. In this study, we aimed to unveil the diagnostic power
of NGS-based methods for EB by systematically analysing its
performance compared to first-generation methods.

MATERIALS AND METHODS
Design and study population
In this retrospective observational study, we included

all index patients with a certain clinical diagnosis of EB
(n=308) in whom EB genome diagnostics was performed

between 01 January 1994 and 01 January 2022 at the Dutch
EB Centre (source: Dutch EB Registry). The study was
conducted in accordance with the Declaration of Helsinki
and approved by the UMCG Medical Ethical Committee
(2023/386).

We also included patients with suprabasal EBS because
these phenotypes were part of the EB classification until
2020; they are currently classified among the EB-related
skin fragility disorders."'> To explore the WES EB gene-
panel's ability to detect pathogenic variants in patients
with a less certain clinical diagnosis of EB, or with disor-
ders with overlapping features, we also investigated these
test results.

Genome diagnostics

To understand the diagnostic value of NGS, we compared
the performances of the evolving genome diagnostic meth-
ods over the years. For this study, we recognized two dif-
ferent genome diagnostic methods: SS-based methods,
including pre-screening methods, and NGS-based methods,
specifically TPS and WES. From 1994 to 2014, SS was vali-
dated for each newly identified EB gene. In the early years,
DNA materials were sent to foreign expertise centres for SS
gene analysis.

As several genodermatoses exhibit overlapping clini-
cal features with EB, our NGS EB gene panels have always
included more than the current 16 EB genes. In 2014, our
first TPS EB gene panel was validated by applying it to 20EB
cases with known pathogenic variants, and all but one large
intragenic deletion was detected (data not shown). The con-
tents of the EB gene panels are revisited twice annually and
updated based on new genetic findings in the literature
(Table SI).

Definitions

We used DY and TAT as primary indicators of diagnostic
performance. DY was calculated as the percentage of cases
in whom (likely) pathogenic gene variant(s) that explain
the EB phenotype were found. TAT is the duration of a
genetic analysis (time period between start and end dates).
In case of multiple consecutive analyses, the cumulative
TAT (cTAT) was used (time periods between analyses were
excluded).

Variant classification

Gene variants were classified (retrospectively for SS) by the
clinical laboratory geneticist according to the ACMG-AMP
variant classification guideline as: benign (B), likely benign
(LB), variant of uncertain significance (VUS), likely patho-
genic (LP) or pathogenic (P)." LP/P variants in genes that
did not explain the EB phenotype were classified as addi-
tional findings (AF)."” To investigate the extent of AF and
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VUSs, we compared the occurrence of both between NGS
and SS.

Statistical analysis

Statistical analyses were performed using SPSS (v.28.0; SPSS
Inc., Chicago, IL, USA). Diagnostic characteristics were cal-
culated using descriptive statistics (median [IQR]) and com-
pared using a chi-square (X?) test or Mann-Whitney U test.
Missing values were excluded from relevant calculations.

RESULTS
Genetic diagnosis

Over the past three decades, technical improvements and
discovery of new EB genes led to a genetic diagnosis in in-
creasing numbers of EB cases (Figure 1), with 94% (289/308)
of clinically diagnosed EB cases ultimately receiving a con-
firming genetic diagnosis.
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We first compared the DY of the different diagnostic meth-
ods as a primary performance indicator. From February
1994 to mid-2014, 240 cases with a certain clinical diagno-
sis of EB were analysed with SS-based methods (SS group).
SS led to a genetic diagnosis in 89% (214/240) of these EB
cases, leaving 11% (26/240) genetically unsolved and 42%
(11/26) of these unsolved EB cases were later solved with
NGS (Figure 2; Table S2). In more than half (117/214) of the
SS group, screening of the first candidate EB gene resulted
in a genetic diagnosis. In the remaining 45% (97/214), multi-
ple EB genes needed to be analysed to detect the pathogenic
variant(s) (median 2.0, IQR 1.0).

Since the introduction of NGS at our EB Centre in March
2014, NGS has been performed in 90EB cases, and 68 re-
ceived NGS as the first tier of diagnostics (Figure 2). In 22
other EB cases, NGS was performed after SS failed to provide
a genetic diagnosis.

