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Chapter 1

This thesis concerns the genetic skin blistering disease dystrophic epidermolysis bullosa 

(DEB). The thesis is divided into two parts: Part one covers the studies on the genotype-

phenotype correlation in Dutch DEB patients; in Part Two the topic of somatic mosaicism, 

both ‘forward’ and ‘revertant’, in DEB is discussed. The chapter introduction is accordingly 

divided into a Part One and Part Two, in which the current knowledge of genotype-pheno-

type correlation patterns and somatic mosaicism in DEB are reviewed and the questions 

related to the presented studies introduced. It concludes with a section on the Aims and 

outline of the thesis. This chapter starts, however, with a General introduction section in 

which basic concepts about the skin in general, the cutaneous basement membrane zone, 

epidermolysis bullosa in general, and DEB are described.
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1General introduction

The skiN, iTs DeveloPmeNT AND sTruCTure

The skin is the largest organ of the human body with a surface of approximately 1.8 m2. Being 

the largest organ we have, weighing approximately 5 kg, it is not surprising that ~30% of 

genetic syndromes have an associated skin phenotype (based on the Online Mendelian Inheri-

tance of Man catalog, www.omim.org). The basic function of the skin is to maintain a state of 

homeostasis for the body.1 To achieve this goal the skin must be able to keep inside the body 

what should be inside and outside what should be outside. The skin thus forms a vital defense 

barrier to keep fluid, proteins, and electrolytes inside, while preventing pathogens, radiation, 

irritants, toxic substances, and mechanical forces from harming the inside.2,3 Impairment of 

the skin’s integrity, by acquired causes like skin burn or auto-immune skin diseases, or genetic 

causes like dystrophic epidermolysis bullosa (DEB) – the topic of this thesis – or other genoder-

matoses, therefore has potentially far-reaching implications for more than the skin alone: the 

body’s state of homeostasis is at stake, with all the consequences that carries.

To fulfill its important functions, the skin is a highly specialized tissue. It is composed of 

two layers: the epidermis, facing the outside world, and the dermis underneath (Figure 1).1 

Below the dermis lies the subcutaneous fat tissue. Whereas the dermis mainly consists of extra-

cellular matrix proteins such as collagens and elastin, blood vessels supplying nutrients and 

stratum basale
stratum spinosum

stratum granulosum
stratum corneum

dermis

epidermis

figure 1. Hematoxylin and eosin staining of biopsy section of normal skin showing its two main layers, 
the dermis and epidermis, and the sub-layers of the epidermis. From inside to outside: stratum basale, 
stratum spinosum, stratum granulosum, and stratum corneum. In palmoplantar skin, an extra layer is 
present between the stratum granulosum and stratum corneum, called the stratum lucidum.
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boX 1 – The embryonic development of the skin

The epidermis is ectodermal in origin. The embryonic ectoderm is the outermost germ layer of 
the embryo after gastrulation, the process in which the blastula is changed into the three-layered 
gastrula (which finishes approximately three weeks after fertilization).12 By the end of neurulation, 
the process of neural tube formation (which finishes at the end of the fourth week), the embryo is 
covered by a single layer of neuroectoderm cells. In a complex process that is not fully understood 
but which involves many different signalling proteins at specific moments during development, 
these cells are directed to become either neural or epidermal cells.13 In the presence of Wnt signaling 
and bone morphogenetic proteins (BMP), the neuroectoderm cells proceed towards an epidermal 
fate. Around the fifth week of development, the embryonic epidermis is composed of a basal 
layer covered by the periderm, a temporary single-cell layer that degenerates once keratinization 
starts (during the second trimester).12 Epidermal stratification starts around the eighth week of 
development, beginning at the basal layer, and, eventually, the adult human epidermis is derived 
from this early single basal layer. Ectodermal-mesodermal interactions, again largely depending on 
Wnt signalling, are essential for the induction of the skin appendages, i.e. hair follicles, sweat glands, 
and sebaceous glands that start to appear from nine weeks onwards.4,13

Embryonic epidermal cells do not migrate in random patterns over the early embryo. In the late 
1800s, Alfred Blaschko had recognized, by meticulously observing his patients with segmental, 
linear, and whorled nevoid skin disorders and sketching the distribution of their skin lesions, that 
these lesions followed consistent patterns over the body.14 In his presentation for the 7th Congress 

figure 2. The Lines of Blaschko, as in Blaschko’s original drawing from 1901 (ref. 14) and completed 
on the face and scalp by Happle in 1984 (ref. 16). Copyright © (1993) American Medical Association. 
All rights reserved. Reprinted, with permission, from ref. 19.
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oxygen to the epidermis, nerve endings, and relatively low numbers of dermal fibroblasts and 

immune cells, the epidermis is composed almost exclusively of cells. The vast majority (~90%) 

of the epidermal cells are keratinocytes (named after the keratin intermediate filament protein 

they produce), the other cell types include Langerhans cells, melanocytes, and Merkel cells.4 

Depending on body site, the epidermis consists of four or five layers (Figure 1), called strata, 

and it is typically 0.05-0.1 mm thick, although it can be 1.5 mm thick on the palms and soles.

Stem cells reside in the epidermal basal layer between hair follicles, and niches in the hair 

follicles and sebaceous glands.5 In either symmetrical or asymmetrical divisions, interfol-

licular epidermal stem cells secure the continuous renewal of the epidermis by undergoing 

self-renewal and/or by producing differentiated keratinocytes that stop dividing and migrate 

upward through the different cell layers in the epidermis.6 During this process of differentiation 

and migration, the keratinocytes eventually lose their nuclei and become keratin-packed cor-

neocytes that are lost in desquamation. The journey of differentiated keratinocytes through the 

epidermis takes approximately 4 weeks.7 It has not been fully elucidated which cells represent 

the long-term proliferating cells that possess the ability of indefinite epidermal renewal. There 

is evidence for a hierarchy among basal keratinocytes, where long-term proliferating epidermal 

stem cells produce transient amplifying cells that form the centre of epidermal proliferation 

units.8,9 The epidermal proliferation unit was proposed by Potten in 1974 as a columnar epider-

mal unit containing 11 basal keratinocytes at the base, including the transient amplifying cell 

in the centre, from which all other keratinocytes in the unit are derived in a clonogenic way.10,11

The bAsemeNT membrANe zoNe

The epidermis is separated from the dermis by the basement membrane zone (BMZ) (Figure 3), 

alternatively named dermo-epidermal junction (DEJ), which is visible as a linear structure on 

electron microscopy (EM). The BMZ is not just a border between epidermis and dermis; it is also 

the zone where the tight anchorage of epidermis to the underlying tissue is secured.21 This is 

of the German Dermatological Society in Breslau in 1901, Blaschko showed that these patterns 
are V-shaped on the back, S-shaped on the lateral and anterior aspects of the trunk, whirly on the 
abdomen, and more or less perpendicular on the extremities (Figure 2); the patterns are distinct 
from neural dermatomes (i.e. the skin reflection of spinal ganglia). Rudolf Happle later completed 
the anatomical map of the ‘Lines of Blaschko’ in 1984,15-17 by delineating the hourglass-like pattern 
of lines on the face and their spiral shape on the scalp (Figure 2). The lines of Blaschko are now 
considered to represent the migration pathways of neuro-ectodermal precursor cells over the 
early embryo, which radiate transversally from the primitive streak in a lateral direction.18 The lines 
of Blaschko only become visible when there are genetic differences between the epidermal cells 
of adjacent lines or segments of lines, resulting in a mosaic disease distribution (see Part Two on 
Mosaicism).
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figure 3. Schematic representation of the skin (reproduced from ref. 20). On the left, the different layers 
of the epidermis with the underlying dermis. The central picture shows the basement membrane zone 
region, and the right picture shows the hemidesmosome adhesion complex. Courtesy of M.F. Jonkman.

figure 4. Schematic representation of the hemidesmosome adhesion complex (right) and the focal 
adhesion complex (left) that respectively connect the basal keratinocyte intermediate keratin filament 
and actin cytoskeletons to the dermis. Proteins depicted in color are involved in different types of 
epidermolysis bullosa. Note that only the 14 known proteins expressed in the hemidesmosome and focal 
adhesion are shown. The sub-lamina densa level of skin split in DEB is shown as a dark line through type 
VII collagen. Courtesy of M.F. Jonkman.
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regulated by two chains of molecules that anchor the basal keratinocyte cytoskeleton to the 

dermal extracellular matrix (Figure 4): (1) the hemidesmosome adhesion complex, and (2) the 

focal adhesion complex.22 

The hemidesmosome adhesion complex starts (Figure 4), within the basal keratinocytes, in 

the hemidesmosome, which is composed of BP230, plectin, α6β4 integrin, tetraspanin CD151, 

and type XVII collagen (also known as BP180 or BPAG2).23 The basal keratins K5 and K14 are 

connected to the plakin family proteins plectin and BP230 (also called BPAG1-e, the epidermal 

isoform of bullous pemphigoid antigen-1).24 Plectin and BP230 in turn bind to the β4 subunit of 

the α6β4 integrin and the cytoplasmic domain of type XVII collagen, which also bind together.25 

The α6β4 integrin-type XVII collagen complex crosses the cell membrane and the extracellular 

parts bind to laminin-332 (previously laminin-5, a heterotrimer of laminin α3, laminin β3, and 

laminin g2 chains), one of the anchoring filaments that span the lamina lucida of the BMZ and 

enter the lamina densa. Ultimately, in the lamina densa of the BMZ, the β3-chain of laminin-332 

binds to the amino-terminal non-collagenous 1 (NC1) domain of type VII collagen (see section 

on Type VII collagen),26,27 the constituent of the anchoring fibrils (AFs).28 In EM photographs 

of skin biopsy sections, AFs appear as centro-symmetrically cross-banded structures of 

approximately 800 nm length, protruding from the lamina densa into the sublamina densa 

zone, i.e. the papillary dermis.29 The other ends of the AFs loop back into the lamina densa, 

thereby concluding the chain of hemidesmosome adhesion complex molecules and securing 

the tight anchoring of the basal layer to the dermal stroma. The importance of the integrity of 

the hemidesmosome adhesion complex is emphasized by the dramatic disease phenotypes of 

epidermolysis bullosa (EB), which result from mutations in any of the genes encoding the chain 

molecules (see section on Epidermolysis bullosa).

