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111Chapter 1 

Introduction
Katarzyna B. Gostyńska,1 Anna M.G. Pasmooij,1 Richard. J. Sinke, 2 Marcel F. Jonkman1

Centre for Blistering Diseases, Departments of Dermatology1 and Genetics, 2 University of Groningen, 

University Medical Centre Groningen, Groningen, the Netherlands



12 1 The Centre for Blistering Diseases, Department of Dermatology, University of Gronin-
gen, University Medical Centre Groningen, Groningen is the national referral centre for 
both autoimmune and inherited blistering diseases in the Netherlands. Patients from the 
Netherlands and neighbouring countries affected with epidermolysis bullosa (EB) are here 
assessed, diagnosed and treated. The Dutch National EB Registry documents characteristics 
such as phenotype, laboratory diagnostics, and molecular analysis. The works presented in 
this thesis are the results of continual collaboration between the departments of Dermatolo-
gy and Genetics in diagnosis and research of EB.

EPIDERMOLYSIS BULLOSA
Butterfly child disease, cotton wool baby syndrome or crystal skin syndrome are all terms 
which refer to epidermolysis bullosa (EB), a group of inherited blistering diseases manifest-
ing with skin and mucous membrane blistering after trivial trauma. 1 With no preference 
for gender or race, the incidence and prevalence of EB is 8.2 and 19.6 per 1 million births 
respectively, ranking it as a rare or orphan disease. 2,3 The phenotypic spectrum of EB is 
incredibly diverse, owing to the fact that presently mutations in 18 different genes resulting 
in impaired structural and functional cellular adhesion are known. 1 Next to skin and mucous 
membrane blistering, certain forms of EB show gastrointestinal, respiratory and genito-
urinary involvement, highly aggressive squamous cell carcinoma and involvement of skin 
adnexa, hair, enamel, and nail dystrophy. 1 Presently, there is no cure for EB and treatment is 
limited to rigorous wound care and chronic pain management. 4 Worldwide, different thera-
pies are being developed, including cell, protein and gene therapies, and some of them are 
currently being tested clinically. 4-9 

EB Classification 
Out of the 18 already identified genes in EB one can find those coding for enzymes of 
epidermal differentiation, constituents of keratin filaments, adhesion cytolinker proteins, 
desmosomes, hemidesmosomal plaque proteins and anchoring fibrils in skin and mucosa. 1 
There are four major subtypes of EB, grouped based on the level of blistering present in the 
skin (Figure 1). 1 Visualization of blistering level is achieved with immunofluorescence micros-
copy (IF) and transmission electron microscopy (TEM). 1,10 In general, severity ranges from 
mild to lethal and the main subtypes are further divided into more than 30 specific variants. 
The broad phenotypic spectrum is dictated by: the mutated gene, pattern of inheritance, 
type and location of mutation, mutational effect on mRNA, posttranslational modification 
and expression levels of the encoded protein. 1,11-13 The immense clinical spectrum has 
provoked the development of a classification system based on international consensus. 1,14,15 
The EB classification was updated in 2014 and structured by an ‘‘onion skin’’ approach, tak-
ing into account the EB type, mode of inheritance, phenotype, immunofluorescence antigen 
mapping findings, and mutation(s) present in each patient. 1,14,15 
The following three major subtypes of EB shall be briefly introduced as they are studied in 
this thesis: epidermolysis bullosa simplex (EBS), junctional epidermolysis bullosa (JEB) and 
dystrophic epidermolysis bullosa (DEB). Additionally, the fourth and last subtype of EB, Kin-
dler syndrome (KS), is characterized by skin blistering with cleavage in different levels of the 
epidermis, poikiloderma, skin atrophy and photosensitivity. 16 Autosomal recessive mutations 
in FEMRT1 are responsible for KS. 
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Figure 1. Graphic representation of the level of blister formation in major subtypes of epidermolysis bullosa: EB 

simplex (EBS), junctional EB (JEB), dystrophic EB (DEB) and Kindler syndrome. Below listed genes are involved in the 

corresponding subtype. Courtesy of Prof. dr. M.F. Jonkman (with modifications).

Epidermolysis bullosa simplex
Intraepidermal blister formation characterizes epidermolysis bullosa simplex. The 2014 EB 
consensus continues to classify EBS into basal and suprabasal subtypes according to the 
level of blistering within the epidermis. 1 
Suprabasal EBS is defined by superficial blistering occurring above the basal cell layer of 
the epidermis (Figure 1). 1 This group includes extremely rare and severe autosomal reces-
sive variants resulting from mutations in genes encoding desmosomal proteins plakoglobin 
(JUP), plakophilin-1 (PKP1) and desmoplakin (DSP). 17-19 Another milder, recessive variant 
affecting an enzyme involved in terminal differentiation of the cornified envelope in the 
epidermis, transglutaminase 5 (gene TGM5) causing acral peeling skin syndrome is also in-
cluded in this group. 20,21 Patients show subtle to extensive erosions, abnormal keratinization 
and rarely intact blisters due to the high level of epidermal cleavage. 1,17,19,21-23 
The most frequent EBS subtype is basal EBS, occurring when blistering affects the bas-
al keratinocytes. 24-27 Although not distinguished in the official EB consensus, the level of 
cleavage in basal keratinocytes can be further divided into two different levels: (i) cortical 
cleavage meaning within the basal keratinocyte cortex and (ii) lower basal cleavage termed 
‘pseudojunctional’ meaning very low in the basal keratinocyte, which can be distinguished 
from cortical by the epithelial remnants visible on the blister floor seen in TEM (Figures 1 
and 2b). 28,29 Collectively, there are five genes known to be responsible for basal EBS: KRT5, 
KRT14, DST, EXPH5 (all resulting in basal cleavage) and PLEC (resulting in pseudojunctional 
cleavage). 30-33 Basal EBS is usually inherited as an autosomal dominant condition, caused 
in 75% of cases by mutations in KRT5 and KRT14, of these more than 85% are autosomal 
dominant missense mutations. 27,34,35 An autosomal dominant skin-only form of basal EBS is 
seen in a rod domain specific missense mutation in PLEC in the variant EBS-Ogna (EBS-Og, 
MIM: 131950, named after the village in Norway where the first family was described). 36,37 
Recessive genotypes in KRT14 have been described, but are rare. 32,38-44 Clinically, basal EBS 
is regarded as the mildest form of EB due to the moderate blister formation improving with 
age and relatively mild extracutaneous complications (excluding plectin subtypes). 1,45 



14 1 In the neonatal period, blistering can be generalized and quite extensive, which is not 
predictive of the resulting phenotype later in life. 46 Acral blistering, sometimes in a circinate 
distribution, late onset palmoplantar keratoderma, onychodystrophy, post inflammatory 
hyperpigmentation and mucous membrane erosions are common. 1 Severe forms of EBS are 
seen when autosomal recessive mutations in PLEC occur (see section Plectin).  40,41,47

Junctional epidermolysis bullosa
JEB is seen with blister formation within the lamina lucida, the ‘clear’ layer of the basal 
membrane zone (BMZ) localized on the epithelial side (Figure 2c). 1 Rarely, pseudojunctional 
cleavage can also occur (mutations in ITGB4 and COL17A1).  28,48,49 Autosomal recessive mu-
tations in COL17A1, ITGA3, ITGA6, ITGB4, LAMA3, LAMB3,and LAMC2 are responsible for 
generalized and localized phenotypes. 50-56 An isoform specific deletion in the N-terminal do-
main of the ‘a’ isoform encoded by LAMA3A leads to a rare entity called laryngo-onycho-cu-
taneous (LOC) syndrome (MIM: 245660). 57 JEB patients show a spectrum of extracutaneous 
features including pyloric atresia, urinary tract stenosis, anaemia, nephrotic syndrome, inter-
stitial lung disease, enamel pitting and failure to thrive in different clinical variants. 1 All JEB 
patients have dental abnormalities, referred to as amelogenesis imperfecta (AI). There have 
been reports that carriers of single defective alleles in genes causing JEB also display dental 
abnormalities ranging from enamel hypoplasia to AI. 58-60 We observed this feature in carriers 
of LAMA3 mutations and describe our findings in chapter 5. 

Dystrophic epidermolysis bullosa
DEB is characterized by the deepest skin blistering at the level of the lamina densa, the 
electron dense layer of the BMZ on the side of the dermis (Figure 2d). 1 Autosomal dom-
inant mutations in COL7A1 encoding type VII collagen generally result in much milder 
disease (DDEB) than recessive mutations (RDEB). 61 Patients with severe RDEB show lifelong 
impaired would healing, blistering with resulting skin fibrosis, impaired mobility, pseudosyn-
dactyly (mitten deformity of the hands), oesophageal strictures and aggressive squamous 
cell carcinoma. 1,62,63 One particular variant of DEB manifesting with chronic pruritus is the 
pruriginosa subtype (MIM:604129), seen in both recessive and dominant forms. 64-67 A new 
phenotypic observation seen in patients with DEB-pruriginosa is described in chapter 6 of 
this thesis. 68

The basement membrane zone 
The BMZ is the central skin segment connecting the epidermis with the underlying dermis. 
Also referred to as the dermo-epidermal junction, the linear BMZ consists of two groups 
of molecules that secure the basal keratinocyte cytoskeleton to the dermal matrix: the 
hemidesmosome adhesion complex and focal adhesion complex (Figure 2). Hemidesmo-
somes (HD) are protein complexes, which anchor basal keratinoctyes to the BMZ.  69,70 There 
are two types of HD: type I are found in stratified epithelia such as the skin and contain α6β4 
integrin, type XVII collagen (BP180 or bullous pemphigoid antigen-2, BPAG-2), tetraspanin 
(CD151), plectin and dystonin (bullous pemphigoid antigen-1, BPAG-1). 71 Type II are found 
in simple epithelia such as the intestine and uroepithelium and consist of α6β4 integrin and 
plectin. Together with desmosomes, adherens junctions, and tight junctions they form the 



151main types of junctions in the human epidermis. 72 Ensuring resistance to exogenic stress 
in the skin, HD contain some of the protein complexes affected in EB (Figure 2). They are 
visualized on the ultrastructural level as electron dense structures composed of an inner and 
outer plaque located at the base of basal keratinocytes. 69,71 The inner plaque (intercellular 
portion or cytoplasmic side), is the site of attachment of the intermediate filament system 
with plectin and dystonin. 69,73 Plectin and dystonin connect with the transmembrane β4 sub-
unit of α6β4 integrin in the outer plaque of the HD (extracellular side). It is thought that this 
interaction is one of the first to occur during HD assembly and the most crucial for formation 
and stability of HD. 71 The basal keratinocytes are finally bound to the basement membrane 
through the α6β4 integrin complex, which attaches to extracellular portion of laminin-332, 
type XVII collagen and tetraspanin. 69,74 Ultimately, the laminin-332 anchoring filament 
bridges the plasma membrane and binds to type VII collagen through it’s β3 chain in the 
lamina densa of the BMZ. 75 The anchoring fibrils of type VII collagen, loop from the BMZ 
to the papillary dermis and back. 75 Between anchoring HD adhesion complexes, the BMZ 
focal adhesion complexes connect actin and microtubule cytoskeleton to the dermis. The 
focal adhesion complexes contain proteins involved in the pathogenesis of EB (integrin α3 
and kindlin-1). 76 In this thesis, we will focus on subtypes of EB caused by mutations in genes 
encoding the polypeptides keratin 5, plectin, laminin-332 and type VII collagen.
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Figure 2. Schematic representation of the basement membrane zone (BMZ): hemidesmosome adhesion complex 

(right) and focal adhesion complex (left) with proteins associated with epidermolysis bullosa shown in colour. Level of 

blistering indicated and exemplified in TEM. Pink asterisk indicates blister cavity. A: Intraepidermal cleavage seen in 

basal EBS, B: Pseudojunctional cleavage seen in basal EBS and EB with pyloric atresia (JEB-PA), C: Cleavage in the 

lamina lucida seen in JEB (can occur high and low), D: Blistering in DEB occurs in the sublamina densa. Note: Supra-

basal (EBS) cleavage occurring epidermally higher than the basal keratinocyte is not depicted as it extends beyond 

the scope of the BMZ. Cleavage seen in Kindler syndrome occurring with various levels of skin blistering is also not 

depicted. 



171Keratin 5 
Keratin 5 is a type II (acidic) intermediate filament of the basal epidermis encoded by the 
KRT5 gene. 77,78 Keratin 5 structure is in line with the classic composition of all intermediate 
filaments, consisting of a non-helical globular N- and C-termini with central α-helical coiled 
coil rod domain. The helical rod domain has four α-helical segments 1A, 1B, 2A and 2B, 
which are interrupted by non-helical linker segments, L1, L12, and L2. The 2B helical sub-
domain also contains a ‘stutter’ interruption. Together with keratin 14 (type I, basic filament 
encoded by gene KRT14), it forms the basal keratin cytoskeleton by arranging as obligate 
parallel dimers, then anti-parallel apolar tetramers in the basal epidermis. The intermediate 
filaments insert into plectin and BP230 in the outer plaque of the hemidesmosome. 69 Ker-
atin filaments are joined together in a coiled coil formation by their α-helical domains with 
individual residues forming hydrophobic interactions labelled as heptad repeats (abcdefg). 

35,79,80 Depending on the affected portion of the keratin protein, different severities of basal 
EBS result. 34,81 The described point mutations common in basal EBS compromise interme-
diate filament scaffolding in the basal cells causing keratin to clump. 82 This phenomenon is 
well visualized with TEM of skin biopsies and is often a pivotal clue when considering EBS 
candidate genes (Figure 2a). Chapter 4 describes how a novel genotype of in-frame exon 
skipping in KRT5 affects keratin filament assembly in a four-generation family affected with 
the subtype EBS generalized severe (EBS-gen sev, MIM:131760).

Plectin 
Plectin is a universal cytolinker protein, expressed as several isoforms, encoded by a single 
gene. 83-85 As a member of the plakin group, plectin exerts linking functions in the skin, 
muscle, myocardium, gut and neuronal tissue. In the skin, it acts together with α6β4 integrin 
as the dominant anchor of the hemidesmosome (Figure 2). 70,84,86 It also takes part in desmin 
and desmoplakin binding in the upper epidermal layers. 87 Structurally, plectin consists of a 
central rod domain flanked by two globular domains (Figure 3). The N-terminus actin-bind-
ing domain (ABD) is the site of binding with integrin β4 subunit of α6β4 and type XVII 
collagen while the C-terminus of plectin mediates insertion of intermediate filaments such 
as keratin 5 and 14. 47,85,88 The protein functions as a dimer through it’s α-helical rod domain 
stimulating parallel homodimerization or heterodimerization with other plectin isoforms. 

84 The encoding PLEC gene is well known for alternate physiological splicing, justified by 
eight isoforms produced from alternate splicing of individual first exons of the gene at the 
N-terminus (Figure 3). 89,90 The isoforms are tissue specific, which is best seen when isoform 
specific mutations occur resulting in different disease phenotypes. 47,86,90-92 In addition to 
the eight unique tissue isoforms, an isoform lacking the coiled coil rod domain occurs from 
physiological splicing in exon 31. 93,94 To date, the function of this rodless plectin variant is 
not yet fully understood. 94 Mutations in the PLEC gene including the isoform specific muta-
tions give rise to a large spectrum of disease collectively referred to as the ‘plectinopathies’. 

47 Probably the most well known and studied are the different forms of basal EBS occurring 
from biallelic frameshift or nonsense mutations in PLEC. 95-97 Autosomal recessive null-mu-
tations in exon 31 encoding the plectin rod domain result in EBS with muscular dystrophy 
(EBS-MD, MIM:226670), whereas recessive null-mutations in exons outside of exon 31 lead 
to EBS with pyloric atresia (EBS-PA MIM:612138), a severe subtype resulting in death shortly 



18 1 after birth. 95,97 Patients express little to no plectin protein in skin in EBS-PA, in contrast to 
EBS-MD patients, who express some plectin protein, often the rodless variant. 94,98 Chap-
ter 3 explores a newly identified plectin isoform produced by alternate splicing in exon 8 
(Figure 3).
Of interest, one specific heterozygous missense mutation in the rod domain of PLEC results 
in the autosomal dominant form of EBS, EBS-Ogna characterized by skin-only fragility. 99 The 
Ogna mutation substitutes a basic and positively charged arginine to a neutral and hydro-
phobic tryptophan, rendering the rod susceptible to proteolytic degradation. 100 A second 
skin-only EBS plectinopathy occurs from homozygous mutations in the 1a isoform and is re-
ported for the first time in this thesis in chapter 2. 101 The significance of plectin attachment 
function in the hemidesmosome is exemplified in plectin null mice, which exhibit extensive 
blistering of epithelia, generalized myopathy of skeletal muscle and ultrastructural changes 
of myocardium. Plectin null mice die shortly after birth. 102

While the hemidesmosome is targeted in skin fragility from plectin mutations, blistering in 
the suprabasal layers, at the ultrastructural location of plectin involvement in desmosomes 
has yet to be reported. The observation that carriers of heterozygous mutation in plectin 
show cardiomyopathy due to desmosomal fragility and that plectin knockdown in mice 
leads to cardiac pathology has inspired further research into the exact role of plectin muta-
tions in cardiomyopathy. A cluster of plectin missense variants located on exon 31 has been 
located in both Dutch and British patient cohort populations, however the exact mechanism 
how these variants lead to cardiomyopathy is unknown. 103 

Figure 3. Graphic representation of the PLEC gene and encoded plectin protein with different domains. Dotted red 

line at exon 1, 8 and 31 indicate sites of alternate splicing in PLEC. (Figure modified and used with permission of Dr. 

M.C. Bolling, 2010).

Laminin-332 
Laminin-332 is an adhesion heterotrimer polypeptide produced by basal keratinocytes struc-
turally bridging the lamina lucida to the lamina densa. 104,105 As all laminins, it is composed 
of an α, β, and γ chain, which collectively join as a cross shape forming a trimer. 105 The α, β, 
and γ chains are encoded for by individual genes, LAMA3, LAMB3, and LAMC2 respectively 
and autosomal recessive mutations result in various JEB subtypes. 1,48,49,51 Complete absence 
of functional laminin-332 results in the most severe subtype of JEB-generalized severe (JEB-
gen sev, MIM: 226700, formerly JEB-Herlitz) resulting in early death at an average age of 
5.8 months. 13,106 The presence of laminin-332 in mucous membranes and enamel results in 



191extracutaneous features when mutations affect this protein in JEB. 107-110 The significance of 
biallelic laminin-332 expression for proper enamel formation is discussed in chapter 5.

Type VII collagen 
Type VII collagen is the affected protein in DEB, consisting mostly of anchoring fibrils, as 
its main component located in the lamina densa. Type VII collagen is synthesized mainly by 
keratinocytes, first as a pro-alpha 1 (VII) precursor polypeptide. Pro-alpha 1 is composed of a 
non-collagenous 1 (NC1) domain, triple helix domain and non-collagenous 2 (NC2 domain) 
at the C terminus. 111 The triple helix domain consists of glycine repeats (Gly-X-Y) interrupted 
by bouts of non-collagenous sequences. 112 Patients with glycine missense mutations in CO-
L7A1 in this domain often suffer from the pruriginosa variant of DEB. 67 The pro-alpha 1 pep-
tide undergoes post translational modification to form a homotrimer, which then becomes 
secreted. 111 The homotrimers join to form anchoring fibrils as homodimers, which in turn 
bind to laminin-332 and integrins. 69,112 Visualization of type VII collagen with immunofluores-
cence antigen mapping allows for semi-quantitative assessment of expression levels roughly 
correlating with severity of DEB disease phenotype. 12,61,113 Anchoring fibrils ultrastructure 
can be visualized with transmission electron microscopy, as loop structures in the subepider-
mal lamina densa (Figure 2d).  114,115



20 1 DIAGNOSTIC WORK-UP OF SUSPECTED EB
The described vast clinical spectrum of EB is a diagnostic challenge for the treating derma-
tologist. The diagnostic work-up is traditionally composed of the following elements:

Macroscopic analysis
Clinical work up of patient phenotype including: age and form of onset of cutaneous 
and mucosal blistering, provocation factors, seasonal influence of symptoms, extracuta-
neous symptoms and subjective health complaints, precise family history 

Microscopic analysis
 Immunofluorescence antigen mapping (IF) of skin biopsies (perilesional and healthy) 
with monoclonal antibodies targeting various epidermal and BMZ protein constituents 
for identification of cleavage plane and assessment of protein expression (e.g. normal, 
absent, reduced, increased)  10,116

 Transmission electron microscopy (TEM) of skin biopsies (perilesional and healthy) for 
assessment of ultrastructural findings including but not limited to: split level, number and 
size of hemidesmosomes (EBS, JEB), tonofilament clumping (EBS), absence of anchoring 
fibrils (DEB) 115

 Mutation analysis: Currently, it is still standard practise in many centres to employ 
Sanger sequencing of candidate genes based on the aforementioned clinical workup, IF 
and TEM. This form of DNA sequencing detects single nucleotide (missense, nonsense, 
insertion/deletion, splice site and intronic mutations (but only in the approx. 20 bp splice 
site-flanking regions) in candidate genes  117,118

Due to the increasing number of genes involved in EB, clinical heterogeneity and overlap of 
EB subtypes with other genodermatoses especially in the neonatal period, targeted gene 
panels are becoming employed. These panels use next generation sequencing allowing for 
efficient parallel analysis of all disease related genes in one test. 119,120 The current and future 
application of this method specifically used in EB and a discussion on its advantages and 
disadvantages is presented in chapter 7.

