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Chapter 11
Discussion and future perspectives
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Chapter 11

This thesis addresses the genotype-phenotype correlation for dystrophic epidermolysis 

bullosa (DEB) and the role of somatic mosaicism in modifying disease expression. Chap-

ter 2 gave a historical perspective for the studies described in this thesis and chapter 3 

described the development of a quick and reliable mutation detection strategy. The first 

part of this thesis, covering objective 1, focused on the genotype-phenotype correlation 

in three types of DEB among Dutch patients, recessive DEB (RDEB) (chapter 4), the rare 

inversa type of RDEB (RDEB-I) (chapter 5), and dominant DEB (DDEB) (chapter 6). Chapter 

7 presented the International Dystrophic Epidermolysis Bullosa Patient Registry (objective 

2). The second part of this thesis focused on objective 3, i.e. the disease-modifying role 

of somatic mosaicism in the skin of DEB patients. Chapter 8 described the phenomenon 

of post-zygotic somatic mutations arising on a wild-type background, i.e. ‘forward mosa-

icism’, whereas chapters 9 and 10 described the even more compelling phenomenon of 

‘revertant mosaicism’, i.e. the occurrence of post-zygotic somatic mutations restoring the 

effects of the mutant background.1,2 The patients described in these studies are extracted 

from the Dutch EB database. In this final chapter, I will put the results of this thesis into a 

broader perspective and discuss recommendations for future research directions.
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Part One  
The genotype-phenotype correlation for DEB

why is A ComPleTe uNDersTANDiNG of The GeNoTyPe-PheNoTyPe 
CorrelATioN imPorTANT?

If a baby is born with DEB, this is often, especially in the case of a negative family history, a ter-

rible and unexpected shock to the parents and their families. Once the news of their child hav-

ing DEB has sunk in and the initial shock been absorbed, one of the first questions the parents 

understandably ask is usually “What is the disease going to be like in our child exactly?”. To make 

a precise diagnosis and to make it quickly, in order to predict the disease course from the start 

as accurately as possible, is then the huge responsibility facing pediatric dermatologists. The 

answers to these questions are, however, not only relevant to the parents of the newborn with 

DEB and the dermatologist in the early stage. They also determine the mode of inheritance, 

influence the parents’ interpretation of the severity of the disease and, as a result, their views 

on future family planning and prenatal or pre-implantation diagnosis for future pregnancies, as 

well as the concerns of other family members. These answers are therefore equally important 

in later stages, during genetic counseling. 

To answer these questions a complete understanding of the genotype-phenotype correla-

tion is requiered. However, although the genotype-phenotype correlation is understood for 

most types of COL7A1 mutations and for the common phenotypes, this is only partly true for 

the rarer phenotypes (see chapter introduction and references therein). In addition, many 

exceptions to the general genotype-phenotype correlation rules have been reported. This 

indicates that this requirement, i.e. a complete understanding of the genotype-phenotype cor-

relation for DEB, is not yet completely met and emphasizes the need for genotype-phenotype 

correlation studies in ever larger cohorts.

Other reasons why the genotype-phenotype correlation should be completely known con-

cern therapy and disease modifiers. Before starting to test any therapeutic approach, the effect 

of this approach on protein function, and hence on clinical phenotype, should be anticipated, 

which necessitates an unambiguous correlation. Exceptions to the general genotype-pheno-

type correlation hint at the effects of disease modifiers and therefore open up new areas for 

research. However, the general genotype-phenotype correlation must be well known before 

such exceptions can be recognized and possible modifiers studied. 

To benefit from a complete understanding of the genotype-phenotype correlation, all the 

known information needs to be easily and freely available to anyone worldwide. In chapter 

7, the creation of an online database serving this invaluable goal is described; it is called the 

International Dystrophic Epidermolysis Bullosa Patient Registry. 
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The DiAGNosTiC ProCess iN Deb

In addition to clinical observation and examination, several routine diagnostic tests are avail-

able to assist in the search for the correct diagnosis: immunofluorescence (IF) and electron 

microscopy (EM) analysis of skin biopsy sections to study the proteins and ultrastructures 

potentially at fault and subsequent DNA mutation screening of the candidate genes for the 

underlying mutation(s) (chapter 3). With the greater availability of diagnostic laboratories that 

are able to screen all EB genes routinely, either serially by Sanger sequencing or in parallel 

using next generation sequencing,3 and at ever increasing speed and decreasing test costs, 

mutation screening is rapidly becoming the diagnostic test of first choice. Indeed, skin biopsies 

are being analyzed more and more secondarily, for instance, if the causative mutations could 

not be found or the effects of sequence variants need to be studied on the mRNA or protein 

level in order to draw conclusions on their potential pathogenicity (personal communications 

from various experts within the field). This approach is also favorable from a practical point of 

view, as taking a skin biopsy is commonly considered to be more invasive than taking a blood 

sample. 

Mutation analysis is also becoming the gold standard for DEB. However, as highlighted by 

our study on RDEB (chapter 4), due to many modifying influences the amount of type VII colla-

gen measured by IF in unaffected skin can differ from what is expected from the genotype. The 

type VII collagen staining in a skin biopsy thus remains the best predictor of the disease course, 

especially in RDEB. It is therefore too early to decide to abandon IF, or to a lesser extent EM.

Ideally, the process of making a diagnosis and predicting the disease course should follow 

three stages (Figure 1). In stage one, the medical history and clinical examination point towards 

DEB as the most likely differential diagnosis. The second stage involves COL7A1 mutation 

screening and its results determine the third stage. If mutations are found, a diagnosis and 

prediction of its course can be made if the genotype-phenotype correlation for the mutations 

is well known. A skin biopsy should be taken only if there is considerable uncertainty about the 

genotype-phenotype correlation, in order to determine the molecular and cellular effects of 

the mutations; a diagnosis and prognosis should then be based on the IF and/or EM results. If 

no mutations are found, this could be due to two reasons: first, the clinical diagnosis might be 

incorrect and, second, the causative mutation(s) might reside in parts of the gene that are not 

covered by the diagnostic sequencing technique. To distinguish between these two, the patient 

should be re-examined after several months – especially in newborns and children – and a skin 

biopsy should be taken for IF and EM analyses to determine a level of blistering below the 

basement membrane zone (BMZ) and to demonstrate a type VII collagen defect, in order to 

confirm a diagnosis of DEB. Alternatively, in the case of suspicion of DDEB, as mild forms of 

DDEB sometimes mimic localized EB simplex,4 the KRT5 and KRT14 genes could be screened 

prior to re-examination. For practical reasons, e.g. in the case of patients who live hundreds 

of kilometers away from the hospital, it may be more appropriate to take a biopsy at the first 



253

General discussion

11

visit and not to wait for the mutation results. In addition, as long as the genotype-phenotype 

correlation for DEB is not fully understood, this approach is still not feasible and skin biopsies 

will be required in nearly all new index patients. 

is There A seCoND GeNe for Deb?

The mutation detection rate in the Dutch cohorts of patients fulfilling the diagnostic criteria 

was 97.0% for RDEB and 97.1% for DDEB. These figures indicate that by direct sequencing of the 

entire coding region and ~30 bp of flanking intronic sequences, almost all causative COL7A1 

alleles are detected. Only extremely rare mutations, like deep intronic mutations affecting exon 

splicing,5 promoter or 3’ UTR region mutations,6 or multiple exon or whole gene deletions,7 will 

be missed by this technique. Our mutation detection rate is largely in agreement with other 

major genotype-phenotype correlation studies.8-10

The inability to identify mutant alleles can theoretically be due to several reasons: 

1) the mutation resides in a part of the gene that is not covered by diagnostic sequencing; 

2) the disease is genetically heterogeneous and the mutation resides in a different gene; or 

3) the phenotype is incorrect, the patient has a different disease and carries a mutation in a 

different gene. 

Step 1

Medical history
Clinical examina�on

Step 2

COL7A1 muta�on
analysis

Pa�ent with a skin 
blistering disorder

DEB is most likely 
clinical diagnosis?

