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Abstract 

Background:  Epidermolysis bullosa (EB) is a heterogeneous group of hereditary skin diseases characterized by skin 
fragility. Primary data on Taiwanese population remain scarce.

Methods:  We gathered clinical information from EB patients at National Cheng Kung University Hospital from Janu‑
ary, 2012, to June, 2021. Diagnostic tests including transmission electron microscopy, immunofluorescence studies, 
and whole-exome sequencing (WES) were performed. The pathogenicity of novel splice-site mutations was deter‑
mined through reverse transcriptase-PCR of skin mRNA followed by Sanger and/or RNA sequencing.

Results:  Seventy-seven EB patients from 45 families were included: 19 EB simplex, six junctional EB, and 52 dys‑
trophic EB. Pathogenic variants were identified in 37 of 38 families (97.4%), in which WES was used as a first-line tool 
for mutational analysis; RNA sequencing determined pathogenic variants in the remaining one family. A total of 60 
mutations in EB-related genes were identified, including 22 novel mutations. The mutations involved KRT5, KRT14, 
PLEC, COL17A1, LAMB3, LAMA3, ITGB4, and COL7A1. Over one-quarter of DEB patients had EB pruriginosa.

Conclusions:  The distinct clinical presentation and molecular pathology of EB in Taiwan expand our understanding 
of this disorder. WES was an effective first-line diagnostic tool for identifying EB-associated variants. RNA sequencing 
complemented WES when multiple potentially pathogenic splice-site mutations were found.
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Introduction
Inherited EB is a group of rare heterogeneous hereditary 
diseases in which there is skin, and sometimes mucosal, 
fragility following minor trauma. Classical forms of EB 

result from mutation in one of 16 genes encoding pro-
teins responsible for maintaining cellular integrity and 
adhesion of the skin and/or mucosa, while mutations in a 
further 24 genes may contribute to skin fragility in other 
non-classical disorders encompassed by the umbrella 
term EB [1, 2]. In addition to mucocutaneous fragility 
and scarring, EB also causes numerous other manifesta-
tions, including gastrointestinal and urethral strictures, 
anemia, failure to thrive, muscular dystrophy, and cuta-
neous malignancies [1].
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With the introduction of transmission electron micros-
copy (TEM), immunofluorescence microscopy (IF) 
studies, and mutational analysis to EB research and diag-
nostics, our understanding of the disease has increased 
tremendously over the last 50  years. Classical forms 
of EB are classified as EB simplex (EBS), junctional EB 
(JEB), dystrophic EB (DEB), or Kindler EB, based on the 
level of the cleavage plane: above, within, or beneath the 
basement membrane zone. Patients can be further cat-
egorized into one of the 35 subtypes, according to the 
2020  EB consensus reclassification, based on clinical, 
pathologic, and genetic findings [2].

Previously, reports on the clinical phenotype and 
molecular pathology of EB have focused mainly on 
European, American, and Middle Eastern populations. 
Regarding Asia, reports abound on EB in Japanese and 
Chinese populations, but data for other Asian countries, 
including Taiwan, remain relatively scarce [3–6]. There-
fore, we aimed to elucidate the molecular pathology 
and characterize the clinical subtypes of EB in Taiwan 
through a combination of approaches, including next-
generation sequencing, IF studies, TEM, and other ancil-
lary tests.

Results
A total of 77 EB patients in 45 families participated in this 
study, including 19 patients with EBS, six patients with 
JEB, and 52 patients with DEB. TEM was performed in 
53 patients and IF studies in 45 patients. WES was used 
as the first-line tool for mutational analysis in 38 families 
while Sanger sequencing was employed without WES for 
the remaining seven families. Disease-associated variants 
were detected by WES in 37 of the 38 families (97.4%). 
RNA sequencing determined the pathogenic variants in 
the remaining one family. Collectively, 60 mutations (22 
novel and 38 recurrent) were found in KRT5, KRT14, 
PLEC, COL17A1, LAMB3, LAMA3, ITGB4, and COL7A1 
(Fig. 1 and Additional file 3: Table S1).

Clinical subtypes and molecular pathology of EBS
Of the 19 EBS patients (12 families), eight patients had 
mutations in KRT5 (42.1%), four patients had mutations 
in KRT14 (21.1%), and seven patients had mutations in 
PLEC (36.8%). All patients with KRT5/KRT14 muta-
tions had autosomal dominant (AD) EBS. Two families 
(three patients: patient (PT) 8 in family 4, and PT11 and 
PT12 in family 6) had severe disease; the rest had mild to 
moderate disease. PT11 and PT12 (heterozygous muta-
tion c.373C > T, p.Arg125Cys in KRT14) had herpetiform 
blistering and crusting with erythema on the trunk and 
extremities, as well as moderate to severe keratoderma 
on the soles. In addition to inflammatory blistering and 
palmoplantar keratoderma, PT8 (heterozygous mutation 

c.515 T > A, p.Ile172Asn in KRT5) also had growth retar-
dation. The blistering of all three AD-EBS-severe patients 
improved over time.

All seven patients with mutations in PLEC had auto-
somal recessive (AR) disease, with four having clinically 
overt muscular dystrophy. All patients with intermediate 
AR-EBS with muscular dystrophy had at least one muta-
tion in exon 31 (based on NM_000445), which encodes 
the rod domain of PLEC [7, 8]. One of the two patients 
of family 10 (PT17), who had compound heterozy-
gous mutations (c.5269C > T and c.6067delG in PLEC), 
died of respiratory infection. PT13 and PT14 with AR-
EBS-intermediate (without muscular dystrophy) were 
unrelated and shared a common missense mutation in 
PLEC, c.956 T > C (p.Leu319Pro), whose full details were 
reported previously [9].