THE COLD CASES
The journey to gene discovery and mutation identification in EB has been a long and con-
tinuous process and despite considerable progress, certain cases remain unsolved. When 
work began on this thesis, the largest group of unsolved EB cases known in the Center for 
Blistering diseases in Groningen were patients diagnosed with intraepidermal blistering and 
a clinical suspicion of basal EBS comprising approximately 15-20% of the EBS cohort. 27,121 
Following standard Sanger sequencing of candidate genes no genetic variants in known EB 
genes were identified. The identification of the underlying genetic mutation is of high im-
portance for a number of reasons. Firstly, it allows complete diagnosis of disease and proper 
prognostic advice. This is crucial in a disease exhibiting such a wide phenotypic spectrum 
as EB. Tying into this, complete genetic diagnosis with inheritance pattern is important for 
family planning. In the more severe EB subtypes such as JEB-gen sev and RDEB, carrier 
identification is a reason for pre-implantation counselling should the family request it. Lastly, 
genotype-phenotype correlations, as discussed in chapters 2-6 of this thesis, allow further 



211understanding of molecular biology of epidermal proteins and can give insights for specific 
targeted therapies in the future.

IDENTIFICATION OF EB GENES
As one of the aims of the studies presented in this thesis was to solve genetically undiag-
nosed cases of EBS, it is interesting to consider a few examples that have in the past led 
to the discovery of EB genes. Functional biological assessment of skin biopsies with IF and 
TEM seems to predominate as the first and foremost clue for the level of epidermal skin 
fragility and indicator of abnormal skin proteins. Other clues include correlation of clinical 
characteristics to that seen in mouse models, and genome wide sequencing where an iden-
tified genetic locus can be correlated with specific epidermal expression.
In 1995, Jonkman et al. first connected type XVII collagen (180-kD bullous pemphigoid 
antigen, BP180) with JEB generalized intermediate, formerly referred to as JEB, non-Herlitz 
or generalized atrophic benign epidermolysis bullosa (GABEB). 122 Preceding studies had 
shown variable or normal staining of JEB skin when tested with serum from bullous pem-
phigoid (BP) patients in whom staining for laminin-332 was normal. Once monospecific 
antibodies for both dysytonin (BP230) and type XVII collagen antigens became available, 
type XVII collagen, and not dystonin was deficient in patient skin in IF. This was further 
supported by a reduced amount of normal length type XVII collagen mRNA from cultured 
keratinocytes of one the studied patients. The first mutations in the gene encoding type XVII 
collagen, COL17A1, were described by McGrath et al. in the same year. 56

In the second example, Pigors et al (2010) pinpointed the molecular defect to the des-
mosome in a newborn presenting with generalized erosions and massive fluid loss. 17 IF 
revealed abnormal staining of desmosomal and adherens junction proteins (desmoplakin, 
desmoglein-3, plakophilin-1, β-catenin). TEM further confirmed remnants of desmosomes 
in basal cells with absent desmosomes on the apical surface of basal keratinocytes and in 
the epidermal spinous layer. Based on these findings, plakoglobin, which takes part in both 
desmosome and adherens junction adhesion was suspected. Sequencing of the plakoglobin 
encoding JUP gene revealed a homozygous nonsense mutation and to the identification of 
a new form of suprabasal EBS.
The most recent EB gene to be discovered was EXPH5 in 2012 by McGrath et al. while 
studying a consanguineous family presenting with minor skin fragility and diffuse mot-
tled pigmentation of the trunk and limbs. 33 Slight deviations in keratin 14 and tetraspanin 
staining were seen in IF, however, no mutations were found in KRT14 and CD151. The 
real clue was revealed in the increased number of perinuclear vesicles witnessed in TEM. 
Whole exome sequencing showed a 1bp deletion in EXPH5 and co-segregation in affected 
individuals was later confirmed by linkage analysis. Immunolabelling of patient keratino-
cytes pinpointed the location of the encoded protein Slac2b to be at intracellular vesicles. 
Using retroviral delivered shRNA, keratinocytes from both an affected and healthy individual 
with knocked down Slac2-b were studied. They ultimately connected  the disrupted keratin 
filament network with the mutated Slac2b protein which impaired vesicle transport. The 
biological evidence of accumulation of perinuclear vesicles and a disrupted tonofilament 
network was seen in TEM during the initial diagnostic process.
A complete chronological bullet style illustration of gene discovery in EB is presented in 
Figure 4.
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Figure 4. Timeline of gene discovery in EB
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KRT5 &KRT14:Bonifas et al.123

Subtype(s): basal EBS
Clue: Causality of tonofilaments suspected due to 
similarity with heritable erythrocyte disorders
(AD inheritance and temperature sensi�ve cellular fragility) 
MOI: AR/AD

COL7A1: Chris�ano et al.61

Subtype(s): DEB
Clue: Scarce and morphologically altered 
anchoring fibrils in TEM
MOI: AR/AD

LAMC2: Aberdam et al.51

Subtype(s): JEB-gen sev, JEB-gen intermed, JEB-loc, JEB-I
Clue: Absent BMZ staining with GB3 an�body
MOI: AR

LAMB3: Pulkkinnen et al.50

Subtype(s): JEB-gen sev, JEB-gen intermed, JEB-loc, JEB-I 
Clue: Absent BMZ staining with GB3 an�body
MOI: AR

LAMA3: Kivirikko et al.53

Subtype(s): JEB-gen sev, JEB-gen intermed, JEB-loc, JEB-I 
Clue: Absent BMZ staining with GB3 an�body
MOI: AR

ITGB4: Vidal et al.52

Subtype(s): JEB-PA, JEB-loc
Clue: Altered HD morphology visualized in TEM and lack of laminin 332 
MOI: AR, AD

COL17A1: McGrath et al.56

Subtype(s): JEB-gen intermed, JEB-LO, JEB-loc
Clue: Abnormal hemidesmosomes visualized in TEM and diminished 
IF staining for type XVII collagen, COL17A1 gene sequenced.
MOI: AR

PLEC: Smith et al.31

Subtype(s): EBS-MD, EBS-PA, EBS-Og, EBS-1a
Clue: Skin cleavage and missing structural components at the 
hemidesmosome, reduced/absent plec�n expression 
with muscular symptoms
MOI: AR/AD
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ITGA6: Pulkkinen et al.124

Subtype(s): JEB-PA
Clue: TEM showed missing structural elements
of HD, extracutaneous signs of duodenal atresia
MOI: AR

PKP1: McGrath et al.18

Subtype(s): (suprabasal) EBS-plakophilin; 
skin fragility-ectodermal dysplasia syndrome
Clue: Loss of kera�nocyte a�achment in light microscopy
and absent desmosomes in lower suprabasal layers, prominent adherens junc�ons 
MOI: AR

FERMT1(KIND1): Siegel et al.16

Subtype(s): KS 
Clue: Genome wide linkage
analysis and correla�on of kindlin-1 to epidermis 
MOI: AR

DSP: Whi�ock et al.125

Subtype(s): (suprabasal) EBS-desmoplakin; 
skin fragility-woolly hair syndrome syndrome 
Clue: Clinical phenotype resembled desmosomal 
disorders followed by candidate gene approach
MOI: AR

TGM5: Cassidy et al.20

Subtype(s): APSS 
Clue: Genome wide linkage analysis done
in 2 unrelated familes with segregated 
gene correlated to epidermal differenta�on
MOI: AR

DST: Groves et al.32

Subtype(s): EBS basal
Clue: TEM findings showed an incomplete HD 
inner plate, precise biological loca�on of dystonin
MOI: AR

JUP: Pigors et al.17

Subtype(s): EBS plakoglobin; 
skin fragility-plakoglobin deficiency
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abnormali�es seen in TEM and IF.
MOI: AR

ITGA3: Has et al.55

Subtype(s): JEB-RR
Clue: Concurrence of nephoritc syndrome and skin phenotype 
was seen in α3β1 integrin knockout mouse models
MOI: AR

EXPH5: McGrath et al.33

Subtype(s): EBS-AR exophilin5
Clue: Aggrega�on of kera�n filaments and increased
number of perinuclear vesicles visualized in TEM, connected to exophilin-5 found in WES
MOI: AR

2002
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24 1 Legend Figure 4:

AR: autosomal recessive

AD: autosomal dominant

APSS: acral peeling skin syndrome

BMZ: basement membrane zone

DEB: dystrophic epidermolysis bullosa

DSP: desmoplakin gene

EBS: epidermolysis bullosa simplex

EBS-AR exophilin 5: epidermolysis bullosa autosomal recessive exophilin 5

EBS-MD: epidermolysis bullosa simplex with muscular dystrophy

EBS-Og: epidermolysis bullosa simplex Ogna

EBS-PA: epidermolysis bullosa simplex with pyloric atresia

EBS-1a: epidermolysis bullosa simplex isoform 1a

HD: hemidesmosome

IF: immunfluoresence antigen mapping

JEB: junctional epidermolysis bullosa

JEB-gen intermed: junctional epidermolysis bullosa generalized intermediate

JEB-gen sev: junctional epidermolysis bullosa generalized severe

JEB-I: junctional epidermolysis bullosa inversa

JEB-LO: junctional epidermolysis bullosa late onset

JEB-loc: junctional epidermolysis bullosa localized

JEB-PA: junctional epidermolysis bullosa with pyloric atresia

JEB-RR: junctional epidermolysis bullosa respiratory and renal

KS: kindler syndrome

MOI: mode of inheritance

TEM: transmission electron microscopy



251AIMS AND OUTLINE OF THIS THESIS 
The aim of this thesis was twofold. The first aim was to elucidate uncharacteristic pheno-
types of EB with meticulous clinical description, supported by functional and molecular 
studies in order to increase the understanding of specific adhesion molecules involved in 
EB. The second aim was to determine the genetic background of the unresolved EB cases 
focussing specifically on the largest group in the Dutch registry, basal EBS.
In Chapter 2, we report for the first time the disease phenotype occurring from an autoso-
mal recessive mutation in the isoform specific first exon of the 1a isoform of PLEC. This nov-
el mutation found in two sisters resulted in skin-only EBS lacking signs of muscular dystrophy 
or cardiomyopathy. With supporting functional studies, we were able to draw conclusions as 
to the significance of specific plectin isoforms in the basal epidermis. Chapter 3 continues 
investigation of the plectin gene with identification of a new physiologic plectin isoform 
discovered while studying a genetically unsolved case of EBS-MD in a young woman. The 
second cold case studied is presented in Chapter 4 as an example of classic EBS-general-
ized severe arising from a mutation in KRT5. Interestingly, it was once again the intron that 
harboured the pathogenic mutation leading to the discovery of the first reported case of 
in-frame exon skipping in KRT5. In Chapter 5 we investigate enamel pathology in patients 
with JEB due to mutations in LAMA3. This form of nonsyndromic amelogenesis imperfecta 
in the absence of skin fragility was confirmed to arise from haploinsufficiency of LAMA3 in 
carriers of heterozygous functional null mutations. Comprehensive understanding of pheno-
typic traits in the immense clinical EB spectrum is again revisited in Chapter 6, this time in a 
subtype of DEB presenting with severe pruritus. We report two female patients affected with 
glycine substitution mutations in COL7A1 presenting with unbearable pruritus on clinically 
healthy skin, which differs from itch seen commonly in DEB-pruriginosa patients. Finally, in 
Chapter 7 our findings are discussed in the light of the newest genetic sequencing tech-
niques. In this chapter we also suggest a comprehensive clinical approach to unsolved cases 
of EB.
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36 2 ABSTRACT
PLEC, the gene encoding the cytolinker protein plectin, has eight tissue specific isoforms 
in humans, arising by alternate splicing of the first exon. To date, all PLEC mutations that 
cause epidermolysis bullosa simplex (EBS) were found in exons common to all isoforms. 
Due to the ubiquitous presence of plectin in mammalian tissues, EBS from recessive plectin 
mutations is always associated with extracutaneous involvement including muscular dystro-
phy, pyloric atresia and cardiomyopathy. We studied a consanguineous family with sisters 
having isolated blistering suggesting EBS. Skin disease started with foot blisters at walking 
age and became generalized at puberty while sparing mucous membranes. DNA sequenc-
ing revealed a homozygous nonsense mutation (c.46C>T; p.Arg16X) in the first exon of the 
plectin variant encoding plectin isoform 1a (P1a). Immunofluorescence antigen mapping, 
transmission electron microscopy, western blot analysis and qRT-PCR were performed on 
patient skin and cultured keratinocytes, control myocardium and striated muscle samples. 
We found hypoplastic hemidesmosomes and intra-epidermal ‘pseudojunctional’ cleavage 
fitting EBS. Screening for cardiomyopathy and muscle dystrophy showed no abnormalities. 
We report the first cases of autosomal-recessive EBS from P1a deficiency affecting skin, 
while mucous membranes, heart and muscle are spared. The dominant expression of the 
P1a isoform in epidermal basal cell layer and cultured keratinocytes suggests that mutations 
in the first exon of isoform 1a cause skin-only EBS without extracutaneous involvement. Our 
study characterizes yet another of the eight isoforms of plectin and adds a tissue specific 
phenotype to the spectrum of ‘plectinopathies’ produced by mutations of unique first exons 
of this gene.

INTRODUCTION
Epidermolysis bullosa (EB [MIM 131900]) is a heterogeneous group of genodermatoses 
characterized by lifelong skin fragility and extracutaneous complications present from birth.1 
Affected individuals suffer from trauma-induced blistering of skin and mucous membranes 
with severity ranging from mild to lethal. For EB, up until now there have been mutations 
identified in 18 different genes affecting different proteins in the epidermis and basement 
membrane zone. 1 Depending on the affected protein, the epidermis is rendered fragile 
by cleavage of the skin at its biological location. The most commonly occurring subtype is 
epidermolysis bullosa simplex (EBS) where skin cleavage occurs in the epidermis. 2 In basal 
EBS the split occurs in the basal cell layer as witnessed by immunofluorescence  antigen 
mapping or electron microscopy. Basal EBS is commonly associated with 4 different genes: 
KRT5, KRT14, BPAG1, and PLEC. In 8% of EBS cases, PLEC is the mutated gene. 3 PLEC 
encodes the cytolinker protein plectin, which is ubiquitously present in skin, mucous mem-
branes, gut, muscle, and heart tissue. The phenotypes associated with PLEC mutations are 
mucocutaneous blistering, pyloric atresia, muscular dystrophy, and cardiomyopathy. 4,5 Here, 
we identify a novel mutation causing cutaneous EBS without extracutaneous involvement. 
This nonsense mutation found in the distinct first exon 1a encoding the N terminus of plec-
tin isoform 1a (P1a) only disrupts this one isoform whose tissue dominant distribution in the 
epidermis results in skin-only EBS. 



372RESULTS
Our index female patient (V:1, EB 315-01) was 27-years old when referred to our clinic for 
consultation of her unclassified EB subtype. She was one of two affected daughters born 
to consanguineous Turkish parents (Figure 1A). Mild blistering began after walking age at 
1.5 years and slightly restricted her physical education activities at school. Both hand and 
toenails were dystrophic from the age of 3 years. Blistering became generalized with pru-
ritus when in puberty at 14 years and lesions healed with scarring and hyperpigmentation. 
Mucous membranes were not affected and enamel was normal. She displayed excoriated 
and verrucous papules and intact blisters (Figure 1B) most pronounced on the acra with 
residual post-inflammatory hyperpigmentation (Figures 1C-E). Focal plantar hyperkeratosis 
and severe nail dystrophy on both hand and toenails was seen (Figure 1D). Scalp, axillary 
and pubic hair was normal. Her one-year younger sister (V:2, EB 315-02) had a similar history 
and distribution of progressive skin lesions however displayed less pronounced hyperkera-
totic papules and plantar hyperkeratosis possibly due to minor pruritus as compared to her 
sister (Supplementary Figure S1). Routine histopathology of a papule revealed dyskeratosis 
with papillar inflammation of the dermis (Supplementary Figure S2). Immunofluorescence  
antigen mapping of lesional skin showed a thin granular lining of keratin staining on the 
blister floor revealing a very low intra-epidermal cleavage in basal cells that led us to the di-
agnosis of EBS. Double immunofluorescence  staining of intact patient’s skin with affinity-pu-
rified isoform-specific rabbit antibodies to P1a and pan-plectin mouse monoclonal antibody 
(mAb) 10F6 recognizing all isoforms of plectin, was negative for P1a (Figure 2A), but positive 
for pan-plectin, producing a linear pattern along the epidermal basement membrane zone 
(BMZ), albeit of markedly reduced intensity compared to control skin (Figure 2B). In the 
latter, staining for P1a revealed the same pattern and intensity of linear fluorescence along 
the BMZ as that for pan-plectin (Figure 2D-F). The expression of integrin α6β4 was normal 
(data not shown). A  1.5 mm punch biopsy, obtained for fixation and transmission electron 
microscopy, revealed hypoplastic hemidesmosomes and intra-epidermal pseudojunction-
al cleavage with the plasma membrane of basal cells visible on the blister floor (Figure 2 
M,N). Together, these findings indicated PLEC as a candidate gene. DNA was isolated from 
peripheral blood and mutation analysis of the coding region of the PLEC gene including ex-
on-intron boundaries of all 8 isoforms revealed a homozygous nonsense mutation present in 
P1a, c.46C>T leading to a premature termination codon p.Arg16X (Figure 3A,B). The affect-
ed sister of the index patient was a carrier of the same homozygous mutation. Further PLEC 
sequence analysis also revealed a nucleotide transition in the promoter sequence of isoform 
1, c.-27C>T. Following mutation analysis, immunofluorescence mapping was extended with 
isoform-specific antibodies to P1a and anti-pan-plectin mAb 10F6 on control striated muscle 
and myocardium from normal cadavers. P1a was not expressed by myocytes in striated mus-
cle and myocardium, whereas the shared plectin epitope (10F6) was prominently stained at 
Z-disks of striated muscle (Figure 2H) and intercalated discs of myocardium (Figure 2K). We 
also examined stratified epithelia other than skin of human controls, and found expression 
of P1a along the basement membrane of the oral cavity mucosa and to a limited extent in 
the conjunctiva (Supplementary Figure S3).
When cell lysates of cultured skin keratinocytes from both of the affected sisters were sub-
jected to immunoblotting using mAb 10F6 and antibodies to P1a, reduced 10F6 signals (V:1 



38 2 16.5% and V:2 15.4%) compared to control cells were observed in both cases (Figure 3C, 
first panel), whereas in neither case were P1a-positive bands detectable (Figure 3C, second 
panel). Blot staining done with antibodies to desmoplakin as a control, for both patients 
revealed unchanged signals compared to control cells (Figure 3C, third panel). 
We performed qRT-PCR on cultured cells and found dominance of P1a transcription com-
pared to P1c in normal human keratinocytes and fibroblasts (Figure 3D). The transcription 
level of P1a, but not of P1c, was reduced in patient keratinocytes and fibroblasts (Figure 
3D). 
We also checked the transcription level of plectin isoforms in mouse epidermis and kerati-
nocytes to compare with our human data and to line up with literature (6). Absolute quan-
tification unveiled two important differences in isoform expression between epidermis and 
primary mouse keratinocytes. While P1c accounts for a substantial fraction (~80%) of the 
plectin transcript in epidermis, this is no longer the case in primary keratinocytes (~20%), 
conversely, P1a transcript levels are higher (more than 50% of total) in primary keratinocytes 
than in epidermis (~20% of total) (Figure S4).
Considering that plectin mutations leading to EBS can manifest with extracutaneous com-
plications of muscle dystrophy and/or cardiomyopathy, 3,4 the index patient was screened 
by a neurologist and cardiologist respectively. Upon physical examination no symptoms of 
muscular dystrophy were found and a muscle biopsy was deemed unnecessary. Cardiologic 
consultation including physical examination, electrocardiogram and an echocardiogram was 
carried out with no associated findings of cardiomyopathy. Moreover, her affected younger 
sister had no symptoms of muscular or cardiologic pathology. Currently both sisters, now 
aged 29 and 30 years, exhibit no signs of muscular dystrophy or cardiomyopathy.



392Table 1: The plectinopathies

Subtype Exons 
affected

Inheritance Organs 
affected

Severity First 
reported case

EBS-MD 9-32 AR Skin, striated 

muscle, myocar-

dium

Severe & 

progressive

Smith et al.15 

EBS-MD-Mys 13,31,32 AR Skin, striated 

muscle

Severe & 

progressive

Selcen et al.16

EBS-PA Distal exons AR Skin, pylorus aLethal Charlesworth 

et al.29

EBS-Ogna 31 AD Skin Mild Koss-Harnes et 

al.17

EBS-plectin 

1a

1a AR Skin Moderate This article

LGMD2Q 1f AR Striated muscle Severe & 

progressive

Gundesli et al.13 

Table 1: The plectinopathies. Subtypes listed: epidermolysis bullosa simplex-muscular dystrophy (EBS-MD), epider-

molysis bullosa simplex- muscular dystrophy with myasthenic syndrome (EBS-MD-Mys), epidermolysis bullosa simplex 

with pyloric atresia (EBS-PA), epidermolysis bullosa simplex type Ogna (EBS-Ogna), epidermolysis bullosa simplex with 

pathogenic mutation in the first coding exon (exon 1a) of isoform 1a (EBS-plectin 1a), limb-girdle muscular dystrophy 

(LGMD2Q). Inheritance: Autosomal recessive (AR), Autosomal dominant (AD).

aOne nonlethal case has been reported5.  
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Figure 1: Clinical picture

(A) Pedigree of family 1 with EBS-plectin 1a. DNA was obtained from individuals V-1 and V-2. The rest of the family 

members was unavailable for consultation.