TPS was performed as initial tier of diagnostics in 20EB
cases, leading to a genetic diagnosis in all. TPS was fur-
ther performed in 17 unsolved EB cases from the SS group
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Evolution of genome diagnostics at the Dutch EB Expertise Centre from 1994 to 2022. Figure shows the cumulative yield and turnaround

time of genome diagnostics for epidermolysis bullosa (EB). Turnaround time decreased from over 700 days in 1994 to 36 days in 2022, while the
cumulative proportion of genetically solved cases with a clinical diagnosis of EB increased to 94% (289/308). X-axis: Years indicate 31 December of the
respective years. Abbreviations at top indicate when different diagnostic methods were implemented. Gene names at bottom indicate when these genes
were implemented in SS or NGS diagnostics. Dashed lines indicate logarithmic trend-lines following both data sets. EB, epidermolysis bullosa; SS, Sanger

sequencing; TPS, targeted panel sequencing; WES, whole-exome sequencing.
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Overview of genome diagnostics for epidermolysis bullosa from 1994 to 2022. Flow chart showing the diagnostic yield and turnaround

times for SS- and NGS-based methods in cases with a certain clinical diagnosis of epidermolysis bullosa (EB) at the Dutch EB Expertise Centre during
the study period 1994-2022 (n=308). Red dashed lines and red numbers indicate patients genetically unsolved with SS who were later re-analysed
using TPS or WES. Purple dashed line and purple numbers indicates one patient who was genetically unsolved with SS and TPS who was re-analysed
with WES. (c) TAT, (cumulative) turnaround time; EB, epidermolysis bullosa; AF, additional finding(s); IFM, immunofluorescence microscopy; TEM,
transmission electron microscopy; VUS, variant(s) of uncertain significance.

and revealed the pathogenic variant(s) in eight cases (47%).
Interestingly, in 5/8 of these EB cases, the genetic diagnosis
matched a different EB type than clinically suspected (atypi-
cal presentation). In another 2/8 EB cases, the variants resided
in genes analysed with SS but apparently missed for techni-
cal reasons. In the one remaining case, the variants resided in
EXPHS5, a gene that was only discovered after the SS era.
From May 2017 until January 2022, 48 EB cases were an-
alysed using WES as initial tier, which solved the diagnosis
in 92% (44/48) of EB cases (Figure 2). Given the similarities
in capturing between TPS and WES, the higher DY for the
TPS cases is most likely coincidental and due to the small
number analysed (1n=20). WES was further performed in
five unsolved EB cases from the SS group, enabling a genetic
diagnosis in three (60%). In one EB case, the pathogenic
variants were located in EXPH5. In another, an intronic
splice variant in COL7A1 was detected that had been missed
by SS. In a third unsolved SS case, WES uncovered a patho-
genic variant in KLHL24 that had also been missed by TPS
because KLHL24 was not part of the first TPS-panel design
(Table S1)."® Four unsolved SS cases were not available for
follow-up screening by NGS methods. Therefore, the total

DY in our cohort of EB cases who received state-of-the-art
diagnostics was 95% (289/304).

Turnaround time

To measure the effect of NGS in accelerating genome di-
agnostics, we compared the (cumulative) TAT between the
different diagnostic methods as a primary indicator of di-
agnostic performance. The median cTAT for all genetically
solved EB cases (n=214) in the SS group was 211 days (IQR
464), although this was already declining during the SS
era (Figure 1). As screening of the first candidate gene led
to a genetic diagnosis in more than half of these EB cases
(117/214), the TAT was ‘only’ 133days for this group (IQR
350). However, in the remaining 45% (97/214), multiple
genes needed to be sequenced, which prolonged the ¢TAT
to 348 days (IQR 484). For TPS as initial tier diagnostics, we
calculated a median TAT of 53days (IQR 46). With the ar-
rival of WES, TAT is now 36days in genetically solved EB
cases (IQR 16). Therefore, NGS decreased TAT more than
five times (39 days, p <0.001).
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Additional findings

In 13/240 (5%) EB cases in the SS group, a single VUS was
found (Table S3), and in 4/13 EB cases (31%), this VUS was
later reclassified as (L)P based on additional genetic studies.
In only one of the remaining nine cases was the causative
variant not identified, leaving it open whether the identi-
fied VUS is the disease-causing variant. In the other 8/9 EB
cases, the VUS was found in addition to causative gene vari-
ants, and the question remains whether these VUSs play a
disease-modifying role. Furthermore, AF were found in
only 3/240 (1%) EB cases in the SS group (Table S3).