Clinical subtypes and molecular pathology of JEB
All six patients with JEB had AR disease. Three of the six 
patients had mutations in LAMB3, while the other three 
had mutations in COL17A1, LAMA3, and ITGB4. Of the 
JEB patients, only PT20, affected by LAMB3 mutations, 
had mild disease, presenting with blisters and erosions 
at trauma-prone areas. The remaining five patients had 
moderate to severe disease. PT25 with LAMA3 muta-
tions and PT24 with ITGB4 mutations expired within a 
few months after birth from sepsis and respiratory fail-
ure. Both patients had aplasia cutis congenita; PT24 with 
ITGB4 mutations also had pyloric atresia.

Clinical subtypes and molecular pathology of DEB
The 52 DEB patients in our cohort consisted of 34 domi-
nant DEB cases, 17 recessive DEB cases, and one case 
of severe DEB with unknown genotype. The most com-
mon subtypes were AD-DEB-pruriginosa (14/52, 26.9%), 
AD-DEB-localized (14/52, 26.9%), AR-DEB-severe (9/52, 

Fig. 1  Number of EB cases by major subtypes and genes. Eight 
EBS patients had four mutations in KRT5, four EBS patients had two 
mutations in KRT14, and seven EBS patients had eleven mutations in 
PLEC. Six JEB patients had a total of 10 mutations in LAMA3, LAMB3, 
ITGB4, and COL17A1. Fifty-two DEB patients with 33 mutations in 
COL7A1 were found
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17.3%), and AR-DEB-intermediate (7/52, 13.5%). Rare 
phenotypes of DEB included AD-DEB-self-improving 
(2/52, 3.8%) and AR-DEB-pruriginosa (1/52, 1.9%).

There were four patients in family 31, including two 
AD-DEB patients (PT59 and PT60) having the heterozy-
gous mutation, p.Gly2061Glu, one AR-DEB-intermediate 
patient (PT61) with compound heterozygous muta-
tions, p.Gly2422Glu and c.8304 + 5G > A, and one case of 
severe DEB with unknown genotype (PT62) harboring at 
least a heterozygous mutation, p.Gly2061Glu (Fig. 2).

Among our DEB patients, 14 patients (seven families) 
had AD-DEB-pruriginosa and one patient had AR-DEB-
pruriginosa. In six families, in which other subtypes of 
EB existed, AD-DEB-localized was the most common 
subtype (5/6), followed by AD-DEB-intermediate (2/6). 
Seven pathogenic COL7A1 variants underlay these 15 
patients, including six missense variants and one splice 
site variant. Patients with EB pruriginosa in this study 
had varying degrees of severity, ranging from extensive, 
confluent prurigo-like lesions on the trunk and all four 
extremities to prurigo lesions localized to the anterior 
legs only. Nail dystrophy occurred more commonly on 
the toenails (93 of 130 assessed nails affected) compared 

to the fingernails (45 of 130 assessed nails affected) 
(Additional file 2: Fig. S2 and Additional file 5: Table S3).

RNA sequencing
RNA sequencing was performed in addition to WES to 
confirm the pathogenicity of variants in two families. 
In the only AR-DEB-pruriginosa patient (PT41) in our 
study (Fig. 3a), WES found four potentially disease-asso-
ciated variants in COL7A1, all with CADD (combined 
annotation-dependent depletion) scores < 10 (Fig.  3b). 
To determine the splicing effects of the candidate vari-
ants, we performed RNA sequencing, which revealed the 
retention of intron 70 caused by c.5820 + 4A > G (Fig. 3c) 
but no other aberrant splicing. In contrast, reverse tran-
scriptase-PCR (RT-PCR) followed by Sanger sequenc-
ing showed that c.5820 + 4A > G resulted in the deletion 
of exon 70 without the retention of intron 70 (Fig.  3d). 
The discordant results of these two sequencing methods 
may be due to the much higher PCR efficiency of exon 
70-skipped transcript over intron 70-retained transcript 
in the RT-PCR plus Sanger sequencing assessment.

Another COL7A1 disease-associated variant, 
c.3562G > A, segregating with phenotype in the family 