(B-E) Clinical presentation of patient V:1. Generalized verrucous papules, excoriations and post inflammatory hyperpig-

mentation of abdomen, thighs, shins and dorsal surface of arms. 
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Figure 2: Double immunofluorescence microscopy of human skin, muscle, and heart tissue using antibodies to P1a 

(green) and an epitope shared between plectin isoforms (red), and transmission electron microscopy of skin. 

In skin of patient V:1, P1a (A) is absent, whereas 10F6 staining at the BMZ is reduced (B, C). In control skin, P1a (D) and 

the shared epitope of all plectin isoforms (10F6) (E) display a strong linear staining that co-localizes (F) at the BMZ. 

Note that the staining of dermal blood vessels (arrowhead) with antibodies 10F6 is more dominant than that for P1a. 

Striated muscle of healthy controls shows no expression of P1a (G), whereas Z-disks clearly stain for the shared epitope 

of plectin (H, I). Myocardium of healthy controls shows no expression of P1a (J), whereas Z-disks and intercalated disks 

stain strongly for the shared plectin epitope (K, L). Bar in A corresponds to 25 μm for all immunofluorescence images. 

Transmission electron microscopy of ultrathin sections of patient skin (M and N). Lesional skin (M) reveals remnants 

of keratinocyte membranes (arrowheads) lining the blister floor fitting with a ‘pseudo-junctional’ intra-epidermal split 

level. The intact skin (N) shows hypoplastic hemidesmosomes (arrowheads). Bar in M corresponds to 2 μm for both EM 

images. 
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Figure 3: DNA sequence analysis, immunoblotting, and RT-PCR of plectin isoform 1a in patients.

DNA sequencing of PLEC (A) revealed a homozygous mutation in exon 1a encoding the isoform-specific sequence 

of P1a in patient V:1. A cytosine at position 46 is exchanged for a thymine (c.46C>T). This homozygous nucleotide 

change results in an arginine at position 16 rendering a stop codon (p.Arg16X) in isoform 1a but not in any other 

plectin isoform (B). The isoform specific exon 1a is highlighted in yellow. (C) Immunoblotting of cell lysates from cul-

tured keratinocytes derived from normal humans (lanes C) and patients (lanesV:1 and V:2. First panel (10F6): A marked 



432reduction (80-84%) of band intensity is seen for both patients using mAbs 10F6 which bind to the rod domain common 

to all isoforms of plectin, including P1a. Because of the absence of P1a, the 10F6 signal (representing total plectin 

in skin) is reduced as expected. Arrow, position of plectin (molecular mass ~ 500 kDa) deduced from the position of 

molecular size markers (not shown). Second panel (P1a): P1a-specific antibodies show no detectable expression of the 

protein in keratinocytes from patients, whereas P1a was markedly expressed in normal human keratinocytes. Arrow, 

as in first panel. Third panel (DP2.15): Antibodies to human desmoplakin I (250 kDa) and II (215 kDa) show normal 

expression of both proteins in both patients, similar to cultured keratinocytes from unaffected humans.  Arrow, position 

of desmoplakin I.

(D) Quantitative RT-PCR of P1a (grey) and P1c (white) mRNA expression in cultured keratinocytes and fibroblasts from 

human control (CK1-3 and CF1,2, respectively) and corresponding patient (V:1,V:2) specimens. Bars represent expres-

sion relative to household gene beta-2-microglobulin (B2M). Error bars, standard deviations of experiments run in 

triplicates. Note the predominance of P1a above P1c in control keratinocytes (CK1-3), and the diminished expression 

in patient cells.



44 2 DISCUSSION
The spectrum of diseases in humans caused by PLEC mutations, “the plectinopathies”, 
continues to expand and be classified. The cytolinker scaffold protein plectin is present in 
essentially all mammalian tissue. This cardinal supporting structure is expressed in tissues 
such as heart, muscle, striated epithelia as well as the blood-brain barrier. At the cellular lev-
el, plectin strengthens tissues in regions of mechanical stress, such as linking desmin and the 
dystrophin glycoprotein complex in myocytes of the heart. In skin, plectin is a fundamental 
building block of the hemidesmosome, anchoring basal keratinocytes of the epidermis to 
the underlying dermis. 7 PLEC is a large gene consisting of 32 exons with 8 tissue specific 
isoforms which arise by alternative 5’splicing of transcripts. 8,9,10 Molecularly, the plectin 
protein is built of a central α-helical coiled-coil rod domain flanked by N- and C-terminal 
globular domains. 11 All 8 isoforms share exons 2-32 and differ only by distinct first exons4 
(Table S1). The various isoforms of plectin continue to be classified according to occurrence 
and tissue specificity arising from the alternate promoter regions and cis splicing from 
several different first coding exons. 4,7 The most prominently expressed isoform of plectin in 
mouse and human cultured keratinocytes is P1a, followed by P1c and other isoforms among 
them P1, P1f, and P1b (Figure S4) (see also ref. 12). 

That P1a is also dominantly expressed at the dermal-epidermal junction of human epider-
mis is suggested by i) the identical pattern and intensity of P1a and pan-plectin staining 
using double immunofluorescence  labelling of normal human skin (Figure 2F), ii) the severe 
reduction of the pan-plectin signal in patient skin (Figure 2B), iii) the ~84% reduction of 
pan-plectin in patient keratinocyte extracts (Figure 3C, first panel), and iv) qRT-PCR showing 
a higher level of P1a than P1c transcripts in cultured human keratinocytes in normal control 
cell populations (Figure 3D). The dominance of P1c transcripts in mouse epidermis (Figure 
S4, panel A) is simply explained by the fact that primary keratinocytes lack the suprabasal 
layers where P1c is predominantly expressed while they are rich in hemidesmosome-like 
structures where P1a is found.

P1a was expressed also in oral mucosa, and to a limited extent in conjunctiva (Figure S3). 
Since P1a is expressed in these epithelia in normal human controls one may have expected 
mucosal lesions in the patients. The fact that they were absent suggests that in these tissues 
P1a’s loss was compensated by other proteins or isoforms of plectin.

Mutations in the exons common to all 8 isoforms (2-32) of this one gene continue to be 
reported and classified within the main phenotypic groups (Table 1). New PLEC mutations 
resulting in EBS are frequently reported and account for 8% of all cases of EBS. 3 However, 
except for one, 13 all of them reside within exons that are common to all isoforms. 4 EB with 
pyloric atresia (EBS-PA, [MIM 612138]) is characterized by neonatal blistering, pyloric atresia 
and rapid clinical decline. 14 EBS with muscular dystrophy (EBS-MD,[MIM 226670]) displays 
congenital blistering and myopathy onset in later life. 15 Additional myasthenic symptoms 
have been reported in several patients having EBS-MD characterizing yet another subtype, 
EBS-MD-Mys. 16 An autosomal dominant disease is EBS Ogna (EBS-O [MIM 131950]) with 
mild skin fragility, 17 that renders the plectin polypeptide vulnerable to proteolysis. 6 Of 



452particular interest are the consequences of mutations in the various first exons because it is 
their tissue specificity which dictates disease manifestation. Comprehensive understanding 
of isoform expression in different tissues is a work in progress shared by different medi-
cal specialties. Recently, Gundesli et al. reported and characterized that mutations in the 
first coding exon of plectin isoform P1f are responsible for limb-girdle muscular dystrophy 
without any skin involvement. 13 Andrä et al. first reported and characterized the targeted 
cellular localization of P1a as the essential plectin isoform present in the hemidesmosome 
co-localizing with the integrin α6β4 subunit in mice. 12 They suggested that this isoform was 
the culprit responsible for hereditary EBS in humans. This was later confirmed by Walko et 
al. who showed that hemidesmosome failure was caused by decreased levels of isoform 
P1a in knock-in mice for dominantly inherited EBS-Ogna. 6 In mice, P1a is the predominant 
isoform that localizes to the epidermal BMZ. 12 The persistent expression of common plectin 
epitopes in the epidermal BMZ of our patients suggests that in humans, like in mice, other 
plectin isoforms are co-expressed in the epidermal BMZ. Compensation of the additional 
non-mutated isoforms known to be expressed in the epidermis (ie. 1c) did not preserve the 
hemidesmosome architecture at adult age and led to skin fragility. However, both studied 
patients did not develop generalized lesions until puberty implicating that perhaps compen-
sation occurred from their non-mutated isoforms during childhood. 

The expression of P1a was absent in both normal human striated and cardiac muscle tissues 
as shown in this study. Due to the fact that the pathogenic mutation did not affect coding 
exons shared by other isoforms whose role has previously implicated Z-disks of striated mus-
cle and intercalated disks of myocardium, we do not expect development of myopathy or 
cardiomyopathy. Moreover, late-onset plectin-mediated (cardio)myopathy develops before 
the age of 30 years. 18 The consequence at the protein expression level of the homozygous 
c. –27C>T variant of plectin isoform P1 is not known. In most genes at this position TATA 
box promoter sequence elements are surrounded by GC rich sequences for transcription 
regulation. 19 In the case of c.–27C>T no such sequences can be distinguished. It is possible 
that c. –27C>T might be a rare polymorphism, commonly present in the Turkish population. 

In conclusion, we present and characterize the first human phenotype of the genodermato-
sis epidermolysis bullosa simplex caused by a homozygous nonsense mutation in exon 1a 
of the PLEC gene. Our findings uphold those of previous ones that have implicated plectin 
isoform 1a as the dominant isoform upon which hemidesmosome stability is dependent. 20
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Patients
The patients (EB 315-01, V:1 and EB 315-02, V:2), were two sisters diagnosed with EBS 
based on clinical findings, immunofluorescence microscopy, electron microscopy, and 
molecular analysis. All experiments performed were done with material obtained earlier for 
diagnostic purposes which did not require extra approval from the institutional ethical com-
mittee. Patients gave informed consent for the use of photographs and tissue samples. All 
non-patient tissue samples were contributed and analysed anonymously.  All experiments 
were conducted according to the principles of the Declaration of Helsinki.
Immunofluorescence antigen mapping
Four-mm skin biopsies of fresh blisters and healthy skin under the left arm were taken for 
immunofluorence antigen mapping from both affected individuals. Immunofluorescence 
antigen mapping of skin biopsies and cultured human keratinocytes were done as described 
before. 21 The monoclonal antibodies and their origin have been described previously. 6,22,23 
Mouse monoclonal antibodies (mAbs) 10F6 were directed against an epitope in plectin’s rod 
domain. 24 Isoform-specific antibodies to P1a, raised in rabbit against a synthetic peptide 
corresponding to a 12–amino acid residue-long sequence (KRTSSEDNLYLA) encoded by 
human exon 1a, were used after affinity-purification (6,12,25); the sequence of the peptide 
used as immunogen is conserved between man, mouse and rat. Antibodies were diluted in 
PBS/OVA 1% and sections were incubated at room temperature for 45 min. The secondary 
antibodies used for double staining were green FITC-conjugated F(ab’)2 goat anti-rabbit 
IgG (1:50; Zymed Laboratories, Carlsbad, CA) and red LRSC-conjugated donkey anti-mouse 
IgG (1:50; Jackson Immuno Research, Newmarket, UK). Validity of species-specific binding 
was ascertained by cross experiments. Hoechst 33342 was used to stain nuclei. Pictures of 
sectors were merged with Adobe Photoshop CS3 software. 

Electron microscopy
Two mm punch biopsies of perilesional and non-lesional skin taken from the upper arm were 
obtained and prepared as described previously. 21 

Molecular analysis
Genomic DNA was extracted from peripheral blood lymphocytes using standard laboratory 
methods. The PLEC gene encompassing the isoforms 1, 1a, 1b, 1c, 1d, 1e, 1f and 1g were 
screened for mutations by sequencing analysis of all exons including exon–intron boundar-
ies. Primer sequences are available upon request.

Western Blotting 
SDS-PAGE and western blotting were performed as described previously 26,27. As sub-
strate we used extracts from cultured keratinocytes from our patients and healthy controls. 
After SDS-PAGE and transfer onto nitrocellulose, the proteins were identified with the same 
antibodies as used for immunofluorescence microscopy; in addition antibodies DP 2.15 
directed against desmoplakin I/II (Abcam®) were used. To calculate plectin expression total 
protein content of patient and control extracts were compared by running serial dilutions of 



472all extracts on SDS-PAGE gels. After visualization of the proteins with “Blue Silver” staining28 
the gels were scanned and the intensity of staining of the lanes was used to calculate the 
relative protein content of the different extracts. Next, serial dilutions were run on one SDS-
PAGE gel, and after western blotting plectin was visualized with antibody 10F6. The blot 
was scanned and the relative plectin expression was calculated from the intensity of staining 
using Quantiscan software.

Quantitative RT-PCR (qRT-PCR)
For human samples, transcriptor universal cDNA master (Roche, Basel, Switzerland) was 
used for reverse transcription of a single RNA isolation of each cell population. P1a, P1c and 
the housekeeping gene B2M were verified by qPCR using FastStart Universal SYBR Master 
(Rox) reagent and an Applied Biosystems 7900ht (Foster City, CA, USA). Primers used are in 
Table S2. qRT-PCR of mouse samples was performed as previously described (Figure S8 in 
ref 6). Estimated absolute copy numbers of plectin isoforms were calculated from standard 
curves obtained by serial dilutions of plasmids harboring the different exons. Values were 
normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT) transcript levels.
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Figure S1: Clinical presentation of V:2

Generalized papules and excoriations with post-inflammatory hyperpigmentation. Focal plantar hyperkeratosis. 

Figure S2: Hematoxylin and eosin staining of a skin papule of V:1

Subepidermal cleavage is seen (indicated by stars). Hyperkeratosis and apoptotic bodies are visible in the epidermis. 

A massive dermal infiltrate is seen with thickened papillae. Fibrin is surrounding the pink dermal papillae. Melano-

phages in the dermis indicate pigment incontinence which was reflected clinically by hyperpigmentation. Acanthosis 

seen in the upper layers of the epidermis can be explained by scratching of the skin due to pruritus. One may suspect 

that within the biopsied papule itself, microcleavage of the skin was already present prior to biopsy for the following 

reasons: No structured basal cell layer can be found in the epidermis, the epidermal and dermal components do not 

complement one another and because of the abundance of accumulated fibrin in the blister cavity. The epidermis is, 

however, relatively vital and intact showing no signs of necrosis as is generally seen in already existing blister roofs.  
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Figure S3: Immunofluorescence double labelling in normal human stratified epithelia of oral cavity, and conjunctiva of 

P1a and pan-plectin.

P1a (green) was localized in a linear pattern along the BMZ in mucosa of the oral cavity, and to a limited extent in 

conjunctiva (D-F), similar to pan-plectin (red) (A-C). Bar in A corresponds to 25 μm for all IF images. 

Figure S4: Expression pattern of plectin isoforms in mouse epidermis and primary keratinocytes.

Transcript levels were quantified by qRT-PCR as described in Materials and Methods. Quantification of total plectin 

and isoforms P1, P1a, P1c, and P1f is based on the amplification of exons 26 to 27, and exons 1,1a,1c, 1f to exon 2, 

respectively. Results originate from 3 independent experiments with data points assayed in duplicate. The housekeep-

ing gene hypoxanthine guanine phosphoribosyl transferase 1 (HPRT1) was used for normalization.
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50 2 Table S1: Human plectin isoforms 

Splicing 
variants for 
the different 
isoforms

Protein product1,2

NM_201380.2

Plectin 1 (P1)

    1  MVAGMLMPRD  QLRAIYEVLF  REGVMVAKKD  RRPRSLHPHV

   41  PGVTNLQVMR  AMASLRARGL  VRETFAWCHF  YWYLTNEGIA

   81  HLRQYLHLPP  EIVPASLQRV  RRPVAMVMPA  RRTPHVQAVQ

  121  GPLGSPPKRG  PLPTEEQRVY  RRKELEEVSP  ETPVVPATTQ

  161  RTLARPGPEP  APATDERDRV  QKKTFTKWVN  KHLIKAQRHI

NM_201384.1

Plectin 1a (P1a)

    1  MSQHQLRVPQ  PEGLGRKRTS  SEDNLYLAVL  RASEGKKDER

   41  DRVQKKTFTK  WVNKHLIKAQ  RHISDLYEDL  RDGHNLISLL

   81  EVLSGDSLPR  EKGRMRFHKL  QNVQIALDYL  RHRQVKLVNI

  121  RNDDIADGNP  KLTLGLIWTI  ILHFQISDIQ  VSGQSEDMTA

  161  KEKLLLWSQR  MVEGYQGLRC  DNFTSSWRDG  RLFNAIIHRH

NM_201382.2

Plectin 1b (P1b)

    1  MEPSGSLFPS  LVVVGHVVTL  AAVWHWRRGR  RWAQDEQDER

   41  DRVQKKTFTK  WVNKHLIKAQ  RHISDLYEDL  RDGHNLISLL

   81  EVLSGDSLPR  EKGRMRFHKL  QNVQIALDYL  RHRQVKLVNI

  121  RNDDIADGNP  KLTLGLIWTI  ILHFQISDIQ  VSGQSEDMTA

  161  KEKLLLWSQR  MVEGYQGLRC  DNFTSSWRDG  RLFNAIIHRH

NM_000445.3

Plectin 1c (P1c)

    1 MSGEDAEVRA  VSEDVSNGSS  GSPSPGDTLP  WNLGKTQRSR

   41  RSGGGAGSNG  SVLDPAERAV  IRIADERDRV  QKKTFTKWVN

   81  KHLIKAQRHI  SDLYEDLRDG  HNLISLLEVL  SGDSLPREKG

  121  RMRFHKLQNV  QIALDYLRHR  QVKLVNIRND  DIADGNPKLT

  161  LGLIWTIILH  FQISDIQVSG  QSEDMTAKEK  LLLWSQRMVE

NM_201381.1

Plectin 1d (P1d)

    1  MKIVPDERDR  VQKKTFTKWV  NKHLIKAQRH  ISDLYEDLRD

   41  GHNLISLLEV  LSGDSLPREK  GRMRFHKLQN  VQIALDYLRH

   81  RQVKLVNIRN  DDIADGNPKL  TLGLIWTIIL  HFQISDIQVS

  121  GQSEDMTAKE  KLLLWSQRMV  EGYQGLRCDN  FTSSWRDGRL

  161  FNAIIHRHKP  LLIDMNKVYR  QTNLENLDQA  FSVAERDLGV

NM_201379.1

Plectin 1e (P1e)

    1  MDPSRAIQNE  ISSLKDERDR  VQKKTFTKWV  NKHLIKAQRH

   41  ISDLYEDLRD  GHNLISLLEV  LSGDSLPREK  GRMRFHKLQN

   81  VQIALDYLRH  RQVKLVNIRN  DDIADGNPKL  TLGLIWTIIL

  121  HFQISDIQVS  GQSEDMTAKE  KLLLWSQRMV  EGYQGLRCDN

  161  FTSSWRDGRL  FNAIIHRHKP  LLIDMNKVYR  QTNLENLDQA

NM_201378.2

Plectin 1f (P1f)

    1  MAGPLPDEQD  FIQAYEEVRE  KYKDERDRVQ  KKTFTKWVNK

   41  HLIKAQRHIS  DLYEDLRDGH  NLISLLEVLS  GDSLPREKGR

   81  MRFHKLQNVQ  IALDYLRHRQ  VKLVNIRNDD  IADGNPKLTL

  121  GLIWTIILHF  QISDIQVSGQ  SEDMTAKEKL  LLWSQRMVEG

  161  YQGLRCDNFT  SSWRDGRLFN  AIIHRHKPLL  IDMNKVYRQT



512NM_201383.1

Plectin 1g (P1g)

    1  MSGAGGAFAS  PREVLLERPC  WLDGGCEPAR  RGYLYQQLCC

   41  VDERDRVQKK  TFTKWVNKHL  IKAQRHISDL  YEDLRDGHNL

   81  ISLLEVLSGD  SLPREKGRMR  FHKLQNVQIA  LDYLRHRQVK

  121  LVNIRNDDIA  DGNPKLTLGL  IWTIILHFQI  SDIQVSGQSE

  161  DMTAKEKLLL  WSQRMVEGYQ  GLRCDNFTSS  WRDGRLFNAI

1) Amino acid residues marked in red correspond to the start of polypeptides encoded by exons downstream of first 

exons 

2) Homozygous mutation c.46C>T (p.Arg16X) in exon 1a of plectin isoform P1a is indicated in bold 

Variable first exons are all in the same open reading frame, and the encoded plectin 
polypeptides are highly conserved among mice and humans (10). Isoforms P1,P1a,P1b,P-
1c,P1d,P1e,P1f and P1g are distinguished by their unique N termini encoded by alterna-
tively-spliced first coding exons of the same letter. The eight isoforms (depicted in yellow) 
present in humans differ in promoter sequence and length of each individual exon. After 
the unique first exons, the sequence is common to all isoforms (non-highlighted portion, full 
sequence is not shown). Nomenclature according to GenBank ®. 