Yes

No Follow appropriate 
protocol for other clinical 
diagnosis

Pathogenic muta�on(s) 
iden�fied?

Yes
Step 3

Genotype-type 
phenotype correla�on
(www.deb-central.org)

Diagnosis of DEB 
confirmed
Genotype-phenotype 
correla�on well known?

No
Step 3

Reconsider diagnosis
Re-examine pa�ent
Take a skin biopsy
Determine level of split 
Quan�fy COLVII 
Assess AFs

Base diagnosis and 
prognosis on this 
correla�on
No biopsy required

Take skin biopsy
Base diagnosis and 
prognosis on IF and EM 
results

DEB s�ll most likely 
diagnosis?

Base diagnosis and 
prognosis on IF and EM 
results

Follow appropriate 
protocol for other clinical 
diagnosis

Yes No

Yes No

figure 1. The ideal diagnostic process in patients suspected to have dystrophic epidermolysis bullosa 
(DEB). IF, immunofluorescence analysis; EM, electron microscopy analysis; COLVII, type VII collagen; AFs, 
anchoring fibrils.
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The low percentage of unidentified mutant alleles in our own studies, as well as in work by 

others, indicates it is unlikely there is a second gene for DEB (option 2). An additional argu-

ment supporting this view is that the mutant alleles that could not be found in RDEB belong to 

patients who already carry one mutant COL7A1 allele. This makes it more likely that they also 

carry a second, as yet undiscovered mutant COL7A1 allele rather than being an accidental car-

rier who also carries two mutant alleles of another gene. The same argument, and the clinical 

examination, family history, and IF and EM results all indicate a diagnosis of DEB, which rule out 

the possibility of another disease (option 3). 

In my opinion, the hunt for the disease-causing mutant alleles in mutation-negative, 

well-phenotyped DEB families should therefore focus on refining and expanding screening 

techniques for COL7A1 (option 1), rather than on employing expensive and time-consuming 

next generation sequencing techniques to identify other potential DEB genes. In this regard, 

DEB differs from EB simplex (EBS), the epidermal blistering equivalent of DEB, in which 17% of 

mutations are not found in the three known candidate genes KRT5, KRT14, and PLEC.11,12 In EBS, 

whole exome sequencing recently proved to be of additional value by uncovering EXPH5 as a 

novel gene for recessive EBS.13 

reCessive DysTroPhiC ePiDermolysis bullosA

In the early 1990s, the genetic cause of DEB was discovered; deleterious mutations were found 

in COL7A1, first in RDEB and slightly later in DDEB.14-16 Genotype-phenotype correlation pat-

terns soon emerged: the most debilitating subtype of RDEB, severe generalized (RDEB-sev gen), 

is caused by biallelic null mutations leading to complete absence of type VII collagen deposition 

at the cutaneous basement membrane zone (BMZ) and anchoring fibrils (AFs),17 whereas in 

milder forms of RDEB (RDEB, generalized other; RDEB-O) there is at least one non-null mutation 

that leads to some preserved type VII collagen production and AF function (Table 1).18

In chapter 4, the genotype-phenotype correlation study in the Dutch cohort of RDEB 

patients is presented. The Dutch EB database contained 33 RDEB patients at the beginning 

of the study, of which 15 had RDEB-sev gen, 11 had RDEB-O, four had the rare RDEB, inversa 

(RDEB-I) phenotype, and three patients were too young to make a clinical diagnosis.

late-onset rDeb, severe-generalized?

Of the 11 patients diagnosed with RDEB-O, five developed partial pseudosyndactyly of the 

fingers and toes preceded by marked skin atrophy and flexion contractures over the years 

(Figure 2). When they developed pseudosyndactyly, we asked how we should classify these 

patients correctly. The USA National Epidermolysis Bullosa Registry (NEBR) reports that 54% of 

RDEB-O patients have pseudosyndactyly,19,20 and it is listed among the features for RDEB-O in 

the current consensus classification.4 In contrast, many authors have used pseudosyndactyly as 
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Table 1. 2007 DEB consensus classification and genotype-phenotype correlation patterns (modified from 
ref. 4). Updated with the results of this thesis (given in bold).

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

late-onset rDeb, severe 
generalized

strongly reduced - 
reduced

Absent - reduced / altered null / non-null
‘leaky’ null / null

RDEB, generalized other RDEB-O reduced - normal reduced / altered null / non-null
non-null / non-null

RDEB, acral RDEB-ac Reduced - normal Idem Idem

RDEB, inversa RDEB-I Reduced - normal, 
retention

Transient electron-dense 
stellate bodies BKs and 

reduced AFs

Arginine 
substitutions / 

recessive Gss

RDEB, pretibial RDEB-Pt Unknown Reduced / altered null / non-null 
non-null / non-null

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 (AF) 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 the different DDEB subtypes are more or less similar.
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a means to discriminate RDEB-sev gen.8,21,22 Hence, either RDEB-sev gen or RDEB-O seemed to 

be acceptable, but which is be the most accurate?

The pseudosyndactyly in this subset of five patients progressed significantly more slowly 

than in our 15 RDEB-sev gen patients and it was only partial. Their skin phenotype in general 

was also slightly milder than in our RDEB-sev gen patients and it was therefore considered not 

to match RDEB-sev gen. At the same time, their phenotype was more severe than in the other 

six RDEB-O patients and therefore did neither match RDEB-O. In my opinion, these patients’ 

A

B

C

2.5 yr

4.5 yr

7 yr

7 yr

14 yr

24 yr 73 yr

44 yr

IF -

Control IF +++

IF ±

IF +

IF ++

IF +++

17 yr

figure 2. Natural course of disease, immunofluorescence and electron microscopy studies in patients 
with RDEB, severe generalized, RDEB, generalized other, and the intermediate RDEB phenotype. A. 
Longitudinal clinical photographs of the hands show the evolution of the phenotype in RDEB-sev gen 
patient EB022 (left column), intermediate RDEB patient EB009 (middle column), and the natural course of 
disease in RDEB-O patients EB186, EB100, and EB175 (right column, top to bottom). b. Type VII collagen 
(moab LH7:2) IF staining intensities in RDEB-sev gen patient EB017 (left column, upper panel) and healthy 
control (left lower panel); middle column: intermediate RDEB patients EB064 (upper) and EB009 (lower); 
right column: RDEB-O patients EB175 (upper) and EB106 (lower). Staining intensities are scored as normal 
(+++), slightly reduced (++), reduced (+), strongly reduced (±), or absent (−). This shows that the lower the 
type VII collagen staining intensities, the more severe the phenotypes are. Scale bar: 50 μm. C. Electron 
microscopy revealed left: absent anchoring fibrils in RDEB-sev gen (EB022); middle: markedly reduced 
number of anchoring fibrils in intermediate RDEB (EB102); right: slightly reduced number of anchoring 
fibrils in RDEB-O (EB175). Scale bars: 50 nm.
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phenotypes seemed to constitute a separate entity of intermediate severity between the 

clearly demarcated RDEB-sev gen and RDEB-O phenotypes. As long as this phenotype has not 

been assigned a separate category, the differences in classifying these patients’ phenotypes will 

continue to blur conclusions about the genotype-phenotype correlation for RDEB.

Using pseudosyndactyly as a strict discriminating factor for RDEB-sev gen, and thus includ-

ing patients with the intermediate phenotype, would obviously broaden the spectrum of 

RDEB-sev gen too much and simply add to the confusion. Moreover, this option is impractical: 

the partial pseudosyndactyly in our subset of five patients developed after the age of 7 (range 

of 7-23 years), implying that a definitive clinical classification could only be made after several 

years. In contrast, including our five patients in RDEB-O as the consensus classification recom-

mends, although recognizing the milder than RDEB-sev gen phenotype, would leave the RDEB-

O spectrum too broad for patients and parents to correctly understand the disease’s prognosis. 