Fig. 2  A DEB family with a possible case of dominant and recessive DEB (compound heterozygosity)-severe. a IV-10 (PT61) had moderate blistering, 
erosions, scarring, milia, nail dystrophy, and dental enamel defects. V-3 (PT60) had less severe blistering, erosions, scarring, and nail dystrophy; teeth 
abnormality was either absent or minimal. IV-1 (PT62) had a very severe phenotype, including pseudosyndactyly and malnutrition. b IF mapping 
showed mild reduction of C7 in both V-3 (PT60) and IV-10 (PT61) compared to their respective healthy controls (× 400 magnification). c TEM of 
V-3 (PT60) showed absent or poorly formed anchoring fibrils (40,000X magnification). The TEM findings for IV-10 (PT61) were similar. d, e V-3 (PT60) 
and IV-4 (PT59) shared one heterozygous mutation, c.6182G > A (p.Gly2061Glu), and both were cases of DDEB. IV-10 (PT61) was a case of RDEB 
with compound heterozygous mutations, c.7265G > A (p.Gly2422Glu) and c.8304 + 5G > A. (Recessive mutations are labeled as dotted half circles/
squares; dominant mutations are labeled as full half circles/squares, in respective colors. Asterisks (*) indicate family members were tested for 
COL7A1 mutations. The phenotype of III-6 was unknown; genomic DNA of IV-1 (PT62) was unavailable for repeat genetic testing in this study.)
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of PT41, was presumed to lead to a valine substitution 
for methionine at amino acid 1188, which falls on the 
vWFA2 of type VII collagen (C7) (Fig. 3e). RT-PCR and 
Sanger sequencing of cDNA found no aberrant splicing. 
To further investigate the pathogenicity of c.3562G > A 
(p.Val1188Met), we used a polyclonal antibody for 
murine vWFA2 previously used by Iwata et  al., which 
also reacted with the human vWFA2 domain of C7, for IF 
studies [10]. While C7 staining was comparable between 
healthy controls and PT41 using LH7.2 antibody, C7 
staining was reduced with the antibody targeting vWFA2. 
This indicates that while overall C7 expression based 
on LH7.2 expression was not reduced, c.3562G > A 
(p.Val1188Met) might have caused conformational 
changes in the vWFA2 region that were detrimental to 
the function of C7 (Fig. 3f ).

RNA sequencing, as well as RT-PCR plus Sanger 
sequencing, was also performed in mutational analysis of 
PT70, who had AR-DEB-severe (Fig. 4a). In PT70, WES 
identified two disease-associated variants in COL7A1: 
c.6501G > A and c.5820 + 4A > G (Fig.  4b, c). Both vari-
ants were located at exon–intron junctions and were 
predicted to lead to aberrant splicing (z-score of the dPSI 
relative (dpsi_zscores): -2.664 and -2.846, respectively). 
Both RNA sequencing and RT-PCR plus Sanger sequenc-
ing showed that c.6501G > A led to the retention of the 
first 49 nucleotides (nts) of intron 79 (Fig. 4d, e). In con-
trast, the two sequencing methods showed discordant 
results for c.5820 + 4A > G in PT70, as in PT41.

Splice‑site mutations and their consequences
We found a total of 13 splice-site mutations, including 
five novel mutations and eight reported mutations (Addi-
tional file 3: Table S1). The influence on splicing of six of 
the 13 splice-site mutations was unknown. To investi-
gate the consequences of these splice-site mutations, we 
performed RNA extraction from the patient’s skin, fol-
lowed by RT-PCR and Sanger sequencing and/or RNA 
sequencing. The results are summarized in Additional 
file 4: Table S2. Four of the 13 splice-site mutations led to 
skipping of certain exon(s) without disrupting the read-
ing frame; seven caused a frameshift and the formation 
of premature termination codons (PTCs); two resulted 
in multiple alternative splice forms. The results of our 

mRNA analyses on seven of the 13 mutations were con-
sistent with previous work.

Discussion
In this study, we systematically investigated the clinical 
subtypes and molecular pathologies of 77 Taiwanese EB 
patients through WES, Sanger sequencing, TEM, and IF 
studies. As the initial tool for mutational analysis, WES 
correctly identified disease-associated variants in 37 of 
the 38 families (97.4%).

In recent years, next-generation sequencing (NGS) 
has become a first-line tool for mutational analysis for 
many genodermatoses, including EB. Such an approach 
has been proven feasible by several studies utilizing NGS 
with EB-specific multigene panels [11–15], yielding a 
diagnostic rate of 83.5–97.7%, depending on the study 
population and the gene panel used. Our results are con-
sistent with such previous studies.

Of the 38 families in which WES was used as a first-
line tool for mutational analysis, one family (the family 
of PT41) required the additional use of RNA sequenc-
ing to determine the pathogenic mutations. In this case, 
we used RNA sequencing to determine whether each 
disease-associated variant (all with CADD scores < 10) 
found by WES affected splicing. The results helped estab-
lish the diagnosis of AR-EB-pruriginosa, despite atypi-
cal IF results with conventional LH7.2 antibody for C7. 
Similar approaches utilizing RNA sequencing to study 
the transcriptomic changes of specific variants found by 
WES had also been used in mutational analysis for EB 
[16, 17]. Vahidnezhad et  al. also used RNA sequencing 
to prove coexistence of both recessive simplex and junc-
tional EB phenotypes in one patient with homozygous 
mutations in both EXPH5 and COL17A1 [16].

Interestingly, the results of transcriptomic analysis of 
c.5820 + 4A > G in PT41 with RNA sequencing and RT-
PCR plus Sanger sequencing were discordant, with RNA 
sequencing showing intron 70-retained transcripts and 
PCR plus Sanger sequencing showing exon 70-skipped 
transcripts caused by c.5820 + 4A > G. Similar results 
were also seen in the mutational analysis of PT70, who 
shared this mutation. We believe that the higher ampli-
fication efficiency of exon 70-skipped transcripts due to 
the primers used in RT-PCR might have resulted in this 