52 2 Table S2: Primer sequences for quantitative RT-PCR of human specimens

Transcript Forward primer (5’-> 3’) Reverse primer (5’-> 3’)

B2M TGACTTTGTCACAGCCCAAGATA AATCCAAATGCGGCATCTTC

P1a CAGCATGTCTCAGCACCAG GGTGCTTGTTGACCCACTTG

P1c GGAACCTTGGGAAAACGCAG GCCTCTGGGCCTTGATGAG

Table S3: Primer sequences for quantitative RT-PCR of mouse specimens

Transcript Forward primer (5’-> 3’) Reverse primer (5’-> 3’)

HPRT CAGGCCAGACTTTGTTGGAT TTGCGCTCATCTTAGGCTTT

PLEC (exons 26-27) CAGCTTGGTGATTCGCAGTA CCCGCAGCTTCTTTAGTGAG

P1 (exons 1-2) CTGAAACCCCTGTGGTGTCTG AGGTGTTTGTTGACCCACTTG

P1a (exons 1a-2) GGTAGCAAGAGAACCAGCTCA AGGTGTTTGTTGACCCACTTG

P1c (exons 1c-2) AAGTGGAGGTGGTTCTGTGG AGGTGTTTGTTGACCCACTTG

P1f (exons 1f-2) CCGACGAACAGGATTTCATC AGGTGTTTGTTGACCCACTTG
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58 3 ABSTRACT
Eight percent of all cases of epidermolysis bullosa simplex (EBS) are explained by autosomal 
recessive and dominant mutations in PLEC, encoding plectin. Complete absence of plectin 
leads to generalized skin fragility and pyloric atresia with death occurring shortly after birth, 
but other plectinopathies have been reported. Here, we describe how the phenotype in a 
17-year-old girl with mild acral blistering since childhood, progressive muscular dystrophy 
and cardiomyopathy is rescued by unexpected alternative splicing of exon 8. DNA analy-
sis revealed a homozygous deletion of 22 base pairs in intron 8. RT-PCR analysis showed 
intron 8 retention inducing a premature termination codon. Notably, we also identified an 
internally truncated, but in-frame RNA transcript resulting from the use of an alternative 
splice donor site 12 base pairs upstream of the original splice site. This alternatively spliced 
product, which was also present in control keratinocytes, myocardium and striated muscle, 
resulted in small amounts of plectin production, as witnessed in our patient’s skin. A lethal 
EBS phenotype in our patient was averted due to the production of this slightly shorter, 
newly identified plectin isoform. 

INTRODUCTION
The most commonly occurring subtype of the group of blistering genodermatoses collec-
tively termed epidermolysis bullosa (EB) is epidermolysis bullosa simplex (EBS). 1 The major 
subtype of EBS can be divided into suprabasal EBS and basal EBS, from which the latter is 
caused by mutations in the genes KRT5, KRT14, DST, EXPH5 and PLEC. 2,3 To date, approxi-
mately 20% of patients with EBS have no identified genetic cause for their disease. 2 
PLEC encodes the ubiquitously present cytolinker protein plectin, which plays an important 
role in the hemidesmosome by connecting keratin filaments to the underlying integrin α6β4 
subunit. 4,5 Plectin deficiency in skin results in intraepidermal skin cleavage in basal keratino-
cytes. 6 In muscle, plectin is present at the z-disk, sarcolemma, intercalated discs and neuro-
muscular junction and is crucial for stability of myocytes, as it links desmin together with the 
dystrophin–glycoprotein complex. 7,8 In humans, eight distinct plectin isoforms have been 
identified arising from tissue specific translation. The PLEC gene sequences encoding these 
eight isoforms 1, 1a, 1b, 1c, 1d, 1e, 1f and 1g differ in  exon 1 and their own upstream reg-
ulatory sequences. 9,10 Additionally, alternative splicing of exon 31 results in a rodless plectin 
variant, which has been identified in human keratinocytes and skeletal muscle plectin. 11,12 
Almost all EBS-causing mutations in PLEC lead to absent or reduced protein expression. 
The resulting phenotype is characterized by skin blistering upon trivial mechanical trauma, 
and nail anomalies. Depending on the mutation in PLEC, EBS can occur with isolated skin 
disease as seen in EBS-Ogna 13 or EBS-plectin 1a, 14 or associated with pyloric atresia (EBS-
PA) 15 or muscular dystrophy (EBS-MD). 16 Complete absence of plectin leads to the more 
severe phenotype of EBS-PA in which blistering is generalized and death occurs shortly after 
birth. 17 Here, we present a novel alternative PLEC isoform expressed in skin, muscle and 
heart, which is the result of a yet unknown alternative splicing event in exon 8. Moreover, we 
show functionality of the slightly shorter plectin protein by studying a patient with EBS-MD 
in which the lethal EBS-PA phenotype was averted.
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The proband (IV-4, EB 210-01, Figure S1) presented at 17 years of age with complaints 
of acral skin blistering since the age of 2 years. She was the daughter of consanguineous 
Moroccan parents. Acral blistering, subtle nail pitting of the hands, focal plantar hyperker-
atosis, onychokeratosis and onycholysis were observed (Figure 1). Hair implant and teeth 
were normal. At the time of consultation she had left-sided ptosis, which would worsen 
throughout the day. Chewing and swallowing took more time than normal. She complained 
of muscle weakness in her shoulders and arms, because of which she was not able to brush 
her hair or lift small objects such as a hairbrush. Walking for short distances quickly resulted 
in fatigue within 10 minutes. There was no visible muscular atrophy of extremities. Neuro-
logical consultation and electromyography revealed signs of myopathy with normal neuro-
muscular transmission. In her family, only her older brother had suffered from the same skin 
complaints. Both her father (III-6) and brother (IV-I) had died from sudden cardiac death at 
ages 43 and 19, respectively. Following her brother’s death, the proband and her older sister 
(IV-3) underwent cardiologic screening, which had disclosed a cardiomyopathy.
Immunofluorescence (IF) staining of lesional skin showed intraepidermal cleavage with very 
thin lining of keratin in the blister floor. Also, staining of laminin 332 and type VII collagen 
were in the blister floor indicating basal EBS. Staining of intact skin with the monoclonal 
antibody HD121 (kind gift from Dr. K. Owaribe), recognizing all forms of plectin, revealed 
reduced staining along the basement membrane zone (BMZ) (Figure 2 a,b). The intensity of 
the stainings for keratin 5, keratin 14, laminin 332 and type VII collagen were comparable 
to control skin (data not shown). Transmission electron microscopy (TEM) further visualized 
pseudojunctional cleavage with the plasma membrane and the lamina densa in the blister 
floor (Figure 2 c,d). Hemidesmosomes were hypoplastic. Taken together, the data suggested 
a plectinopathy and PLEC as the candidate gene. 

Figure 1: CLINICAL CHARACTERISTICS OF EB 210-01 

Focal plantar hyperkeratosis and haemorrhagic blister and erosions (a-c). Onychodystrophy, onycholysis with discolor-

ation seen affecting all toenails (d). On the dorsal side of hands erosions with crusts and hyperpigmentation are seen 

(e).
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Figure 2: IMMUNOFLUORESCENCE STAINING AND TRANSMISSION ELECTRON MICROSCOPY

Immunofluorescence staining of non-lesional skin of EB 210-01. (a,b) Anti-pan plectin monoclonal antibody HD121 

with decreased staining along the BMZ when compared to normal human skin (NHS) in controls. (c,d) Transmission 

electron microscopy of skin samples from lesional skin of EB 210-01. Blister cavity with a pseudojunctional split with 

the lamina densa in the blister floor (c). The red square indicates the portion of zoomed in segment depicted by pic-

ture (d). The blue asterisk indicates rest segments of the plasma membrane with rests of hemidesmosomes. The yellow 

asterisk displays broken off keratin filaments with incomplete insertion into the hemidesmosome. 

Sanger sequence analysis of the PLEC gene (NM_000445.3) encompassing all exons 
including five to ten nucleotides of intron sequence adjacent to the 5’ and 3’ ends of the 
exons revealed no mutation. Additional DNA sequences outside the exon-intron regions for 
standard sequence analysis were analyzed for mutations when protein studies pointed to a 
mutation in PLEC. This revealed a novel homozygous deletion in intron 8, c.906+19_40del.  
Five different splice site software programs predicted that this deletion does not affect ac-
tivity of the wildtype donor and acceptor splice sites of intron 8. A novel splice site was not 
introduced either. Despite these in silico results an effect on splicing of this deletion could 
not be ruled out. 



613The only other family member available for genetic screening was the patient’s mother 
(III-5), who was heterozygous for the same deletion c.906+19_40del. Parallel to PLEC gene 
analysis, because of the cardiomyopathy, the patient was screened for inherited cardiomy-
opathy using a targeted next generation sequencing panel of 55 genes (Table S1). 18 No 
mutations were identified.
Subsequent RT-PCR analysis was performed in order to investigate the effect of the intronic 
deletion in PLEC on the mRNA. RT-PCR analysis on RNA isolated from a patient’s skin biopsy 
using primers surrounding intron 8 (Supplementary table 2) revealed intron 8 retention 
leading to a frameshift and a premature termination codon (PTC), p.Val303_Pro313ins11* 
(Figure 3). Consequently, this homozygous mutation is predicted to result in a complete loss 
of plectin expression. More importantly, an additional novel transcript was also identified 
that was 12 nucleotides shorter than wildtype. This product was the result of the use of an 
alternative splice site 12 base pairs upstream from the wildtype exon 8 splice donor site. 
The resulting plectin protein was predicted to be four amino acids shorter in length, missing 
amino acids 299-302 when compared to wildtype plectin. This shorter mRNA transcript was 
also found in skin of healthy control individuals at the same level (Figure 3).
Additionally, western blot analysis with HD121 antibody on patient keratinocytes and fibro-
blasts revealed 30% and 10% plectin protein expression, when compared to healthy control 
keratinocytes and fibroblasts, respectively (Figure 4 b,c). These findings led us to further 
investigate whether the alternatively spliced transcript was also present in muscle and myo-
cardium. RT-PCR analysis on RNA isolated from healthy human striated muscle and myocar-
dium samples showed indeed the presence of the alternatively spliced transcript (Figure 4a). 

DISCUSSION
Here, we describe physiological alternative splicing of exon 8 resulting in a novel four amino 
acid shorter, yet in-frame plectin isoform that is present in skin, myocardium and striated 
muscle of healthy human controls. Moreover, we show that this isoform is functional in an 
EBS-MD patient. 
Earlier reports have shown that homozygous nonsense mutations predominantly found 
in the exons preceding or following exon 31 result in the development of EBS-PA. 17,19,20 

Our patient carries a homozygous intronic deletion in intron 8 of the PLEC gene, affect-
ing all known plectin isoforms. This deletion leads to the retention of intron 8, resulting 
in a premature termination codon, which was predicted to cause complete loss of plectin 
expression and in turn, the development of a lethal EBS-PA phenotype. 11,17,21 However, 
none of the characteristic EBS-PA features were observed in the proband: i.e. early demise 
within months, cutis aplasia congenita and widespread, severe blistering. 16,19,20 Rather than 
developing EBS-PA, the patient exhibited a less severe ‘forme fruste‘ of EBS-MD. The onset 
of all complaints complies with that in reported EBS-MD cases.  15,16,22  Additionaly, the 
EBS-MD phenotype was reflected with the following phenotype characteristics: acral skin 
blistering, nail dystrophy of the hands, progressive skeletal muscle dystrophy lacking signs 
of atrophy, and cardiomyopathy.However,characteristics that were missing from classic EBS-
MD were: muscular atrophy, major respiratory infections, and mucosal involvement. Her skin 
involvement was mild in comparison to published cases. 15,16,22 Also, severe oesophageal 
and urethral complications requiring dilatations were not seen. 20,23 Moreover, otologic and 



62 3 ocular problems have been described in the long-term follow up of a large EBS-MD family, 
but were absent in the proband. 22 Accordingly, our results imply that the patient is protect-
ed from a severe phenotype by expression of a novel plectin isoform.
The alternative splice variant explains the retained low expression levels of plectin observed 
in patient skin and the EBS-MD phenotype. The shorter plectin protein lacks the amino 
acids 299-302, which are part of the highly conserved actin-binding domain of plectin. 6 As 
can be seen in Figure 4d, the four amino acids are strongly conserved with exception of the 
amino acid on position 301. It is yet unknown whether the absence of these amino acids 
affects functionality. The protein is at least partially functional, as the phenotype is much 
milder than EBS-PA and not classic EBS-MD. It could even be that the shorter plectin protein 
has the same functionality as full-length plectin, as the amount of plectin protein production 
is lower, i.e. 30% in keratinocytes and 10% in fibroblasts, compared to normal control skin, 
which alone might explain the occurrence of a phenotype. Recent studies by the group of 
Sonnenberg have shown that the rodless plectin resulting from alternative splicing of exon 
31, which is maintained in EBS-MD, can functionally compensate for the full-length plectin 
in mice. 12 In contrast to the rodless mouse model and despite the expression of rodless 
plectin, EBS-MD patients still develop the disease. This may be due to the lower expression 
level of rodless plectin in EBS-MD patients than in rodless plectin mice. 12 
Pathogenic intron mutations in the PLEC gene are rare and have been presented in two 
earlier reports as compound heterozygous mutations together with exon mutations result-
ing in a PTC. The intron mutations resulted in aberrant splicing in all affected patients, who 
suffered from EBS-PA and EBS-MD with myopathy respectively. The first patient c.[3342-
2A>G];[3902_3903del] born prematurely died in the first day of life from extensive cutis 
aplasia congenita, pyloric atresia and extensive blistering of the oesophagus, trachea and 
megacolon. 20 The second patient c.[7804C>T];[4126-4A>G] showed congenital myopa-
thy as predominant feature, while skin involvement was limited to a single blister. 24, 20 No 
reports of cardiomyopathy were disclosed in the reported patients. 
Standard sequencing techniques such as Sanger sequencing and whole exome sequencing 
target coding regions of genes and generally cover intron/exon borders spanning about 
50-100 nucleotides. 25 Our data show that pathogenic intronic mutations may be missed by 
standard sequencing techniques, and that in the approximately 20% of patients with EBS 
without an identified mutation, intronic mutations in candidate EBS genes might explain the 
disease. We expect that RNA analysis by RT-PCR or RNA sequencing of known EBS genes 
would resolve more EBS cases. This has recently been exemplified by Chmel et al. who 
reported a patient with another subtype of EB, Kindler syndrome, in whom a FERMT1 mu-
tation was later found deep in intron 9 (c. IVS9+740G>A) leading to aberrant splicing and 
absence of kindlin-1. 26 The same mutation was later confirmed in other unsolved cases of 
Kindler syndrome. This mutation would have been missed with Sanger or exome sequenc-
ing.
The role of the lower plectin expression in the occurrence of the cardiomyopathy in our pa-
tient is yet unclear. It certainly cannot be excluded that it has played a role, as no mutations 
were found in 55 known cardiomyopathy genes. However, as the cause of the cardiomyop-
athy in the other affected family members, the father and two siblings (III-6, IV-1 and IV-3), 
is also unknown, and a skin phenotype was only reported in the proband’s brother, an other, 



633autosomal dominant mutation in a cardiomyopathy-associated gene should still be consid-
ered. Ideally, screening of the entire family for PLEC and the inherited cardiomyopathies 
would give more insight into phenotypic differences in this family. 
In conclusion, our results reveal the presence of a novel PLEC isoform due to alternative 
splicing of exon 8. The functionality of the produced shorter length plectin protein is wit-
nessed by salvage of the otherwise lethal EBS phenotype into mild EBS-MD in the present-
ed patient. This alternative splicing mechanism may mitigate the effect of other mutations 
disrupting the constitutive splice donor or nonsense mutations in one of the four skipped 
amino acids. Consequently, this may preclude the development of the most severe plecti-
nopathy phenotypes in patients carrying such mutations. 
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653Figure 3: ALTERNATE SPLICING IN EXON 8 OF PLEC

(a) RT-PCR analysis of patient RNA isolated from a frozen skin biopsy showed two products (lane 2). The larger product 

of 223 kb contains the retention of shortened intron 8 of 59 bp. This intron retention results in a PTC, and absence 

of protein (p.Val303_Pro313ins11*). The smaller product of 152 kb had a deletion of 12 nucleotides, and results in a 

protein that is four amino acids shorter (p.Val299_Asn302del4). The smaller, alternatively spliced product was observed 

in all healthy controls as depicted in lanes 3-7. (b) Schematic representation of the exon-intron junction of exons 8 and 

9 of PLEC while depicting the described splice sites and intronic deletion seen in the proband. The intronic deletion 

is depicted in green lower case letters, whereas the wildtype splice site is marked with a blue line, and the alternative 

splice site with a red line. (c) The numbers in blue and red correspond with the RNA transcripts that are observed in 

the agarose gel in (a). (d) The numbers in blue and red correspond to (c).
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673Figure 4: ALTERNATIVE SPLICING PRESENT IN MYOCARDIUM AND STRIATED MUSCLE, IMMUNOBLOTTING OF 

PATIENT CELLS AND CONSERVED AMINO ACIDS

 (a) RT-PCR analysis on healthy human skin, healthy human myocardium and healthy human striated muscle samples. 

The alternatively spliced product is present in skin and muscle samples of healthy controls. The heteroduplex product 

is a combination of wildtype product and alternatively splice product.

(b) & (c) Immunoblotting with monoclonal antibody HD121 of cell lysates from cultured keratinocytes (b) and fibro-

blasts (c) derived from normal humans (control) and the proband (IV-4). Arrows indicate plectin (molecular mass ~500 

kDa). The plectin production in the patient’s keratinocytes is 30% of the production in control keratinocytes (b), where-

as the production in patient’s fibroblasts is even less, i.e. 10% of control keratinocytes (c). (d) Conservation of plectin 

residues 299-302 (p.Val303_Pro313ins11*), which are omitted when the alternate splice site is used.
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Patient
The patient (EB 210-01) was referred to our clinic for further analysis and subtype classifi-
cation of EB. All experiments performed were done with material obtained for diagnostic 
purposes, which did not require extra approval from the institutional ethical committee. 
The patient gave informed consent for publication of photographs and the use of tissue 
samples. She was seen with her mother who consented for molecular carrier analysis. All 
non-patient tissue samples were contributed and analyzed anonymously. All experiments 
were conducted according to the principles of the Declaration of Helsinki. 

Immunofluorescence antigen mapping
Four-mm skin biopsies of fresh blisters and healthy skin under the left arm were taken for im-
munofluorescence antigen mapping of the proband, and processed as described before. 27 
Mouse monoclonal antibodies HD121 (gift of Dr. K. Owaribe) and 10F6 (Santa Cruz Biotech-
nology, Santa Cruz, CA) were directed against the plectin rod domain. 

Electron microscopy
Two-mm punch biopsies of perilesional and non-lesional skin were taken from the upper arm 
and prepared as described previously. 27

Molecular analysis
Genomic DNA was extracted from peripheral blood lymphocytes using standard laborato-
ry methods. The PLEC gene including all 8 isoforms (1, 1a, 1b, 1c, 1d, 1e, 1f and 1g) was 
screened for mutations by sequencing analysis of all exons including exon-intron bound-
aries. Primer sequences can be found in Supplementary table 2. In silico analysis of the 
mutation using Alamut®Visual software (version 2.6.1, alamut.interactive-biosoftware.com) 
with protein and splice site prediction programs was used.

Western blotting
Western blotting was performed as described previously. 14 Extracts from cultured keratino-
cytes and fibroblasts were used from the proband and healthy controls as a substrate. To 
calculate the relative protein contents of the extracts, serial dilutions were run by SDS-PAGE. 
The gel was then stained by Blue Silver staining and the intensities of the lanes calculated 
using Quantiscan® software. Serial dilutions of all extracts were immunoblotted and plectin 
was visualized with antibody HD121. The relative plectin expression was calculated from the 
intensity of staining using Quantiscan® software. 