The focal adhesion complex anchors the actin cytoskeleton to the extracellular matrix (Fig-

ure 4).30 Integrins, in general, are the key components of focal adhesions and the α3β1 integrin 

complex is the most important complex found in the basal keratinocytes’ focal adhesions.22,31 

Intracellularly, a set of proteins, including fermitin family homologue-1 (FFH-1, also kindlin-1), 

bind the intracellular portion of the integrins and mediate the connection to the actin cyto-

skeleton. The extracellular portion of the integrin dimer, as in the hemidesmosome adhesion 

complex, connects to laminins (again mainly to laminin-332) that mediate the connection to 

the extracellular matrix. The importance of the focal adhesions is highlighted by the disease 

phenotypes that result from mutations in the genes encoding FFH-1 (FERMT1 or KIND1) and the 

integrin α3 chain (ITGA3). Biallelic FERMT1 mutations cause Kindler syndrome (MIM 173650), 

a syndrome of skin fragility, photosensitivity, skin atrophy, poikiloderma, nail dystrophy, and 

digital webbing,32,33 while biallelic ITGA3 mutations have recently been reported to cause a 

lethal syndromic form of epidermolysis bullosa, comprising congenital nephrotic syndrome 

and interstitial lung disease (MIM 614748).34,35
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The COL7A1 GeNe AND iTs ProDuCT, The TyPe vii CollAGeN ProTeiN

The protein at fault in DEB is type VII collagen (Table 1), which is encoded by the COL7A1 gene. 

Mutations in COL7A1 and their molecular and clinical effects are studied throughout this thesis. 

COL7A1 is located on the reverse strand on the short arm of chromosome 3.36,37 Although 

COL7A1 is composed of the impressive number of 118 exons, its genomic size is surprisingly 

small (~31 kb), as most exons and introns are relatively small.38 Its cDNA of 8,835 bp encodes 

the type VII collagen α1 precursor chain (the pro-α1(VII) procollagen peptide), which consists 

of 2,944 amino acids.39 

The central part of the pro-α1(VII) procollagen peptide is a collagenous triple-helix domain 

(Figure 5).39 This domain is characterized by repeats of three amino acids (Gly-Xaa-Yaa)n
 that are 

typical for collagens.42 In this collagenous repeat structure, the glycine residue is always located 

at the center of the triple-helix, whereas the Xaa and Yaa residues are exposed on the triple-helix 

surface. The need for tight packing of the collagen triple-helix allows no other amino acid to be 

at the center of the triple-helix than glycine residues, the smallest among the amino acids.43 In 

Table 1. COL7A1 fact sheet.

Gene name COL7A1

MIM 120120

Chromosomal location 3p21.31
Reverse strand

Refs. 36,37

Genomic DNA Ref. 38

GenBank Accession number NC_000003.11

Size 31,088 bp

mRNA/cDNA

GenBank Accession number NM_000094.3

Size 8,835 bp

Number of exons 118

Coding exons 1 – 118

Average exon lengtha 74.9 bp

Largest exon Exon 73, 201 bp

Average intron size 188 bp

Expression Epithelial tissues of skin, mucosae, bronchi. Basal 
expression many tissues.

Ref. 40

Protein pro-a1(VII) procollagen peptide 
(type VII collagen a1 precursor)

GenBank Accession number NP_000085.1

Size 2,944 amino acids Ref. 39

Protein expression in skin Basal keratinocytes and, to a lesser extent, dermal 
fibroblasts 

Ref. 41

a excluding untranslated regions of exons 1 and 118.
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contrast, the Xaa and Yaa positions on the surface can accommodate any amino acid, which are 

involved in stabilizing the triple-helix and binding to other proteins.42

Type VII collagen is a non-fibrillar collagen. This means that the Gly-Xaa-Yaa repeat structure 

of its triple-helix domain is interrupted by non-collagenous sequences (stretches of other amino 

acids), in contrast to fibrillar collagens which contain a non-interrupted central triple-helix 

domain.46 The central triple-helix domain of type VII collagen is composed of 20 consecutive 

collagenous subdomains (COL1-COL20), interrupted by 19 non-collagenous ‘imperfections’.39 

Most of these are short stretches of 1 to 10 amino acids, with the exception of imperfection 10, 

which comprises 39 amino acids (Pro1940_Arg1978). Since collagenous fibrils are rather rigid 

structures due to the tight bonding of the three alpha chains, the non-collagenous imperfec-

tions are thought to introduce flexibility into these fibrils,47 a feature that seems to be crucial 

for type VII collagen function. Due to its relatively large size and consequent large impact on 

collagen fiber flexibility, imperfection 10 is referred to as the ‘hinge’ region.48 In concert with the 

collagenous Gly-Xaa-Yaa structure, all exons of the triple-helix domain are ‘in-frame’ and consist 

of multiples of three and mostly nine nucleotides.39

The triple-helix domain is flanked by two globular domains, the amino-terminal NC1 and 

carboxyl-terminal non-collagenous 2 (NC2) domains (Figure 5). The NC1 domain consists 

of several subdomains with resemblance to known adhesive proteins. Collectively, these 

subdomains mediate the binding of type VII collagen to other extracellular matrix proteins, 

like fibronectin, collagens, and laminin-332.27,49 The Von Willebrand factor-A motif is thought 

harbor the binding site for the β3 chain of laminin-332,26 and residues 202-360 mediate the 

interaction with dermal fibroblasts through α2β1 integrin binding.50 The NC2 domain harbors 

NC1 Triple-helix NC2

Exon 1 10 20 28 40 50 60 70 80 90 100 112 11829

AA 1 1,254 1,940 1,978 2,784 2,944

73

Nt 1

227 1,047 1,18429 2,874

86 683 3,140 3,551 3,760 5,818 5,934 8,350 8,621 8,835

SP CMP FNIII-like domains 1-9 VWA C/P KMhinge

figure 5. Schematic representation of type VII collagen and the COL7A1 gene. The pro-a1(VII) procollagen 
peptide consists of three major domains. The ~145 kD amino-terminal non-collagenous NC1 domain 
(left blue part) contains a signal peptide (SP), cartilage-matrix protein motif (CMP), nine consecutive 
fibronectin-III like domains (FNIII-like domains, each domain encoded by two exons), a Von Willebrand 
factor A motif (VWA), and cysteine-proline rich motif (C/P) of unknown function (www.ncbi.nlm.nih.
gov/protein/NP_000085.1).39,44 The central domain (red-orange) is a ~145 kD collagenous triple-helix 
domain, which contains 19 non-collagenous interruptions (thin, vertical, grey lines) dividing the triple-
helix domain in 20 collagenous sub-domains. The largest is the ‘hinge’ region (thick grey line) of 39 
amino acids. The ~34 kD carboxyl-terminal non-collagenous NC2 domain (right blue part) harbors a 
consensus cleavage site for type 1 procollagen C-proteinase (vertical yellow line, scissors),45 a Kunitz-like 
domain (KM), and two cysteine residues Cys2802 and Cys2804 (arrow) involved in stabilizing procollagen VII 
homotrimers. Nt, nucleotide number; AA, amino acid number.
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a consensus cleavage site for bone morphogenetic protein-1 (BMP-1, also called type 1 procol-

lagen C-proteinase) in exon 115: Ser-Tyr-Ala-Ala2818 ↓ Asp2819-Thr-Ala-Gly,45 which is important 

during dimerization. Within the NC2 domain are eight conserved cysteine residues, of which 

Cys2802 and Cys2804 have been shown to be important for pro-α1(VII) procollagen trimerization 

and type VII collagen antiparallel dimerization.51,52 The NC2 domain also contains a domain with 

structural similarities to Kunitz-type serine protease inhibitors. Its exact function is unknown, 

although Chen et al. speculated that it might play a role in dimerization.51

After translation on the ribosomes, the pro-α1(VII) procollagen peptides undergo a series 

of post-translational modifications in the Golgi apparatus and endoplasmatic reticulum.53,54 

Subsequently, three pro-α1(VII) procollagen peptides fold together with their triple-helix 

domains to form procollagen VII homotrimers (Figure 6). This trimerization process starts from 

the carboxyl ends of the triple-helix domains and is possibly initiated by the Kunitz-like motifs 

A

B

C

D

+

+

Lamina densa

figure 6. Type VII collagen assembly. Three pro-a1(VII) procollagen chains (A, see legend of Figure 5 
for explanation of domains) assemble into procollagen VII homotrimers (b), which align antiparallelly, 
overlapping with their carboxyl-termini, to form type VII collagen dimers (C). This process is mediated by 
the proteolytical removal of a part of the non-collagenous NC2 domains and the formation of disulphide 
bridges (S) between cysteine resides in the carboxyl part of the triple-helix domain and the NC2 domain. 
Large groups of antiparallel type VII collagen dimers align in a non-staggering way to form the anchoring 
fibrils (D).
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of the NC2 domains.55 Next, the procollagen VII molecules are excreted into the cytoplasm and 

subsequently into the extracellular space. Here, two procollagen VII homotrimers align in an 

antiparallel way, overlapping approximately 60 nm in their NC2 domains and carboxyl triple-

helix regions.56 This process is mediated by interactions between sequences in the intact NC2 

domains and in the carboxyl portions of the triple-helix domains, aligning cysteine residues 

of different procollagen VII molecules.51,52,57 The overlapping portions of the antiparallel type 

VII collagen dimers are thought to be stabilized by disulfide bonds created between cysteine 

residues Cys2802 and/or Cys2804 in the NC2 domain and cysteine residue Cys2634 in the carboxyl 

portion of the triple-helix domain. Dimerization is promoted by the removal of a part of the 

NC2 domain through proteolytic cleavage between amino acids Ala2818 and Asp2819 by BMP-

1.52,58 The NC1 domains, on both sides of the dimers pointing outwards resembling trident 

structures on electron microscopy, are individually capable of binding other extracellular 

matrix proteins.54 Ultimately, antiparallel dimers align laterally in a non-staggering way to form 

the cross-banded AFs.55 The signals that direct the type VII collagen dimers to the BMZ and 

mediate the formation of AFs are not well understood.

Type VII collagen at the BMZ can be visualized by indirect immunofluorescence (IF) tech-

niques on patients’ skin biopsy cryosections using anti-type VII collagen antibodies.59 AFs are 

visualized by EM techniques on skin biopsy sections. These techniques allow the semi-quan-

titative assessment of type VII collagen expression and the number and ultrastructure of AFs. 