(See figure on next page.)
Fig. 3  RNA sequencing, performed in addition to WES, determined pathogenic variants in PT41. a The proband has multiple pruritic nodules 
and vesicles on the lower legs as well as dystrophy of the toenails. The clinical presentation is consistent with EB pruriginosa. b All four 
disease-associated variants in COL7A1 have CADD scores < 10. c RNA sequencing shows that c.5820 + 4A > G leads to the retention of intron 70 
without the deletion of exon 70. d RT-PCR plus Sanger sequencing shows that c.5820 + 4A > G results in the deletion of exon 70 but not the 
retention of intron 70. e The proband inherited c.5820 + 4A > G from his mother and c.3562G > A from his father. f Staining with LH7.2, which binds 
to amino acid 733, is comparable between the proband and the control. In contrast, staining with a homemade polyclonal antibody that reacts 
with the human vWFA2 domain of C7 is reduced in the proband (× 400 magnification). This indicates that while C7 expression is not reduced, 
c.3562G > A (p.Val1188Met) might have caused major conformational changes in the vWFA2 region that impaired the function of C7
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Fig. 3  (See legend on previous page.)
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disparity, and hence, the "biased" results of RT-PCR plus 
Sanger sequencing. The advantage of sequencing splice 
transcripts without preference, along with the ability to 
uncover deep intronic, silent, and synonymous exonic 
variants often overlooked by WES [18], makes RNA 
sequencing a useful additional technique to WES in the 
mutational analysis of genodermatoses.

Our study included 19 EBS patients (24.7%), six 
JEB patients (7.8%), and 52 DEB patients (67.5%). In 
contrast, most studies on the prevalence of EB using 
national EB registries showed EBS to be the most com-
mon subtype, accounting for over or close to 50% of all 
EB cases [19–21]. Published studies also revealed that 
EBS as a share of EB is highest in Northern Ireland 
(88%), followed by Scotland (58%), Australia (56%), the 
United States (54%), Japan (51%), and Norway (43%), 
with the lowest occurring in Croatia (16%) [20, 22]. 
Considering this, EBS seems under-represented and 
DEB over-represented in the current study. Such devia-
tion from the world’s EB epidemiology data could be 
explained by the fact that our study, which utilized data 
of patients who came to a tertiary hospital, probably 
selected for a more severe EB population. EBS, in which 
a large percentage being mild or self-improving, have a 
less severe phenotype in general, making patients with 

EBS less likely to seek medical attention and genetic 
counseling than DEB patients. Several other stud-
ies conducted in similar hospital settings also showed 
underrepresentation of EBS and overrepresentation of 
DEB [12, 13, 23].

In our study, only PT25 (JEB) and PT77 (AR-DEB-
severe) had disease caused by homozygous mutations. 
This is expected because the rate of consanguineous mar-
riages is low in Taiwan. In countries where consanguine-
ous marriages are much more common, such as Iran and 
Kuwait, EB is usually inherited in a recessive mode and 
mutations are more frequently found at homozygous sta-
tus. In addition, EB is caused by mutations in genes that 
usually are more rarely mutated in the disease [14, 24]. 
Indeed, in addition to the low prevalence of homozygous 
mutations in Taiwan, our study did not identify recurrent 
mutations suggestive of common ancestral alleles in our 
population study, either.

The phenotypes of the 12 patients with EBS caused by 
KRT5 or KRT14 mutations in our study correlated well 
with their genotypes. Patients with mutations lying in 
the highly conserved boundary motif of keratin 5 and 
keratin 14 demonstrated severe phenotypes; patients 
with mutations elsewhere had much less severe blister-
ing. All three patients with AD-EBS-severe improved 

Fig. 4  RNA sequencing, performed in addition to WES, showed results consistent with RT-PCR plus Sanger sequencing in PT70. a The proband 
(PT70/II-8) has extensive erosions, chronic wounds, scarring of the skin, and nail dystrophy. The clinical presentation is consistent with severe DEB. 
b, c Both II-4 and II-8 have the compound heterozygous mutations, c.5820 + 4A > G and c.6501G > A in COL7A1. d, e RNA sequencing shows that 
c.6501G > A leads to the retention of part of intron 79 (49 nts); RT-PCR plus Sanger sequencing reveals similar findings. f Staining of C7 is markedly 
reduced compared to the control (× 400 magnification)
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over time, presenting less acute lesions (blisters and 
erosions) and more hyperpigmentation.

The 52 DEB patients in our study included 34 patients 
with dominant DEB, 17 patients with recessive DEB, 
and one patient with severe DEB but unknown geno-
type. These patients had a total of 33 mutations, includ-
ing 12 novel mutations. Nine mutations were found in 
unrelated Taiwanese families; the most frequent ones 
were p.Gly2043Arg and p.Pro1805Leu, both occur-
ring in three families, the former of which being the 
most common glycine substitution mutation underly-
ing dominant DEB worldwide [25, 26], leading to both 
reduced secretion of pro-C7 into the extracellular 
matrix and increased enzymatic susceptibility of C7 
[26].

c.5414C > T (p.Pro1805Leu) in COL7A1 was a novel 
mutation seemingly specific to Taiwanese EB popu-
lations. The substitution of leucine in this mutation 
occurred on the Y residue of a Gly-X–Y repeat in exon 
62. Since the proline at this residue is often hydroxylated 
to 4-hydroxyproline and involved in stabilization of col-
lagen triple helices, this mutation might disrupt the ther-
mal stability of the triple helices [27, 28]. Interestingly, 
within the three EB families with this mutation, all het-
erozygous carriers had a normal phenotype, suggesting a 
recessive nature of this mutation.

