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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 



1037with glycine substitution mutations, followed by in-frame insertions in COL7A1. 33 This sup-
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 



104 7 to organizing phenotype within the spectrum of EB is an interesting one, there are several 
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 



1057sequenced which might be of interest when studying genetic modifiers. 43 An example of 
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 



106 7 frameshift mutations in the first codons of KRT14 result in Naegeli-Franceschetti-Jadassohn 
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. 



1077Sequencing noncoding regions: Should DNA sequencing with WES fail to reveal suspect-
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.
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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



114 7 REFERENCES
1.   Wiche G, Krepler R, Artlieb U, Pytela R, Aberer W. Identification of plectin in different human 

cell types and immunolocalization at epithelial basal cell surface membranes. Exp Cell Res 1984 

Nov;155(1):43-49.

2.   Winter L, Wiche G. The many faces of plectin and plectinopathies: pathology and mechanisms. 

Acta Neuropathol 2013 Jan;125(1):77-93.

3.   Elliott CE, Becker B, Oehler S, Castanon MJ, Hauptmann R, Wiche G. Plectin transcript diversity: 

identification and tissue distribution of variants with distinct first coding exons and rodless iso-

forms. Genomics 1997 May 15;42(1):115-125.

4.   Rezniczek GA, Abrahamsberg C, Fuchs P, Spazierer D, Wiche G. Plectin 5’-transcript diversity: 

short alternative sequences determine stability of gene products, initiation of translation and 

subcellular localization of isoforms. Hum Mol Genet 2003 Dec 1;12(23):3181-3194.

5.   Andra K, Kornacker I, Jorgl A, Zorer M, Spazierer D, Fuchs P, et al. Plectin-isoform-specific rescue 

of hemidesmosomal defects in plectin (-/-) keratinocytes. J Invest Dermatol 2003 Feb;120(2):189-

197.

6.   Walko G, Vukasinovic N, Gross K, Fischer I, Sibitz S, Fuchs P, et al. Targeted proteolysis of plectin 

isoform 1a accounts for hemidesmosome dysfunction in mice mimicking the dominant skin blis-

tering disease EBS-Ogna. PLoS Genet 2011 Dec;7(12):e1002396.

7.   Wiche G, Winter L. Plectin isoforms as organizers of intermediate filament cytoarchitecture. Bioar-

chitecture 2011 Jan;1(1):14-20.

8.   Gostynska KB, Nijenhuis M, Lemmink H, Pas HH, Pasmooij AM, Lang KK, et al. Mutation in exon 

1a of PLEC, leading to disruption of plectin isoform 1a, causes autosomal-recessive skin-only 

epidermolysis bullosa simplex. Hum Mol Genet 2015 Jun 1;24(11):3155-3162.

9.   Winter L, Abrahamsberg C, Wiche G. Plectin isoform 1b mediates mitochondrion-intermediate 

filament network linkage and controls organelle shape. J Cell Biol 2008 Jun 16;181(6):903-911.

10.   Fuchs P, Zorer M, Reipert S, Rezniczek GA, Propst F, Walko G, et al. Targeted inactivation of a de-

velopmentally regulated neural plectin isoform (plectin 1c) in mice leads to reduced motor nerve 

conduction velocity. J Biol Chem 2009 Sep 25;284(39):26502-26509.

11.   Staszewska I, Fischer I, Wiche G. Plectin isoform 1-dependent nuclear docking of desmin net-

works affects myonuclear architecture and expression of mechanotransducers. Hum Mol Genet 

2015 Dec 20;24(25):7373-7389.

12.   Winter L, Kuznetsov AV, Grimm M, Zeold A, Fischer I, Wiche G. Plectin isoform P1b and P1d defi-

ciencies differentially affect mitochondrial morphology and function in skeletal muscle. Hum Mol 

Genet 2015 Aug 15;24(16):4530-4544.

13.   Pfendner E, Rouan F, Uitto J. Progress in epidermolysis bullosa: the phenotypic spectrum of plec-

tin mutations. Exp Dermatol 2005 Apr;14(4):241-249.