RDEB-O would range from nearly as severe as RDEB-sev gen to very mild, with only occasional 

blistering, mimicking a mild DDEB phenotype.4 It cannot be considered high-standard patient-

care to leave patients and parents with so much uncertainty about the diagnosis. For the sake 

of giving them a sound and unambiguous disease prognosis, as well as for the sake of uniform 

genotype-phenotype correlation studies, I plead to include a separate category for this inter-

mediate phenotype that is characterized by late-onset pseudosyndactyly preceded by skin 

atrophy and flexion contractures (Table 1). 

There is another reason why the intermediate phenotype should be distinguished: there is 

a gross correlation between the severity of the phenotype and type VII collagen expression, 

on the one hand (chapter 4), and the risk for squamous cell carcinomas (SCCs), on the other 

hand.23 None of our five patients with the intermediate phenotype (now aged 17-29 yrs, one 

patient died of renal failure at age 14) had developed SCCs to date. Based on the correlation 

mentioned, the intermediate diagnosis nonetheless immediately emphasizes that patients 

probably have a higher risk of SCCs than RDEB-O patients, but a lower risk than RDEB-sev gen 

patients. Regular screening for SCCs is still warranted.

Now what should this intermediate category be called? In our study, we have chosen to call it 

‘RDEB-O with pseudosyndactyly’. The advantage of this name is that only the denominator ‘with 

pseudosyndactyly’ needs to be added once pseudosyndactyly develops. However, this might 

put too much emphasis on only one feature of the disease, albeit a critical one, and one could 

also argue to call this category ‘severe RDEB-O’ or something similar. As pseudosyndactyly and 

concomitant similar involvement of the rest of the skin and mucosae is generally considered an 

expression of severe disease, we could also choose to use the term ‘late-onset RDEB-sev gen’ or 

equivalent. Personally, considering the above arguments and keeping in mind the severe and 

debilitating phenotype in our five intermediate patients, who showed a lot of resemblance to 

RDEB-sev gen but with slower progress, I would prefer the term ‘late-onset RDEB-sev gen’ (Table 

1).
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Is it possible to make this diagnosis before the onset of pseudosyndactyly? According to the 

results given in chapter 4, patients with the intermediate phenotype also had intermediate 

type VII collagen expression levels, and AF numbers and ultrastructure (Table 1, Figure 2). Their 

genotypes overlapped with both RDEB-sev gen and RDEB-O. Finding results in these ranges 

should prompt the intermediate diagnosis even in young children. 

The phenotype cannot always be predicted simply from the genotype

Patients EB024 and EB064 with the intermediate phenotype showed an unusual genotype-

phenotype correlation. Despite reduced and strongly reduced type VII collagen staining inten-

sity in their skin biopsy sections, respectively, they were unexpectedly found to carry biallelic, 

premature termination codon generating (PTC) mutations. Patient EB024 was homozygous 

for the c.6508C>T (p.Gln2170X) in exon 80, while patient EB064 was compound heterozygous 

for the same mutation and the well-known null mutation c.1573C>T (p.Arg525X). Apparently, 

mutation c.6508C>T was ‘leaky’. Our results (chapter 4) excluded in-frame exon-skipping24 or 

RNA editing,25 predicted that the mutation did not create a novel splice-site or disrupt a con-

sensus splice-site, and showed that the protein formed was not carboxyl-terminally truncated. 

We therefore speculated that this mutation was partly rescued by spontaneously occurring 

translational read-through of a stop codon, a feature which has so far only been described in a 

patient with Menkes disease26 and a junctional EB patient with biallelic PTC generating muta-

tions in LAMA3.27 After our study was published,28 we extended the mRNA analysis and found 

that alternative splicing had occurred in both patients, leading to an in-frame deletion of 117 

bps ranging from within exon 79 to within exon 82 (c.6477_6593del). This deletion removes 39 

amino acids from the type VII collagen protein (p.Met2160_Gly2198del), but does not affect 

the Gly-Xaa-Yaa triplet repeat structure of the 13th collagenous subdomain (unpublished data). 

Further studies revealed that this alternative splicing was not due to the c.6508C>T muta-

tion, but also occurred in healthy control skin. Hence, the alternative splicing in this region 

of COL7A1 acted as a disease modifier that slightly mitigated the phenotype. It is therefore 

predicted that patients with PTC mutations in the c.6477_6593 region will never have RDEB-sev 

gen. The patient described by Pasmooij et al. who was homozygous for the Spanish founder 

mutation c.6527dup,29 supports this theory, since there was positive but reduced type VII 

collagen expression along the BMZ in mutant skin, although the patient was classified as RDEB-

sev gen.30 Moreover, Kern et al. described a patient diagnosed with RDEB-sev gen, who was 

homozygous for the c.6508C>T (p.Gln2170X) mutation and showed positive though reduced 

numbers of AFs.8,9 However, a complete absence of type VII collagen staining was shown in 

other patients described by Kern et al. and Escamez et al. who were classified as RDEB-sev 

gen and homozygous or compound heterozygous for PTC-generating mutations within this 

region.8,10 Whether alternative splicing occurs in this region in all patients therefore remains 

elusive. Our observations nonetheless add important insights to the genotype-phenotype 
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correlation for RDEB and highlight another exception to the general genotype-phenotype 

correlation concepts.

The iNversA TyPe of reCessive DysTroPhiC ePiDermolysis bullosA

Before we started our study on RDEB-I, little was known about the genotype-phenotype cor-

relation in this rarer subtype (chapter 5). Although it was already recognized as a separate 

entity by Gedde-Dahl in 1971,31 and found to have a more or less similar AF pathogenesis as the 

main RDEB subtypes,32 only several tens of patients with RDEB-I had been described since. In 

collaboration with the group of Prof. J.A. McGrath, St. John’s Institute for Dermatology, London, 

UK, we studied the genotypes of 20 Dutch and British RDEB-I patients and of all genotyped 

RDEB-I patients reported in the literature. We concluded that RDEB-I is caused by a specific set 

of recessive arginine and glycine substitutions in type VII collagen (Table 1). This conclusion was 

confirmed in a concurrent study by Chiaverini et al.33 Later, a patient with ‘late-onset RDEB-I’ 

due to the compound heterozygous glycine substitutions p.Gly1899Val and p.Gly1907Asp was 

reported.34 p.Gly1907Asp was found in RDEB-I patients in our study and that by Chiaverini et al., 

although it has also been described in other RDEB subtypes.22,33 Moreover, we also identified 

the p.Gly1907Glu mutation at the same codon in an RDEB-I patient, suggesting that amino 

acid position 1907 is a specific RDEB-I position. Vendrell et al. later reported a patient with 

RDEB-I who was compound heterozygous for the p.Arg2069Cys and c.425A>G mutations,35 a 

genotype constellation previously implicated in RDEB-I.36,37 In fact, our study revealed that the 

p.Arg2069Cys is the most common mutation observed in RDEB-I. Since then, we have exam-

ined another patient with a rather mild RDEB-I phenotype, who is compound heterozygous for 

two different novel recessive glycine substitutions: c.5098G>A, p.Gly1700Ser and c.6502G>C, 

p.Gly2168Arg (unpublished data). Neither mutation has been implicated in any DEB type and 

we assume that they are recessive, since the family history was negative for blistering disorders, 

but this could not be formally proven. Both mutations affect the first nucleotides of exon 56 and 

exon 80, respectively, and lower the scores for the consensus splice sites. It cannot be excluded 

that their effect is in fact in-frame exon skipping instead of a glycine substitution. This should 

be further studied at the mRNA level, but at this stage it was not possible to obtain a skin 

biopsy. These results add important information to the genotype-phenotype correlation rules 

for RDEB-I.

what is the pathophysiology underlying the specific inversa distribution?