In general, the genotypes in our DEB cohort correlated 
relatively well with established genotype–phenotype cor-
relations. In most of the AR-DEB-severe patients, the 
disease was caused by biallelic nonsense, frameshift, and 
certain splice-site mutations, all resulting in PTCs [29]. 
However, in two AR-DEB-severe patients (PT70, PT71), 
the disease was caused by one splice-site mutation caus-
ing PTC and the other causing inframe exon skipping. 
Still, none of the AR-DEB-intermediate patients in our 
study had biallelic nonsense mutations.

In the patient with severe DEB but unknown genotype 
(PT62), only one mutation, c.6182G > A (p.Gly2061Glu), 
was found by Sanger sequencing. Further analysis was 
not possible because the patient had died of the dis-
ease. This patient had an extremely severe phenotype, 
characterized by extensive blistering, scarring, growth 
retardation, flexure contractures, and pseudosyndac-
tyly. In addition to p.Gly2061Glu, the patient might have 
had another recessive glycine substitution mutation, 
p.Gly2422Glu, based on its presence in the proband’s 
mother and siblings. Although uncommon, AR-DEB-
severe could be caused by missense mutations only; 
the homozygosity of both c.7705G > C (p.Gly2569Arg) 
and c.8245G > A (p.Gly2749Arg) caused a severe phe-
notype in two families [30]. Nevertheless, due to a lack 
of direct mutational data, it was unknown whether the 
severe phenotype of PT62 resulted from the compound 

heterozygosity of the two missense mutations, an uniden-
tified mutation in COL7A1, or other disease modifiers.

Fifteen of the 52 DEB patients (15/52, 28.8%) had EB 
pruriginosa in this study, including 14 AD-DEB-prurig-
inosa patients and one AR-DEB-pruriginosa patient. 
Typically, EB pruriginosa presents with intensely pruritic 
excoriated nodules, papules, and plaques on the extensor 
aspects of the extremities, while more generalized lesions 
are seen in some patients. The disease can be dominant or 
recessive, but the dominant form is more common [31]. 
EB pruriginosa is traditionally considered a rare subtype 
of EB, and the largest series of EB pruriginosa reported to 
date consisted of eight patients without mutational data 
[32], while some cases were reported under other names, 
including pretibial EB [5], a term used in older classifi-
cations. The large number of EB-pruriginosa patients 
reported by Lee et al. from Taiwan [5] and by our group 
indicates that EB pruriginosa is a relatively common sub-
type of DEB in Taiwan.

In our study, all 14 patients with AD-DEB-pruriginosa 
had glycine substitution mutations. This is consistent 
with a systemic review by Kim et al., which found glycine 
substitution mutations (52.7%) and in-frame skipping 
(33.8%) to be the most common mutations underlying EB 
pruriginosa [33]. It is noteworthy that mutations associ-
ated with EB pruriginosa in our studies showed marked 
inter-familial and intra-familial variations in pheno-
type. Of the six families in which other subtypes of DEB 
occurred, the same pathogenic variants resulted in AD-
DEB-localized in five (5/6) and AD-DEB-intermediate 
in two families (2/6). Modifiers that led to a phenotypic 
difference of the same mutation could be genetic, epige-
netic, or environmental, and remain mostly unknown [2].

Conclusions
This study is the first large-scale attempt at clinical sub-
typing and mutational analysis of Taiwanese EB patients. 
It confirmed that WES has a high diagnostic rate as the 
first-line tool for mutational analysis of EB and showed 
that RNA sequencing was complementary to WES in 
cases with multiple potential splice-site mutations. In 
addition to expanding the spectrum of EB mutations, we 
also investigated the consequences of 11 splice-site muta-
tions. Such clinical and molecular data provides a foun-
dation for clinical decisions and the development of new 
therapies.

Methods
Collection of clinical information and patient subtyping
This study was approved by the Institutional Review 
Board of the National Cheng Kung University Hospi-
tal (IRB number: A-BR-104-052) and was carried out in 
accordance with the Declaration of Helsinki and local 
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ethics requirements. A schematic outline summarizes the 
research methods (Additional file 1: Figure S1). National 
Cheng Kung University Hospital is a national referral 
center for EB in Taiwan. Data on cutaneous and extra-
cutaneous manifestations of individual EB patients and 
their families from January 1, 2012, to June 1, 2021, were 
collected through direct interviews and a review of medi-
cal records. Subtyping of individual patients was done 
based on clinical, molecular, and genetic grounds using 
the “onion skin” approach, according to the 2020 EB con-
sensus reclassification [2].

Pathologic examinations
For patients who had not had diagnostic tests prior to 
referral, we performed skin biopsies for routine histo-
pathology, TEM, and IF studies for EB-specific proteins. 
Usually, a shave biopsy was performed on intact skin 
after the area was stroked 20–30 times with an index fin-
ger to elicit a fresh blister or cleavage plane. This shave 
biopsy technique allowed us to examine vital structures 
in the skin down to the level of the superficial dermis, 
which was sufficient for diagnosing EB.