RNA analysis
RT-PCR was performed on RNA isolated from primary cultured keratinocytes, fibroblasts, 
and cryosections. The RNeasy Micro Kit (Qiagen) was used for the isolation of RNA. The 
primers used for the PCR after reverse transcription are listed in Table S2.
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74 4 TO THE EDITOR
Basal epidermolysis bullosa simplex (EBS) is the most common type of epidermolysis 
bullosa (EB) comprising 31.8% of all EB patients with an identified mutation in the Dutch 
National EB registry (unpublished). Basal EBS is characterized by intra-basal splitting of the 
epidermis. Mutations in KRT5 and KRT14 are responsible in 75% of the cases. 1 The clinical 
phenotype of the most severe variant, EBS, generalized severe (EBS-gen sev, previously re-
ported as EBS, Dowling-Meara) consists of congenital generalized mechanobullous skin and 
mucous membrane fragility, typically presenting with sero-hemorrhagic vesicles in a circinate 
distribution, and late-onset palmoplantar keratoderma. 2 Characteristic of EBS is that most 
symptoms tend to diminish in severity after adolescence. 3 Although often seen, the exact 
molecular mechanism for improvement of disease by adulthood for EBS and other keratin 
disorders is not fully understood.  More than 86% of reported mutations in KRT5 and KRT14 
causing EBS are dominantly-acting missense mutations. The majority are located in the heli-
cal initiation and termination domains H1, 1A, and 2B. 4,5 Here, we report a four-generation 
Dutch kindred affected with EBS-gen sev caused by a novel heterozygous intronic deletion 
in KRT5. The mutation leads to in-frame skipping of exon 6 encoding 42 amino acids of the 
2B helical domain.
The female index patient (II-3, EB-092-01) now in her late 50’s, was born to Caucasian par-
ents, and had a history of generalized blistering from birth. She suffered from cutis aplasia 
congenita of the legs and persistent oral blistering in infancy. Later in life, occasional blis-
tering without scarring occurred all over the body, with predilection sites on hands, inguinal 
folds and feet. Blistering was most severe during puberty; around the same time she devel-
oped palmoplantar keratoderma. Severity and extent of affected integument all subsided 
during early adulthood. The family history was positive for blistering (Figure 1a). All affected 
family members suffered similar symptoms as the index patient and observed gradual 
improvement in both severity and extent with age (Figure 1 b-g). After obtaining informed 
consent, skin biopsies of fresh blisters from the index patient (II-3) and her eldest daughter 
(III-3) were obtained for immunofluorescence antigen mapping (IF) and transmission electron 
microscopy (TEM). IF using BL18 antibody (gift from Dr.P. Ogden, Dundee, UK) directed 
against keratin 5 of lesional skin showed intraepidermal cleavage with similar expression (3+) 
as in control (3+). Staining was positive in the blister roof and floor. Staining performed with 
antibodies directed against keratin 14, BP230 (dystonin), laminin-332, and type VII collagen 
were normal. TEM of lesional skin showed intraepidermal cleavage, lateral aggregation of 
keratin filaments and insufficient tonofilament insertion into the hemidesmosomes (Figure 
1h). Tonofilament clumping and acantholysis (as earlier reported in 6) were also observed. 
Genomic DNA was extracted from peripheral blood lymphocytes from several affected 
individuals (Figure 1). PCR amplification of KRT5 (GenBank NM_000424.3) revealed a 30-bp 
heterozygous intronic deletion in intron 6, (c.1218+2_1218+31del). Subsequent mRNA 
analysis from frozen skin biopsies (from patients II-1, II-3, III-3, III-5, IV-1, and IV-2) showed 
besides the wild-type transcript, a shortened transcript lacking the 126-bp exon 6 (Figure 
2). The intronic deletion occurring in intron 6 affects the highly conserved consensus donor 
splice site at position c.1218+2, leading to aberrant splicing. Consequently, the transcript 
resulted in an internally truncated keratin 5 polypeptide (p.Tyr365_Gln406del). The intronic 
deletion was confirmed by Sanger sequencing for all other affected individuals from whom 
DNA was available. 



754The novel intronic deletion in KRT5 described here led to a classical EBS-gen sev phenotype 
showing marked improvement with age in this four-generation Dutch kindred. To our knowl-
edge, there have been only three earlier reports of splice site mutations in KRT5. Schuilen-
ga-Hut described a patient with EBS generalized intermediate (formerly called EBS-Koeb-
ner) caused by a heterozygous acceptor splice site mutation, c.556-1G>C. 7 The effect on 
RNA level was in-frame skipping of the first 6 amino acids encoded by exon 2 (18bp). The 
second splice site mutation also reported by our group was c.1474+4A>G in a patient with 
EBS localized (previously EBS, Weber-Cockayne). 1 The effect on RNA was not further inves-
tigated. Lastly, a heterozygous splice site mutation was identified in a large family exhibiting 
a similar clinical phenotype to the here reported family. 8 In this report, abnormal in-frame 
splicing of exon 1 occurred by G to A transition in the consensus donor splice site of exon 
1 (c.555+1G>A). This led to the use of an upstream cryptic splice site and subsequent dele-
tion of 22 amino acids of the H1 and 1A rod domains. The reported patients displayed, just 
as our family classic EBS gen sev. 8 

Skipping of exon 6 leads to the exclusion of 42 amino acids of the highly conserved 2B do-
main of KRT5. This heterozygous deletion is expected to act in a dominant-negative fashion 
affecting the keratin intermediate filament assembly, similar to keratin polypeptides affected 
by heterozygous missense mutations. 9 Normally, a keratin 5 monomer will polymerize with 
a keratin 14 monomer by parallel assembly and winding of their rod domains into a coiled-
coil structure. The stability of keratins is regulated by interactions between the two chains, 
which are held together by their hydrophobic residues. 10-12 These residues are organized 
as heptad repeats, labelled ‘a’ to ‘g’ with the strongest hydrophobic interactions occurring 
at heptad positions ‘a’ and ‘d’. A molecular defect such as an amino acid substitution alters 
the keratin inter-chain interactions to different degrees, depending on the polarity and 
position of the expressed residue. 10,11 The residues occupying the ‘a’ position of the α-helix 
are apolar amino acids, which stabilize the coiled coil of keratins. Residues located in the ‘g’ 
position additionally contribute to the stability of the heterodimer by charged hydrophobic 
interactions. In the case of a heterozygous missense mutation, or in this case an internally 
truncated protein, the interchain assembly is distorted and the higher architecture of dimers 
and subsequent tetramers and filaments will be defective and prone to collapse. 12 To date, 
28 of the 121 reported mutations in KRT5 have been located in exons encoding the 2B 
domain of KRT5. 4 Of these, all but two published reports have been missense or nonsense 
mutations with the remaining being a deletion and an insertion deletion. 13,14 
In conclusion, we illustrate the first intronic deletion leading to exon skipping in KRT5 caus-
ing EBS-gen sev. The described four-generation family exhibited classic EBS-gen sev phe-
notype and TEM and IF findings. With the presented casus, we would like to draw attention 
to introns of EBS genes, including KRT5, as they can harbour mutations that lead to altered 
splicing and thereby affecting intermediate filament assembly in the basal epidermis.
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Figure 1: Family pedigree and clinical pictures of affected family members with ultrastructural view of affected skin in 

EBS-gen sev.

(a) Family pedigree (b) Blistering of the palm at 6 years of age with surrounding subtle hyperkeratosis. Bullae of the 

fingers with visible desquamation. (c)The same patient at 11 years of age where amelioration of symptoms is seen. (d) 

Circinate blistering seen on the inner thigh. (e) Haemorrhagic blistering of the large toe, with focal hyperkeratosis and 

subtle onycholysis at 2 years of age. (f) Grouped haemorrhagic blisters at the lateral aspect of the foot of the same 

patient. (g) Generalized plantar keratoderma at 15 years of age. (h) Ultrastructure of affected skin shows a blister cavity 

(red asterisks) in the basal cell  with the plasma membrane in the blister floor (red arrowheads), and lateral aggregation 

of tonofilaments (blue asterisks) . 
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Figure 2: Schematic representation of keratin 5 and mRNA studies

(a) Schematic representation of the keratin 5 polypeptide and below the nine exons comprising the encoding gene 

KRT5. Exon 6 containing 42 amino acids (codons 365-406), comprises exactly 6 heptad repeats and is depicted in 

colour courier font. 

Using frozen skin biopsies, nested RT-PCR analysis (b) and Sanger sequencing of patient and healthy control mRNA. 

Lanes are marked with pedigree numbers of patients. C1 and C2: healthy control, C3: negative control. 

KRT5 primers used: forward 5’-CGCAACCTGGACCTGGATAG- 3’ reverse: 

5’-CCATGTCCTGCTTGGCCTTC- 3’ (wild type: 349 bp length, exon skip 223 bp length). 
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82 5 ABSTRACT
The hereditary blistering disease junctional epidermolysis bullosa (JEB) is always accompa-
nied by structural enamel abnormalities of primary and secondary dentition, characterized 
as amelogenesis imperfecta. Autosomal recessive mutations in LAMA3, LAMB3 and LAMC2 
encoding the heterotrimer laminin 332 (LM-332) are among the genes causing JEB. While 
examining pedigrees of JEB patients with LAMA3 mutations, we observed that heterozy-
gous carriers of functional null mutations displayed subtle enamel pitting in the absence 
of skin fragility or other JEB symptoms. Here, we report two new LAMA3 functional null 
mutations: nonsense c.2377C>T p.(Arg793Ter)  and splice-site c.4684+1G>A mutation in 
heterozygous carriers exhibiting enamel pitting. Both parents had offspring affected with 
JEB and displayed subtle enamel pitting of secondary dentition without any sign of skin 
blistering. The reported enamel abnormality in LAMA3 mutation carriers could be attributed 
to a half dose effect of the laminin α3 chain (haploinsufficiency). 



835INTRODUCTION
Epidermolysis bullosa (EB) is an inherited blistering disease affecting the adhesion of 
epithelial cells. 1 Autosomal recessive (and very seldom dominant) mutations in the genes 
COL17A1, ITGA3, ITGA6, ITGB4, LAMA3, LAMB3 and LAMC2 cause the junctional subtype 
(JEB). 1 The latter three genes encode the individual chains of the heterotrimer laminin 332 
(LM-332). 1 In our Dutch EB cohort, 60% of JEB cases are caused by mutations in the LM-332 
genes, of which 28% are in LAMA3 (unpublished data). Clinically, patients with JEB exhibit 
skin and mucous membrane blistering, nail dystrophy, and structural enamel abnormalities 
termed amelogenesis imperfecta. 2 Primary and secondary dentition are always affected in 
JEB. 2 Enamel in JEB is thin, hypoplastic and contains a 20% lower mineral content than that 
of healthy individuals. 3,4 Recently, we reported that heterozygous carriers of loss of function 
(null) mutations in LAMA3 exhibit dental abnormalities without skin symptoms. 5 Carriers ex-
hibited localized enamel pitting and hypoplasia of secondary dentition. Here, we report two 
new heterozygous carriers affected with dental abnormalities from loss of function mutations 
in LAMA3. 

SUBJECTS AND METHODS
We studied two kindreds of Dutch origin, of which the index patients were referred to our 
clinic with suspected EB. Assessment of skin fragility was based on review of patient history 
and specific anamnestic questions (i.e. tolerating Band-Aids, wound healing) and dermato-
logical physical examination. We harvested and processed skin specimens for immunofluo-
rescence antigen mapping (IF) and transmission electron microscopy (TEM) of the JEB index 
patients as described before. 6,7 IF and TEM were not performed in carriers, as no biopsies 
were available. Genomic DNA was isolated from peripheral blood from the index patients 
and parents and sequenced using Sanger’s sequencing by a candidate gene approach. Phe-
notype and variant information was submitted to the Leiden Open Variant database (http://
dna2.leeds.ac.uk/LOVD/genes/LAMA3).  Immunoblotting of cell lysates from cultured pa-
tient keratinocytes (not carriers) was performed as described before. 8 Dental examination 
of the index patients and parents was performed by an experienced maxillofacial dentist 
(CS), with more than 15 years of experience treating EB patients. Appropriate informed 
consent was obtained and patients were treated in accordance with the principles of the 
Declaration of Helsinki. 

RESULTS
In Family 289, the index patient (EB-289) was a 2-year old boy and the third child of healthy, 
unrelated parents (Figure 1a). Beginning at 6 months of age, he began to develop blistering 
of hands, legs and ears together with nail dystrophy. He had generalized enamel pitting 
throughout his entire primary dentition, termed hypoplastic amelogenesis imperfecta (AI) 
(Figure 1b). IF of intact skin showed normal expression of LM-332 (3+) when stained with 
the monoclonal antibody GB3 directed against the conformation epitope in the γ2 chain. 
Staining of the individual laminin α3 subunit with monoclonal antibody BM165 (gift from 
Dr. Marinkovich, Stanford University) was decreased (2+) when compared to control (3+, 
Figure 1c). TEM of lesional skin on the left elbow confirmed cleavage through the lamina 
lucida fitting with JEB. Sequencing of DNA isolated from peripheral blood revealed that the 



84 5 patient was compound heterozygous for mutations in LAMA3 (NM_000227.4) c.[2377C>T];[ 
4484C>T] , concluding the diagnosis of JEB-generalized intermediate (previously JEB 
non-Herlitz). 1 We performed LAMA3 allele carrier analysis, and skin and dental examination 
in both parents. Exons are numbered like in NG_007853.2. The father (II-5) carried the novel 
c.2377C>T; p.(Arg793Ter) mutation located in exon 19. In silico analysis of the mutation 
using Alamut®Visual software (version 2.6.1, alamut.interactive-biosoftware.com) with 
protein and splice-site prediction programs for the paternal c.2337C>T mutation showed no 
alternate splicing, thus predicting a premature termination codon (PTC) p.(Arg793Ter). The 
father displayed subtle enamel pitting of secondary dentition (Figure 1b) and had no history 
of skin blistering. The mother (II-6) carried the missense mutation c.4484C>T; p.(Ala1495Val) 
in exon 33, a mutation earlier reported in Yuen et al. 5Dental screening for pathology was 
negative in the mother, and dermatological examination was unremarkable. The parents 
reported that the index patient’s two older brothers (III-1 and III-2) had no skin disease or 
dental problems, but were unavailable for objective examination and mutation analysis.

The female child (EB-351, III-1) of Family 351 was seen in our clinic shortly after birth. The 
age of gestation was 35 weeks, and the parents were unrelated (Figure 2a). The child 
presented with skin fragility and absent nails of digits 1-4 of both hands. IF of lesional skin 
indicated strongly reduced staining of GB3 (1+) compared to control (3+). Antigen mapping 
showed GB3 exclusively in the blister roof and type VII collagen exclusively in the blister 
floor fitting a diagnosis of JEB. Additional staining with BM165 (Figure 2c) for the lami-
nin α3 chain was strongly reduced (1+) when compared to healthy controls (3+). Genetic 
analysis revealed compound heterozygous mutations c.2910_2911delAA, in exon 22 and 
c.4684+1G>A in intron 34 of the LAMA3 gene. She was diagnosed with JEB-generalized se-
vere (former JEB-Herlitz). 1 DNA analysis of the father (II-1) revealed a heterozygous mutation 
in LAMA3: c.2910_2911delAA. The c.2910_2911delAA  mutation caused a frameshift lead-
ing to a PTC, p.(Lys970AsnfsTer8). He was not available for clinical assessment. DNA analysis 
of the mother (II-2) revealed a heterozygous c.4684+1G>A mutation affecting the consensus 
donor splice site sequence of intron 34. Dental examination showed focal enamel pitting 
and grooves in some of her secondary dentition that had gone earlier unnoticed (Figure 2b). 
Skin fragility was absent. To further investigate the consequence of the maternal splice-site 
mutation on mRNA, we performed RT-PCR and subsequent sequencing of RNA isolated 
from the index’s keratinocytes. Three cDNA products of different length were identified. 
The shortest product resulted from skipping of exon 34 and 35 sequences (291 base pairs 
length) encoding an in-frame transcript. The second product showed skipping of exon 34 
(160 base pairs) resulting in an out-of-frame transcript with introduction of a PTC. The third 
was a full-length wild-type transcript. Subsequently, we performed immunoblot in order to 
assess LM-332 protein expression using cell lysates of skin keratinocytes as described earlier. 

9 Staining with BM165 indicated a severely reduced amount of polypeptide of less than 
2%, when compared to normal human control keratinocytes (Figure 2d). No smaller protein 
products were observed, suggesting that only the wild-type transcript from the maternal 
allele attributed to laminin-α3 expression. 



855DISCUSSION
Various degrees of defects of amelogenesis have been observed in mutation carriers of 
several JEB genes (COL17A1, LAMA3, and LAMB3) (Table 1). 2,5,10-14 In the examined hetero-
zygous null carriers in both our families, dental pathology was localized focally, clinically as-
ymptomatic and therefore not brought to attention until we examined JEB in their offspring. 
Since the first report of enamel abnormalities in LAMA3 null mutation carriers by Yuen et al, 

5 we began to screen carriers of LAMA3 mutations for dental pitting. The low incidence of 
LAMA3 mutations, subtle nature of changes and lack of direct screening may explain the 
scarcity of reports of enamel defects in this population. In teeth, LM-332 is known to be a 
principal anchoring protein actively involved in the secretory stage of ameloblasts, an early 
stage of differentiation. 11 Amelogenesis is a tightly regulated process in which ameloblasts 
express LM-332. 3 Replacement of the lamina basale during amelogenesis is impaired if LM-
332 is altered. 3 Enamel and skin apparently respond differently to heterozygous mutations 
affecting the α chain, because skin fragility was absent in carriers. In teeth, a single allele 
defect in the α chain in null mutation carriers is enough to disrupt ameloblast-coordinat-
ed replacement of basement membrane macromolecules causing enamel pitting. 4 The 
mechanism by which the heterozygous functional null mutations in LAMA3 result in disease 
appears to be haploinsufficiency, as we suggested before.8 In skin, keratinocyte adhesion is 
redundantly regulated, and if LM-332 is half dose, it is most likely sufficiently compensated 
for by other epidermal proteins, such as integrins. 5,15 The splice-site mutation c.4684+1G>A 
behaves like a LAMA3 null mutation, as less than 2% expression of intact laminin α3 pro-
tein was detected in the immunoblot (Figure 2d). The low amount of polypeptide can be 
explained by the detrimental effect on protein stability of the deleted amino acids in the 
G5 subdomain (codons 1509-1606) encoded by exons 34 and 35. Another possibility could 
be that the BM165 antibody recognizes an epitope for binding, which is missing from the 
internally truncated protein that is formed by this mRNA transcript. Although this cannot be 
completely excluded, it is highly unlikely, since the affected child in Family 351 had the most 
severe form of JEB due to almost complete loss of LM-332 and deceased at 6 months of 
age. 

LAMA3 null mutation carriers show minor enamel changes, whereas carriers with LAMB3 
mutations have deeper pits and visible grooves requiring medical attention. 10-12 Exten-
sive restorative dental care and multiple extractions such as described by Poulter et al. 
for LAMB3 carriers were not present in our LAMA3 carriers. A noteworthy difference in 
the reported cases is that in LAMB3 carriers, dental abnormalities are all associated with 
mutations that are predicted to escape nonsense mediated RNA decay (NMD) (,Table 1)All 
but one were located in the last exon which predicted formation of a shortened laminin-β3 
peptide truncated at the carboxy-terminus. 12 In contrast to LAMA3 null mutation carriers, 
no dental abnormalities in LAMB3 null mutation carriers have been reported up till now. The 
formation of abnormal truncated laminin β3 is more detrimental on enamel development 
than haploinsufficiency of laminin α3. 



86 5 In conclusion, our observations confirm the hypothesis that carriers of functional null muta-
tions in LAMA3 can exhibit subtle, localized enamel pitting due to haploinsufficiency. We 
advise dental screening of parents of JEB patients and siblings. 

Figure 1: Family 289 

a. Family pedigree with indicated genotypes of studied individuals (wt: wild type). b. Generalized hypoplastic amelo-

genesis imperfecta in primary teeth of the index patient (III-3) His father (II-5) showed clinically silent localized enamel 

pitting on the cervical area of the lower canine as indicated by arrows. c. IF antigen mapping of the α3 chain with 

BM165 showed 2+ expression when compared to 3+ in normal human skin (NHS) in the index patient.
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Figure 2: Family 351

a. Family pedigree. b. Dental examination showing with arrows subtle enamel pitting on the labial surface of the lower 

canine by the mother (II-2) who carried the c.4684+1G>A mutation. Her upper and lower central and lateral incisors 

displayed the same focal pitting and grooves. c. IF antigen mapping with BM165 showing severely diminished expres-

sion as compared to normal human skin (NHS). d. Immunoblotting of cell lysates from cultured keratinocytes derived 

from healthy human skin (control) and from the index patient III-1. The α chain of LM-332 stained with monoclonal 

antibody BM165 exists in a processed (190kDa) and non–processed (170kDa) form. Patient extract (middle lane) com-

pared to 1/4 diluted (left) and 1/64 diluted (right) extracts of control healthy keratinocytes, indicated that the amount 

of α chain expressed by the patient was less than 2% of normal. The blots were cropped for presentation clarity and 

alignment.



88 5 Table 1: Reports of isolated enamel abnormalities in heterozygous carriers of EB gene mutations

GENE Mutation Effect on 
protein

Protein 
expression

Clinical phenotype Report

LAMA3 c.488delG p.Gly163Aspf-

sTer30

Absent Mild enamel pitting and 

susceptibility to caries

Yuen et al. 8

c.2377C>T p.(Arg793Ter) Absent Focal, asymptomatic 

enamel pitting

This article

c.4684+1G>A Splicing defect, 

2% of wildtype 

protein produc-

tion

Severely 

reduced

Focal, asymptomatic 

enamel pitting

This article

LAMB3 c.3357_3358-

insC

p.Met1120f-

sTer40

Truncated Generalized irregular 

hypoplastic enamel in all 

primary teeth

Lee et al. 14

c.3392_3393-

insG

p.Glu1133Glyf-

sTer27

Truncated Irregular hypoplastic AI, 

frequent pain and aesthet-

ic problems, multiple 

dental extractions and 

restorative dental care

Poulter et 

al. 13

c.3431C>A p.Ser1144Ter Truncated Generalized enamel hypo-

plasia, thermal hyper-

sensitivity, geep grooves 

and pits, vertical linear 

grooves in incisors

Kim et al. 7

c.3446_3453-

delGACTG-

GAG 

p.Gly-

1149GlufsTer8

Truncated Enamel hypoplasia in all 

primary and permanent 

dentition, deep grooves 

and pitting defects, gen-

eralized enamel hypopla-

sia on radiographic ex-

amination. Taurodontism, 

vertical linear grooves in 

incisors, thermal hyper-

sensitivity

Kim et al. 7

c.3463_3475-

delGAG-

CAGATC-

CGTG

p.