VUSs were found in 20/90 (22%) EB cases in the NGS-
group, including 27 VUSs in total (2 VUSs in five cases)
(Table S3). This proportion is more than four times higher
than during the SS era. Of these EB cases, 16/20 (80%) were
genetically solved. In 4/16, the VUS was found in one of the
candidate EB genes, and two were later reclassified as (L)
P (considered solved). Two other VUSs were located in the
same EB gene as the pathogenic variant, but it remains open
whether these two variants contribute to the EB phenotype.
The VUS was found in another EB gene in 7/16, in both an
EB gene and an EB-related gene in another two and in an EB-
related gene in the remaining three. It cannot be ruled out
that these VUSs play a disease-modifying role. In the remain-
ing 4/20 EB cases in whom VUSs were found, NGS detected
no pathogenic variant(s). The question is whether these VUSs
explain the EB phenotype, or are clinically unrelated. Finally,
AF considered to be unrelated to the EB-phenotype were
found in 12/90 (13%) NGS EB cases (Table S3).

Pseudogenes

A well-known challenge in genome diagnostics is the risk of
mistaking sequence variants in non-functional homologous
sequences (pseudogenes) for variants in the functional genes,
especially KRT14.” 7! In the SS era, this issue was covered
by designing specific primers to only amplify the functional
genes. Our question was thus whether NGS-based methods
are sensitive enough to discriminate between functional
genes and their pseudogenes. In all our KRT14 cases (n=38),
it was possible to distinguish between variants in KRT14 and
its pseudogenes based on other variants specific for KRT14
or its pseudogenes detected in cis or trans with the variant of
interest (Figure S1). This highlights that the sequence depth
of NGS methods is sufficiently high and the data analysis
pipeline sufficiently robust to correctly interpret sequence
variants in the presence of pseudogenes.

Mutation detection rate

Finally, we investigated the mutation detection rate (percent-
age of tests requested in which causative mutations were de-
tected) and diagnostic accuracy (percentage of positive test
results precisely matching the request reasons). Here, we

took the perspective of the Genome Diagnostics laboratory
and compared all test results to the request reasons given
on the request forms (Figure S2). From the implementa-
tion of WES-based EB diagnostics in October 2017 up until
January 2022, our laboratory received 74 internal requests.
In 50/74 internal requests, pathogenic variants were found
that explained the EB phenotypes (68% mutation detection
rate), and the results matched the request reasons exactly in
46 (92% diagnostic accuracy). However, when looking more
closely at these results, the mutation detection rate and diag-
nostic accuracy were much higher in cases with a clinically
certain EB diagnosis (88% [46/52 requests] and 93% [43/46]
respectively) than in cases with a less certain clinical diagno-
sis (18% [4/22] and 75% [3/4] respectively).

DISCUSSION

In this study, we aimed to unveil the diagnostic power of NGS-
based genome diagnostic methods for EB by systematically
analysing their performance in a well-characterized Dutch
cohort of patients with a certain clinical diagnosis of EB. Over
the past three decades, a genetic diagnosis could be made in
more and more EB cases in an ever shorter period of time
(Figure 1). Our most important finding is that the strength of
NGS lies not only in its higher DY, but also in its significantly
reduced TAT (39 days NGS vs. 226 days SS) (Figure 2).

Although ¢TAT was already decreasing during the SS era
due to significant technical improvements, it declined con-
siderably further with the arrival of NGS (Figure 1). This is
undoubtedly because of the high-throughput sequencing
of multiple genes in parallel, which does not depend on the
identification of a candidate gene using microscopic analy-
ses on skin biopsies. Although analysis of the first candidate
gene led to identification of the causative variant(s) in 55% of
the SS group, multiple EB genes had to be sequenced in 45%,
resulting in long diagnostic delays (CTAT 348 days), some-
thing we urgently intend to prevent because early prognosti-
cation is extremely important in EB diagnostics.