Both techniques have therefore become important tools in diagnosing patients with DEB in the 

Groningen Center for Blistering Diseases of the University Medical Center Groningen (UMCG).

ePiDermolysis bullosA

Epidermolysis bullosa (EB) encompasses a group of genodermatoses sharing a single denomi-

nator, i.e. blistering of the skin after minor trauma. The term ‘epidermolysis bullosa’ literally 

means de-attachment (‘lysis’) of the epidermis from the underlying dermis, resulting in blister 

formation between the two detached layers (‘bullosa’). The 2007 consensus classification rec-

ognizes four major EB types, based on the level of blister split within the skin seen in each type, 

generally viewing from outside to inside:60 EB simplex (EBS), junctional EB (JEB), dystrophic 

EB (DEB), and Kindler syndrome (Table 2, Figure 7). The three major EB types are subdivided 

into a further 33 subtypes, based on typical phenotypic, molecular or genetic characteristics. 

Since 2007, nine EB subtypes have been reported as novel or refined (see also chapter 2). Table 

2 shows the 2007 consensus classification, updated with the recently identified genes and 

phenotypes.

In addition to skin blistering, all of the EB subtypes have specific phenotypic features usually 

involving extracutaneous structures, as well as particular characteristics at histological, IF, and 

EM levels, as summarized by Fine et al.60 IF, light microscopy, and EM are therefore important 
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diagnostic tools to determine the level of split within the skin and to identify the most likely 

type of EB. To make a definite subtype diagnosis and to establish a prognosis for the disease 

course, it is crucial to identify the disease-causing mutations. EB is genetically heterogeneous, 

which can complex the identification of the mutations. Since 2007, five new genes have been 

Table 2. Updated EB consensus classification (modified after ref. 60). 

major eb type minor eb types level of skin split Genes 
involved

Targeted proteins referencesa

EB simplex (EBS) Suprabasal EBS Corneal cell layer TGM5 Transglutaminase-5 61

CSTA Cystatin A 62

CDNS Corneodesmosin 63

Spinous cell layer PKP1 Plakophilin-1

DSP Desmoplakin

JUP Plakoglobin 64

Basal EBS Basal cell layer KRT5 Keratin 5

KRT14 Keratin 14

PLEC Plectin

ITGA6 α6-chain of α6β4 integrin

ITGB4 β4-chain of α6β4 integrin

DST Bullous pemphigoid 230 65

EXPH5 Exophilin-5 66

Junctional EB (JEB) JEB-Herlitz Intra-lamina lucida LAMA3 a3-chain of laminin-332

(‘lamina lucidolytic’) LAMB3 b3-chain of laminin-332

LAMC2 g2-chain of laminin-332

JEB-other LAMA3 a3-chain of laminin-332

LAMB3 b3-chain of laminin-332

LAMC2 g2-chain of laminin-332

COL17A1 Type XVII collagen (Bullous 
pemphigoid 180)

ITGA6 α6-chain of α6β4 integrin

ITGB4 β4-chain of α6β4 integrin

CD151 Tetraspanin CD151 67

Dystrophic EB (DEB) Recessive DEB Sub-lamina densa 
(‘dermolytic’)

COL7A1 Type VII collagen

Dominant DEB COL7A1 Type VII collagen

Kindler syndrome (KS) - Mixed FERMT1 
(KIND1)

FFH-1 (Kindlin-1)

EB, interstitial lung 
disease, congenital 
nephrotic syndrome

- ITGA3 α3-chain of α3β1 integrin 34

a References given only for subtypes or genes not included in the 2007 consensus classification.
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implicated in EB, bringing the total number of EB-associated genes to 21 (Table 2). Not only are 

the four major EB types genetically heterogeneous, so too are several EB subtypes. For instance, 

dominant localized EBS can be caused by mutations in three different genes, KRT5, KRT14, and 

PLEC,68,69 and JEB-other can be caused by mutations in LAMA3, LAMB3, LAMC2, COL17A1, and 

ITGB4.70-72 

However, mutations in one EB gene can cause a spectrum of disease phenotypes (clinical 

heterogeneity) too. Which mutation causes which phenotype depends on many factors, such 

as the nature and effect of the mutation on transcription, RNA splicing, translation, post-trans-

lation, and transport or complex-assembly, and the location of the mutation within the gene.59 

The genotype-phenotype correlation has been well established for several of the EB associated 

genes. For other subtypes and genes, the genotype-phenotype correlation is only beginning to 

emerge, as in the rare inversa subtype of RDEB (chapter 5). In addition, unpredicted mutation 

effects can complicate clear genotype-phenotype correlation concepts. One of the main topics 

of this thesis was therefore to gain more insight into the genotype-phenotype correlation of 

DEB and COL7A1 mutations to refine the existing concepts (chapters 4-6).

Despite the identification of an ever-increasing number of EB genes, there is still a pro-

portion of EB patients in which the causative mutation cannot be found. Probably the best 

example is basal EBS. In the Dutch cohort of biopsy-confirmed basal EBS patients, Bolling et 

al. identified a heterozygous KRT5 or KRT14 mutation in ~75% of patients and a heterozygous 

PLEC mutation in ~8%.69,73 Yuen et al. subsequently sequenced COL17A1, ITGB4, and DST in the 

remaining patients, but did not identify any mutations in these genes.74 Thus, in ~15-20% of 

confirmed basal EBS patients in our Dutch cohort, the causative mutation is still unknown. Of 

note, EXPH5 was not sequenced in these patients, but this gene so far seems to be a candidate 

only in recessive EBS.66

DEB Kindler
syndromeJEB

EBS

suprabasal basal

figure 7. Level of blister formation in the four major types of epidermolysis bullosa. In EB simplex (EBS) 
the level of split lies within the epidermis. Defects in desmosomal proteins cause ‘suprabasal EBS’. Defects 
in intermediate filament or hemidemosomal proteins cause ‘basal EBS’. Junctional EB (JEB) has a split level 
in the lamina lucida of the basement membrane zone due to defects in anchoring filament proteins. In 
dystrophic EB (DEB), blisters occur just below the lamina densa of the basement membrane zone due 
to defects in anchoring fibrils. Kindler syndrome has mixed levels of split, caused by defects in the focal 
adhesion protein FHH-1. From top to bottom: two layers of keratinocytes representing suprabasal and 
basal keratinocytes, the lamina lucida, lamina densa, and dermal stroma. Courtesy of M.F. Jonkman.
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Dystrophic epidermolysis bullosa

Dystrophic epidermolysis bullosa (DEB), the topic of this thesis, groups together the EB sub-

types that have a level of skin blistering below the BMZ, high in the papillary dermis (Figure 7).75 

All DEB subtypes are caused by mutations in COL7A1, which leads to defective and/or reduced 

numbers of anchoring fibrils. COL7A1 is the only gene that has been implicated in DEB and 

probably is the only gene involved in its pathogenesis. Depending on their nature, effects, and 

location within COL7A1, mutations can exert dominant or recessive effects. As a result, DEB 

can be inherited either autosomal recessively (RDEB, MIM 226600) or dominantly (DDEB, MIM 

131750, 131800).60 

ePiDemioloGy of DysTroPhiC ePiDermolysis bullosA

EB affects approximately 1 in 10,000 live-born children in the Netherlands; its prevalence is 

~1:22,000 and it has been estimated that there are currently over 700 people with this condi-

tion in the Netherlands.20 The most severe subtype of DEB, the RDEB-sev gen subtype has a 

birth prevalence of approximately 1 per 100,000, which implies two new patients per year in 

the Netherlands on average. In Scotland, the point prevalence of DDEB was estimated to be 

14.6 per million and 5.8 per million for all recessive and sporadic forms of DEB,76 which agrees 

with the Dutch figures, whereas in the USA the prevalence of DDEB and RDEB was estimated to 

be considerably lower, at 0.99 and 0.92 per million, respectively.77

The severe forms of RDEB are devastating for both patients and parents. Patients suffer 

continuous high levels of pain, need approximately 6 hours of care a day for changing dress-

ings and feeding, will require life-long home care, and have an elevated risk of infections and 

an extremely high risk of developing squamous cell carcinomas (SCCs). Hence, these forms 

of DEB imply a huge burden on the individual, his or her family, and impose a high cost on 

society’s healthcare budget: the average costs of dressings and medication is about €200,000 

per patient per year.20 For a realistic impression, the reader is referred to the award-winning 

documentary film “The Boy Whose Skin Fell Off”, about the life of Jonny Kennedy (www.chan-

nel4.com/programmes/the-boy-whose-skin-fell-off).

The DysTroPhiC ePiDermolysis bullosA PheNoTyPes

The phenotypic spectrum of DEB is a broad continuum that ranges from mild localized, domi-

nant DEB to severe generalized, recessive DEB.60 RDEB is usually more severe than DDEB. Table 

3 summarizes the 2007 consensus classification for DEB and the general correlations that have 
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been delineated between clinical phenotype, type VII collagen expression, and the COL7A1 

genotype (i.e. the combination of alleles). Disease class roughly correlates with the amount of 

type VII collagen expression at the BMZ as determined by IF and the number and structure of 

AFs as observed by EM.78-80 The clinical features of the DEB subtypes described below and their 

frequency, as summarized in the 2007 EB consensus classification,60 are shown in Appendix 1.