14.   Foisner R, Wiche G. Structure and hydrodynamic properties of plectin molecules. J Mol Biol 1987 

Dec 5;198(3):515-531.

15.   Le Rumeur E, Hubert JF, Winder SJ. A new twist to coiled coil. FEBS Lett 2012 Aug 

14;586(17):2717-2722.

16.   Fontao L, Geerts D, Kuikman I, Koster J, Kramer D, Sonnenberg A. The interaction of plectin with 

actin: evidence for cross-linking of actin filaments by dimerization of the actin-binding domain of 

plectin. J Cell Sci 2001 Jun;114(Pt 11):2065-2076.



115717.   Natsuga K, Nishie W, Shinkuma S, Arita K, Nakamura H, Ohyama M, et al. Plectin deficiency leads 

to both muscular dystrophy and pyloric atresia in epidermolysis bullosa simplex. Hum Mutat 2010 

Oct;31(10):E1687-98.

18.   Koster J, van Wilpe S, Kuikman I, Litjens SH, Sonnenberg A. Role of binding of plectin to the inte-

grin beta4 subunit in the assembly of hemidesmosomes. Mol Biol Cell 2004 Mar;15(3):1211-1223.

19.   Natsuga K, Nishie W, Akiyama M, Nakamura H, Shinkuma S, McMillan JR, et al. Plectin expression 

patterns determine two distinct subtypes of epidermolysis bullosa simplex. Hum Mutat 2010 

Mar;31(3):308-316.

20.   Ketema M, Secades P, Kreft M, Nahidiazar L, Janssen H, Jalink K, et al. The rod domain is 

not essential for the function of plectin in maintaining tissue integrity. Mol Biol Cell 2015 Jul 

1;26(13):2402-2417.

21.   Pfendner E, Uitto J. Plectin gene mutations can cause epidermolysis bullosa with pyloric atresia. J 

Invest Dermatol 2005 Jan;124(1):111-115.

22.   Litjens SH, Koster J, Kuikman I, van Wilpe S, de Pereda JM, Sonnenberg A. Specificity of binding 

of the plectin actin-binding domain to beta4 integrin. Mol Biol Cell 2003 Oct;14(10):4039-4050.

23.   Robinson PN. Deep phenotyping for precision medicine. Hum Mutat 2012 May;33(5):777-780.

24.   Delude CM. Deep phenotyping: The details of disease. Nature 2015 Nov 5;527(7576):S14-5.

25.   Kim JW, Seymen F, Lee KE, Ko J, Yildirim M, Tuna EB, et al. LAMB3 mutations causing autoso-

mal-dominant amelogenesis imperfecta. J Dent Res 2013 Oct;92(10):899-904.

26.   Poulter JA, El-Sayed W, Shore RC, Kirkham J, Inglehearn CF, Mighell AJ. Whole-exome sequenc-

ing, without prior linkage, identifies a mutation in LAMB3 as a cause of dominant hypoplastic 

amelogenesis imperfecta. Eur J Hum Genet 2014 Jan;22(1):132-135.

27.   Lee KE, Ko J, Le CG, Shin TJ, Hyun HK, Lee SH, et al. Novel LAMB3 mutations cause non-syn-

dromic amelogenesis imperfecta with variable expressivity. Clin Genet 2015;87(1):90-92.

28.   Strachan T, Read AP editors. Human Molecular Genetics 3. 3rd ed. London and New York: Gar-

land Publishing; 2004.

29.   Cheng YS, Champliaud MF, Burgeson RE, Marinkovich MP, Yurchenco PD. Self-assembly of lami-

nin isoforms. J Biol Chem 1997 Dec 12;272(50):31525-31532.

30.   Yuen WY, Lemmink HH, van Dijk-Bos KK, Sinke RJ, Jonkman MF. Herlitz junctional epidermolysis 

bullosa: diagnostic features, mutational profile, incidence and population carrier frequency in the 

Netherlands. Br J Dermatol 2011 Dec;165(6):1314-1322.

