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Abstract: Epidermolysis bullosa with pyloric atresia (EB-PA) is a

rare autosomal recessive hereditary disease with a variable

prognosis from lethal to very mild. EB-PA is classified into

Simplex form (EBS-PA: OMIM #612138) and Junctional form

(JEB-PA: OMIM #226730), and it is caused by mutations in

ITGA6, ITGB4 and PLEC genes. We report the analysis of six

patients with EB-PA, including two dizygotic twins. Skin

immunofluorescence epitope mapping was performed followed by

PCR and direct sequencing of the ITGB4 gene. Two of the

patients presented with non-lethal EB-PA associated with missense

ITGB4 gene mutations. For the other four, early postnatal demise

was associated with complete lack of b4 integrin due to a variety

of ITGB4 novel mutations (2 large deletions, 1 splice-site

mutation and 3 missense mutations). One of the deletions

spanned 278 bp, being one of the largest reported to date for this

gene. Remarkably, we also found for the first time a founder effect

for one novel mutation in the ITGB4 gene. We have identified 6

novel mutations in the ITGB4 gene to be added to the mutation

database. Our results reveal genotype–phenotype correlations that

contribute to the molecular understanding of this heterogeneous

disease, a pivotal issue for prognosis and for the development of

novel evidence-based therapeutic options for EB management.
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Introduction
Epidermolysis bullosa (EB) is a rare genetic autosomal disorder

characterized by muco-cutaneous fragility. More than 30 EB sub-

types caused by mutations in 18 different genes have been

described (1). EB with pyloric atresia (EB-PA) is inherited as an

autosomal recessive trait and is classified into Simplex form (EBS-

PA: OMIM#612138) or Junctional form (JEB-PA: OMIM#226730)

depending on whether the detachment plane is intra-epidermal or

within the basal lamina, respectively (1,2). EB-PA is caused by

mutations in the ITGA6 and ITGB4 genes or in the PLEC gene,

which encode the structural components of the hemidesmosome-

anchoring complex (3,4) a6b4 integrin (5–7) and plectin, respec-

tively (8–10).
EB-PA resulting from defects in a6b4 integrin is clinically

heterogeneous with a variable prognosis from lethal in early

infancy to very mild. Lethal EB-PA usually results from the pres-

ence of a premature termination codon (PTC) in the coding

sequence of ITGA6 and ITGB4 genes due to direct changes or

insertions, deletions or splice-site mutation that cause a frameshift

in both alleles, while non-lethal outcome is usually related to the

presence of a missense mutation in at least one allele (11,12).

However, a few lethal cases resulting from missense/missense or a

combination of missense/PTC mutations have also been reported

(6,11,13–15), suggesting that not only the nature of the mutation

but also its position within the protein and the functional domain

affected are key determinants of phenotype severity (6).

Most of the mutation reported in the ITGB4 gene (16,17) are

private mutations and correspond to single base substitution or

very small deletions (1–10 bp). In contrast, deletions of more than

10 bp are rare (5,14,18,19), and, to the best of our knowledge,

only one large deletion spanning 1.2 kb of ITGB4 gene has been

previously described (18).

In this study, we have characterized six new cases (from five

families) and disclosed six novel mutations in the ITGB4 gene

causing pyloric atresia combined with a spectrum of cutaneous

and extracutaneous phenotypes, ranging from mild to lethal. Two

of these novel mutations are rare deletions, including one that

spans 278 bp and encompasses an entire exon and part of the
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downstream intron. In addition, a transition change located at the

splice donor site of intron 24, resulting in splicing alterations, has

been characterized. Finally, we describe for the first time a founder

effect for one novel mutation in the ITGB4 gene in the Spanish

population. Our study contributes to further characterize the

genotype–phenotype correlations of this highly heterogeneous dis-

ease and provides key information for proper clinical management

and genetic counselling.

Materials and methods
Patients and samples
Six patients with PA and clinical features compatible with EB were

investigated. When suitable, two skin punch biopsies (4–6 mm)

were taken. EDTA blood was obtained from all patients and pro-

genitors. Clinical reports and phenotypic features were collected

using a standard clinical quiz. Appropriate informed consent was

obtained from all individuals analysed and/or from parents/legal

representatives. The study was conducted in accordance with the

principles of Declaration of Helsinki and Universal Declaration of

UNESCO and approved by the ethics committee of the collabora-

tive hospitals.

Immunomapping
Immunofluorescence analysis (IF) for dermo-epidermal junction

(DEJ) antigens was performed on frozen skin sections (20). Mon-

oclonal antibodies used are listed in Supplementary Information

S1. IF and electron microscopy reports were available for patients

1 and 3, respectively.