Glu1155fsTer51

Truncated Enamel hypoplasia in all 

primary and permenent 

teeth, hypoplastic grooves 

and pits

Lee et al. 14



895GENE Mutation Effect on 
protein

Protein 
expression

Clinical phenotype Report

c.3466C>T p.Gln1156Ter Truncated Enamel hypoplasia in all 

primary and permenent 

teeth, hypoplastic grooves 

and pits

Wang et 

al. 15

COL17A1 c.823delA p.Thr239f-

sTer52

Absent Extensive enamel pitting 

horizontal ridging of inci-

sors and loss of enamel in 

molars

Murrell et 

al. 16

c.1880G>T p.Gly627Val Present with 

one extra 

amino acid

Extensive enamel hypo-

plasia and pitting

McGrath 

et al. 2 ; 

Almaani et 

al. 18

Table 1 : AI: amelogenesis imperfecta, WT: Wild type 

Note: To date there have been no isolated enamel abnormalities in carriers of LAMC2, ITGA3, ITGA6, and ITGB4 

mutations reported.
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92 6 A skin condition that is scratched open, sometimes subtyped by the adjective “excoriée”, 
is a feature of a number of skin diseases, such as acne and atopic dermatitis. The conse-
quences of excoriation can be extreme in patients suffering from fragile skin, such as epi-
dermolysis bullosa (EB), in which scratching rapidly leads to wounds. Pruritus can manifest 
in all forms of EB secondary to wound healing. In a primary form it is seen in patients with 
dominant dystrophic EB (DDEB) due to glycine substitution mutations in the COL7A1 gene 

1, a subtype known as EB pruriginosa (EBP). 2 EBP occurs in young adults and starts with 
pruritus of EB lesions, most often in the pretibial area,  with compulsive scratching leading 
to lichenoid, violaceus papules and plaques. 2 In patients where bulla formation is not promi-
nent, EBP can be easily misdiagnosed as hypertrophic lichen planus or psychogenic pruritus. 

3 We report here 2 young women affected by EBP and pruritus on the face and upper chest, 
a presentation not reported in the literature. What was remarkable in these two unrelated 
patients is that the itch did not start pretibially, nor did it lead to violaceus papules and 
plaques. The itch was not secondary to EB lesions, but was localized to intact non-inflamed 
skin of the face and upper chest.  The excoriations, which resulted from compulsive scratch-
ing, strongly resembled neurotic artefacts.

CASE REPORTS
Patient 1 (EB 027-03), was a 21-year-old woman with DDEB caused by a heterozygous gly-
cine substitution c.6227G>T, p.Gly2076Val in COL7A1. Her EB lesions were localized acrally. 
The patient was seen for exacerbation of facial atopic dermatitis. Conventional therapy, 
including topical corticosteroids, calcineurin inhibitors and emollients, as well as cyclospo-
rine, had little or no effect; her pruritus became unbearable, and she reported scratching in 
her sleep. To attempt to prevent her from scratching, we provided a physical barrier for the 
patient’s face; a custom made perforated silicone mask worn at night. However, the mask 
worsened the pruritus due to condensation and heat accumulation. The patient was regu-
larly seen with progressive seething wounds, crusts (Figure 1) and scar tissue formation on 
her face (not shown). Clinically, the lesions resembled neurotic excoriations. Psychological 
examination revealed no psychopathological base consistent with self-inflicted compulsive 
disorders that the patient denied (dermatitis artefacta) or admitted (automutilation). 
Patient 2 (EB 010-02), a 22-year-old woman affected with DDEB caused by a heterozygous 
glycine substitution c.6128G>A, p.Gly2043Glu in COL7A1, had had acne excoriée des 
jeunes filles in addition to EB since 11 years of age. After using oral contraceptives, her 
acne lesions (comedones and pustules) disappeared. However, the patient returned to our 
clinic complaining with severe itch in her face and upper chest. Relief with topical calcineurin 
inhibitors and corticosteroids, and oral antibiotics was short lived.  Compulsive scratching of 
clinically healthy, non-inflamed skin after several weeks resulted in erythematous, excoriated 
papules, scabs and scars in the face (Figure 1b). Persisting ‘acne excoriée des jeunes filles’ 
was ruled out since comedones and pustules were absent. Consultation with a psycholo-
gist revealed no neurotic psychopathology. Scratching of her upper chest, but not her face 
had evolved to the shiny papules and plaques with scarring pathognomonic lesions of EBP 
(Figure 1c). 
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Traditional EBP is seen clinically as linear hypertrophic scarring and lichenified plaques, 
occurring most commonly on the forearms and lower legs. 2 In both a diagnosis of atypical 
EBP with facial involvement, EBP-excoriée, was made. Prior to the development of itch on 
the face, both patients had had albopapuloid lesions, milia and skin blistering localized 
acrally, to the chest, in the cubital and popliteal fossa, since childhood; all typical for DDEB. 
The pretibial region was spared.  Due to the fragility of the skin, compulsive scratching of 
the face easily resulted in dramatic excoriations that mimicked neurotic artefacts. 3 Atopic, 
acneiform and psychogenic causes were ruled out in both patients. Suggested therapeutic 
options for EBP, including the anti-inflammatory agents and immunomodulators already 
mentioned, were prescribed, but provided little or no relief. Persisting pruritus was observed 
during the 2-year follow-up. Both young women had periods of relief from itch, not associ-
ated with any of the treatment applied; however, the pruritus remains refractory. Lesions on 
the face have now healed with small atrophic scars that are not typical for EBP.
The aetiology of itch in EBP remains unknown. Cases continue to be reported of DEB pa-
tients with glycine substitution mutations in COL7A1. 4 Internal diseases, mineral deficiencies 
and associations with atopy have all proven inconclusive. The presence of itch on clinically 
healthy, non affected skin by our two patients with EBP-excoriée is difficult to explain. It is 
known that patients with chronic pruritic skin diseases such as psoriasis and atopic dermatitis 
experience feelings of helplessness and increased anxiety, which in turn can perpetuate per-
ceived itch. 5 One might speculate that such a socially stigmatizing disease as is EB, caused 
itch to be perceived on non-lesional skin in the face, therefore starting the vicious cycle of 
itching and scratching. As described by both young women, chronic lesions located on the 
body were also itchy; however to a lesser extent than in the face. Further studies examining 
larger EBP cohorts must be done in order to consider other aetiologies.
EBP has been classified by the International forum for the Study of Itch (IFSI) into Group I, 
pruritus on primary diseased, inflamed skin. 6 However our cases demonstrate that viola-
ceous hypertrophic papules and plaques, as typically seen on the shins in classic EBP, do not 
always form. We therefore conclude that EBP can manifest with pruritus on primary normal, 
non-inflamed skin classified as IFSI group II in the form of EBP-excoriée. Consequently, it 
can evolve into IFSI group III, pruritus with chronic secondary scratch lesions with typical 
EBP presentation. The atypical presentation of EBP will undoubtedly challenge physicians 
even more than classic EBP. EBP should be considered when encountering a patient with 
clinical characteristics of fragile skin with blistering, nail dystrophy and milia in patients (and 
family members), which are almost always present. Frequently reported sites of predilection 
for albopapuloid lesions and hypertrophic scarring of EBP are the shins 3; however as seen 
in the excoriée variant, these features may be absent. Unexplained pruritus and excoriations 
mimicking artefacts should prompt physicians to consider EBP in the differential diagnosis, 
especially in younger patients.  When encountering a patient with such clinical findings, im-
munofluorescence antigen mapping of type VII collagen may indicate the underlying genet-
ic disorder; however may be inconclusive in patients with mild phenotypes. The diagnosis of 
EBP should always be confirmed with genetic sequencing of COL7A1. 3
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Figure 1. Both patients seen at consultation:

 A. Patient 1, with erythematous linear excoriations and scabs with secondary impetiginisation localized on the face B. 

Patient 2, with erythematous macules, crusts and scabs localized to the face. C. Albopapuloid papules and atrophic 

scars typical for epidermolysis bullosa pruriginosa (EBP) on the upper chest. The patients gave permission to publish 

the photographs.
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98 7 SUBSTANTIATING ATYPICAL PHENOTYPES AND BEYOND
The aim of this thesis was to further our understanding of the divergent phenotypes seen in 
the inherited blistering disease, epidermolysis bullosa (EB). In this final chapter, I would like 
to extract the main findings of the studies presented in Chapters 2-6 and discuss them in a 
broader perspective with focus on future research of EB.
The PLEC gene was a prominent centre of focus for the study of a novel subtype of EBS 
(Chapter 2) and the solved cold case of EBS with muscular dystrophy (EBS-MD) (Chapter 
3). For this reason, this chapter begins with a collective discussion on how these two studies 
impact the current understanding of the plectinopathies and genotype-phenotype correla-
tions in EBS-MD. Next, I will discuss the annotation of the EB phenotype and what this could 
mean for EB diagnostics based on conclusions drawn in Chapters 5 and 6. Furthermore, 
I describe the changes that have taken place in the time that this thesis was finalized with 
regards to mutation analysis and how the described intronic mutations (Chapters 3 and 4) 
can be sequenced. Finally, I conclude with recommendations for studying unsolved EB cases 
in the future
.
THE PLECTINOPATHIES AND ALTERNATE SPLICING OF PLEC 
Plectinopathies observed in humans can be divided into isoform specific and non-isoform 
specific. The currently known disease phenotypes are presented in Chapter 2.

Unique plectin isoforms 1a and 1c
Plectin is a key cytolinker protein mediating cell-cell adhesion in an array of tissues includ-
ing, but not limited to skin, muscle, and myocardium. 1,2 Consistent with this, mutations 
in the plectin gene PLEC, can result in multi-organ disease primarily manifesting with skin 
fragility and myopathy. 2 Multiple gene transcripts are generated from the single PLEC gene, 
which differ in their N-terminal sequences; specifically unique first exons. These transcripts 
are then translated into eight different tissue specific isoforms in humans. 3,4 The most prom-
inently expressed isoform of plectin in mouse and human keratinocytes in-vitro is plectin 1a, 
followed by plectin 1c, 1, 1f and 1d. 5

In Chapter 2, the objective of our study was to characterize phenotypic and biologic find-
ings of two patients with an isoform specific homozygous nonsense mutation in isoform 1a 
of PLEC. The homozygous mutation caused EB simplex (EBS) without muscular dystrophy, 
which we classified as a new skin-only plectinopathy, EBS-plectin 1a. These results implied 
that the plectin 1a isoform is the dominant plectin isoform in the basal epidermis supported 
by the following findings:

• An identical pattern and intensity of pan plectin staining (targeting all isoforms of plec-
tin) and isoform specific 1a staining at the basement membrane zone (BMZ) of healthy 
skin. This meant that the protein being expressed at the BMZ is for the greater part 
composed of the 1a isoform.

• The diminished plectin 1a mRNA (messenger RNA) expression seen in patient keratino-
cytes and fibroblasts. 

• An 84% reduction of total plectin polypeptide expression in keratinocyte extracts ob-
served in the two studied patients.



997These data suggest that a homozygous nonsense mutation affecting the specific 1a isoform 
reduces total plectin in the basal epidermis under the threshold of functional and structural 
compensation by other isoforms and/or other cytolinker proteins. Previously, the group of 
Prof. Wiche in Vienna first suggested that the 1a isoform is the crucial plectin isoform ex-
pressed by epidermal keratinocytes, which recruits polypeptides for hemidesmosome (HD) 
formation. 6 They performed extensive phenotypic analysis of the knock-in Ogna mouse 
that, like our patients, exhibited skin-only EBS without muscular dystrophy. The Ogna mouse 
carries an autosomal dominant missense mutation in the plectin rod domain (c.5998C>T, 
p.Arg2000Trp). Although not isoform specific, studies on the Ogna mutation disclosed 
distinct functions and cellular sub-localization of main plectin skin isoforms, 1a and 1c. 6 The 
Ogna missense mutation affecting the common plectin rod resulted in defective HD forma-
tion, which occurred through a degraded 1a, and not 1c isoform. This resulted in an exclu-
sive skin fragility phenotype. Evidently, when 1a is affected, be it through an isoform specific 
mutation or through the Ogna mutation, a skin phenotype will occur sparing muscle.  
When considering the epidermis as one entity, plectin isoform 1c predominates, accounting 
for 80% of plectin expression in the epidermis. 6,7 This ratio differs when looking at cultured 
primary keratinocytes, which offer more than 50% expression of isoform 1a. 8 As primary ke-
ratinocytes lack suprabasal layers, they express plectin 1a as their dominant isoform, which 
is consistent with our findings that 1a is dominantly expressed in the basal epidermis. Evi-
dently, isoform 1c is expressed in the suprabasal layers of the epidermis and in striated and 
cardiac muscle, and nerves. However, to date, there have been no reported mutations of 
suprabasal cleavage with muscle dystrophy and neuropathy in patients affected with PLEC 
mutations. The 1c expression in the suprabasal layers may be redundant, and fully compen-
sated for by other cytolinker proteins. 9

Plectin isoform 1c is also found to be the only major isoform in neurons of the central ner-
vous system. Fuchs et al. investigated plectin 1c deficient mice, and observed decreased 
motor nerve conduction velocity identified in the sciatic nerve, and no skin fragility. 10 Similar 
investigations as those done in Chapter 2 could be performed should a patient present with 
an isoform specific mutation in isoform 1c.
Currently, there is much on-going research aimed at the individual characterization of the 
remaining specific plectin isoforms. 9,11,12 Recent work done in Vienna by the group of Prof. 
Wiche, has shown in murine models that isoform 1 of plectin is involved in myonuclear mor-
phology organization in the desmin network in murine models. Skeletal myocytes deficient 
in isoform 1, would be expected to display impaired stability. 11 Furthermore, the 1b and 
1d isoforms have been linked to mitochondrial dysfunction and Z-disk myopathy respec-
tively. 9,12 Human phenotypes caused by isoform specific mutations in isoforms 1, 1b and 
1d remain to be reported. As the expression of these isoforms is concentrated in muscular 
tissues, a skin phenotype occurring from isoform specific mutations would not be expected 
owing to an intact isoform 1a.

ALTERNATE SPLICING IN EBS-MD AND RODLESS PLECTIN
The most well known form of alternate splicing in EBS plectinopathies occurs in EBS with 
muscular dystrophy (EBS-MD). 3,13 Alternate splicing of exon 31 in PLEC, encoding almost 
the complete rod domain has been observed previously in different tissues in rat and murine 



100 7 models. 3 The function of the rod in plectin conforms to that of other dimeric structures; 
the coiled-coil mediates dimerization with other plectin isoform monomers. Dimerization 
is acknowledged to be essential for the functioning of the plectin protein. 6 The non-coiled 
plakin repeat domains of plectin are also known to dimerize, while the globular end domains 
have been shown to participate in protein alignment. 14 Both these domains may therefore 
contribute to (functional) dimerization in the rodless plectin mice and humans. 15,16

The fact that EBS-MD patients maintain expression of a rodless isoform of plectin provokes 
the question if the rodless plectin variant has a specific function and in turn, if this can be 
exploited for therapy. 3,17 Rodless plectin has been detected in rat tissues, mouse brain, 
human keratinocytes, and skeletal muscle. 18,19 In human keratinocytes, the ratio of full length 
to rodless plectin is approximately 21:1, however it differs between tissues and cell types. 

19 In EBS-MD, rodless plectin is expressed, whereas in EBS-PA, all plectin expression is lost. 

20 The group of Prof. Sonnenberg in Amsterdam recently investigated whether the presence 
of rodless plectin compensates for full-length plectin in EBS-MD in turn ameliorating the 
phenotype when compared with EBS with pyloric atresia (EBS-PA). 20 Rodless knock-in mice 
(rodless plectin mice) did not show skin blistering or myopathy after extensive follow-up. 
Furthermore, ultrastructurally, hemidesmosomes were normal in number, distribution and 
morphology. Immunofluorescence staining of muscle showed a normal plectin pattern. A 
discriminating factor, which should be mentioned, is that the rodless plectin and mRNA 
expressed in rodless plectin mice was significantly higher than that of full-length plectin in 
their murine counterparts. This observation could partially contribute to the efficacy through 
which rodless plectin compensates for loss of full-length plectin in the rodless plectin mice.
Accordingly, it is possible to hypothesize that increasing the amount of rodless plectin in 
patients with EBS-MD might further ameliorate symptoms in these patients. If this is true, 
future research should be undertaken to investigate whether treatment strategies focussed 
on promoting exon 31 skipping, where the majority of EBS-MD mutations are located. This 
in turn would produce more rodless plectin possibly having a therapeutic effect in EBS-MD 
patients. Currently, antisense oligonucleotide mediated exon skipping is in the preclinical 
stages of research for dystrophic EB and a similar approach might be used in the case of 
plectin in EBS-MD. 21

RESCUE OF LETHAL EBS BY ALTERNATE SPLICING
Autosomal recessive nonsense or frameshift mutations in common plectin exons preceding 
and following exon 31 of PLEC have been reported to result in lethal EBS-PA. 21 In EBS-PA, 
plectin expression in skin is lost and death occurs shortly after birth in contrast to EBS-
MD, in which patients maintain some plectin skin expression and display moderate skin 
involvement, surviving to early adulthood. 17,19 This classification was put into question while 
studying the proband described in Chapter 3. Due to a homozygous intronic deletion, the 
wild-type splice site in exon 8 of PLEC was compromised, with as a consequence intronic 
retention and a premature termination codon (PTC). However, translation still appeared 
possible using an alternate 5’ splice site, resulting in a plectin protein that was 4 amino acids 
shorter. The patient developed EBS-MD and not, as expected from the localization of the 
PLEC mutation, lethal EBS-PA. The almost full-length protein, produced by virtue of the 



1017alternate splice site, not only saved the patient from developing a lethal variant of EBS, but 
also resulted in a clinically milder, forme fruste of EBS-MD. 

A novel physiologic plectin isoform
A serendipitous finding in Chapter 3 was that the internally truncated protein produced by 
the patient was also a physiological isoform found in skin, striated muscle and myocardium 
of healthy individuals. The missing four amino acids (299-302) encode the last portion of the 
actin-binding domain (ABD) in full-length plectin (see Chapter 1, Figure 3). 22 The interaction 
of plectin with integrin α6β4 secures attachment of the intermediate filaments to the extra-
cellular matrix. Plectin accomplishes this by connecting to the integrin α6β4 unit through the 
ABD. Earlier work has shown that the key ABD residues, which bind plectin to the β4 subunit 
are 148-150. 23 Thus, the four that are missed in the shortened transcript would theoretically 
not abolish this key interaction. Additional transfection studies would reveal whether lack of 
these four amino acids results in a detrimental effect on the hemidesmosome in vitro or if 
their presence in plectin is functionally redundant.
The functionality of the shortened transcript in target tissues is unknown. Further studies 
investigating other alternative plectin transcripts and their significance is warranted. Ideally, 
RT-PCR of mRNA extracted from cultured keratinocytes, myocardium, and muscle samples 
of a large population of healthy individuals covering the entire cDNA of PLEC could be 
performed to identify other alternate transcripts.

DEEP PHENOTYPING OF EPIDERMOLYSIS BULLOSA
Historically, annotation of phenotype in genetic disease has varied in literature, often seen 
as incomplete or imprecise. Mutation reports in EB seldom describe precise clinical and 
biological characteristics in a structured and consistent manner. As shown in Chapters 2-6, 
subtle differences in both clinical and cellular phenotype of patients affected with one main 
subtype of EBS, but occurring from mutations in two different genes, can assist the derma-
tologist with quick diagnosis, can help prognostic advice and can better assist in confirming 
genetic variants. 
The precise analysis of individual elements of a phenotype has been defined as ‘deep 
phenotyping’ where all individual elements encompassed within a phenotype are assessed. 

23 Affected individuals are grouped together based on their common characteristics. Their 
genomic information can then be used to look for, among others, common causal variants, 
response measurement to treatments, and epigenetic data markers. 24 
In the following paragraphs I will briefly discuss genotype-phenotype correlations described 
in Chapters 5 and 6.