31.   Murrell DF, Pasmooij AM, Pas HH, Marr P, Klingberg S, Pfendner E, et al. Retrospective diagnosis 

of fatal BP180-deficient non-Herlitz junctional epidermolysis bullosa suggested by immunoflu-

orescence (IF) antigen-mapping of parental carriers bearing enamel defects. J Invest Dermatol 

2007 Jul;127(7):1772-1775.

32.   McGrath JA, Schofield OM, Eady RA. Epidermolysis bullosa pruriginosa: dystrophic epidermolysis 

bullosa with distinctive clinicopathological features. Br J Dermatol 1994 May;130(5):617-625.

33.   Kim WB, Alavi A, Pope E, Walsh S. Epidermolysis Bullosa Pruriginosa: Case Series and Review of 

the Literature. Int J Low Extrem Wounds 2015 Feb 17.

34.   Stander S, Weisshaar E, Mettang T, Szepietowski JC, Carstens E, Ikoma A, et al. Clinical classifica-

tion of itch: a position paper of the International Forum for the Study of Itch. Acta Derm Venereol 

2007;87(4):291-294.

35.   Bird A. Perceptions of epigenetics. Nature 2007 May 24;447(7143):396-398.



116 7 36.   Westbury SK, Turro E, Greene D, Lentaigne C, Kelly AM, Bariana TK, et al. Human phenotype 

ontology annotation and cluster analysis to unravel genetic defects in 707 cases with unexplained 

bleeding and platelet disorders. Genome Med 2015 Apr 9;7(1):36-015-0151-5. eCollection 2015.

37.   Robinson PN, Mundlos S. The human phenotype ontology. Clin Genet 2010 Jun;77(6):525-534.

38.   Takeichi T, Nanda A, Liu L, Salam A, Campbell P, Fong K, et al. Impact of next generation se-

quencing on diagnostics in a genetic skin disease clinic. Exp Dermatol 2013 Dec;22(12):825-831.

39.   Takeichi T, Liu L, Fong K, Ozoemena L, McMillan JR, Salam A, et al. Whole-exome sequencing 

improves mutation detection in a diagnostic epidermolysis bullosa laboratory. Br J Dermatol 2015 

Jan;172(1):94-100.

40.   Ng SB, Buckingham KJ, Lee C, Bigham AW, Tabor HK, Dent KM, et al. Exome sequencing identi-

fies the cause of a mendelian disorder. Nat Genet 2010 Jan;42(1):30-35.

41.   Metzker ML. Sequencing technologies - the next generation. Nat Rev Genet 2010 Jan;11(1):31-

46.

42.   Sikkema-Raddatz B, Johansson LF, de Boer EN, Almomani R, Boven LG, van den Berg MP, et al. 

Targeted next-generation sequencing can replace Sanger sequencing in clinical diagnostics. Hum 

Mutat 2013 Jul;34(7):1035-1042.

43.   Sproule TJ, Bubier JA, Grandi FC, Sun VZ, Philip VM, McPhee CG, et al. Molecular identification 

of collagen 17a1 as a major genetic modifier of laminin gamma 2 mutation-induced junctional 

epidermolysis bullosa in mice. PLoS Genet 2014 Feb 13;10(2):e1004068.

44.   Posafalvi A, Sinke RJ, Rijksuniversiteit Groningen. Matters of the heart: genetic and molecular 

characterisation of cardiomyopathies. Groningen: University of Groningen; 2015.

45.   Lugassy J, Itin P, Ishida-Yamamoto A, Holland K, Huson S, Geiger D, et al. Naegeli-Franceschet-

ti-Jadassohn syndrome and dermatopathia pigmentosa reticularis: two allelic ectodermal dyspla-

sias caused by dominant mutations in KRT14. Am J Hum Genet 2006 Oct;79(4):724-730.