recessive dystrophic epidermolysis bullosa

RDEB, the topic of chapter 4, is the group of DEB subtypes caused by biallelic, homozygous 

or compound heterozygous, COL7A1 mutations. The most severe RDEB phenotype is ‘RDEB, 

severe generalized’ (RDEB-sev gen). RDEB-sev gen is characterized by neonatal onset of blister-

ing that involves the whole body as well as the mucosal membranes. Blisters and erosions occur 

spontaneously or after the slightest touch and heal with extensive scarring, which presents as 

marked skin atrophy, loss of hair follicles, and scar tissue formation. The nails are usually lost 

completely early in life. Probably the most characteristic feature of this disorder is the gradual 

fusion of the fingers and toes, so-called pseudosyndactyly, which inevitably results in ‘mitten’ 

deformities of the hands and feet if not treated in time. However, the fusion usually recurs and 

surgical procedures need to be repeated over time. Healing of the wounds produces an intense 

itch, which is one of the worst problems for RDEB-sev gen patients. The continuous erosive 

state of large portions of the skin leads to the loss of huge amounts of proteins, liquids and 

electrolytes, which compromises the patient’s nutritional state.81 The increased nutritional 

needs cannot, however, be matched by the patient, as blistering and scarring of the oral and 

esophageal mucosa cause microstomia, ankyloglossia, swallowing difficulties, dysphagia, and 

esophageal strictures or stenosis, which interfere with normal food intake. In addition, patients 

frequently require esophageal dilatations and nutritional support via nasal tube or gastrostomy 

feeding. Collectively, these problems often cause growth retardation, anemia, severe dental 

caries, and recurrent infections. Erosions and scarring of the urogenital mucosa may cause 

recurrent bladder and renal infections, while anal strictures and fissures almost invariably cause 

constipation. Reported long-term complications include renal failure and SCCs. Life expectancy 

is significantly reduced in RDEB-sev gen patients: some patients succumb in their teens due 

to sepsis, but the majority of patients die before the age of 40 years due to the exceptionally 

high risk of highly aggressive SCCs of the skin or mucous membranes.82,83 The risk becomes 

substantial from the teenage years onwards, with the youngest patient described probably 

a 12-year old boy.84 The screening protocol of the Groningen Center for Blistering Diseases 

therefore recommends annual screening in patients from the age of 15 years. Both dilated and 

non-compaction cardiomyopathy have been reported as complications in RDEB-sev gen, which 

might be secondary to disease-related issues like iron overload, low carnitine, low selenium, 

concomitant viral illness, chronic anemia, and medications, as a common pathophysiologic 

mechanism has not been revealed.85-87
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Table 3. 2007 DEB consensus classification and known genotype-phenotype correlation (modified from 
ref. 60).

Phenotypea Type vii collagen 
(if)b

Anchoring fibrils (em)c COL7A1 
genotypesd

DDeb reduced - normal
occasional retention

reduced /  
altered - normal

Dominant Gss, 
in-frame exon 

skipping

DDEB, generalized DDEB-gen

DDEB, acral DDEB-ac

DDEB, pretibial DDEB-Pt

DDEB, pruriginosa DDEB-Pr

DDEB, nails only DDEB-na

DDEB, bullous dermolysis of the 
newborn

DDEB-BDN Reduced → normal
Transient retention, 

granular staining BKs 

Transient electron-dense 
stellate bodies BKs and 

reduced AFs

rDeb Absent - normal Absent - reduced / altered 
- normal

All types

RDEB, severe generalized RDEB-sev 
gen

Absent Absent null / null

RDEB, generalized other RDEB-O Reduced Reduced / 
altered - normal

null / non-null
non-null / non-null

RDEB, acral RDEB-ac Reduced - normal Idem Idem

RDEB, inversa RDEB-I Reduced - normal, 
retention

Idem Idem

RDEB, pretibial RDEB-Pt Unknown Idem Idem

RDEB, pruriginosa RDEB-Pr Reduced - normal Idem Idem

RDEB, centripetalis RDEB-Ce Unknown Unknown Unknown

RDEB, bullous dermolysis of the 
newborn

RDEB-BDN Reduced → normal
Transient retention, 

granular staining BKs

Transient electron-dense 
stellate bodies BKs and 

reduced AFs

null / non-null 
non-null / non-null

a DDEB, dominant dystrophic epidermolysis bullosa; RDEB, recessive dystrophic epidermolysis bullosa. 
Rare variants are given in italics.

b Type VII collagen staining as assessed by immunofluorescence (IF) studies; BKs, basal keratinocytes; 
‘reduced → normal’, reduced staining during period of active blistering, restored to normal after recovery; 
‘reduced - normal’, staining can be reduced or normal; ‘retention’, intracytoplasmic staining of type VII 
collagen in basal keratinocytes.

c Anchoring fibril number and morphology as assessed by electron microscopy (EM) studies; ‘Reduced / 
altered’, AFs are reduced in number and/or ultrastructurally altered; ‘Absent - reduced / altered - normal’, 
AFs can be absent, reduced in number and/or ultrastructurally altered, or normal.

d GSs, glycine substitutions; null, null mutations: nonsense, frame-shift, splice-site, transcription/transla-
tion initiation, multi-exon/whole gene deletion mutations; non-null, non-null mutations: missense, 
in-frame deletion/insertion, splice-site mutations.

Results for DDEB subtypes are more or less equal.
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The other main RDEB subtype recognized by the consensus classification is the ‘generalized 

other’ (RDEB-O) subtype.60 This subtype covers a spectrum of phenotypes ranging from severe 

disease that strongly interferes with everyday life, as in RDEB-sev gen, to much milder disease, 

mimicking DDEB phenotypes (see next section). All the features that may be present in RDEB-

sev gen can also occur in RDEB-O, although less frequently and usually less severe. According 

to the consensus classification, pseudosyndactyly can occur in RDEB-O, but it should be noted 

that it never progresses as rapidly and is never as complete as in RDEB-sev gen. The risk of SCCs 

is significantly increased in RDEB-O (Appendix 1), although it is lower than in RDEB-sev gen, but 

still warrants regular screening.

Of the rarer RDEB subtypes, the inversa type (RDEB-I) is worth mentioning here, as this sub-

type is the topic of chapter 5. Patients have blisters, skin erosions, and atrophic scarring that 

are confined to the proximal body flexures, body trunk and neck, and mucosal membranes. In 

addition, the nails are usually involved, although the rest of the extremities are usually relatively 

spared, hence the name ‘inversa’. 

Dominant dystrophic epidermolysis bullosa

DDEB refers to the DEB subtypes caused by single, heterozygous COL7A1 mutations. DDEB is 

usually much less severe than RDEB-sev gen, but it also covers a range of phenotypes that have 

overlapping features with RDEB-O or other, rarer RDEB subtypes. Chapter 6 describes the Dutch 

cohort of DDEB patients. The major subtype, ‘DDEB, generalized’ (DDEB-gen), is characterized 

by blisters on all parts of the body, including the trunk and mucosal membranes.60 Blistering 

frequency is usually highest during infancy-childhood and decreases with age. Blisters heal 

with skin atrophy, leaving cigarette paper-like scars on the knees and elbows and atrophic skin 

on other body parts, and milia. The mucosal membrane involvement rarely leads to reduced 

mouth opening, feeding difficulties, or anal or urogenital problems. Nail dystrophy occurs most 

commonly on the big toes, but all nails can be affected and may even be lost. SCCs have also 

been reported in DDEB,88-90 but in practice seem to be extremely rare and we have never seen 

SCCs in our DDEB patients.

Other DDEB subtypes either have a characteristic disease distribution or display other 

features that are typical for those subtypes.60 In the ‘DDEB, acral’ (DDEB-ac) subtype, the skin 

lesions are restricted to the hands and feet, although the knees and elbows may be involved. As 

the predominant sites for blistering in DDEB-gen are usually these exact locations, the distinc-

tion between DDEB-gen and DDEB-ac can be difficult to make. Should a patient with blistering 

skin lesions on the hands and feet, who has an occasional blister on the trunk be classified 

as DDEB-gen or DDEB-ac (see chapter 6)? ‘DDEB-pruriginosa’ (DDEB-Pr) describes the subtype 

in which the patient has multiple, intensely itchy, skin nodules, predominantly on the shins 

and ankles, but they can be present on the trunk and arms.91 Of note, pruriginosa DEB is also 

occasionally seen in RDEB.92 In ‘DDEB, pretibial’ (DDEB-Pt), skin lesions are predominantly found 

on the lower legs, especially the shins, although the hands and feet are usually also involved. 
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Of note, there is also a pretibial subtype of RDEB.93 The mildest subtype is the ‘nails only’ variant 

(DDEB-na), where nail dystrophy runs as an autosomal dominant trait in families with or with-

out family members who have a skin blistering phenotype.94,95 DDEB-na often involves only 

the halluces. In families presenting with autosomal dominant nail dystrophy, a heterozygous 

COL7A1 mutation should always be considered in the differential diagnosis.

The diverse problems of DEB patients warrant intensive multidisciplinary care; in the Nether-

lands this is provided by the Groningen Center for Blistering Diseases, UMCG. The team consists 

of a dermatologist, specialized EB nurse, pediatrician, internal medicine specialist, plastic 

surgeon, orthopedic surgeon, anesthesiologist, ophthalmologist, social worker, psychologist, 

occupational therapist, physiotherapist, and clinical geneticist.

Part One 
The genotype-phenotype correlation for DEB

The first part of this thesis reports studies into the genotype-phenotype correlation of DEB. 

Complete knowledge of the genotype-phenotype correlation is essential for accurate diag-

nosis, predicting disease outcome, and genetic counseling, as well as further dissecting the 

pathophysiology behind DEB and identifying potential therapeutic targets. Correlating COL7A1 

mutations to clinical phenotypes, type VII collagen expression and AF number and ultrastruc-

ture in increasing numbers of patients of different ethnic origins facilitates the identification of 

ever improving genotype-phenotype correlation concepts and substantiates the role of as yet 

undiscovered disease-modifiers.

reCessive DysTroPhiC ePiDermolysis bullosA

After the genetic cause of DEB was discovered in the early 1990s, first in RDEB and only a short 

time later in DDEB,96-98 a general genotype-phenotype correlation soon emerged (Table 3). It 

was realized that the most debilitating subtype of DEB, RDEB-sev gen, is caused by biallelic 

null mutations leading to a complete absence of type VII collagen deposition and AFs at the 

cutaneous BMZ.99 In the milder RDEB-O subtype there is at least one non-null mutation that 

leads to some preserved type VII collagen production and AF function,100 while the mildest 

form of RDEB-O results from two missense mutations. This has led to the identification of the 

basic genotype-phenotype correlation rule that the ‘least severe’ mutation determines the 

phenotype.101-103 
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Although these general genotype-phenotype correlation concepts have been confirmed 

in multiple studies in different populations,93,104-119 there are also a number of exceptions to 

these rules. For example, the single nucleotide duplication c.2471dupG in exon 19, which is the 

most prevalent Hispanic-Mexican COL7A1 mutation,106 was predicted to create a frame-shift 

and introduce a premature termination codon (PTC) leading to absent type VII collagen pro-

duction and an RDEB-sev gen phenotype. In contrast, however, patients carrying this mutation 

homozygously had generalized blistering, but only mild scarring and only slightly reduced type 

VII collagen staining at the BMZ.120,121 McGrath et al. demonstrated that this surprisingly mild 

phenotype was explained by in-frame exon skipping of exon 19, leading to the production 

of a shorter but functional protein.121 The alternative splicing of exon 19 can be explained by 

the disruption of an exonic-splicing enhancer signal (ESE) by the single nucleotide duplica-

tion.122,123 

Another example is the nonsense mutation c.8569G>T, p.Glu2857X in exon 116, which was 

also predicted to result in the complete absence of type VII collagen and the most severe RDEB 

phenotype. However, this Japanese founder mutation, if combined with other proven null 

mutations, does not behave like a true null mutation and causes phenotypes compatible with 

RDEB-O or intermediate between RDEB-sev gen and RDEB-O.124,125 Based on the p.Glu2857X 

mutation being located in the second to last exon, Tamai et al. speculated that the position of 

the PTC mutation along the COL7A1 gene correlates with clinical severity: the more 3’ the PTC 

generating mutation, the more severe the phenotype. Although it is tempting to postulate this 

hypothesis from their study, and it seems to be supported by a few other mutations,102 it has 

not been strongly confirmed by other studies and therefore remains controversial. The milder 

effect of p.Gly2857X remains unexplained. 