Now the genotype-phenotype correlation for RDEB-I is emerging, why do these specific mis-

sense mutations have such a typical disease expression? The distribution of skin lesions on the 

exact body areas where the skin temperature is the highest, including the oral, esophageal, 

urogenital, anal mucosae, and auditory canals, led us to hypothesize that skin temperature is 
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the modifying factor underlying the inversa distribution. Several lines of evidence from in vitro 

and clinical studies support this hypothesis (chapter 5): 

– thermo-stability assays using limited pepsin digestion of procollagen VII homotrimers 

harboring an RDEB-I glycine substitution showed mildly reduced stability of the triple-helix 

domain compared to normal, whereas procollagen VII homotrimers harboring dominant 

glycine substitutions had further reduced thermo-stability;8,38 

– Woodley et al. showed that three recessive glycine substitutions and one recessive arginine 

substitution close to the hinge region of recombinant pro-α1(VII) procollagen peptides 

reduced the stability of the triple-helix;39 

– the RDEB-I phenotype with localized blistering has not been seen in the warmer climate of 

Mexico (Dr. J. Salas-Alanis, personal communication);

– lower thermo-stability was also observed for four different glycine substitutions in the 

triple-helix domain of type XVII collagen;40

– a skin temperature effect has been noted in other skin diseases, of which bathing-suit 

ichthyosis is the best example with a disease distribution that is comparable to RDEB-I.41,42

The question remains as to how the higher skin temperature in the affected body areas 

modifies the effect of the mutations. Several options can be deduced: 1) an assembly defect: 

Skin temperature

Normal type VII collagen

33-34°C
Proximal flexures

41°C

33°C

Dominant glycine
substitution

Inversa glycine
substitution

20°C

35°C

33°C

A B C

figure 3. The temperature hypothesis for RDEB, inversa (RDEB-I). A. In the wild-type situation, the 
triple-helix domain of type VII collagen is stable at normal skin temperatures (~33 °C in the proximal 
body flexures, lower elsewhere). In vitro, the triple-helix becomes unstable and can be degraded by 
limited pepsin digestion at temperatures of ~41 °C.8 b. In case of a dominant glycine substitution in the 
triple-helix domain (middle part), the thermo-stability is dramatically reduced to temperatures between 
20-33 °C.38 C. The reduction in thermo-stability of the triple-helix domain caused by recessive RDEB-I 
glycine substitutions is less dramatic: the triple-helix becomes unstable between 33-35 °C (right part).8 
In case of a recessive RDEB-I glycine substitution, the temperature thus is continuously high enough only 
in the proximal body flexures to destabilize the type VII collagen triple-helix. In the rest of the body, the 
temperature is too low to cause sufficient destabilization.
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the assembly of pro-α1(VII) procollagen peptides into procollagen VII homotrimers could be 

more impaired at higher skin temperatures; 2) a primary degradation effect: the higher the 

skin temperature, the more the triple-helix could become unwound and the more prone the 

molecule would become to proteolysis, and 3) a secondary degradation effect: the activity of 

proteases such as matrix metalloproteinase-1 (MMP1) could be enhanced at higher skin tem-

peratures, leading to increased degradation of type VII collagen trimers that are less stable than 

normal. In the affected skin, a combination of two or even three options might be operating 

and the exact cause might also differ per mutation. I speculate that the RDEB-I missense muta-

tions create misfolded procollagen VII trimers, explaining the retention of type VII collagen in 

the endoplasmic reticulum that is regularly observed in RDEB-I;43 the misfolded procollagen VII 

trimers contain less stable triple-helix domains that unwind further at increasing temperature; 

the decrease in stability is, however, mild and therefore only in the affected body regions is 

the skin temperature continuously high enough to further unwind the triple-helix domain and 

make it accessible to proteases, leading to degradation of type VII collagen and thereby causing 

RDEB-I (Figure 3).

Although a skin temperature effect seems a satisfactory explanation, other possibilities 

should not be ignored as long as the pathogenesis behind RDEB-I has not been fully unraveled. 

For instance, one could think of different microbial communities in the affected areas (possibly 

secondary to higher skin temperatures) that could mediate type VII collagen production and/

or degradation through influencing proteases.44 

how can we further unravel the pathophysiology of rDeb, inversa?

To gain more insight into the exact pathophysiology of RDEB-I, thermo-stability assays for the 

known RDEB-I mutations are the obvious next step. These studies should confirm that the 

thermo-stability of procollagen VII trimers harboring the specific RDEB-I mutations is indeed 

slightly reduced compared to wild-type, other recessive, and dominant missense mutations. 

The skin temperature over the body of RDEB-I patients should also be studied by digital ther-

mographs to verify that this distribution is the same in RDEB-I patients as in controls (Figure 3 

in chapter 5).

Another interesting experiment would be to conditionally express wild-type or mutant 

type VII collagen from cells that do not naturally express type VII collagen (e.g. HEK293 cells). 

These cells could be used to see whether all or only a portion of the RDEB-I missense muta-

tions induce type VII collagen retention in the endoplasmic reticulum. It should also be studied 

whether the MMP1 promoter SNP plays a role in the pathogenesis of RDEB-I (see section Clinical 

heterogeneity and disease-modifiers).



262

Chapter 11

DomiNANT DysTroPhiC ePiDermolysis bullosA

DDEB is generally caused by glycine substitution mutations within the triple-helix domain 

of type VII collagen, thought to act by dominant negative interference on the stability of 

type VII collagen trimers.16 In the Dutch cohort of 35 DDEB families, comprising 72 patients, 

the observed genotype-phenotype correlation was largely in concordance with current 

insights:16,45 in 34 families, a glycine substitution within the triple-helix domain of type VII 

collagen was identified, of which the vast majority resided in the known exon 73-75 hotspot 

region for DDEB mutations (chapter 6). We found four novel dominant glycine substitutions 

and one in-frame exon skipping mutation, expanding the list of dominant glycine substitutions 

and the genotype-phenotype correlation for DDEB.46

DDeb mutations acting through in-frame exon skipping

In one family (EB072) we identified a mutation that exerts its dominant negative effect not 

by changing an invariable glycine residue, but through in-frame exon skipping. The affected 

father and son carry the point mutation c.6181-6T>G in intron 73. Given the dominant inheri-

tance pattern in the family, we expected that the pathogenic effect of the mutation would be 

in-frame skipping of exon 74. mRNA analysis by RT-PCR followed by nested PCR of the cDNA 

indeed revealed in-frame exon 74 skipping (unpublished data), indicating that the mutation 

disrupted the intron 73 acceptor slice site. In-frame exon skipping leading to DDEB has been 

described for exons 36, 45, 87, and 108 (www.deb-central.org). During the latest International 

Investigative Dermatology conference in Edinburgh, May 2013, a Japanese DDEB family was 

presented with in-frame skipping of exon 74.47 The mutation, the deletion of the penultimate 

nucleotide of exon 74 (c.6215delA), disrupted the exon 74-intron 74 donor splice site, highlight-

ing that different mutations can have similar effects and confirming the likely dominant nature 

of the mutation in family EB072. Our observation of in-frame exon 74 skipping causing DDEB 

provides important new insights into its genotype-phenotype correlation. 

Not all mutations leading to skipping of one of the in-frame exons from the type VII collagen 

triple-helix domain lead to DDEB. Indeed, skipping of several other exons has been implicated 

in RDEB.45 In this regard, the effects of in-frame deletions seem to be similar to glycine substitu-

tions, which can also cause both DDEB and RDEB.46 As with the glycine substitutions, it is not 

yet clear why some in-frame deletions cause DDEB, while others cause RDEB. Dominant glycine 

substitutions tend to cluster in the exon 73-75 hotspot region.45 This implies that glycine sub-

stitutions close to the hinge region have stronger negative effects on triple-helix stability than 

glycine substitutions elsewhere in the protein. The occurrence of in-frame skipping of exon 

74, i.e. in the middle of the hotspot region for DDEB mutations, in two DDEB families, might 

indicate that a similar position effect also exists for in-frame deletion mutations. However, the 

very few in-frame deletion mutations reported make it far too early to draw reliable conclusions 

and necessitates the future characterization of many more patients with in-frame deletions.
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whAT ADAPTATioNs of The ClAssifiCATioN for Deb Are 
reCommeNDeD?