46.   Titeux M, Decha A, Pironon N, Tonasso L, Gasc G, Mejia JE, et al. A new case of keratin 14 

functional knockout causes severe recessive EBS and questions the haploinsufficiency model of 

Naegeli-Franceschetti-Jadassohn syndrome. J Invest Dermatol 2011 Oct;131(10):2131-2133.

47.   Tenedini E, Artuso L, Bernardis I, Artusi V, Percesepe A, De Rosa L, et al. Amplicon-based 

next-generation sequencing: an effective approach for the molecular diagnosis of epidermolysis 

bullosa. Br J Dermatol 2015 Apr 24.

48.   Ward AJ, Cooper TA. The pathobiology of splicing. J Pathol 2010 Jan;220(2):152-163.

49.   Chmel N, Danescu S, Gruler A, Kiritsi D, Bruckner-Tuderman L, Kreuter A, et al. A Deep-Intronic 

FERMT1 Mutation Causes Kindler Syndrome: An Explanation for Genetically Unsolved Cases. J 

Invest Dermatol 2015 Jun 17.

50.   Wang L, Wang X, Wang X, Liang Y, Zhang X. Observations on novel splice junctions from RNA 

sequencing data. Biochem Biophys Res Commun 2011 Jun 3;409(2):299-303.

51.   Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev Genet 

2009 Jan;10(1):57-63.

52.   Han Y, Gao S, Muegge K, Zhang W, Zhou B. Advanced Applications of RNA Sequencing and 

Challenges. Bioinform Biol Insights 2015 Nov 15;9(Suppl 1):29-46.

53.   Yuen WY, Duipmans JC, Molenbuur B, Herpertz I, Mandema JM, Jonkman MF. Long-term fol-

low-up of patients with Herlitz type junctional epidermolysis bullosa. Br J Dermatol 2012 Apr 18.



117754.   van den Akker PC, van Essen AJ, Kraak MM, Meijer R, Nijenhuis M, Meijer G, et al. Long-term fol-

low-up of patients with recessive dystrophic epidermolysis bullosa in the Netherlands: expansion 

of the mutation database and unusual phenotype-genotype correlations. J Dermatol Sci 2009 

Oct;56(1):9-18.

55.   Jonkman MF, Scheffer H, Stulp R, Pas HH, Nijenhuis M, Heeres K, et al. Revertant mosaicism in 

epidermolysis bullosa caused by mitotic gene conversion. Cell 1997 Feb 21;88(4):543-551.

56.   Jonkman MF, Heeres K, Pas HH, van Luyn MJ, Elema JD, Corden LD, et al. Effects of keratin 14 

ablation on the clinical and cellular phenotype in a kindred with recessive epidermolysis bullosa 

simplex. J Invest Dermatol 1996 Nov;107(5):764-769.

57.   van den Akker PC, Jonkman MF, Rengaw T, Bruckner-Tuderman L, Has C, Bauer JW, et al. The 

international dystrophic epidermolysis bullosa patient registry: an online database of dystrophic 

epidermolysis bullosa patients and their COL7A1 mutations. Hum Mutat 2011 Oct;32(10):1100-

1107.

58.   Sokol E, Kramer D, Diercks GF, Kuipers J, Jonkman MF, Pas HH, et al. Large-Scale Electron 

Microscopy Maps of Patient Skin and Mucosa Provide Insight into Pathogenesis of Blistering 

Diseases. J Invest Dermatol 2015 Jul;135(7):1763-1770.

59.   Karamatic Crew V, Burton N, Kagan A, Green CA, Levene C, Flinter F, et al. CD151, the first 

member of the tetraspanin (TM4) superfamily detected on erythrocytes, is essential for the correct 

assembly of human basement membranes in kidney and skin. Blood 2004 Oct 15;104(8):2217-

2223.

60.   McGrath JA, Stone KL, Begum R, Simpson MA, Dopping-Hepenstal PJ, Liu L, et al. Germline 

Mutation in EXPH5 Implicates the Rab27B Effector Protein Slac2-b in Inherited Skin Fragility. Am J 

Hum Genet 2012 Dec 7;91(6):1115-1121.

    



118 7