Mutational analysis
If the genetic test results were not already available, 
mutational analysis was performed using DNA extracted 
from 2 to 4 ml of peripheral blood from the patient and 
related family members, with informed consent. We 
used WES as a first-line tool and focused on the 16 genes 
implicated in classical forms of EB [2], plus DSP, PKP1, 
JUP, and TGM5 to screen for disease-associated variants. 
These additional four genes were listed as EB genes in the 
international consensus classification of EB established 
in 2014 [2, 34]. However, mutations in these additional 
genes were reclassified as causing “other EB-related 
disorders with skin fragility” in 2020 [2]. Exome librar-
ies were generated with SureSelect Human All Exon V6 
(Agilent, Santa Clara, CA, U.S.A.) and sequenced with 
2 × 100 paired-end sequencing on the NextSeq500 plat-
form (Illumina, San Diego, CA, U.S.A.). We performed 
variant calling by using a previously published in‐house 
pipeline [35], and cross-referenced the identified vari-
ants with publicly available variant data (ExAC, gnomAD, 
and the 1000 genome project). Variants with a frequency 
of less than 0.05% were considered potentially patho-
genic. These variants were then confirmed using Sanger 
sequencing, followed by segregation analysis in DNA of 
related family members. Potentially pathogenic variants 
that were able to explain the patient’s clinical manifesta-
tions and laboratory test results were considered as likely 
to account for the disease.

Investigation on the pathogenicity of splice‑site 
and missense variants
In some patients, potential pathogenic variants were 
novel missense variants and splice-site mutations. Since 
the pathogenicity of these mutations was not straight-
forward, we performed RT-PCR plus Sanger sequencing, 
and/or RNA sequencing, to study the effect of splice-site 
variants. RNA sequencing was performed on the Illumina 
NovaSeq 6000 platform (Illumina, USA). We used fastp 
to trim and filter raw sequencing reads [36]. Processed 
reads were aligned to the hg37 human reference genome 
in HISAT2 [37]. We analyzed the resulting BAM files by 
the featureCounts function of the Subread tool [38] such 
that alignments with a score of 10 or less were removed, 
and only reads with unique mappings were counted. 
The counts matrix was annotated using the hg37 NCBI 
RefSeq file. For one missense variant, p.Val1188Met in 
COL7A1, we performed IF studies with a non-commer-
cial polyclonal antibody targeting the vWFA2 domain of 
human C7 to study its pathogenicity [10].

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13023-​022-​02605-1.

Additional file 1. Supplementary Figure 1. Schematic outline of 
research methods.

Additional file 2. Supplementary Figure 2. Varying degrees of severity 
of EB pruriginosa, from relatively mild to severe.

Additional file 3. Supplementary Table 1. Mutations and clinical sub‑
types of EB in Taiwan.

Additional file 4. Supplementary Table 2. Consequences of splice site 
mutations.

Additional file 5. Supplementary Table 3. Genotype and clinical presen‑
tation of patients with EB pruriginosa.

Acknowledgements
We thank Yu-Hsiu Kuo and Huei-Min Su for collecting clinical samples.

Author contributions
WTT, SCC, CKH included patients and provided clinical samples. JYYL was 
in charge of pathological diagnosis, including TEM, of the cases. PCC, HYH 
performed and analyzed whole exome sequencing, RNA sequencing. PCH, 
WRC, JYW, YTH, YHW, CLS performed Sanger sequencing and segregation 
analyses. PCH, WRC performed RT-PCR and determined the effects of splice-
site variants. WRC performed immunofluorescence mapping. HI, KN, JAM 
helped solve cases with undetermined variants and provided in vitro studies 
for approval. YAT, HSS, WTT helped with ACMG classification of the mutations. 
WTT drafted the original manuscript. MJT, JYYL, JAM, CKH supervised the 
study, provided critical comments on the cases and revised the manuscript. 
MJT, CKH provided resources for the study. All authors read and approved the 
final manuscript.

Funding
This work was financially supported by the International Center for Wound 
Repair and Regeneration at National Cheng Kung University from The 
Featured Areas Research Center Program within the framework of the Higher 
Education Sprout Project by the Ministry of Education (MOE) in Taiwan, grants 
from the Health Promotion Administration, Ministry of Health and Welfare 

https://doi.org/10.1186/s13023-022-02605-1
https://doi.org/10.1186/s13023-022-02605-1


Page 9 of 10Tu et al. Orphanet Journal of Rare Diseases          (2022) 17:451 	

(Rare disease prevention and control work and research projects) in Taiwan, 
and grants from National Cheng Kung University Hospital.

Availability of data and materials
The data that support the findings of this study are available from the cor‑
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Review Board of the National 
Cheng Kung University Hospital (IRB number: A-BR-104-052) and was carried 
out in accordance with the Declaration of Helsinki and local ethics require‑
ments. All the participants completed informed consent forms before 
inclusion.

Consent for publication
We have received informed consents including consents for publication from 
all the included patients in this study.

Competing interests
None to declare.

Author details
1 Department of Dermatology, College of Medicine, National Cheng Kung 
University Hospital, National Cheng Kung University, 138 Sheng‑Li Road, 
Tainan City, Taiwan. 2 Institute of Clinical Medicine, College of Medicine, 
National Cheng Kung University, Tainan, Taiwan. 3 School of Medicine, College 
of Medicine, National Cheng Kung University, Tainan, Taiwan. 4 Department 
of Biomedical Engineering, National Cheng Kung University, Tainan, Taiwan. 
5 International Center for Wound Repair and Regeneration (iWRR), National 
Cheng Kung University, Tainan, Taiwan. 6 Institute of Molecular Medicine, 
College of Medicine, National Cheng Kung University, Tainan, Taiwan. 7 Center 
for Genomic Medicine, Innovation Headquarters, National Cheng Kung 
University, Tainan, Taiwan. 8 Department of Dermatology, Faculty of Medicine 
and Graduate School of Medicine, Hokkaido University, Sapporo, Japan. 
9 St. John’s Institute of Dermatology, King’s College London (Guy’s Campus), 
London, UK. 