In addition, from the genotype-phenotype correlation studies cited above it emerged 

that the rarer subtypes of RDEB are due to genotypes comparable to RDEB-O and they may 

therefore be mutation-specific (Table 3). Prior to the start of the studies described in this thesis, 

however, no clear-cut genotype-phenotype correlation had been delineated for these rare 

RDEB subtypes. For example, although the IF and EM characteristics for RDEB-I were well known 

(chapter 5),126-130 the genotype-phenotype correlation for this subtype was unknown.

These facts, the apparent exceptions to the general genotype-phenotype correlation 

concepts, and the remaining difficulty in predicting the consequences of individual mutations 

were the reasons to study the genotype-phenotype correlation in our cohort of Dutch RDEB 

patients and in a cohort of 20 Dutch and British RDEB-I patients in detail. These studies are 

described in chapters 4 and 5 of this thesis.
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DomiNANT DysTroPhiC ePiDermolysis bullosA

The common mutation type in all DDEB subtypes is the substitution of one of the invariant 

glycine residues of the highly conserved Gly-Xaa-Yaa triplet repeats in the triple-helix domain 

of type VII collagen.98,131 Substitution of such a glycine residue replaces a small amino acid, 

which is necessary to facilitate the compaction of three pro-α1(VII) procollagen chains into 

strong homotrimers, by a more bulky one.43 This partly unwinds the tightly compacted triple-

helix structure, which leads to protein misfolding or renders the polypeptide less thermo-stable 

and more accessible to enzymes degrading type VII collagen polypeptides.132 Glycine substitu-

tions (GSs) in type VII collagen are not thought to act through haplo-insufficiency, but to exert 

dominant negative effects on the wild-type protein, as in other collagens.133 As procollagen VII 

molecules are trimers of three pro-α1(VII) procollagen peptides, it is thought that only 1 out of 8 

trimers will consist solely of wild-type pro-α1(VII) procollagen peptides, whereas 7/8 trimers will 

contain 1 to 3 mutant pro-α1(VII) procollagen chains (assuming equal production ratios and no 

preference for aggregations of wild-type or mutant pro-α1(VII) procollagen chains). It follows 

that only 1/16 of the antiparallel type VII collagen dimers formed is wild-type, and hardly any of 

the AFs – lateral aggregations of multiple dimers – will be completely wild-type. Heterozygous 

GSs will therefore affect a much larger proportion of the epidermal-dermal adhesive complexes 

than just reducing their number to half (as would be the case for haplo-insufficiency) and an 

associated disease phenotype is therefore not surprising.

A problem arose with the identification of recessive GSs, i.e. GSs that are not able to cause 

a DDEB phenotype on their own.134 As reviewed by Dang and Murrell,131 approximately half 

of all reported GSs cause DDEB, whereas the others are recessive. The reasons why some GSs 

are dominant mutations whereas others are recessive have not been fully elucidated and it 

is therefore difficult to predict whether a novel GS will have a dominant or recessive effect. 

Especially for de novo GSs this complicates genetic counseling, as the difference lies between a 

50% or a lower-than-1% recurrence risk for offspring.135,136 A clue might come from the position 

of the mutated glycine residue in the type VII collagen triple-helix domain: a hotspot region 

for dominant GSs is located in exons 73-75, the 35 Gly-Xaa-Yaa triplet repeat segment located 

directly behind the 39 amino acid ‘hinge’ region (Figure 5).131 More than half of the reported 

dominant GSs are located in this region, whereas recessive GSs are scattered throughout the 

triple-helix domain and a higher proportion of them are located close to the amino-terminal 

and carboxyl-terminal ends of the triple-helix domain. Apparently, GSs in the exon 73-75 hot-

spot region exert stronger destabilizing effects on the type VII collagen triple-helix than GSs 

in other regions of the protein. The exon 73-75 hotspot region does not, however, exclusively 

harbor dominant GSs, but also a number of recessive GSs. Finding a GS within exon 73-75 is 

therefore not proof of a dominant effect.

To make things even more complex, several glycine substitutions cause RDEB in the one 

family and DDEB in the other.118 These are usually GSs that lead to milder forms of DDEB when 
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they do cause disease in a heterozygous state.137 As it cannot be reliably predicted when any 

of these GSs will be dominant or recessive, this raises difficult clinical issues, especially for 

genetic counseling. In the case of a dominant family history it seems justified to predict a 50% 

recurrence risk, but is this correct? And what should then be the medical professional attitude 

towards a prenatal diagnosis request? If such an ambiguous GS is identified in conjunction with 

another mutation in an RDEB patient and one of the parents is an unaffected carrier, can a DDEB 

phenotype then be excluded with certainty in offspring? To answer these questions as best 

as possible, extensive knowledge of the genotype-phenotype correlation for DDEB is crucial. 

This was the main reason to study the genotype-phenotype correlation in our cohort of Dutch 

DDEB patients, the topic of chapter 6.

Although GSs account for the majority of DDEB-causing mutations, other types of mutations 

have also been described as causing DDEB.131 These are mutations leading to in-frame dele-

tions (or insertions), usually of entire exons, in the type VII collagen triple-helix. As for dominant 

GSs, pro-α1(VII) procollagen chains lacking or gaining an in-frame part are thought to exert 

their pathogenic effect by means of dominant negative interference. The best known example 

is in-frame skipping of exon 87, which has been shown to occur from different mutations on the 

genomic DNA level.109-112,138-147 

Dominant mutations are usually associated with normal or only slightly reduced amounts 

of type VII collagen staining, whereas AF in sections of apparent healthy skin are normal in 

both number and appearance, or reduced in number and/or hypoplastic in structure.59 An 

interesting phenomenon associated with several dominant mutations is ‘retention’ of type VII 

collagen in the endoplasmatic reticulum of basal keratinocytes,132,143,145,148,149 which is thought 

to represent aggregations of misfolded procollagen VII trimers, possibly due to trafficking or 

processing defects. Retention of type VII collagen in the cytoplasm of basal keratinocytes is par-

ticularly seen in bullous dermolysis of the newborn, where the retention gradually decreases 

with improvement of the clinical situation.150-153 

Marked variability in disease severity is usually seen between families carrying different 

mutations, but also between members of the same family carrying the same mutation.154 Dif-

ferent DDEB subtypes are often seen within a single family and clinical heterogeneity seems 

to be the rule, not the exception, in DDEB families (chapter 6). The causes of the variability are 

poorly understood and cannot be explained by the COL7A1 mutations. Therefore, additional 

genetic, epigenetic, and environmental factors must exert important modifying effects on the 

phenotype. However, knowledge on these modifiers is currently rather limited.

COL7A1 muTATioN DeTeCTioN

From the moment COL7A1 mutation screening was introduced in the Netherlands, the challenge 

of how to efficiently cover all 118 exons was ‘tackled’ by employing the prescreening technique 
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denaturing gradient gel electrophoresis (DGGE).104 As DGGE is a rather time-consuming tech-

nique requiring toxic ethidium-bromide gels, we designed an alternative prescreening method 

for detecting COL7A1 mutations, the conformation-sensitive capillary electrophoresis (CSCE). 

CSCE a simple, rapid, reliable, cost-effective, and sensitive technique combining high sample 

throughput and automated variant detection (chapter 3).155,156 

COL7A1 muTATioN TyPes 

Most families carry private mutations, which is reflected by the enormous number of COL7A1 

mutations that have been reported to date: there are now almost 700 unique pathogenic 

mutations listed in the Human Gene Mutation Database for professionals (www.hgmd.cf.ac.uk/

ac/gene.php?gene=COL7A1). Nonetheless, there are several recurrent and population-specific 

founder mutations, which are summarized in Table 4. Many different types of mutations have 

been described in DEB (reviewed extensively in ref. 131): single base-pair substitutions intro-

ducing either nonsense or missense codons account for the majority of mutations, followed 

by deletions/duplications/insertions/insertion-deletions (indels) of one-to-several base pairs 

generating a frame-shift and PTC.