Enamel and laminin-332 mutations 
In Chapter 5, we embarked on deep phenotyping of enamel pitting, a specific trait seen 
in junctional epidermolysis bullosa (JEB). Focal enamel abnormalities, in a subtle, localized 
form were manifested by parents of JEB patients, who were heterozygous LAMA3 functional 
null mutation carriers. This allowed us to consider this feature in a unique, isolated state; 
in the absence of skin blistering or other JEB traits. The young child affected with JEB in 
Family 351 described in Chapter 5, had inherited a splice-site mutation in LAMA3, from her 



102 7 mother who had enamel abnormalities. The observation of less than 2% α3 chain expres-
sion in the child indicated that the splice-site mutation c.4684+1G>A carried by her mother 
affected with dental abnormalities, behaves like a null mutation. This fact alone was one 
step forward in suggesting that half a dose of the α3 chain of laminin-332 will compromise 
the architecture of enamel, however not of skin. Further studies are warranted which would 
quantify laminin-332 in carriers, beginning with western blotting using keratinocyte extracts. 
Earlier reports of abnormal dentition in heterozygous carriers of LAMB3 mutations show 
much more severe dental abnormalities than our reported LAMA3 mutation carriers. 25-27 In 
the LAMB3 carriers, the extent of dental abnormalities was classified as amelogenesis im-
perfecta (AI), whereas in LAMA3 carriers, dental aberrations were localized and asymptom-
atic. 25-27 The precise reason for the difference in severity between the two genes is unknown. 
Most striking is that all reported LAMB3 mutations associated with AI are thought to escape 
nonsense-mediated mRNA decay (NMD), therefore generating a truncated protein (see 
Table 1 in Chapter 5). All but one, are located in the last exon 25-27  Subsequently, a mutant 
protein is likely expressed, which exerts a dominant negative effect more detrimental than 
haploinsufficiency of LAMA3 on the laminin heterotrimer in enamel. A dominant negative 
interference on a structural polypeptide interferes with not only its own function but of that 
of the product of the healthy allele. It is well known that dominant negative effects in struc-
tural polypeptides such as collagens are more destructive than one null allele in the same 
gene. 28 In both situations, skin fragility is absent. The lack of skin phenotype in these carriers 
might be explained by compensation by other basement membrane proteins, which are not 
available in enamel. Another explanation might be associated with laminin-332 secretion 
in target tissues. In keratinocytes, laminin-332 assembly begins with the formation of first a 
dimer composed of the β3 and γ2 chains, after which the α3 chain becomes incorporated. 29 
Considering this, the initial dimerization might be crucial for laminin-332 mediated amelo-
blast differentiation in enamel tissue, and severely compromised by a primarily defective 
dimer through the β3 chain. The fatal subtype of JEB-generalized severe is caused by 
null mutations in LAMB3. 30 Both parents of children affected with JEB-generalized severe 
are obligate heterozygous carriers, however to date, there are no reports of AI or other 
enamel abnormalities in this population. There are several possibilities for this. Carriers are 
not screened specifically for enamel abnormalities. Another reason might be that certain 
mutations in the JEB population affect the amino terminus of the laminin-332 heterotrim-
er, which is not involved in binding of the three subunit chains. 25 These mutations are less 
likely to lead to expression of a mutant protein and would rather cause knockout of the one 
allele. If this should happen, subtle enamel changes such as in the LAMA3 carriers might be 
expected and could be missed. It is of course plausible that not all carriers have abnormal 
dentition, a phenomenon seen in COL17A1 null mutation carriers.  31 

Pruritus and dystrophic epidermolysis bullosa 
Itch in dystrophic epidermolysis bullosa (DEB), as described in Chapter 6, is a challenging 
phenotypic trait to measure and quantify. Most EB patients experience itch, as is expected 
in the situation of chronic wound healing. 32 A recently performed systematic review of gen-
otype-phenotype correlations of published epidermolysis bullosa pruriginosa (EBP) cases 
done by the group of Prof. Pope confirms that the majority of reported cases are associated 
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ports the initial finding of EBP in our two patients affected with the heterozygous mutations: 
c.6227G>T, p.Gly2076Val (Patient 1) and c.6128G>A, p.Gly2043Glu (Patient 2). The subtle 
difference from classic EBP seen in two young women with epidermolysis EBP-excoriée 
was carefully considered, because of the immense psychosocial impact and atypical clinical 
presentation. What was different here than for classic DEB pruritus was that itch was felt 
on clinically healthy, non-lesional skin provoking habitual scratching. This excoriée variant 
goes one step further towards deep phenotyping than the classic description of pruritus. 
Further analyses of pruritus encompassing precise onset, alleviating and aggravating factors 
and response to treatment in EB are important, because of the dramatic impact on quality 
of life. Classification is well underway for chronic pruritus, and the use of grouping pruritic 
complaints based on skin changes should be regularly employed for better targeted therapy 
development. 34 

Deep phenotyping and the cold cases 
When considering cold cases, meticulous analysis of clinical and biological traits, in the form 
of deep phenotyping has in previously reported cases helped identify candidate genes. 
Ultimately, better classification of phenotypic traits in each subtype of EB should be the goal 
of treating centres. This is an immense challenge due to a number of issues. The phenotype 
can drastically change from that seen in the neonate vs. adult patients. Skin changes can be 
subtle, go unnoticed by both the clinician and patient themselves, and can vary between 
family members affected by the same genetic mutation. Therapy of EB will no doubt be 
aimed at implementing a personalized approach as the extent of affected skin, presence 
and absence of extracutaneous features, and age of onset all vary between subtypes. 
Characteristics, such as likelihood of aggressive cancer from chronic cutaneous and extracu-
taneous wounds in recessive DEB, might intensify screening regimens in these patients. A 
second factor such as propensity to colonization with certain forms of bacteria might direct 
antibiotic therapy over the course of the patient’s life. 
The concept of epigenetics can also be considered as a part of deep phenotyping. 35 A 
term with many definitions, the  ‘epi’ is the Greek word referring to ‘over’ or ‘outside of’; 
the inheritable traits, which cannot be explained by changes in a DNA sequence. One of 
the best examples includes altered DNA methylation affecting gene transcription. Others, 
such as environmental and developmental factors may influence EB disease phenotypes but 
would not be revealed by any form of DNA sequencing. To date there have been no reports 
of epigenetic phenomena in EB.
One way to structurally organize phenotypic findings as a global EB community may be 
through the Human Phenotype Ontology (HPO). The HPO is a platform, which aims to com-
putationally organize phenotypic data from all forms of human disease. 36,37 HPO includes a 
standardized vocabulary of more than 11,000 entries describing defects of human disease 
conditions. 36 The value of deep phenotyping was exemplified in the study performed by 
Westbury et al. of a patient population affected with bleeding and platelet disorders.34 By 
precisely characterizing the patient phenotype they assigned specific HPO terms to af-
fected individuals. They showed that with statistical cluster analyses, causal gene variants 
were likely to cluster based on their common HPO-coded phenotypes. Although this route 
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obstacles to overcome. Bleeding and platelet disorders are much more commonly encoun-
tered than EB, which may impede large-scale analyses. Sample sizes for such analyses must 
be large and heterogeneous enough in order to significantly facilitate locus identification 
and later gene discovery. Collective collaboration of EB centres would also assist in data 
collection however it would still remain challenging to find multiple affected individuals with 
same phenotype. Also, as described in this thesis, many pathogenic variants in EB genes are 
extremely rare (Chapters 2 and 3) and using HPO terms for deep phenotyping would not 
assist in identifying pathogenic variants in these families.

REVOLUTIONIZING GENOME DIAGNOSTICS IN EB
Next generation sequencing
In recent years, sequencing of individual candidate genes in inherited diseases caused by 
multiple genes using Sanger sequencing (SS) has slowly become phased out, and replaced 
with the introduction of Next Generation DNA sequencing (NGS). 38,39 One of the first suc-
cessful clinical applications of NGS was in a rare disease called Miller Syndrome. 40 
NGS is a catch-all term referring to modern sequencing technologies, which all have in 
common parallel gene sequencing of DNA. This can be done using the entire genome 
termed whole genome sequencing (WGS) or specifically the protein- coding component 
of the genome, the exons, in whole exome sequencing (WES). WGS screens more than 3 
billion nucleotides of human DNA, identifying anywhere between 2-3 million variants in an 
individual, whereas WES scans the exons of human genes (less than 2% of the genome) and 
discloses approximately 20,000-30,000 variants. 
The concept of NGS entails: reading (sequencing) DNA, identifying variations in DNA, com-
parison of variations with a reference library and filtering the data set based on different fac-
tors. For a detailed review of NGS technologies see Metzker et al., 2010. 41 In the following 
paragraphs, the advantages of using WES in EB diagnostics and research will be discussed, 
followed by the limitations together with suggestions for overcoming them.

Advantages of WES
Parallel, multiple gene sequencing:  EB is an extremely heterogeneous skin disease owing 
to the diversity of the many involved genes. WES, in the form of targeted gene panels in EB 
is defined by parallel analysis of all protein encoding regions (exons) and flanking introns of 
the 18 EB genes, providing an attractive option for effective molecular diagnosis. With the 
number of pathogenic genes continuously growing, targeted gene panels offer the most ef-
ficient molecular analysis over SS. 42 This has caused a drastic shift when approaching classic 
EB diagnosis. The advantage over SS is the time saved with parallel scanning of all genes 
in one test, vs. individual sequencing of genes one by one. The quality of WES is constantly 
improving and the idea to perform WES standard for all diseases and eliminate targeted 
disease panels is also becoming an option.
Comprehensive coverage of exons: Current genetic knowledge is majorly limited to 
exons, facilitating data sorting of relevant and irrelevant variants. Variants are disclosed in 
all known EB genes, which will show not only causative variants, but polymorphisms carried 
in other EB genes. In addition to identifying pathogenic variants, polymorphism will be 
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this was shown when Sproule et al. studied a JEB murine model homozygous for a JEB 
generalized intermediate LAMC2 mutation. 43 They showed that seemingly innocuous allelic 
variants of COL17A1 were a strong genetic modifier in this form of EB, and affected the 
BMZ adhesion in the presence of the LAMC2 mutation. 43 Such genetic modifiers involved in 
EBS might include proteins influencing keratinization, wound healing and hemidesmosomal 
stability. Aside from known EB genes, collective polymorphisms in genes related to epi-
thelial structural and functional proteins might contribute to the clinical presentation of EB. 
An example of this possibility was reported recently by Posalvafi et al., while studying the 
genetic cause of patients with inherited cardiomyopathies for which there are over 70 dis-
ease-causing genes. They identified a variant cluster of (mostly) missense mutations encod-
ing the plectin rod domain in the PLEC gene in Dutch and UK patient cohorts. 44 Based on 
their findings, they hypothesized that these specific genetic variations might impact cellular 
junctions and increase susceptibility for cardiomyopathy.  44 
Genetic modifiers might be more useful when studying phenotypic variability within families, 
but WES will identify these variants and may even reveal bigenic causes of EB. However, 
proving causality of a detected variant is enormously difficult and deems convincing func-
tional analysis.

Limitations of WES
Although WES has revolutionized genome diagnostics, there are certain drawbacks which 
should be mentioned.
Data interpretation: Although limited to exons, thus to 2% of the human genome, data 
interpretation in WES is the biggest challenge in both the clinical and research setting. 
Filtering of variants is possible with different algorithms that can classify variants as benign, 
likely benign, variants of unknown significance, or pathogenic. To do this, generally speak-
ing the data interpretation consists of assessing pathogenicity by using prediction software, 
segregation analysis within families, and checking frequency of the suspected variant in 
population databases. Certain types of mutations remain difficult to capture even with NGS 
technologies, such as insertion/deletion mutations. 

In Chapter 4, SS had repeatedly failed to disclose pathogenic mutations in KRT5. We 
performed WES using three family members furthest away from one another in the pedigree 
in order to minimize the number of shared variants between individuals. Regardless, after 
employing standard filters, these three individuals still shared hundreds of variants which 
had to be sorted. It was later determined that the forward read of the primer pair covering 
the region of the intronic mutation in initial SS provided a double sequence, whereas the 
reverse had missed the mutation.

When a suspected variant is found with sequencing techniques, the pattern of inheritance 
may be difficult to determine and even WES does not overcome this hurdle. Identification 
of a heterozygous variant in an autosomal dominantly inherited disease in a family may not 
necessarily indicate pathogenicity and this problem is not overcome by WES. An example 
of this with relation to EB genes occurs in mutations in KRT14. Heterozygous nonsense or 
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syndrome, which was hypothesized to arise from haploinsufficiency of keratin 14. However, 
heterozygous carriers of recessive nonsense KRT14 mutations, which when inherited in a au-
tosomal recessive form cause EBS, are clinically healthy putting this theory into question. 45,46

Missed noncoding regions: With the exception of the splice site regions, variations in 
non-coding regions will be missed. These include intronic sequences, together with promot-
er and regulatory untranslated regions of genes. As presented in Chapters 3 and 4 of this 
thesis, intronic mutations may, however, harbour pathogenic mutations. DNA sequencing 
with SS and WES is directed to sequence the protein encoding regions of the genome, the 
exons and exon/intron flanking sequences spanning 50-100 nucleotides. 47 The region of 
interest however, which is chosen for interpretation are the flanking sequences, typically 
5-10 nucleotides at the intron/exon border. Intronic mutations are pathogenic in different 
situations. Typically, mutations affecting 5’or 3’ conserved di-nucleotides in splice sites can 
lead to aberrant splicing. 48 Mutations affecting the di-nucleotides GT and AG, which are 
conserved at the 5’and 3’ splice sites respectively can result in intron retention (Chapter 
3), exon skipping (Chapter 4). In both cases of pathogenic intronic mutations described in 
this thesis, there was overwhelming biological evidence pointing to candidate genes PLEC 
and KRT5/KRT14. If intronic mutations are far enough into the intron such as presented in 
Chmel at al.,  49 they will be missed in WES. The described intronic mutation in Chapter 4 
was located at the +2 nucleotide affecting intron 6. The proximity to the exon/intron border 
allowed it to be detected by WES. 

Incidental findings: The discovery of pathogenic variants not associated to disease remains 
an ethical issue in NGS practise, i.e. incidental (secondary) findings of (amoung others) neu-
rodegenerative disease and cancer. There is no international consensus as to what informa-
tion must be communicated back to the physician (issuing the WES) and patient.  38,41

Overcoming the hurdles of WES
Directed data interpretation and limiting incidental findings: As mentioned earlier, the 
number of genes analysed for each patient is limited by employing targeted capturing such 
as in the targeted gene panels. Generally speaking, data interpretation begins with routine 
filters, which allow separation of sequenced variants occurring in healthy populations from 
those sequenced in patients. A directed choice of standard filters virtually eliminates the 
chance of incidental findings because of the strict selection of genes. Currently, variants 
are screened against an in house reference database of sequenced individuals, and other 
databases in order to eliminate as many benign variants as possible which are present in 
individuals not affected with the disease. Afterwards, variants in genes screened by targeted 
panels are considered. Supporting information on phenotype and biopsy findings obtained 
in the clinic prior to sequencing would indicate a subtype of EB such as EBS, with for exam-
ple a strong suspicion of a keratin mutation. Variants occurring in these genes (ie. KRT5 and 
KRT14) would first be investigated and eliminating the chance of incidental findings. Finally, 
segregation analysis would follow to assess whether all affected individuals within a family 
carry the suspected variant(s). Causality of the variant is also supported by identical pattern 
of inheritance within all affected individuals. 
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ed variants and the clinical findings strongly indicate a certain candidate gene, noncoding 
regions can be screened in order to exclude mutations lying outside of exons. A possible 
method is by performing RT-PCR on mRNA isolated from skin and/or blood. An aberrant 
splicing pattern could point to an intronic mutation. When this method is employed for all 
mRNA isolated from target tissue, this technique is referred to as RNA sequencing (RNA-
seq), which is based on generating copy DNA (cDNA) sequences assembled from RNA 
isolated from target tissue (skin or epithelia). 50,51 Subsequently, from the mRNA library is 
produced and compared to a reference sequence. As opposed to traditional hybridization 
based methods, there is no need for probe design. RNA-seq can reveal transcriptional start 
sites, alternative promoter sequences and inform on premature transcription termination. 52 
Also, information of different mRNA isoforms derived from alternative splicing (occurring for 
example in PLEC and COL7A1) are disclosed. 52 Gene expression in organisms varies within 
cells, changes with different stimuli such as inflammation and can vary over time with devel-
opment of an organism. RNA-seq can quantify transcript level and monitor changes seen in 
different developmental stages. RNA-seq might be an interesting platform in particular to 
study EB phenotypes in which amelioration of disease is traditionally seen over time (EBS, 
generalized severe Chapter 4). 

SKIN BIOPSIES ARE NOT OBSOLETE IN EB 
With the emergence of NGS techniques, the primary emphasis is being put on molecular 
diagnosis instead of on skin biopsies. Since a simple blood test can be used to screen for a 
genetic mutation and make an EB diagnosis, should the dermatologist still take a skin biop-
sy? This largely depends on the particular patient, clinical presenting symptoms, disclosed 
genetic mutation, or lack thereof. As presented in Chapter 1, biological clues have lead to 
the discovery of causative genes in many cases. Other important indications are the follow-
ing:

Quick EB diagnosis: Skin microscopy techniques still offer the quickest diagnosis of EB 
with immunofluorescence antigen mapping (IF), within 24hrs which can later be con-
firmed with transmission electron microscopy (TEM) (the Groningen experience). This 
short period may be a strong argument for taking a skin biopsy when there is clinical 
suspicion of EB in a neonate. Although currently, therapy is supportive for all newborns 
presenting with EB (with the exception of JEB-severe generalized for which it is pallia-
tive in the Netherlands 30,53), a diagnosis or exclusion thereof within 24 hrs can avoid the 
standard current waiting time of up to two months for a mutation result. 

Novel splice-site mutations: Acquirement of skin biopsies is essential is when mutation 
analysis reveals splice-site mutations (and example is shown in Chapter 4). The conse-
quences of splice-site mutations on RNA must be assessed in order to determine the 
resulting effect on expressed protein.  
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with phenotype assessment will first of all point out the initial candidate genes suspect-
ed of containing mutations. This way the clinical geneticist can focus on variants in genes 
associated with certain subtypes. Also, the number of genes in which noncoding regions 
should be checked (i.e. introns) is then specified. When NGS techniques reveal variants, 
these variants still need to have proven pathogenicity. Biopsy data aids in determining if 
the variant found is in fact the cause of the patient’s disease. 

Skin protein expression: The expression level of the affected protein in the epidermis 
determines classification and prognosis in EB. For instance, in DEB, it has been shown 
that expression levels of type VII collagen correlate with the extent of the phenotype. 

54 By obtaining an approximation of type VII collagen expression by IF, the clinician can 
approximate onset and extent of extracutaneous lesions. This is an important factor to 
consider for genetic counselling and prognosis in rare cases of DEB without an identified 
COL7A1 mutation. 

Research: Aside from diagnostics, the value of EB skin biopsies in dermatology research 
must not be overlooked. This is beautifully exemplified by the discovery of the phenom-
enon of revertant mosaicism in skin, in which protein expression is restored in healthy 
looking skin patches. 55 Furthermore, overexpression of epidermal proteins such as kera-
tin 15 in a homozygous KRT14 null mutation patient, first brought to light the fact that a 
compensation mechanism occurred in these basal keratins, thus expanding knowledge 
of keratinocyte biology. 56 
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FINAL CONCLUSIONS ON CHANGING EB DIAGNOSTICS AND THE 
COLD CASE APPROACH
Over the last couple of years, tremendous progress has been made in the diagnosis of 
EB. When work began on this thesis, each patient was diagnosed in the same fashion (see 
Chapter 1). With the growing knowledge on the genetic heterogeneity of EB and the intro-
duction of NGS techniques, the classic diagnostic algorithm is changing. 
In the future, the ideal diagnostic process of EB would consist of evaluation of pheno-
type and a diagnosis including subtype based on a genetic mutation with a DNA sample 
obtained by minimally invasive techniques such as a blood or saliva sample. However, as 
already mentioned, IF still offers the quickest diagnosis therefore should be done concur-
rently to obtaining a DNA sample when suspecting EB in a neonate. The proposed model 
described in Figure 1 is purely for obtaining a genetic diagnosis. In most cases of EB, knowl-
edge of the pathogenic mutation suffices for diagnosis. Skin biopsies may later be taken 
when prognostic advice deems them necessary, for example in dystrophic EB where type 
VII collagen expression in skin correlates with severity of phenotype. This information has 
been collected in the International DEB Patient Registry (www.deb-central.org) to facilitate 
genetic counselling and prognostic advice for dermatologists and clinical geneticists around 
the world. 57 

The two most important conclusions learned from studying atypical phenotypes and cold 
cases described in this thesis, which are relevant for cold case studies in the future, are: 
1) Necessity to re-evaluate candidate genes based on biological evidence (skin biopsies and 
phenotype)
2) Non-coding regions of genes may contain pathogenic variants 
Based on these conclusions, the following cold case approach is proposed in Figure 2. 
Re-evaluation of phenotype is essential and differential diagnoses of EB should be consid-
ered and excluded. In some cases, as described in Chapter 5, evaluation of family members 
of affected patients for epithelial abnormalities might aid in identifying candidate genes 
such as LAMA3 or LAMB3 in JEB. 
Skin biopsies should be re-evaluated for level of skin cleavage, protein expression, ultra-
structural findings in TEM (Figure 2:II). Nanotomy, large-scale Google Earth-like online 
imaging using TEM, has recently been used to extensively study skin and mucosa of other 
blistering diseases including pemphigus vulgaris and pemphigus foliaceus. 58 The develop-
ment of an ultrastructural nanotomy map of EB characteristics might assist in this. Based 
on these first two steps, candidate genes will most likely be pinpointed (Figure 2:III). By a 
strong suspicion of candidate genes such as described in Chapters 3 and 4, (re)sequencing 
of genes including exons, introns, and other non-coding regions is warranted (Figure 2:IVa). 
At this point, should no mutations be found in the most suspected candidate gene, WES 
combined with segregation analysis to identify the new causative loci would then be the 
following step to assess genes outside the scope of targeted disease panels. If unsuccessful, 
WGS can be done (Figure 2:IVb). 
Although not described in this thesis, other cold cases of EBS in the Groningen cohort have 
been solved by simple re-sequencing of candidate EBS genes and by reconsideration of 
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differential diagnoses. Nonetheless, there are still families affected with EB who remain 
unsolved genetically. The possibility of a new EB gene still exists. A single report of homozy-
gous nonsense mutations in CD151 encoding tetraspanin have been previously implicated 
in pretibial epidermolysis bullosa in two Israeli siblings. Both reported patients had extracu-
taneous disease such as renal failure and deafness. Although tetraspanin is a component 
of mature hemidesmosomes in the skin, CD151 null mice show no signs of skin fragility. 59 
In light of the most recently discovered EBS gene, EXPH5, 60 the search for new EB genes 
should focus on proteins indirectly involved in cell-cell adhesion of epithelial tissue, such as 
Slac2b.