Received: 28 August 2022   Accepted: 19 December 2022

References
	1.	 Bardhan A, Bruckner-Tuderman L, Chapple ILC, Fine J-D, Harper N, Has C, 

et al. Epidermolysis bullosa. Nat Rev Dis Prim. 2020;6(1):78.
	2.	 Has C, Bauer JW, Bodemer C, Bolling MC, Bruckner-Tuderman L, Diem A, 

et al. Consensus reclassification of inherited epidermolysis bullosa and 
other disorders with skin fragility. Br J Dermatol. 2020;183(4):614–27.

	3.	 Chao SC, Lee JY. Mutation analyses of COL7A1 gene in three Taiwanese 
patients with severe recessive dystrophic epidermolysis bullosa. J Formos 
Med Assoc. 2007;106(1):86–91.

	4.	 Kao CH, Chen SJ, Hwang B, Yang AH, Hsu CY, Huang CH. Junctional 
epidermolysis bullosa. J Chin Med Assoc. 2006;69(10):503–6.

	5.	 Lee JY, Chen HC, Lin SJ. Pretibial epidermolysis bullosa: a clinicopatho‑
logic study. J Am Acad Dermatol. 1993;29(6):974–81.

	6.	 Ng CC, Hung FC, Hsieh CS, Huang SC, Huang SC, Chen CC, et al. Epider‑
molysis bullosa letalis with pyloric atresia in an infant. J Formos Med 
Assoc. 1996;95(1):61–5.

	7.	 Natsuga K, Nishie W, Akiyama M, Nakamura H, Shinkuma S, McMillan 
JR, et al. Plectin expression patterns determine two distinct subtypes of 
epidermolysis bullosa simplex. Hum Mutat. 2010;31(3):308–16.

	8.	 Castañón MJ, Wiche G. Identifying plectin isoform functions through 
animal models. Cells. 2021;10(9):2453.

	9.	 Tu WT, Chen PC, Hou PC, Huang HY, Wang JY, Chao SC, et al. Plectin 
missense mutation p.Leu319Pro in the pathogenesis of autoso‑
mal recessive epidermolysis bullosa simplex. Acta Derm Venereol. 
2020;100(15):adv00242.

	10.	 Iwata H, Witte M, Samavedam UK, Gupta Y, Shimizu A, Ishiko A, et al. 
Radiosensitive hematopoietic cells determine the extent of skin inflam‑
mation in experimental epidermolysis bullosa acquisita. J Immunol. 
2015;195(5):1945–54.

	11.	 Has C, Küsel J, Reimer A, Hoffmann J, Schauer F, Zimmer A, et al. The posi‑
tion of targeted next-generation sequencing in epidermolysis bullosa 
diagnosis. Acta Derm Venereol. 2018;98(4):437–40.

	12.	 Lucky AW, Dagaonkar N, Lammers K, Husami A, Kissell D, Zhang K. A 
comprehensive next-generation sequencing assay for the diagnosis of 
epidermolysis bullosa. Pediatr Dermatol. 2018;35(2):188–97.

	13.	 Mariath LM, Santin JT, Frantz JA, Doriqui MJR, Kiszewski AE, Schuler-Fac‑
cini L. An overview of the genetic basis of epidermolysis bullosa in Brazil: 
discovery of novel and recurrent disease-causing variants. Clin Genet. 
2019;96(3):189–98.

	14.	 Vahidnezhad H, Youssefian L, Saeidian AH, Touati A, Sotoudeh S, Abiri M, 
et al. Multigene next-generation sequencing panel identifies patho‑
genic variants in patients with unknown subtype of epidermolysis 
bullosa: subclassification with prognostic implications. J Invest Dermatol. 
2017;137(12):2649–52.

	15.	 Chen F, Huang L, Li C, Zhang J, Yang W, Zhang B, et al. Next-generation 
sequencing through multigene panel testing for the diagnosis of 
hereditary epidermolysis bullosa in Chinese population. Clin Genet. 
2020;98(2):179–84.

	16.	 Vahidnezhad H, Youssefian L, Saeidian AH, Touati A, Sotoudeh S, Jazayeri 
A, et al. Next generation sequencing identifies double homozygous 
mutations in two distinct genes (EXPH5 and COL17A1) in a patient with 
concomitant simplex and junctional epidermolysis bullosa. Hum Mutat. 
2018;39(10):1349–54.

	17.	 Youssefian L, Saeidian AH, Palizban F, Bagherieh A, Abdollahimajd F, 
Sotoudeh S, et al. Whole-transcriptome analysis by RNA sequencing for 
genetic diagnosis of mendelian skin disorders in the context of consan‑
guinity. Clin Chem. 2021;67(6):876–88.

	18.	 Saeidian AH, Youssefian L, Vahidnezhad H, Uitto J. Research techniques 
made simple: whole-transcriptome sequencing by RNA-Seq for diagnosis 
of monogenic disorders. J Invest Dermatol. 2020;140(6):1117-26.e1.

	19.	 Baardman R, Yenamandra VK, Duipmans JC, Pasmooij AMG, Jonkman MF, 
van den Akker PC, et al. Novel insights into the epidemiology of epider‑
molysis bullosa (EB) from the Dutch EB Registry: EB more common than 
previously assumed? J Eur Acad Dermatol Venereol. 2021;35(4):995–1006.

	20.	 Fine JD. Epidemiology of inherited epidermolysis bullosa based on inci‑
dence and prevalence estimates from the national epidermolysis bullosa 
registry. JAMA Dermatol. 2016;152(11):1231–8.