Christiano et al. demonstrated that the expression levels of mRNA transcripts harbor-

ing PTCs were in the order of 10-15%,175 and they showed that mRNA transcripts harboring 

PTCs were degraded by the nonsense-mediated mRNA decay pathway.176 Furthermore, they 

demonstrated that COL7A1 transcription is lowered by 40-50% in cultured keratinocytes from 

parents carrying null mutations.96 As carrier parents are not affected, not even minimally, type 

VII collagen seems to be redundant in the normal skin and 50% of its expression is sufficient for 

normal skin integrity. Epidermal-dermal attachment was estimated to become compromised 

at AF levels below 30%.78 

Approximately 20% of mutations interfere in some way with the normal process of 

splicing.131 Most of the splice-affecting mutations are single nucleotide substitutions or 

small deletions/insertions disrupting consensus splice-sites. The best known example is the 

c.425A>G transition in exon 3. Although first reported as a neutral polymorphism, p.Lys142Arg, 

by Christiano et al.,39 Gardella et al. demonstrated that this variant at the -2 position of the 

splice donor of intron 3 was, in fact, a pathogenic splice-site mutation that, by creating three 

out-of-frame transcripts each resulting in a PTC, acts as a complete null mutation.157 Other 

mutation types affecting normal splicing have also been reported: Drera et al. reported on 

the first mutation disrupting a consensus intronic branch point, c.5236-23A>G in intron 58, 

resulting in four aberrant splice products;177 Posteraro et al. described a patient carrying the 

insertion-deletion mutation c.7759-18_7759-14delinsTTCA in the conserved polypyrimidine 

tract of intron 103 downstream of the predicted branch point, which resulted in the in-frame 

skipping of exon 103;142 Covaciu et al. reported a DDEB family carrying a synonymous sequence 



35

Introduction

1
change c.6846G>C (p.Leu2282Leu) in exon 87 that likely disrupted ESE sequences essential for 

appropriate exon 87 splicing.145 

Titeux et al. reported the only chromosomal microdeletion removing the entire COL7A1 

gene.178 It spanned between 255 and 520 kb on chromosome 3p21.31 and encompassed 

9-15 genes, but did not seem to cause other health issues besides an RDEB phenotype, as the 

patient carried a splice-affecting mutation on the other allele. The largest intragenic deletion 

reported to date is c.1637-240_3255del4064, removing exon 13 – a part of exon 24, which was 

found homozygously in an RDEB-sev gen patient.110 Gardella et al. reported the only COL7A1 

promoter mutation that has been uncovered to date:179 they showed that the -96C>T mutation 

completely abolished transcription from the allele harboring this mutation, as it disrupted a 

functional Sp1 transcription factor (CCGCCC) consensus sequence that is localized between 

nucleotides -96 and -91. 

GeNoTyPe-PheNoTyPe DATAbAse

The large number of COL7A1 mutations and their varied molecular and phenotypic conse-

quences require an online database containing all the available information so that this can 

be shared with anyone ‘at the push of a button’. Prior to the start of our studies, the only avail-

able source for COL7A1 mutations was the Human Gene Mutation Database (www.hgmd.org). 

Although this is a valuable tool if one wants to find out whether a certain sequence change has 

been previously reported as a pathogenic mutation, the HGMD has certain draw-backs: first, it 

contains only detailed information on mutations, not on genotypes or associated phenotypes, 

or type VII collagen and AF expression; second, it gives only the first report of a mutation in the 

literature, ignoring any subsequent reports; and third, only the mutations published more than 

a year ago are freely accessible to registered users, while more recent data are only available 

to paid-up subscribers or institutions. One of the aims of the projects described in this thesis 

was therefore to build an online database that would be freely accessible to all colleagues 

around the world. Our aim was to hold information on both published and unpublished DEB 

patients, their phenotypic details and associated COL7A1 genotypes, mutation details and 

consequences at the RNA and protein levels, and any potential disease-modifying factors. This 

project has resulted in the release of the International Dystrophic Epidermolysis Bullosa Patient 

Registry (chapter 7).
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Part Two 
Somatic mosaicism in DEB

Mosaicism for a monogenic disorder refers to the co-existence of cells expressing a wild-type 

gene and cells expressing a mutant gene in the same individual.180 This results in a mosaic 

distribution of healthy and affected cell populations, the proportions of each determining 

the extent and severity of the associated disease phenotype.181 Mosaicism is usually due to 

a somatic genetic change that occurred post-zygotically in one of the cells of the otherwise 

genetically homogeneous developing body.18 Two types of somatic mosaicism can be distin-

guished based on the effect of the genetic change on the phenotype: ‘forward mosaicism’ and 

‘revertant mosaicism’. In forward mosaicism, a spontaneous genetic change induces a disease 

phenotype in the cell population in which it occurs, i.e. the other cell populations remain wild-

type and thus healthy (Figure 8). In revertant mosaicism, on the contrary, a genetic change 

occurs on a mutant germline background and corrects, or ‘reverses’, the effect of the germline 

mutation. The population of cells harboring the somatic mutation is healthy, whereas the other 

cell populations are still affected. Hence, somatic mosaicism can be regarded as a disease-

modifier and part two of this thesis focuses on the role of somatic mosaicism as a modifier in 

DEB. 

A B

figure 8. A schematic representation of types of somatic mosaicism. A. ‘Forward mosaicism’: mutant (red) 
skin patches are caused by a somatic mutation in an otherwise wild-type, healthy individual (pink color). 
b. ‘Revertant mosaicism’: the germline is mutant, resulting in a generalized mutant phenotype (red color). 
An extra somatic mutation occurred in a single body area that corrected the effect of the mutation and 
resulted in a healthy skin patch (pink area).
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forwArD mosAiCism

Forward mosaicism can be divided in chromosomal mosaicism, ‘functional mosaicism’, and 

‘true forward mosaicism’. In dermatogenetics, chromosomal and functional (i.e. due to random 

X-chromosome inactivation) mosaicism are the forms most commonly seen (Box 2).18 For DEB, 

however, ‘true forward mosaicism’, i.e. the occurrence of a post-zygotical gene mutation in one 

of the cells of the otherwise wild-type embryo, is the most relevant form. Chapter 8 reports 

the first case of forward mosaicism for a dominant COL7A1 mutation in a healthy woman, the 

mother of a patient with a full-blown DDEB-pruriginosa phenotype.

Although true forward mosaicism had been hypothesized many years earlier, it was first proven 

at the DNA level in a boy with a remarkably mild expression of the metabolic disorder ornithine 

transcarbamylase deficiency (MIM 311250) in 1988.203 Germline or gonadal mosaicism, a form 

of forward mosaicism involving only germ cells, had already been demonstrated a few years 

earlier for Duchenne muscular dystrophy (MIM 310200).204 Both types of forward mosaicism 

have subsequently been reported in many other genetic disorders.181,205 The first genetic 

boX 2 – Somatic mosaicism in genodermatoses

Chromosomal mosaicism
The first examples of somatic mosaicism were found for chromosomal aneuploidies and unbalanced 
translocations, i.e. the co-existence of cells with a normal set of chromosomes and cells with a 
chromosomal abnormality.182 One of the best known examples of chromosomal mosaicism in 
dermatogenetics is ‘hypomelanosis of Ito’, nowadays called ‘pigment mosaicism’, in which mosaicism 
for many different chromosomes has been found in up to 60% of patients.183-185 The remainder of 
patients with this disorder could represent mosaicism for single gene mutations,186 but this has not 
yet been proven. Another neurocutaneous disorder reflecting chromosomal mosaicism is phylloid 
hypomelanosis, a rare syndrome characterized by ‘leaf-like’ hypopigmentations resembling floral 
ornaments. Phylloid hypomelanosis is associated with mosaicism for chromosome 13q trisomy 
(Figure 9).187

functional mosaicism – rudolf happle
Another form of mosaicism often encountered in genodermatoses is ‘functional mosaicism’ for a 
lethal, X-linked dominant gene mutation due to random X-chromosome inactivation in women,188 
resulting in a Blaschkoid skin distribution (see section on The Skin) (Figure 9).189,190 One of the 
greatest contributions to the understanding of this form of ‘non-mosaic mosaicism’ or ‘epigenetic 
mosaicism’ was made by Rudolf Happle.191 Together with Lenz, Happle proposed in 1977 that the 
linear striations of bones and linear skin lesions following the lines of Blaschko in focal dermal 
hypoplasia (i.e. Goltz syndrome, MIM 305600) were a visual expression of functional mosaicism for a 
gene mutation located on the X-chromosome.192 The same mechanism was later shown to explain 
the linear and whorled skin lesions in other genodermatoses, including incontinentia pigmenti 
(i.e. Bloch-Sulzberger syndrome, MIM 308300), X-linked chondrodysplasia punctata (i.e. Conradi-
Hünermann-Happle syndrome, MIM 302960), oral-facial-digital syndrome type I (OFD1, MIM 311200), 
and MIDAS syndrome (microphthalmia, dermal aplasia and sclerocornea, MIM 309801).189,193,194 
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disorder with a skin phenotype in which forward mosaicism was proven at the DNA level was 

McCune-Albright syndrome in 1991.206 McCune-Albright syndrome (MIM 174800) is a sporadic 

disorder characterized by a classic triad of polyostotic fibrous dysplasia, café-au-lait macules, 

and endocrine dysfunction including precocious puberty. It has been shown since that all 

patients with this syndrome are mosaic for an activating mutation involving the p.Arg201 

residue of the GNAS gene (MIM 139320).207 This mutation is considered lethal if present in all 

The rare occurrence of these X-linked dominant male-lethal disorders in males can be explained 
by a 47,XXY (mosaic) karyotype or true somatic mosaicism for the causative mutation.195-199 Of 
note, McKusick suggested already in 1973 “that the features of incontinentia pigmenti, focal dermal 
dysplasia and perhaps of the OFD syndrome are spotty suggests that the Lyon phenomenon is 
operating”.200

X-chromosome inactivation also explains the mosaic disease distribution in women in other 
X-linked disorders that are not lethal in males, like X-linked hypohidrotic ectodermal dysplasia (i.e. 
Christ-Siemens-Touraine syndrome, MIM 305100).194,201 Other types of mosaic distribution patterns 
resulting from X-chromosome inactivation are the lateralization pattern as seen in CHILD syndrome 
(congenital hemidysplasia with ichthyosiform nevus and limb defects, MIM 308050) and the 
chequerboard pattern as seen in X-linked congenital hypertrichosis (MIM 307150) (Figure 9).

figure 9. The types of ‘forward’ somatic mosaicism: somatic (a), gonosomal (b), germline (c). 
Different pigmentary patterns resulting from forward somatic mosaicism. The first three patterns 
follow the Blaschko lines (Figure 2) and are often due to X-chromosome inactivation: the narrow 
bands of Blaschko (d), the broad bands of Blaschko (e), and the checkerboard pattern (f). Note that 
the lateralisation pattern, another pattern resulting from X-chromosome inactivation, as seen in 
CHILD syndrome is not shown. Phylloid pattern (g) and patchy pattern without midline separation 
(h). The figure, modified from ref. 19, is reused with permission from ref. 202. Copyright © (1993) 
American Medical Association. All rights reserved.
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body cells, as postulated in 1986 by Happle,208 and therefore mosaicism is a sine qua non for this 

disorder. As such, McCune-Albright syndrome can be considered an autosomal equivalent of 

the male-lethal X-linked dominant disorders that can only manifest in females due to functional 

mosaicism resulting from X-chromosome inactivation (Box 2).