NGS further increased DY in our Dutch EB cohort to
95%. DY was already high during the 20-year SS era (89%),
but it is important to keep in mind that genome diagnostics
were largely directed by the results of microscopic analy-
ses on skin biopsies during that time. During the SS era,
our EB Centre also saw relatively more patients with severe
EB phenotypes, which makes it easier to make an accurate
clinical diagnosis and detect the pathogenic variant(s).?
An effect of phenotypic severity on DY is also suggested
by the higher DY for DEB we found for SS (94%) compared
to NGS (88%), which correlates to the fact that more dom-
inant DEB cases were seen in recent years. We speculate
that the dominant-negative COL7AI variants underlying
dominant DEB are more frequently located in intronic se-
quences influencing splicing and therefore not detected
by the current WES strategy (Table S2). Interestingly, the
relatively low percentage of EB cases in the NGS group
in whom microscopic analyses on skin biopsies were
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performed (47%) did not negatively influence the DY. In
our opinion, this justifies a genetics-first approach, which
will become more feasible in routine diagnostic practice
with increasing speed of genome diagnostics.

Additionally, NGS has proven effective when no candi-
date gene was available, as seen by NGS genetically solving
11 EB cases not solved by SS (Figure 2). In five of these EB
cases, the pathogenic variant(s) were in different EB genes
than initially suspected, strengthening the added value of
an NGS-based approach. In another three EB cases, NGS
detected pathogenic variants in EB genes that were se-
quenced but missed with SS, probably due to insufficient
coverage of intronic regions. In our opinion, the major
benefit in TAT and the ability to detect gene variants that
match EB (sub)types other than that clinically suspected,
without diagnostic delays, makes massive parallel se-
quencing approaches like NGS the gold standard in EB
diagnostics.

However, in 5% (15/304) of EB cases, NGS still failed
to provide a genetic diagnosis (Figure 2). There could be
several reasons for this. First, currently unknown EB genes
may be involved. However, although new genes may play a
role in a small subset of EB cases, the high DY in our study
and others makes it unlikely that there are many new EB
genes to be discovered.”''"**>?* A5 a major advantage of
WES is the possibility to dig further into regions of the
exome not included in the initial EB gene-panel analysis,
bioinformatic follow-up strategies on existing WES data
may eventually identify causative variants in novel genes
in a subset of unsolved EB cases.** Second, pathogenic vari-
ants in regulatory sequences and deep intronic regions, as
well as copy number variations, are expected to be missed
with NGS (standard variant calling currently is £20 in-
tronic nucleotides). However, newer sequencing methods
like whole-genome sequencing and long-read sequencing
are expected to identify those variants as well. Third, low-
grade mosaic sequence variants could also be missed.*>*
Finally, clinical diagnosis of EB may prove incorrect in a
subset of unsolved EB cases, especially for relatively milder
phenotypes that may, for instance, be multifactorial or
autoimmune.*”**

Anissue reported in NGS literature is the challenge of clin-
ical interpretation of VUSs and AF, which requires bioinfor-
matic expertise and reproductive counselling."*'* Our results
confirm that NGS has increased the likelihood of detecting
additional sequence variants compared to SS (VUSs 22% vs.
5%; AF 13% vs. 1%) (Table S3). In the absence of pathogenic
variants, VUSs are of particular interest, as additional stud-
ies found them to be the disease-causing variant in six EB
cases. However, VUSs in other genes raise extra challenges
to the diagnostic process. This is also true for AF, for exam-
ple, carriership of pathogenic variants in other genes, which
may require reproductive counselling. The question remains
whether these additional sequence variants play a modifying
role in the EB phenotype.’”*" As AF were found in 1% of EB
cases with SS, one may argue that EB gene-panels should only
contain true candidate genes (Table S1).

CONCLUSION AND
FUTURE PERSPECTIVES

This study demonstrates that NGS-based approaches are
powerful techniques in current EB diagnostics, providing
genetic diagnoses with high sensitivity and a continuously
decreasing TAT which is so crucial for prognostication and
personalized therapies. It is likely that this power of NGS can
be extended to other heterogeneous genetic disorders.

As the DY of WES is not 100%, there is still need for
further improvement of current EB diagnostics. Deep-
phenotyping, developing and implementing more power-
tul techniques (e.g. [long-read] whole-genome sequencing,
RNA-sequencing) and improving bioinformatic data anal-
ysis algorithms are all crucial to identify the causative vari-
ants in EB patients who are still genetically unsolved.
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