Based on the results of this thesis, we propose several adaptations of the current consensus 

classification, summarized in Table 1. For DDEB, the ‘DDEB, acral’ phenotype should not be 

regarded as a rare variant, as 58% of our patients were diagnosed with this subtype (chapter 

6). For RDEB, we suggest adding the ‘late-onset RDEB-sev gen’ category (chapter 4), and for 

RDEB-I the genotype-phenotype correlation can be added (chapter 5). Moreover, we suggest 

diagnosing patients based on their blistering phenotype (chapter 6). Thus, eliminating the 

pruriginosa subtypes could be considered, along with adding ‘prurigo’ as a feature that can be 

present in addition to any of the blistering phenotypes. For discussions on these points, please 

refer to the respective chapters or earlier in this general discussion chapter.

CliNiCAl heTeroGeNeiTy AND DiseAse-moDifiers

Substantial clinical variability was present between the different DDEB families (i.e. interfamilial 

variability), as well as between members of the same family (i.e. intrafamilial variability). Inter-

familial variability also existed between families with the same COL7A1 mutation, a generally 

accepted phenomenon not only for DDEB but also for RDEB patients with the same genotype. 

Such clinical variability indicates the presence of disease modifiers, which can be genetic, 

epigenetic or non-genetic. Another example relating to modifiers is the ambiguity of several 

glycine substitutions: some of those result in DDEB in one family, while acting recessively in 

another family (recently summarized by Almaani et al.46). The factors explaining the potential 

ambiguity of glycine substitutions have not yet been resolved, but it can lead to difficult situa-

tions in genetic counseling.46,48,49

Obviously, the presence of a pathogenic COL7A1 mutation, usually a glycine substitution, is a 

prerequisite for developing DDEB: no mutation means no type VII collagen dysfunction and no 

blisters. However, the mutation alone is insufficient to determine the exact disease expression; 

the mutation rather seems to set the upper and lower boundaries for disease expression. The 

exact level of expression is determined by additional modifying factors. The obvious question 

is then “What are these factors?”, but the answer is as simple as it is unsatisfactory: it is not yet 

understood.

What is known about disease modifiers in DEB? Knowing that the mutation determines the 

amount of functional type VII collagen that could potentially be produced, most research into 

disease modifiers has so far focused on the influence of enzymes that are capable of degrad-

ing type VII collagen, like matrix metalloproteinase-1 (MMP-1). The constitutional activity of 

MMP-1 is modulated by a functional single nucleotide polymorphism (SNP, rs1799750) in its 

promoter:50 Titeux et al. showed that a difference in MMP1 promoter SNP genotype explained 



264

Chapter 11

the enormous clinical heterogeneity between three brothers with RDEB due to a homozygous 

COL7A1 missense mutation.51 They also showed that the more active allele of the SNP was 

significantly more frequent in patients with RDEB-sev gen than in patients with milder RDEB 

phenotypes. 

This interesting finding encouraged us, and others, to study whether differences in MMP1 

promoter SNP genotypes could explain clinical variability in DEB. In large cohort studies of 

both RDEB and DDEB patients, Kern et al. and Almaani et al. were unable to confirm the higher 

frequency of the more active MMP1 promoter SNP allele in more severely affected patients.9,52 

Moreover, Almaani et al. concluded that the MMP1 genotype was not a modifier involved in 

the pruriginosa subtypes of DEB. We have also genotyped the MMP1 promoter SNP in 72 DEB 

patients, but we were not able to find statistically significant differences in allele frequencies 

between different DEB types and controls, nor between different DEB subtypes (unpublished 

data). Collectively, these data indicate that a disease-modifying role for the MMP1 promoter 

SNP has become less likely than assumed when the results of Titeux et al. were first published. 

However, a disease-modifying role cannot be fully ruled out yet: 1) in the analyses of Titeux et 

al., the presence of the familial cases might have had a large influence on the outcome. This 

could indicate that the MMP1 promoter SNP genotype could play a substantial modifying role 

within individual families, but the effect might be smaller in patient cohorts. 2) The MMP-1 

activity can only have a modifying role if there is protein production in the first place. The pres-

ence of many patients carrying complete COL7A1 null genotypes in study cohorts can therefore 

bias the outcome. 3) The effect of MMP-1 on disease severity in patient cohorts might be so 

small that the cohorts studied by us, Kern et al. and Almaani et al. were actually too small to 

detect this effect. 

A meta-analysis of the three published cohorts and our cohort could show whether a small 

effect size can be identified. In such an analysis, patients with complete null-null genotypes 

should be excluded. Next, the MMP1 promoter SNP genotyping study should be repeated in 

a larger international cohort, again excluding patients with complete COL7A1 null genotypes 

and familial cases. Familial cases should be analyzed separately. Uniform phenotyping is an 

extremely important issue if such a study is to be conducted.

what causes the pruriginosa subtype of dystrophic epidermolysis bullosa?

The pruriginosa form of DEB, in which patients have severe itch and pruriginous nodules (OMIM 

604129), occurred in 25% of our DDEB patients. The pruriginosa phenotype can occur both in 

RDEB and DDEB in addition to the blistering phenotype. Patients with and without pruriginosa 

often co-exist within the same family.53,54 Described first by McGrath et al. in 1994,53 it has not 

yet been possible to delineate a specific genotype-phenotype correlation for the pruriginosa 

subtypes.52,54 So what modifying factor causes this particular phenotype? Several non-genetic 

factors such as IgE levels, atopy, biochemical or endocrinological abnormalities, and iron defi-
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ciency have all been excluded as potential disease-modifying factors,53,54 but several genetic 

factors have been suggested. 

First, it has been suggested that null mutations in the FLG gene, coding for the epidermal 

terminal differentiation protein filaggrin (MIM 135940), cause the pruriginosa phenotype. FLG 

null mutations are carried by ~10% of people of European origin,55 while ~47% of patients 

with atopic dermatitis (i.e. atopic eczema) carry at least one of the five common FLG null muta-

tions.56,57 Due to phenotypic overlap between DEB-Pr and atopic eczema, and the presence 

of eczema in some patients with DEB-Pr, it was speculated that the pruriginosa phenotype 

might be caused by the co-existence of COL7A1 and FLG null mutations. To test this hypothesis, 

Schumann et al. studied the presence of the two most common European FLG mutations, 

p.Arg501X and c.2282del4, in seven COL7A1 mutation positive DEB-Pr patients, but they were 

unable to identify any FLG mutation.58 In collaboration with the groups of Prof. J.A. McGrath, 

St. John’s Institute for Dermatology, London, UK and Prof. W.H.I. McLean, Centre for Derma-

tology and Genetic Medicine, University of Dundee, Scotland, we have sequenced the entire 

FLG gene in a cohort of 23 Dutch and British DEB-Pr patients and analyzed another 20 British 

patients by restriction enzyme analysis for the three common British mutations (p.Arg501X, 

p.Arg2447X, and c.2282del4). We identified an FLG null mutation in four patients: the p.Arg501X 

and p.Arg2447X mutations were each found once and the c.2282del4 mutation was found 

twice (unpublished data). The number of mutations detected, 4/43 (~10%), was equal to the 

expected number of mutations based on the population frequency of these three mutations, 

i.e. ~10%.55 Although it cannot be ruled out that FLG null mutations play a modifying role in a 

subset of DEB-Pr patients, these two studies have reliably excluded FLG null mutations as major 

disease-modifiers in DEB-Pr.

Second, Almaani et al. studied whether the MMP1 promoter SNP (see section Clinical hetero-

geneity and disease-modifiers) could be a disease-modifier in DEB-Pr. However, they failed to 

find an association between the more active allele of the MMP1 promoter SNP and the DEB-Pr 

phenotype in a relatively small cohort of 27 DDEB-Pr patients.52

Third, Nagy et al. investigated whether a risk haplotype for itching disorders in the IL-31 

gene was more prevalent in DDEB-Pr.59 The rationale behind their experiment was that IL-31 

had been shown previously to be upregulated in several itching disorders, including atopic 

eczema,60 and the IL-31 risk haplotype was demonstrated to be associated with higher IL-31 

expression and non-atopic eczema.61 However, in their cohort of 27 DDEB-Pr patients, they 

were not able to find any association between the IL-31 risk haplotype and DDEB-Pr.