Forward mosaicism can manifest as an absence of any disease features, a milder than 

expected or partial phenotype, or the full-blown phenotype.182 An example of the presence 

of a somatic mutation in the absence of a disease phenotype is the case described by Milewicz 

et al.: the father of a patient with the vascular type of Ehlers-Danlos syndrome was shown to 

carry the causative COL3A1 mutation found in his daughter in a proportion of his somatic cells 

without having any phenotypic abnormality.209 One of the best known examples of forward 

mosaicism leading to a variable but milder than the full-blown phenotype is segmental neuro-

fibromatosis type I, in which the disease is only apparent in a certain body area.210,211 Patients 

with segmental neurofibromatosis have been reported to pass on the causative mutation 

to their children, who then expressed a full-blown neurofibromatosis type I phenotype.212 A 

similar phenomenon has been seen in patients with epidermolytic hyperkeratosis/ichthyosis, 

as some of these patients’ parents had an epidermolytic epidermal nevus with identical his-

tological characteristics.213 The parental nevi are considered a nevoid, i.e. segmental, type of 

epidermolytic ichthyosis reflecting a mosaic mutation, which was apparently also present in 

the parent’s germ cells. This hypothesis was proven correct by the finding of the same KRT10 or 

KRT1 mutations in the parental nevus keratinocytes as in the lymphocytes of the patients with 

generalized epidermolytic ichthyosis.214,215 

The number of reports describing true forward mosaicism in EB is, however, surprisingly 

limited: the very mildly affected mother in a family with dominant EBS was shown to carry the 

KRT5 mutation c.1649delG in a proportion of her cells;216 in a family with Herlitz JEB, germ-

line mosaicism for the recessive LAMB3 mutation p.Arg635X was shown in the father;217 and 

in a DDEB family carrying the dominant COL7A1 mutation p.Gly2003Arg maternal germline 

boX 3 – Somatic second hit mutations: type 1 and type 2 segmental mosaicism

It has been shown that several features of many dominant genodermatoses result from somatic 
‘second-hit mutations’ on the wild-type allele, i.e. leading to loss-of-heterozygosity, as is the case 
in genetic cancer syndromes like Lynch syndrome.219 For instance, in neurofibromatosis type 1 it 
has been proven that neurofibromas and other tumors only develop after somatic inactivation of 
the remaining wild-type NF1 allele.220-222 These observations again support the ideas of Happle, 
who proposed a distinction between type 1 and type 2 segmental forward mosaicism for dominant 
genetic diseases:223,224 type 1 segmental mosaicism results from a post-zygotic mutation on a wild-
type background, manifesting as a localized disease, e.g. segmental neurofibromatosis type 1, while 
in type 2 segmental mosaicism a somatic second-hit mutation occurs in an individual carrying a 
heterozygous germline mutation leading to loss-of-heterozygosity and a segmentally more severe 
disease than in the rest of the body, e.g. a plexiform neurofibroma.
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mosaicism could be proven.218 However, forward mosaicism extending beyond the germ cells 

has not been reported in DEB. 

reverTANT mosAiCism

Revertant mosaicism can be regarded as the phenomenon in which nature itself successfully 

executes gene correction and is therefore referred to as ‘natural gene therapy’.181 Both terms 

were coined by Jonkman et al. in 1997.225 Affected and healthy cells co-exist resulting in a 

mosaic disease distribution. In the affected tissue, the inherited germline mutations cause 

protein absence or dysfunction leading to the expected ‘mutant phenotype’, whereas in the 

healthy tissue a spontaneous post-zygotic reverse mutation has occurred that counteracts the 

effects of the inherited germline mutations and gives rise to the unexpected healthy ‘revertant 

phenotype’. The phenomenon was first reported in Bloom syndrome in 1977.226 The first case 

of proven revertant mosaicism at the DNA level was in a patient with Lesch-Nyhan syndrome 

in 1988,227 and has been reported in several other genetic syndromes since (Table 5). In skin, 

revertant mosaicism was first reported in a patient with the heritable blistering disorder epi-

dermolysis bullosa (EB) in 1997.225 Since that first description in a patient with non-Herlitz junc-

tional EB (JEB-nH) due to compound heterozygous COL17A1 mutations, revertant mosaicism 

has been reported in all major EB types (Table 6): dominant and recessive EBS due to KRT14 

mutations,245,246 other patients with JEB-nH due to either COL17A1 or LAMB3 mutations,247-250 

different types of RDEB and DDEB due to COL7A1 mutations,251-253 and Kindler syndrome due to 

FERMT1 (KIND1) mutations.254-256 In 2009, Jonkman and Pasmooij showed that revertant mosa-

icism could be proven at the DNA level in over one-third of Dutch JEB-nH patients.257 Pasmooij 

et al. were later able to prove revertant mosaicism in even 60% of patients and, based on clinical 

inspection, speculated that it might be present in all patients with the generalized subtype of 

JEB-nH due to biallelic COL17A1 mutations that lead to absence of protein expression.258

Several different mechanisms of reversion have been identified in these EB patients (Figure 

10). The most frequently observed mechanisms are additional sequence changes (also called 

‘second-site mutations’) or mitotic recombinations.259,260 Additional point mutations change 

the mutant base back to wild-type, or a nonsense codon into a wild-type or missense codon, 

or induce splice-site changes leading to deletions/insertions that restore the reading-frame or 

remove the mutant part. Additional smaller-to-larger deletions/insertions can also remove the 

mutant part of the protein or create a frame-shift that leads to knocking-out of the mutant 

allele. Mitotic recombinations, also referred to as intragenic cross-overs, create one allele car-

rying two mutations and one wild-type allele. The possible or favored correction mechanisms 

in any patient depend on the nature and location of the germline mutation, since not all muta-

tions can be equally corrected.260 
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Table 5. Revertant mosaicism in genetic diseases other than epidermolysis bullosa.

Disease omim Corrected gene references

Lesch-Nyhan syndrome 300322 HPRT 227

Duchenne muscular dystrophy 310200 DMD 228

Myotonic dystrophy 160900 DMPK 229

Tyrosinemia type I 276700 FAH 230

Bloom syndrome 210900 RECQL3 231

Adenosine deaminase deficiency 102700 ADA 232

Hereditary motor and sensory neuropathy type 1A 118220 PMP22 duplication 233

X-linked severe combined immunodeficiency 300400 IL2RG 234

Fanconi anemia, complementation group C 227645 FANCC 235

Wiskott-Aldrich syndrome 301000 WAS 236

Fanconi anemia, complementation group A 227650 FANCA 237

X-linked hypohidrotic
ectodermal dysplasia with immunodeficiency 

300291 NEMO 238

Omenn syndrome 603554 RAG1 239

T-cell immunodeficiency 610163 CD3-zeta (CD247) 240

Fanconi anemia, complementation group N 610832 PALB2 241

Fanconi anemia, complementation group I 609053 FANCI 242

Ichthyosis with confetti 609165 KRT10 243

Dyskeratosis congenita type 1 127550 TERC 244

Table 6. Revertant mosaicism in epidermolysis bullosa.

major eb type eb subtype Corrected gene references

EB simplex EBS-AR KRT14 246

EBS, Dowling-Meara (AD) KRT14 245

Junctional EB JEB, non-Herlitz, generalized (AR) COL17A1 225,247-249,257,258

LAMB3 250

Dystrophic EB RDEB-severe generalized COL7A1 251-253

RDEB-generalized other 253
Chapter 8, this thesis

DDEB COL7A1 253

Kindler syndrome - FERMT1 254-256

EB, epidermolysis bullosa; AR, autosomal recessive; EBS, epidermolysis bullosa simplex; AD, autosomal 
dominant; JEB, junctional epidermolysis bullosa; RDEB, recessive dystrophic epidermolysis bullosa; DDEB, 
dominant dystrophic epidermolysis bullosa.
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In chapter 9 we describe the third patient with RDEB showing a revertant patch. As stated 

above, increasing awareness has led to the identification of revertant mosaicism in an ever-

increasing number of patients with all subtypes of EB. This led us to speculate that revertant 

mosaicism should be expected in all patients with EB. To gain theoretical support for this 

hypothesis, we decided to mathematically analyze the probability that revertant mosaicism 

occurs in the skin of patients with recessive subtypes of EB. This is further elaborated in chapter 

10.

gene 
conversion 

second-site 
mutation

DNA replication

normal 
segregation

intragenic 
crossover

back 
mutation 

figure 10. Different reversion mechanisms observed in epidermolysis bullosa. Each cell (squares) 
contain two chromosomes (colored bars). Black bars indicate the positions of the mutations. With 
normal segregation each cell obtains one chromosome from the father and one from the mother. When 
DNA from one chromosome is non-reciprocally transferred to the other chromosome gene conversion 
occurs. In case this gene transfer is in the region containing the inherited mutation this mutation is lost 
in the daughter cells. One of the daughter cells will only carry one recessive mutation, and will therefore 
produce protein (green). Other reversion mechanisms, seen in hereditary skin diseases, are intragenic 
crossover (mitotic recombination), back mutation, and second-site mutation. Intragenic crossover results 
in one daughter cell with both inherited mutations on one chromosome, and another revertant daughter 
cell with one of the chromosomes without mutation. In case of a second-site mutation a compensatory 
mutation is present in the same gene correcting the inherited mutation. The protein that is produced 
may be similar to the wild-type protein, or slightly aberrant although still functional (green/with stripes). 
Reused from ref. 260 with permission. Courtesy of A.M.G. Pasmooij.
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Aims and outline of the thesis

The general aim of this thesis was to expand the understanding of the pathogenesis of dystro-

phic epidermolysis bullosa (DEB) by exploring the Dutch EB database of the Groningen Centre 

for Blistering Diseases. This is the EB Centre of Expertise in the Netherlands and most of the 

Dutch EB patients have visited it at least once. Information about their clinical phenotype, fam-

ily history, results of immunofluorescence and electron microscopy studies on skin biopsies, as 

well as results of mutation analysis have been stored in the database since 1989. Per May 2013, 

the Dutch EB database contained data on 346 different families and is thus a valuable source 

for EB research. 