	21.	 Petrof G, Papanikolaou M, Martinez AE, Mellerio JE, McGrath JA, Bardhan 
A, et al. The epidemiology of epidermolysis bullosa in England and Wales: 
data from the national epidermolysis bullosa database. Br J Dermatol. 
2022;186(5):843–8.

	22.	 McKenna KE, Walsh MY, Bingham EA. Epidermolysis bullosa in Northern 
Ireland. Br J Dermatol. 1992;127(4):318–21.

	23.	 Nilay M, Saxena D, Mandal K, Moirangthem A, Phadke SR. Novel patho‑
genic variants in an Indian cohort with epidermolysis bullosa: expanding 
the genotypic spectrum. Eur J Med Genet. 2021;64(12): 104345.

	24.	 Nanda A, Liu L, Al-Ajmi H, Al-Saleh QA, Al-Fadhli S, Anim JT, et al. Clinical 
subtypes and molecular basis of epidermolysis bullosa in Kuwait. Int J 
Dermatol. 2018;57(9):1058–67.

	25.	 Murata T, Masunaga T, Ishiko A, Shimizu H, Nishikawa T. Differences 
in recurrent COL7A1 mutations in dystrophic epidermolysis bullosa: 
ethnic-specific and worldwide recurrent mutations. Arch Dermatol Res. 
2004;295(10):442–7.

	26.	 Nishie W, Natsuga K, Nakamura H, Ito T, Toyonaga E, Sato H, et al. A 
recurrent ‘hot spot’ glycine substitution mutation, G2043R in COL7A1, 
induces dominant dystrophic epidermolysis bullosa associated with 
intracytoplasmic accumulation of pro-collagen VII. J Dermatol Sci. 
2014;75(1):69–71.

	27.	 Gardella R, Castiglia D, Posteraro P, Bernardini S, Zoppi N, Paradisi M, et al. 
Genotype–phenotype correlation in italian patients with dystrophic 
epidermolysis bullosa. J Invest Dermatol. 2002;119(6):1456–62.

	28.	 Tasanen K, Eble JA, Aumailley M, Schumann H, Baetge J, Tu H, et al. Col‑
lagen XVII is destabilized by a glycine substitution mutation in the cell 
adhesion domain Col15. J Biol Chem. 2000;275(5):3093–9.

	29.	 van den Akker PC, Jonkman MF, Rengaw T, Bruckner-Tuderman L, Has C, 
Bauer JW, et al. The international dystrophic epidermolysis bullosa patient 



Page 10 of 10Tu et al. Orphanet Journal of Rare Diseases          (2022) 17:451 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

registry: an online database of dystrophic epidermolysis bullosa patients 
and their COL7A1 mutations. Hum Mutat. 2011;32(10):1100–7.

	30.	 Christiano AM, McGrath JA, Tan KC, Uitto J. Glycine substitutions in the 
triple-helical region of type VII collagen result in a spectrum of dystrophic 
epidermolysis bullosa phenotypes and patterns of inheritance. Am J 
Hum Genet. 1996;58(4):671–81.

	31.	 Mellerio JE, Ashton GH, Mohammedi R, Lyon CC, Kirby B, Harman KE, 
et al. Allelic heterogeneity of dominant and recessive COL7A1 muta‑
tions underlying epidermolysis bullosa pruriginosa. J Invest Dermatol. 
1999;112(6):984–7.

	32.	 Cha CC, Samorano LP, Dacache FM, Rivitti-Machado MC, de Oliveira ZN. 
Underrecognition of epidermolysis bullosa pruriginosa. J Dtsch Dermatol 
Ges. 2015;13(10):1035–8.

	33.	 Kim WB, Alavi A, Walsh S, Kim S, Pope E. Epidermolysis bullosa pruriginosa: 
a systematic review exploring genotype-phenotype correlation. Am J 
Clin Dermatol. 2015;16(2):81–7.

	34.	 Uitto J, Bruckner-Tuderman L, McGrath JA, Riedl R, Robinson C. EB2017-
progress in epidermolysis bullosa research toward treatment and cure. J 
Invest Dermatol. 2018;138(5):1010–6.

	35.	 Tsai MC, Yu HW, Liu T, Chou YY, Chiou YY, Chen PC. Rare compound 
heterozygous frameshift mutations in ALMS1 gene identified through 
exome sequencing in a Taiwanese patient with Alström syndrome. Front 
Genet. 2018;9:110.

	36.	 Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc‑
essor. Bioinformatics. 2018;34(17):i884–90.

	37.	 Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome 
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio‑
technol. 2019;37(8):907–15.

	38.	 Liao Y, Smyth GK, Shi W. The Subread aligner: fast, accurate and scalable 
read mapping by seed-and-vote. Nucleic Acids Res. 2013;41(10): e108.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Mutational analysis of epidermolysis bullosa in Taiwan by whole-exome sequencing complemented by RNA sequencing: a series of 77 patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Clinical subtypes and molecular pathology of EBS
	Clinical subtypes and molecular pathology of JEB
	Clinical subtypes and molecular pathology of DEB
	RNA sequencing
	Splice-site mutations and their consequences

	Discussion
	Conclusions
	Methods
	Collection of clinical information and patient subtyping
	Pathologic examinations
	Mutational analysis
	Investigation on the pathogenicity of splice-site and missense variants

	Acknowledgements
	References