FINAL NOTE 
EB is a disease like no other. All these options present exciting challenges for future re-
search of EB and there is still much work left to be done. By fully characterizing the disease 
on a biological and molecular level, potential therapies can be better aimed at a person-
alized approach, which ultimately will benefit the most important members of the research 
team, our patients.

1117
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Figure 1. Proposed diagnostic algorithm of epidermolysis bullosa (EB). This model shows the proposed diagnostic 

path when suspecting EB in light of NGS techniques. IF: Immunofluorescence antigen mapping, TEM: Transmission 

electron microscopy
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Figure 2. The Cold Case approach. Described are the steps in order of relevance when undertaking a cold case of EB. 

IF: Immunofluorescence antigen mapping, TEM: Transmission electron microscopy, WES: Whole exome sequencing, 

WGS: Whole genome sequencing
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120 8 This thesis is a collection of studies centering around molecular diagnostics of epidermolysis 
bullosa (EB), produced by a collaboration between the Departments of Dermatology and 
Genetics in the Centre for Blistering Diseases of the University Medical Center Groningen in 
Groningen, the Netherlands. 
The aim of the performed studies was twofold: I) to report and explain atypical phenotypes 
of EB with meticulous description of the clinical phenotype, supported by functional and 
molecular studies. In this way we aimed to further the understanding of specific adhesion 
molecules involved in EB; and II) to solve the cold cases of EB patients i.e. those patients 
lacking a molecular diagnosis with specific focus on the largest group in the Dutch registry, 
(basal) epidermolysis bullosa simplex (EBS).
In Chapter 2, we describe the novel, isoform specific mutation identified in the 1a isoform 
of PLEC. We studied two sisters who were born to consanguineous parents. They suffered 
from mild skin blistering which began at 1.5 years of age. From the age of 3 years, onycho-
dystrophy of hand and toenails was present. Blistering became generalized in both girls 
during puberty, during which skin lesions healed with scarring and hyperpigmentation. 
Mucous membranes and tooth enamel were normal. Routine immunofluorescence antigen 
mapping (IF) of patient lesional skin revealed intraepidermal cleavage low in basal cells 
indicating a pseudojunctional split diagnosing EBS. Staining with antibodies targeting all 
isoforms of plectin (10F6) showed reduced intensity when compared to control, whereas a 
1a isoform specific purified antibody (plectin-1a) showed negative staining. Transmission 
electron microscopy (TEM) revealed hypoplastic hemidesmosomes and intraepidermal 
pseudojunctional cleavage in the epidermis. In mutation analysis, a homozygous nonsense 
mutation in the 1a isoform (P1a), c.46C>T was disclosed, leading to a premature termination 
codon p.Arg16X. IF was performed with 10F6 and plectin-1a on control striated muscle and 
myocardium from normal human cadavers to study the expression of P1a in these tissues. 
P1a was not expressed in both tissues, whereas the shared plectin epitope was prominently 
stained at Z-disks of striated muscle and intercalated disks of myocardium. Examination by 
neurologist and cardiologist indeed showed no signs of myopathy or cardiomyopathy. By 
additional supporting functional studies, we were able to conclude that the 1a isoform is the 
dominant plectin isoform in the basal cell layer of the epidermis. This was shown by 1) the 
identical pattern of P1a and pan-plectin staining by IF of skin tissue, 2) the 84% reduction 
of pan-plectin polypeptide by Western blot in patient keratinocyte extracts, and 3) a higher 
level of plectin 1a mRNA transcript in cultured human keratinocytes. This novel mutation 
found in two sisters resulted in skin-only EBS, a new plectinopathy caused by P1a deficiency. 
In Chapter 3 we continued the investigation of unconventional PLEC genotypes by studying 
a cold case patient without known cause, who presented with clinical EBS with progressive 
muscular dystrophy in the subtype epidermolysis bullosa simplex with muscular dystrophy 
(EBS-MD). A 17-year old girl born to consanguineous parents suffered from acral blistering 
and nail dystrophy, which began shortly after birth. In addition, she had mild skeletal muscle 
dystrophy present since puberty. IF with pan-plectin antibodies showed strongly reduced 
expression of plectin. TEM indicated pseudojunctional cleavage. Neurological and cardio-
logical consultations indicated myopathy and cardiomyopathy, respectively. Her father and 
brother had died from sudden cardiac death at very young ages, and two of her three sisters 
suffered from cardiomyopathy. Her older brother had also suffered from similar skin blister-



1218ing. Her clinical phenotype together with findings from skin biopsies pointed to PLEC as the 
candidate gene. Initial mutation screening with Sanger sequencing of the 32 coding exons 
of PLEC including intron/exon borders showed no mutations. Nonetheless, IF, TEM and the 
clinical picture was highly suspicious for EBS-MD. Therefore, the PLEC gene was carefully re-
screened including complete intronic sequences. A homozygous deletion, c.906+19_40del 
in intron 8 was found in the index patient. Subsequent mRNA studies using RNA isolated 
from patient keratinocytes showed intron 8 retention leading to a frameshift and a prema-
ture termination codon, p.Val303_Pro313ins11*. Consequently, this mutation predicted 
complete loss of plectin expression affecting all isoforms. An unexpected finding during 
mRNA analysis was the identification of an additional transcript 12 nucleotides shorter than 
wild type. This product resulted from the use of an alternative splice site 12 base pairs 
upstream from the exon 8 splice donor site. The presence of the shorter transcript was also 
identified in healthy human control skin, striated muscle and myocardium. When the splice 
site was used, a resulting plectin protein short of 4 amino acids in the actin binding domain 
was produced. This slightly shortened protein explained the remaining, but reduced, plectin 
signal in patient skin. The location of the homozygous null mutation in the index patient 
predicted development of the lethal subtype of EBS occurring with pyloric atresia (EBS-PA), 
but due to the alternative splice site, EBS-PA was averted. Instead, the patient developed a 
forme fruste of EBS-MD due to the production of a functional physiological plectin isoform. 
In Chapter 4, we studied the second EBS cold case in a four generation Dutch family 
presenting with many affected individuals. The presented subtype, EBS, generalized severe 
is caused in the majority of cases by autosomal dominant missense mutations, which affect 
the obligate coiled coil formation of the keratin heterodimers.  All affected family members 
displayed cutis aplasia congenita at birth, herpetiform blistering of skin and mucous mem-
branes all with marked improvement with age, and palmoplantar keratoderma. Skin biopsies 
were taken for diagnostic studies from the 50-year-old female index patient. IF indicated 
intraepidermal cleavage of the basal layer and unchanged expression of keratin 5 and 14. 
TEM showed lateral aggregation of keratin filaments, insufficient tonofilament insertion into 
the hemidesmosomes, and acantholysis. Mutation analysis performed in all affected individ-
uals of KRT5 showed a heterozygous intronic deletion c.1218+2_1218+31del. The deletion 
resulted on mRNA level in in-frame skipping of exon 6 of KRT5, explaining classic EBS, 
generalized severe phenotype. Interestingly, it was once again the intron that harboured the 
pathogenic mutation resulting in the first reported case of in-frame exon skipping in KRT5 
causing EBS, generalized severe. This case, stressed once more the importance of screening 
of introns in unsolved EBS cases.
In Chapter 5 we investigated enamel pathology in junctional EB (JEB). Enamel abnormali-
ties are a universal feature of JEB. Recently, our group identified that heterozygous carriers 
of null mutations in LAMA3 displayed subtle enamel pitting in the absence of skin fragility. 
We identified two new LAMA3 functional null mutations: nonsense c.2377C>T (p.Arg793Ter) 
and splice site c.4684+1G>A mutation in heterozygous carriers exhibiting such dental 
abnormalities. Both parents had offspring affected with JEB and displayed subtle enam-
el pitting of secondary dentition without any sign of skin blistering. We showed that the 
splice site mutation c.4684+1G>A behaved like a LAMA3 null mutation, in that less than 
2% expression of intact laminin α3 protein was observed in the performed immunoblot of 



122 8 keratinocyte lysates obtained from the affected child. Enamel pitting seen in carriers of null 
LAMA3 mutations is milder than reported enamel abnormalities seen in carriers of domi-
nant-negative LAMB3 mutations, who show generalized enamel hypoplasia termed amelo-
genesis imperfecta. We concluded that subtle enamel pitting can occur from haploinsuffi-
ciency for the a3 chain of laminin-332. 

Comprehensive understanding of phenotypic traits in the immense clinical EB spectrum 
is revisited in Chapter 6, this time in a subtype of dystrophic EB (DEB) presenting with 
severe pruritus. We studied two young unrelated female patients affected with dominant 
DEB due to heterozygous glycine substitution mutations. Due to severe itch, both patients 
were further classified as EB pruriginosa (EBP), a subtype of DEB. However, both women 
had pruritus in the face and décolleté, a presentation that was not reported before in the 
literature of EBP. What was remarkable in our two patients was that the itch did not start in 
classic locations such as pretibial skin, nor did it lead to violaceus papules and plaques after 
traumatic scratching. It was not secondary to EB lesions, but localized to intact non-inflamed 
skin of the face and décolleté.  The excoriations, which resulted from compulsive scratching, 
strongly resembled neurotic artefacts. Psychogenic causes were excluded and we classified 
this presentation as EBP-excoriée. 
Finally, in Chapter 7 our findings are discussed in the light of the newest genetic sequenc-
ing (NGS) techniques. We discuss the role of NGS is in the diagnostics and research of EB. 
With these techniques in mind, we suggest a comprehensive clinical approach to unsolved 
genetic cases of EB.
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126 9 In dit proefschrift worden studies beschreven die zich concentreren op de moleculaire diag-
nostiek van epidermolysis bullosa (EB). De studies zijn tot stand gekomen door de samenw-
erking van het Centrum voor Blaarziekten van de afdelingen Dermatologie en Genetica van 
het Universitair Medisch Centrum Groningen, Nederland.
Het doel van de studies was tweeledig: I) het beschrijven en verklaren van atypische 
fenotypes binnen het EB spectrum met een nauwkeurige beschrijving van de verschillende 
klinische fenotypes, ondersteund door functionele en moleculaire studies. Het doel van 
deze studies was het verbeteren van de huidige kennis omtrent de specifieke adhesie mole-
culen die betrokken zijn bij EB; en II) het oplossen van de zogenaamde “cold cases” binnen 
EB. Dit betreft EB patiënten bij wie een moleculaire diagnose tot op heden nog ontbreekt. 
Hierbij richtte het onderzoek zich met name op patiënten met (basale) epidermolysis bullosa 
simplex (EBS). Dit is de grootste groep van EB patiënten binnen de Nederlandse EB data-
base. 

In hoofdstuk 2 beschrijven we de nieuwe isovorm specifieke mutatie die geïdentificeerd 
werd binnen de 1a isoform van PLEC. We onderzochten twee zussen geboren uit een 
consanguin huwelijk (een huwelijk tussen twee familieleden). Beide zussen leden sinds de 
leeftijd van 1,5 jaar aan milde blaarvorming van de huid. Vanaf driejarige leeftijd ontwik-
kelden ze onychodystrofie (abnormale nagels) van de handen- en teennagels. De blaar-
vorming ontstond gegeneraliseerd over het lichaam in hun puberteit, waarbij de huidlaesies 
genazen met littekenvorming en hyperpigmentatie. De slijmvliezen en het tandvlees waren 
niet aangedaan. Met routine immunofluorescentie (IF) antigeen mapping van laesionale 
(aangedane) huid werd intra-epidermale splijting in de onderste lagen van de basaalcellen 
gezien, wat wijst op een pseudojunctionele splijting, passend bij EBS. In vergelijking met 
huid van gezonde controles, toonde de huid van deze aangedane zussen een verminderde 
intensiteit van de kleuring met antilichamen tegen alle isovormen van plectine (10F6). 
De kleuring met een 1a isovorm specifiek puur antilichaam (plectine-1a) was negatief bij 
aangedane huid. Transmissie electronen microscopie (TEM) toonde hypoplastische desmo-
somen en intra-epidermale pseudojunctionele splijting in de epidermis. Met mutatie analyse 
werd een homozygote nonsense mutatie in de 1a isoform (P1a), c46C>T, geïdentificeerd, 
resulterend in een prematuur stopcodon, p.Arg16Ter. Om de gevolgen van mutaties in 
P1a op het uiteindelijke fenotype verder te onderzoeken werd IF onderzoek verricht op 
gestreept spierweefsel en myocard van gezonde humane kadavers om de expressie van 
10F6 en P1a in deze weefsels bij gezonde controles nader te bestuderen. In beide weefsels 
kwam P1a niet tot expressie, terwijl het antilichaam gericht tegen het gezamenlijke plectine 
epitoop wel duidelijk aankleurde ter plaatse van de Z-discs van gestreept spierweefsel en 
de intercalated discs van het myocard.  Nader onderzoek door een neuroloog en cardioloog 
toonde inderdaad geen tekenen van myopathie of cardiomyopathie bij de zussen. Op basis 
van aanvullende functionele studies konden we concluderen dat de 1a isoform van plectine 
de dominante plectine isoform in de basaallaag van de epidermis is. Dit werd aangetoond 
door: 1) het identieke patroon van plectine 1a en van pan-plectine in huid door IF kleuring; 
2) een 84% afname van pan-plectine polypeptide met Western blotting op keratinocyten 
extract van patiënten en 3) een hoger aantal plectine 1a mRNA transcripten in gekweek-
te humane keratinocyten. De nieuwe mutatie die wij identificeerden bij deze twee zussen 



1279leidde tot een nieuwe plectinopathie veroorzaakt door een P1a tekort, resulterend in EBS 
beperkt tot de huid.
In hoofdstuk 3 zetten we het onderzoek naar onconventionele PLEC genotypes voort door 
een “cold case” patiënt te onderzoeken met klinische verschijnselen van EBS gepaard 
gaande met progressieve spierdystrofie door onbekende oorzaak. Derhalve valt deze 
patiënt binnen het subtype EBS met musculaire dystrofie (EBS-MD). Het betreft een jonge 
vrouw van consanguïne ouders die sinds kort na de geboorte lijdt aan acrale blaarvorming 
en nageldystrofie. In de puberteit ontwikkelde ze tevens skeletspierdystrofie. IF kleuringen 
met pan-plectine antilichamen toonden een sterk gereduceerde expressie van plectine. 
TEM toonde een pseudojunctionele splijting. De neuroloog en cardioloog diagnosticeerden 
respectievelijk myopathie en cardiomyopathie. De vader en broer van patiënte waren op 
jonge leeftijd overleden aan plotselinge hartdood, en twee van haar drie zussen leden aan 
cardiomyopathie. Binnen de familie had haar broer ook blaarvorming gehad. Haar klinisch 
fenotype gecombineerd met de resultaten van de onderzochte huidbiopten suggereerden 
PLEC als kandidaat gen. Met de initiële mutatie screening met Sanger sequencing van de 
32 coderende exonen van PLEC, inclusief intron/exon overgangen, werden geen mutaties 
geïdentificeerd. Aangezien de functionele onderzoeken en het klinisch beeld zeer verdacht 
waren voor EBS-MD, werd het PLEC gen opnieuw nauwkeurig gescreend, inclusief de 
complete intronisch sequenties. Er werd een homozygote deletie, c.906+19_40del, in intron 
8 van de index patiënte gevonden. In de opvolgende mRNA studies werd gebruik gemaakt 
van geïsoleerd RNA uit keratinocyten van de index patiënte. Deze studies toonden retentie 
van intron 8 leidend tot een frameshift en prematuur stopcodon, p.Val303_Pro313ins11*. 
Deze mutatie duidde erop dat er waarschijnlijk een compleet verlies van plectine expressie 
was, doordat alle isovormen aangedaan waren. Een onverwachte bevinding tijdens de RNA 
analyse was een additioneel transcript welke 12 nucleotiden korter bleek te zijn dan het 
wildtype transcript. Dit product was het resultaat van het gebruik van een alternatieve splice 
site, 12 baseparen opwaarts van de exon 8 splice donor site. Het gebruik van deze splice 
site resulteerde in de productie van een plectine eiwit dat 4 aminozuren miste van het actine 
bindende domein van plectine. Dit iets te korte eiwit verklaart het resterende, maar geredu-
ceerde, plectine signaal in de huid van de index patiënte. De locatie van de homozygote nul 
mutatie in de index patiënte komt normaal gesproken overeen met het lethale subtype van 
EBS die gepaard gaat met pylorus atresie (EBS-PA).  Door het gebruik van de alternatieve 
splice site werd de ontwikkeling van EBS-PA echter afgewend en ontwikkelde de patiënte 
een minder ernstige vorm van EBS-MD. Het kortere transcript werd tevens aangetoond in 
gezonde controle huid, gestreept spierweefsel en myocard. Een tot op heden onbekende 
fysiologische plectine isovorm heeft er middels alternatieve splicing voor gezorgd dat pa-
tiënte uiteindelijk een mildere vorm van EB had ontwikkeld.
In hoofdstuk 4 bestudeerden we de tweede EBS “cold case” familie. Het betrof een 
Nederlandse familie met veel aangedane individuen binnen vier generaties. Dit subtype, 
EBS, generalized severe wordt in de meerderheid van de gevallen veroorzaakt door au-
tosomale missense mutaties die de noodzakelijke “coiled coil” formatie van de keratine 
heterodimeren aantasten. Alle aangedane familieleden presenteerden zich met aplasia 
cutis bij de geboorte, herpetiforme blaarvorming van de huid en slijmvliezen die verbeter-
den bij het ouder worden en palmoplantaire keratoderma. In het kader van functionele 



128 9 studies werden huidbiopten genomen van de 50-jarige vrouwelijke index patient. Met IF 
onderzoek werd intra-epidermale splijting van de basaallaag en een onveranderde expres-
sie van keratine 5 en 14 gezien. TEM toonde laterale aggregatie van keratinefilamenten, 
onvoldoende insertie van tonofilamenten in de hemidesmosomen en acantholyse. Mutatie 
analyse van KRT5 bij alle aangedane individuen toonde een heterozygote intronisch deletie 
c.1218+2_1218+31del. De deletie resulteerde op mRNA niveau in een in-frame skipping 
van exon 6 op KRT5, welke het klassieke EBS, generalized severe fenotype verklaarde. 
Het interessante aan deze casus is dat het wederom een intron betreft die de pathogene 
mutatie draagt. Dit is de eerste casus van in-frame exon skipping in KRT5 leidend tot EBS, 
generalized severe en deze casus benadrukt nogmaals het belang van het screenen van 
intronen bij onopgeloste EBS casussen.
In hoofdstuk 5 onderzochten we tandglazuur pathologie bij junctionele EB (JEB). 
Glazuurdefecten van het hele gebit zijn een universeel kenmerk van JEB. Recentelijk ont-
dekte onze groep dat heterozygote dragers van nul mutaties in LAMA3 subtiele pitting van 
het tandglazuur toonden zonder dat er sprake was van fragiliteit van de huid. Wij ontdek-
ten twee nieuwe LAMA3 functionele nul mutaties: nonsense c.2377C>T (p.Arg793Ter) en 
splice site c.4684+1G>A mutaties in heterozygote dragers met focaal glazuur hypoplasie en 
putjes. Beide ouders hadden kinderen met JEB, en hadden subtiele tandglazuur pitting van 
het secundaire gebit zonder dat er sprake was van blaarvorming op de huid. Wij toonden 
aan dat de splice site mutatie c.4684+1G>A zich gedraagt als een LAMA3 nul mutatie, 
aangezien minder dan 2% expressie van intact laminine α3 eiwit werd gezien in de immu-
noblot die verricht werd met keratinocyten van het aangedane kind. Glazuurdefecten zijn 
bij dragers van nul LAMA3 mutaties milder dan bij dragers van dominant-negatieve LAMB3 
mutaties. We concludeerden dat milde, focale glazuurafwijkingen een gevolg kunnen zijn 
van haploinsufficiëntie van de α3 keten van laminine 332.
Het belang van het onderkennen van fenotypische kenmerken binnen het uitgebreide klin-
ische spectrum van EB wordt wederom onderstreept in hoofdstuk 6, ditmaal in een subtype 
van dystrofische EB (DEB) die zich presenteerde met intense jeuk. Twee jonge niet-gerela-
teerde vrouwen met dominante DEB door heterozygote glycine substitutie mutaties werden 
bestudeerd. Door de intense jeuk van beide patiënten werd dit subtype verder geclassifi-
ceerd binnen DEB, namelijk EB pruriginosa (EBP). De vrouwen hadden jeuk ter plaatse van 
het decolleté en het gelaat. Een presentatie die niet eerder beschreven werd bij EBP in de 
literatuur. Opmerkelijk bij deze twee patiënten was dat de jeuk niet begon op de klassieke 
voorkeurlocaties, zoals de pretibiale huid, en niet leidde tot de vorming van paarsachtige 
papels en plaques na traumatisch krabben. De jeuk was niet secundair aan EB laesies, maar 
gelokaliseerd op intacte niet ontstoken huid van het gelaat en het decolleté. Door com-
pulsief krabgedrag ontwikkelden zich excoriaties die sterk leken op neurotische artefacten. 
Psychogene oorzaken werden uitgesloten. Wij classificeerden deze presentatie als EBP-ex-
coriée.  
Tenslotte worden onze bevindingen bediscussieerd in hoofdstuk 7 in het licht van de nieu-
wste genetische sequencing technieken. In dit hoofdstuk geven we ook suggesties voor een 
overzichtelijke klinische benadering van onopgeloste genetische casuïstiek binnen EB.
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