To achieve this aim, the project defined three major objectives: 

1. to assess the genotype-phenotype correlation for the major subtypes of Deb in the 

Dutch population;

2. to build a public, online database containing all available clinical and molecular 

information of published as well as unpublished Deb patients;

3. to substantiate the disease-modifying role of somatic mosaicism in Deb.

ouTliNe

Chapter 2 puts the studies described in this thesis in a historical perspective. It provides an 

overview of important landmarks in the history of EB in general and DEB specifically, from the 

very first publications on EB to the discovery of the COL7A1 gene as the cause of DEB. This infor-

mation explains many of the names and concepts frequently encountered in the DEB literature 

and research, and consequently in this thesis.

To study the pathogenesis of any genetic disease, it is crucial that the causative mutations have 

been identified in the families under study. This requirement demands a rapid and highly sensi-

tive mutation screening technique. In chapter 3 the analytical validation of the conformation-

sensitive capillary electrophoresis (CSCE) technique for use as a COL7A1 mutation pre-screening 

tool in a diagnostic molecular genetics service laboratory is described. 

The studies done to achieve the aim of the thesis can be divided in two parts. Part one covers 

work on the genotype-phenotype correlation for DEB (objective 1) and on the construction 

of the central database containing all the genotypic and phenotypic information (objec-

tive 2). Complete knowledge of the genotype-phenotype correlation is essential for several 

reasons. First, it enables clinicians to quickly and accurately establish a diagnosis and predict 

disease prognosis. Second, it enables optimized and personalized genetic counseling and 
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decision-making with respect to reproductive issues. Third, it provides insights into the 

pathogenesis of DEB and the role of both genetic and non-genetic disease-modifying factors. 

Fourth, with respect to therapeutic strategies, it currently enables the selection of patients for 

clinical trials, and, in the future, will determine which treatment options are suitable to patients, 

ultimately enabling fully personalized treatment. These considerations formed the rationale for 

our genotype-phenotype correlation studies (objective one).

Chapter 4 describes the genotype-phenotype correlation study in Dutch patients with 

RDEB, whereas chapter 6 discusses the genotype-phenotype correlation in Dutch families 

with DDEB. Chapter 5 reports on the genotype-phenotype correlation study in a series of 20 

patients, six Dutch and 14 British, with the rare inversa subtype of RDEB. This is the largest series 

of RDEB-I patients studied so far and our work revealed that this special subtype is the result of 

a specific set of recessive arginine and glycine substitutions in type VII collagen.

We feel that all the available information on the genotype-phenotype correlation should be 

instantly available to all medical professionals and researchers involved in DEB, as well as to all 

patients and their families. We decided to construct a central database containing this informa-

tion, the International DEB Patient Registry (www.deb-central.org) (objective 2). The process of 

constructing the registry is described in chapter 7. 

In Part Two, I explore the topic of somatic mosaicism in DEB (objective 3). As somatic mosa-

icism in DEB had not been described prior to our studies but was a well-known phenomenon 

in the junctional type of EB, we wondered whether it might have been overlooked in DEB. In 

chapter 8 the first person who is somatic mosaic for a COL7A1 mutation, but without a disease 

phenotype, is described. This case further specifies the mutational load needed in the skin to 

develop DEB. It also emphasizes that forward mosaicism does occur in DEB. Chapter 9 presents 

a patient with a severe generalized other subtype of RDEB, who displayed a healthy, revertant 

skin patch on his neck. The correction mechanism explaining the reversion is shown and his 

case demonstrates that revertant mosaicism is more common in DEB than previously antici-

pated. This conclusion is a bridge to the next chapter. As revertant mosaicism is likely present 

in all patients with the generalized non-Herlitz subtype of JEB and accumulating evidence 

suggests that it is also found in a significant proportion of DEB patients, we wondered whether 

revertant mosaicism should be suspected in all patients with EB, in particular with recessive 

EB. In chapter 10 we tried to find theoretical support for this hypothesis by performing math-

ematical studies on the probability that revertant mosaicism occurs in the skin of patients with 

recessive EB. 

Chapter 11 presents a discussion of the significance and clinical implications of the results 

from these studies and offers recommendations for further research.
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APPeNDiX

Appendix Table i. Clinical summary for DDEB, generalized, RDEB, severe generalized, and RDEB, 
generalized other. Adapted and updated from ref. 60 (Table XVII).

DDeb, generalized rDeb, severe generalized rDeb, generalized 
other

Previous name or eponym Pasini; Cockayne-
Touraine

Hallopeau-Siemens Non-Hallopeau-Siemens

Mode of transmission (usual) AD AR AR

Onset (usual) Birth Birth Birth

Skin distribution (predominant) Generalized Generalized Generalized

Skin findings (frequencya)

 Blisters 2 – 3+ 4+ 3 – 4+

 Milia 3+ 4+ 3 – 4+

  Atrophic scarring 3 – 4+ 4+ 3 – 4+

  Dystrophic or absent nails 4+ 4+  4+

  Granulation tissue Absent Rare Absent

  Scalp abnormalities 2+ 3+ 2+

  Keratoderma None None None

  Other ‘Albopapuloid lesions’ 
(variable)

None None

Relative inducibility of blisters Variable High High

Extracutaneous involvementa

  Anemia 1+ 4+ 2+

  Growth retardation Rare 4+ 2+

  Oral cavity

  Soft tissue abnormalities 3+ 4+ 3+

  Enamel hypoplasia Absent Absent Absent

  Caries Normal frequency Excessive Normal frequency

  Gastrointestinal tract 2+ 4+ 3 – 4+

  Genitourinary tract Rare Rare Rare

  Ocular findings Absent 3+ 2+

  Pseudosyndactyly Rare 4+ b Absent
  Respiratory tract Absent Absent Absent

  Other Absent Glomerulonephritis, renal 
amyloidosis, IgA nephropathy, 
CRF, cardiomyopathy, delayed 
puberty, osteoporosis

Absent

Riska by age 30 of:

  Squamous cell carcinoma None 3+ 2+

  Malignant melanoma None 1+ None

  Basal cell carcinoma None None None

  Death related to EB None 4+ 2+

DEB, dystrophic EB; DDEB, dominant DEB; RDEB, recessive DEB; AD, autosomal dominant; AR, autosomal 
recessive; CRF, chronic renal failure.
Proposed adaptations based on the results of this thesis are given in bold (see also chapter 11, General 
Discussion).
a Scale: absent or none, 1+, 2+, 3+, 4+.
b Can also be late onset, after the age of 7 years. Proposed term for this subgroup of patients: rDeb, 

late-onset severe generalized (see chapter 11, General Discussion).
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Appendix Table ii. Clinical summary for DDEB, acral, RDEB, acral, DDEB, pretibial, RDEB, pretibial, and DEB, 
pruriginosa. Adapted from ref. 60 (Table XVIII).

DDeb-acral and
rDeb-acral

DDeb-pretibial and
rDeb-pretibial

Deb-pruriginosa

Mode of transmission (usual) AD or AR AD or AR AD or AR

Onset (usual) Infancy Birth or infancy Childhood

Skin distribution (predominant) Hands and feet Pretibial

Skin findings (frequencya)

  Blisters 4+ 4+ 4+

  Milia 4+ 4+ 4+

  Atrophic scarring 4+ 4+ 4+

  Dystrophic or absent nails 3+ 4+ 4+

  Granulation tissue Absent Absent Absent

  Scalp abnormalities Absent Absent Absent

  Keratoderma Absent Absent Absent

 Other None Lichen planus-like lesions Severe pruritus

Relative inducibility of blisters Variable Variable Variable

Extracutaneous involvementa

  Anemia Absent Absent Rare

  Growth retardation Absent Absent Rare

  Oral cavity

   Soft tissue abnormalities Absent Absent Absent

  Enamel hypoplasia Absent Absent Absent

  Caries Normal frequency Excessive Normal frequency

  Gastrointestinal tract Absent Common (constipation) Common (constipation)

  Genitourinary tract Absent Absent Absent

  Ocular findings Absent Absent Absent

  Pseudosyndactyly Absent Absent Absent

  Respiratory tract Absent Absent Absent

Risk by age 30 of:

  Squamous cell carcinoma None None Noneb

  Malignant melanoma None None None

  Basal cell carcinoma None None None

  Death related to EB None None None

DEB, dystrophic EB; DDEB, dominant DEB; RDEB, recessive DEB; AD, autosomal dominant; AR, autosomal 
recessive.
a Scale: absent or none, 1+, 2+, 3+, 4+.
b There may be an increased risk of squamous cell carcinoma after 30 years of age.
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Appendix Table iii. Clinical summary for DDEB, nails only and RDEB, inversa. Adapted and updated from 
ref. 60 (Tables XIX and XX).

DDeb, nails only rDeb, inversaa

Mode of transmission (usual) AD AR

Onset (usual) Birth or infancy Birth

Skin distribution (predominant) Nails only Intertriginous, acral, lumbosacral, axial
Generalized during neonatal period and 
infancy

Skin findings (frequencyb)

  Blisters Absent 3+c

  Milia Absent 3 – 4+

  Atrophic scarring Absent 3 – 4+

  Dystrophic or absent nails 4+ 4+

  Granulation tissue Absent Absent

  Scalp abnormalities Absent Absent

  Keratoderma Absent Absent

  Other None ClAs 35%

Relative inducibility of blisters None Common

Extracutaneous involvementb

  Anemia Absent 1+

  Growth retardation Absent Absent

  Oral cavity

  Soft tissue abnormalities Absent 4+

  Enamel hypoplasia Absent Absent

  Caries Normal frequency Increased

  Gastrointestinal tract Absent 4+d

  Genitourinary tract Absent 4+e

  Ocular findings Absent Absent

  Pseudosyndactyly Absent 1+ (partial)

  Respiratory tract Absent Absent

 Other esophageal strictures 60%
repetitive dilations 50%
External auditory canal stenosis 35%
10% conductive hearing loss

Riskb by age 30 of:

  Squamous cell carcinoma None None

  Malignant melanoma None None

  Basal cell carcinoma None None

  Death related to EB None None

DEB, dystrophic EB; DDEB, dominant DEB; RDEB, recessive DEB; AD, autosomal dominant; AR, autosomal
recessive.
a Proposed adaptations based on the results of this thesis are given in bold (see also chapter 11, General 

Discussion).
b Scale: absent or none, 1+, 2+, 3+, 4+.
c 20% of patients have a ‘mucosa only’ phenotype.
d Constipation due to anal strictures in nearly all patients.
e Severe vulvovaginal nonhealing erosions, blisters, and strictures, interfering with normal child deliv-

ery.
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