Altogether, the genetic disease-modifying factor underlying DEB-Pr still remains elusive and 

future studies are needed to gain insight into its pathophysiology.

how can we identify disease modifiers in Deb?

The rapidly improving tools to analyze whole exomes, genomes, epigenomes, and transcrip-

tomes offer interesting new opportunities to study genetic and epigenetic disease modifiers 
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in DEB.62,63 By comparing patients with different phenotypes but identical genotypes, these 

techniques could help to shed light on why a certain genotype can result in divergent pheno-

types. Doing this in single families – and starting in patients with extreme phenotypes as also 

proposed for complex disorders64 – offers the highest chance of detecting such modifiers: as 

a large part of the genetic background will be the same for relatives, the number of variants 

that need to be analyzed further as they are not shared will be relatively limited. In the coming 

years, the costs of these techniques will drop to levels allowing their widespread use in study-

ing disease-modifiers on an unprecedented scale and detail. Unfortunately, with regard to such 

studies, familial RDEB cases are scarce and the familial strategy may be of more value for DDEB. 

However, it will probably require many families and many patients with the same genotype to 

identify genetic modifiers, which may turn out not to be feasible.

whAT Are The imPliCATioNs for TherAPeuTiC sTrATeGies?

One of the goals of studying the genotype-phenotype correlation in DEB and disease-modi-

fiers is to identify potential therapeutic targets. What then are the implications of the studies 

described in this thesis with regard to therapy development? The study on RDEB (chapter 4) 

supports even the slightest increase in type VII collagen production having an impact on the 

phenotype. In addition, the presence of normal amounts of mutant type VII collagen, as in 

DDEB, nearly always results in milder phenotypes than reduced amounts of wild-type type VII 

collagen, as in RDEB (chapters 4 and 6). This underscores that therapeutic approaches that 

succeed in increasing the production of type VII collagen, even if it is mutant, will have a sub-

stantial impact on the phenotype. Three promising approaches involve the local or systemic 

administration of recombinant type VII collagen,65 allogeneic fibroblasts,66,67 or allogeneic 

mesenchymal stromal cells,68 and have been proven to increase type VII collagen production 

in the skin of mice and a handful of patients. The mechanism underlying dermal fibroblast 

injections likely involves not only the production of wild-type type VII collagen by the injected 

fibroblasts, but also a reinstituted production of mutant type VII collagen by the patient’s own 

basal keratinocytes, even for some time after the injected fibroblasts have disappeared.66 Nagy 

et al. showed that this unexpected extra effect might be due to a local inflammatory reaction 

in response to the fibroblast injection upregulating HB-EGF production by basal keratinocytes, 

which in turn upregulates the expression of the patient’s own mutant COL7A1 genes in an 

autocrine or paracrine way.69 This suggests that administering HB-EGF to DEB patients could 

be a future approach worth studying, although HB-EGF has previously been implicated in the 

development of squamous cell carcinomas in RDEB patients.70

Although type VII collagen is very stable in vivo,66,67 the three strategies mentioned have the 

disadvantage of being effective for a limited amount of time and thus the need for repeated 

treatment. Allogeneic hematopoietic stem-cell (bone marrow) transplantation, in contrast, 
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aims to permanently increase wild-type type VII collagen production.71,72 The major surgical 

and immunologic consequences of this procedure, as well as the unmistakably much higher 

risk of serious adverse effects, make this approach applicable only for the most severe RDEB 

patients. The use of corrected patient-own cells that are reprogrammed into induced plu-

ripotent stem cells (iPSCs) and subsequently differentiated into hematopoietic stem cells could 

circumvent the issue of immuno-rejection,73 but introduces other potentially dangerous steps 

connected to virus-mediated mutation correction (e.g. insertional mutagenesis) and cell de-

differentiation. Novel techniques to bypass these issues, like TALEN (transcription activator-like 

effector nucleases)-based gene correction, which does not require viral vectors, are currently 

being widely studied and may prove to be promising in the near future.74-76 

The observations that type VII collagen molecules lacking several Gly-Xaa-Yaa triplets due 

to in-frame exon skipping are partly functional provides the rationale for antisense oligo-

nucleotide (AON)-mediated exon skipping as a therapeutic approach for RDEB. AONs are short, 

modified RNA or DNA oligos that are developed to hybridize to a specific target pre-mRNA, 

thereby ‘hiding’ exonic sequences involved in the binding of spliceosome associated proteins, 

which leads to the outsplicing of the exon together with its surrounding introns.77 Using this 

approach for mutant exons will delete the mutation from the mRNA and create a (partly) 

functional protein that lacks the amino acids encoded by the deleted exon. The idea is that this 

mutant protein can partly rescue the phenotype. The AON-mediated exon skipping approach 

has reached the stage of phase 2 clinical trials in Duchenne muscular dystrophy (DMD, MIM 

310200) with dose-dependent restoration of dystrophin expression and without any serious 

adverse effects.78,79 The aim in DMD is to change the phenotype into the milder Becker muscu-

lar dystrophy (MIM 300376). The preliminary successes in DMD suggest that the AON approach 

may also work in RDEB, as the COL7A1 gene, with all its in-frame exons, seems particularly suited 

for this approach. In RDEB it should be used to splice-out exons carrying null mutations and 

replace them by in-frame exon skipping mutations. Functionally, this would induce a shift from 

no type VII collagen production at all to the production of a mutant type VII collagen lacking 

several Gly-Xaa-Yaa triplets. Clinically, this would have a dramatic ameliorating effect on the 

phenotype, even though it would not lead to a complete cure. As the in-frame deletion would 

be present in a (functionally) homozygous state, it is expected that the phenotype will be more 

severe than DDEB caused by heterozygous in-frame deletions. Two studies have so far explored 

the AON approach for RDEB in vitro: Goto et al. designed AONs to target exon 70 and showed 

restoration of type VII collagen expression in cultured RDEB keratinocytes;80 Turczynski et al. 

demonstrated re-expression of type VII collagen in primary RDEB keratinocytes and fibroblasts 

using AONs directed against exons 73 and 80.81 Despite these promising results, it is far too 

early to say whether this approach will find its way to RDEB in the clinic as well. Altogether, 

however, these data indicate that AON-mediated exon-skipping is an exciting new star in the 

firmament of therapeutic approaches currently under investigation for DEB.75
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Treatment of rDeb, inversa

The influence of temperature as an environmental modifying factor in the pathogenesis of 

RDEB-I suggests a rather easy treatment option: why not cool the affected areas? If our hypoth-

esis is true, this should lead to clinical improvement. But how could this be accomplished practi-

cally? Type VII collagen is a very stable molecule, having a half-life time of at least three months 

after a single intradermal injection of allogeneic fibroblasts in the skin of RDEB patients.66 In 

order to note an effect of skin cooling, the faulty molecules first need to be degraded and 

removed; second, new, more stable pro-α1(VII) procollagen peptides need to be produced and 

assembled into stable homotrimers; third, the homotrimers need to dimerize and these should 

be directed to the BMZ; fourth, type VII collagen dimers need to form stable AFs. Although it 

is expected that type VII collagen in the skin of RDEB-I patients will be degraded more rapidly 

due to their stability defect, it will probably take weeks, if not months, to see results. This implies 

permanent cooling of the predilection sites, which might be practically impossible. However, 

there are special evaporation devices for skin cooling that have been used to treat patients 

with severe anhidrotic ectodermal dysplasia.82 One could consider using such a device in very 

severe cases as a pilot study. 

Intradermal injection of allogeneic fibroblasts could be considered a transient local treat-

ment option for RDEB-I patients with severe lesions in the axillae, neck, or groins.66 The effect 

would be increased wild-type type VII collagen that partly compensates for the effects of the 

missense mutations.38

The iNTerNATioNAl DysTroPhiC ePiDermolysis bullosA PATieNT 
reGisTry

The studies described in Part one of this thesis have expanded the genotype-phenotype cor-

relation for DEB. However, the correlation has still not been completely unraveled, especially 

for some of the rare subtypes of the disease. In further dissecting the genotype-phenotype 

correlation in DEB, it is crucial to have a central database that contains all the available informa-

tion on DEB patients’ phenotypes and genotypes. In chapter 7, the International DEB Patient 

Registry (www.deb-central.org), launched in 2011, was presented. Slightly later, the COL7A1 

Variant Database (www.col7.info) was launched by a Polish group with broadly the same 

goals.83 The data provided in these online registries, or future improved equivalents, will boost 

further genotype-phenotype correlation studies and allow the complete genotype-phenotype 

correlation for DEB to be identified.

The need for a central database was recognized by the EB community in the past few years 

and was recently named as one of the top priorities of EB-Clinet, the international network 

of EB expert centers. We constructed our registry not only to facilitate genotype-phenotype 

correlation studies, but also to aid physicians and researchers in their daily practice. Moreover, 
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we envisioned the use of the registry for the selection of patients for therapeutic clinical trials. 

This last goal is the main reason why the patient advocacy organizations, the DEBRAs (DEB 

research associations), support the further development of a single, international EB registry. 

To fully facilitate these three goals, our registry needs to be improved and adapted to the 

needs of all the stakeholders. This means that the registry needs to be upgraded with certain 

features, for instance, continuous updates from patients themselves (as in www.ebcare.org), 

including unpublished patients, and a patients materials biobank, as well as extended to the 

other EB types and their genes. Merging our registry with other existing databases like the 

COL7A1 Variant Database or national EB registries could be the first step towards the creation 

of an International EB Register. One of the major objectives in future EB research is to create 

such a register in a close collaboration with other EB expert centers across the world, patient 

advocacy organizations, and European Union and US committees for rare diseases, in a way 

that is efficient, legal, and useful to all the stakeholders.

 
Part Two  
Somatic mosaicism in DEB

forwArD mosAiCism

The phenomenon of ‘forward’ somatic mosaicism, in which a pathogenic mutation arises on 

a wild-type background, has only rarely been reported for EB. It was demonstrated in the 

very mildly affected mother in a family with dominant EB simplex due to the KRT5 mutation 

c.1649delG;84 paternal germline mosaicism for the recessive LAMB3 mutation p.Arg635X was 

reported in a family with Herlitz junctional EB;85 and maternal germline mosaicism for the 

dominant COL7A1 mutation p.Gly2003Arg was proven in a DDEB family.86 However, to the best 

of our knowledge somatic mosaicism extending beyond the germ cells has not been reported 

for DEB. 

In chapter 8, the first case of somatic ‘forward’ mosaicism in DEB is presented. Patient 

EB287 presented with a DEB-Pr phenotype and we identified the common glycine substitu-

tion p.Gly2034Arg as the cause, a mutation that has been implicated in DDEB-Pr before.87 We 

assumed that this mutation had arisen de novo because of the negative family history for blister-

ing diseases. We decided nonetheless to perform mutation analysis in the parents because we 

also identified another, likely benign, sequence variant in the patient. To our surprise we found 

that ~33% of the mother’s COL7A1 alleles in peripheral lymphocytes carried the p.Gly2034Arg 

mutation. We fully examined the mother for minor DDEB symptoms, but even her nails were 

completely unaffected. We were unfortunately not able to determine the percentage of the 
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mutant allele directly in keratinocytes, but the mutation was detected in ~29%, 27%, 18% 

and 11% of COL7A1 alleles in saliva, buccal mucosa cells, cultured fibroblasts, and a whole 

skin biopsy, respectively. The percentage of mutant alleles in keratinocytes, and therefore the 

percentage of mutant pro-α1(VII) procollagen peptides in the skin, is likely 10-25%, although it 

may vary per skin location. In the affected daughter, the percentage of mutant alleles was 50%, 

as expected.

This case adds important insights to our understanding of the pathophysiology of DDEB. In 

DDEB patients with a 50% mutational load, only 1/8 procollagen VII trimers is composed of only 

wild-type pro-α1(VII) procollagen peptides, and only 1/16 type VII collagen dimers (see intro-

duction chapter). Only 1/16th (~6%) of the structure of AFs will therefore be wild-type, which 

results in a skin blistering phenotype. In our mosaic case, between 10-25% of pro-α1(VII) procol-

lagen peptides were mutant and between 75-90% wild-type. This will result in wild-type trimer 

numbers between 1/2.3 (~42%) and 1/1.4 (~73%), and wild-type dimer numbers between 1/4.7 

(~21%) and 1/2.7 (~36%). Thus, between 21-36% of the structure of AFs is completely wild-type. 

Eady and Tidman previously showed that skin integrity in RDEB becomes compromised at AF 

levels below 30%.88 Our observations add that skin integrity becomes compromised in DDEB 

if less than 21-36% of the AF structure is wild-type. This conclusion is in agreement with the in 

vitro studies by Fritsch et al., who demonstrated that the thermo-stability of procollagen trimers 

was increased by increasing the ratio of wild-type:mutant pro-α1(VII) procollagen peptides.38 

Increasing this ratio to 90:10 nearly fully restored the trimer thermo-stability. 

With regard to genetic counseling, this case illustrates that the parents of an apparently de 

novo DDEB patient should always be genotyped to reduce the possibility of somatic mosaicism. 

Demonstrating that one of the parents is a somatic mosaic, makes the difference between a 

recurrence risk that is probably low, usually given as less than 1%, and a situation in which a 

50% recurrence risk cannot be excluded.

Our observations also have important implications for therapeutic approaches for DDEB, as 

they demonstrate that complete elimination of the mutant allele is not required. Approaches 

aimed at increasing the ratio of wild-type:mutant pro-α1(VII) procollagen peptides in the skin 

to ratios exceeding 75:25 will likely be successful. One could think of selective inhibition of 

the mutant allele by siRNAs,89 or increasing the amount of wild-type pro-α1(VII) procollagen 

peptides by injections of allogeneic fibroblasts, mesenchymal stem cells or recombinant type 

VII collagen.65-68 

reverTANT mosAiCism

Prior to the start of the projects described in this thesis, revertant mosaicism or ‘natural gene 

therapy’ had not been described for DEB. The question arose as to whether revertant mosaicism 

does not occur or is not being recognized in DEB. In chapter 9, we present an RDEB patient 
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carrying a revertant patch in his neck together with the molecular mechanism behind it. Patient 

EB024 is homozygous for the c.6508C>T (p.Gln2170X) nonsense mutation in exon 80. In kera-

tinocytes of his revertant patch, an additional, post-zygotic sequence change c.6510G>T had 

occurred two nucleotides downstream of the germline mutation that reverted the germline 

nonsense mutation into an at least partly functional missense mutation p.Gln2170Tyr. This 

revertant mutation restored type VII collagen production and locally corrected the skin phe-

notype. 

Shortly before, two other RDEB patients with revertant patches had been reported: Almaani 

et al. identified the first RDEB patient with revertant mosaicism due to an intragenic cross-over 

within COL7A1,90 slightly later followed by Pasmooij et al., who reported an RDEB patient car-

rying the homozygous frame-shift mutation c.6527dupC with a revertant patch due to the 

somatic nucleotide deletion c.6528delT that restored the reading frame.30 Our case was the 

third to have been recognized within a short period, which suggests that revertant mosaicism is 

not as rare in DEB as previously thought; we only needed to learn how to recognize the patches. 

This conclusion was confirmed by a recent study that discovered revertant mosaicism in 7/21 

(33%) DEB patients.91 They also identified the first DDEB patient with a revertant patch, so 

revertant mosaicism has now been identified in all the major DEB subtypes (Table 6 in chapter 

introduction).

A developmental model for revertant mosaicism

The conclusion that revertant mosaicism does not seem to be rare has already been drawn for 

the generalized, non-Herlitz subtype of junctional EB, as our group recently demonstrated that 

revertant mosaicism might be present in all these patients.92 These arguments led us to specu-

late that, contrary to what was long generally assumed, the occurrence of revertant mosaicism 

should not be considered extraordinary, at least not in patients with recessive EB subtypes; 

rather it should be considered extraordinary if it were not found in patients. 

To obtain more theoretical proof to underpin this hypothesis, we used a mathematical model 

to calculate the probability that reverse mutations occur in the skin of patients with recessive 

EB. The results of these calculations are discussed in chapter 10. Although the model is over-

simplified, the results unequivocally show that reverse mutations do occur with mathematical 

certainty. However, in order to be able to go through a sufficient number of cell divisions to 

populate a visible revertant patch, reverse mutations should occur very early during embryonic 

development. Several modifications to overcome the limitations of the model did not change 

this conclusion and we proposed the following model from these results: reverse mutations 

occur at developmental stages when the probability that they occur has become ~1, likely 

while still intra-uterine; the reverse mutations subsequently boost the growth potential of the 

revertant cells, giving them a selective growth advantage over their non-revertant neighbors, 

which leads to the development of recognizable patches. Several lines of evidence supporting 

this model have already been presented in chapter 10 (see also Figure 3 in chapter 10). 
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Many people have understandably wondered why reverse mutations occur in the first place 

and what factor could be driving them. In the proposed model, the occurrence of reverse muta-

tions can be explained just by random chance, without any driving factor. If this model is true, 

several important questions still remain unanswered. At which point during development do 

reverse mutations occur? Why do we not see revertant patches in children (except for a patient 

with Kindler syndrome)?93 Can they also occur later in life? If revertant cells have a growth 

advantage, why do revertant patches not grow in adult patients? And why do revertant cells 

have a growth disadvantage in culture?94, along with many other questions.

The proposed model does not answer these questions. Revertant cells need to go through 

multiple cell divisions (generations) in order to populate revertant patches. It then follows that 

reverse mutations should occur as early as possible even in the presence of an enormous growth 

advantage. We estimated that the probability that a reverse mutation occurs approaches 1 for 

the first time in a cell generation shortly before birth (chapter 10). We therefore hypothesize 

that reverse mutations will already be present at birth, which further excludes external factors 

like UV radiation as a cause. However, although they might possess an enormous growth advan-

tage, revertant cells will not have had sufficient time to grow out into recognizable patches at 

birth. Moreover, in early childhood, revertant patches would likely be extremely hard to identify 

as the skin changes will not be complete. Together, these factors might explain why we do not 

see revertant patches in children. From our results it also follows that reverse mutations will 

occur in the skin of recessive EB patients multiple times during later life. This might explain a 

portion of the revertant patches recognized in adulthood. However, if they occur later in life, 

their growth advantage would need to be enormous to stimulate revertant cells to grow into 

recognizable revertant patches. 

why do revertant patches stop growing?

Most of the revertant patches do not grow after they have been recognized. The growth of 

revertant patches apparently stops at a certain point during life, although the exact reasons 

for this are obscure. One can speculate that, due to their growth advantage, the revertant cells 

have reached the end of their dividing potential or doubling potential. In the 1960s, Hayflick 

showed that fetal fibroblast cell lines have a finite, in vitro doubling potential of 50±10 genera-

tions, a number that has become known as the Hayflick limit.95,96 The Hayflick limit is due to 

shortening of the telomeres below a critical length, which initiates senescence.97 According to 

our calculations, keratinocytes in an adult human body have gone through approximately 35 

generations. A revertant keratinocyte would need to go through at least 15 more generations 

to result in a recognizable patch, which makes 50 generations in total. This supports our theory 

that revertant cells from recognizable revertant patches may have reached their Hayflick limit 

(assuming a similar doubling potential for keratinocytes). As a result, they may not be able to go 

through any more cell divisions to further expand the revertant patch after a certain time point 
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(although they can still divide asymmetrically to maintain the patch). This might also explain 

why revertant cells lose the competition with mutant cells in cell cultures.

how can we further unravel the occurrence of revertant mosaicism?

The next step to further unraveling the development of revertant mosaicism is to study their 

presumed growth advantage. As the advantage is absent in cell culture, indirect techniques 

are necessary to support a selective growth advantage in vivo. As explained above, assuming 

that revertant cells have gone through a higher number of cell divisions, their telomeres are 

expected to be shorter than those of mutant cells. A first option to study a selective growth 

advantage is therefore to compare the telomere lengths between keratinocytes from revertant 

and mutant areas. Another option is to compare the mutational load between revertant and 

mutant keratinocytes. The rationale for this experiment would be that a far larger number of 

somatic mutations is expected to have accumulated during the extra cell divisions in revertant 

cells. Identifying a significantly higher number of somatic mutations in revertant keratinocytes 

than in mutant keratinocytes compared to peripheral lymphocytes (i.e. creating a phylogenetic 

or evolutionary tree) would indicate that revertant cells have indeed gone through more 

divisions than mutant cells and would thus strongly support a selective growth advantage. 

Finding more somatic mutations corroborate the first proposed experiment, namely the 

shorter telomeres. Next generation sequencing techniques, like whole exome or whole 

genome sequencing or RADseq (restriction-site associated DNA sequencing),63,98,99 offer the 

possibility of performing these experiments and will even allow comparison of the genomes 

of single revertant and mutant cells in the near future.100,101 A third option is to perform whole 

epigenome profiling to measure genome-wide epigenetic differences between revertant and 

mutant cells, to see whether revertant cells have a senescence profile.102-104 A fourth option is 

genome-wide RNA expression profiling by RNAseq (RNA sequencing) to study whether rever-

tant cells have a senescence-like gene expression profile.105 

revertant cell therapy

Identifying revertant mosaicism in a substantial portion of DEB patients makes ‘revertant cell 

therapy’ an exciting therapeutic approach. The use of naturally corrected, patient-own revertant 

cells circumvents the risk of immuno-rejection and discards the need for potentially dangerous, 

mutation-correction interventions. A first attempt to transplant an autologous revertant skin 

graft, grown ex vivo, back onto an affected area unfortunately failed due to the low percentage 

of revertant cells in the graft.106 After critically revising every step in the process, this promising 

approach is currently under advanced investigation in mice.94 An application of revertant cells 

that might have far greater potential is the generation of iPSCs from revertant keratinocytes. 

Several groups have shown they can generate iPSCs from RDEB keratinocytes and fibroblasts 

and can subsequently differentiate these iPSCs back into keratinocytes.73,107 Generating iPSCs 

from revertant keratinocytes will provide an endless source of patient-specific cells that can be 
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used to create numerous, homogenously revertant skin grafts. Moreover, Tolar et al. reported 

that they were also able to differentiate the iPSCs into a hematopoietic cell lineage.73 Using 

revertant iPSCs-derived hematopoietic stem cells for autologous bone marrow transplantation 

seems to be one of the most promising and fully curative treatment options for patients with 

severe RDEB. Such an approach necessitates the early detection of revertant patches in order 

to prevent the most severe disease features, indicating that the search for revertant patches 

should be started at a young age.

Concluding remarks

This thesis provides novel insights into the genotype-phenotype correlation for DEB and 

the disease-modifying role of somatic mosaicism. These aspects are expanding our under-

standing of the pathophysiology of DEB, including the role of as yet unknown disease 

modifiers, and helping to identify potential therapeutic targets. However, our knowledge 

of the genotype-phenotype correlation and pathophysiology are still not complete and 

more studies on these topics are necessary. A complete, central DEB registry containing all 

the available information about genotypes and phenotypes of all published and unpub-

lished patients will be crucial to this research. The study of disease modifiers will benefit 

from novel sequencing techniques, as will studies aimed at unraveling the occurrence of 

revertant mosaicism.
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