Mutation detection
Genomic DNA (gDNA) was extracted from peripheral blood

(Qiagen, Vento, The Netherlands). Specific primers for PCR

amplification were designed to amplify all 41 exons and intron

boundaries of ITGB4 gene (21). Fragments were sequenced using

Big Dye Terminator V.1.1 Cycle Sequencing kit and examined

on a 3730 DNA Analyser (Life Technologies, Carlsbad, CA,

USA).

Genotyping of patients 3, 5 and 6 by allele separation was per-

formed as at least one mutation was not clearly identified by

direct sequencing of PCR products. Briefly, PCR fragments were

purified using Illustra GFX PCR DNA and Gel Band Purification

Kit (GE Healthcare, UK) and cloned using pGEM�-T Vector Sys-

tem I (Promega Co., Madison, WI, USA). At least ten clones were

sequenced in each case to detect all allelic variants.

As patients 2 and 4 were carrying a common mutation, gDNA

of their relatives was examined for six polymorphic microsatellite

markers that scan the neighbouring regions of the ITGB4 gene

(D17S1864, D17S1535, D17S1301, D17S1839, D17S1603 and

D17S785). Genetic distance and microsatellite information were

taken from the Genethon human linkage map and from the

Marshfield chromosome 17 map (22). Fluorescently labelled alleles

were analysed on an ABI PRISM 3100 automated DNA genetic

analyser (Applied Biosystems, Foster City, CA, USA).

The frequency of the three novel mutations found in Spanish

patients was tested by screening 100 unrelated ethnically matched

healthy individuals, and was less than 1% in all cases. Sequence

nomenclature was based on the NCBI RefSeq for ITGB4:

NM_001005731.1 and NM_000213.3.

Keratinocyte culture and RNA isolation
Keratinocytes were isolated from non-lesional skin biopsies and

cultured as previously described (23). The novel mutation found

in patient 3 was characterized in cDNA by RT-PCR. RNA was

extracted from keratinocyte culture with TRIzol� Reagent (Life

Technologies) and transcribed to first-strand cDNA using Super-

Script_III First Strand (Life Technologies). Sequences of specific

primers designed to amplify regions of interest spanning exons 4–
8 or exon 21–27 are listed in Supplementary Information S2.

Results
Clinical and genetic findings in patients carrying ITGB4
mutations
A summary of the genotypic and phenotypic patient features is

presented in Table 1.

Patient 1
A girl born by Caesarean section at 31 weeks of a pregnancy com-

plicated with polyhydramnios (Fig. 1a). She is the first daughter

of healthy consanguineous parents from Pakistan. There was no

family history of skin or gastrointestinal disorders. At birth, she

presented limited blistering on limbs and ears. On the first day of

life, distended stomach and PA were surgically repaired. At the

age of 3 years, she exhibited onychodystrophy and subungual

hyperkeratosis in toenails and severe ocular lesions. The patient

was diagnosed with EBS-PA based on the intra-epidermic level of

cleavage. IF report depicted a deficiency of b4 integrin at the

dermo-epidermal junction (DEJ). A previously reported (15)

homozygous missense mutation c.3674G>A (p.R1225H) in ITGB4

gene was disclosed. Both progenitors were healthy heterozygous

carriers of this mutation.

Patient 2
A girl of Spanish origin, born at 32 weeks of a gestation, compli-

cated with polyhydramnios. Her parents were non-consanguineous

and had an older child who had developed anal stenosis but no

other remarkable clinical findings. There was no family history of

skin blistering disorders. Patient 2 developed cutaneous lesions,

mucosal involvement and onychodystrophy. JEB diagnosis was

made by electron microscopy. At 3 weeks of age, PA was surgi-

cally corrected. At 19 months of age, the patient also had devel-

oped oral, ocular and urinary involvement. Additionally, she

presented signs of malnutrition and suffered frequent infections.

At the age of 3 years, Patient 2 had an acceptable quality of life,

was of normal height and suffered two small active erosions, nail

dystrophy, alterations of enamel and hoarseness. At present, the

patient, who is 8 years old, is almost free from skin lesions, but

presents onychodystrophy and toenail loss, enamel hypoplasia and

caries (Fig. 1b). The ultrastructural report indicated the presence

of areas of dermo-epidermal detachment at the lamina lucida

level. IF analysis revealed a linear labelling of the basal lamina

(comparable to controls) for all antigens studied, including b4
and a6 integrins, in the areas without detachment (Fig. 2; P2).

Two novel point mutations were disclosed in the ITGB4 gene,

c.997T>G in exon 8 and c.1370G>A in exon 11, resulting in the

substitution of two highly conserved amino acids in the extracellu-

lar domain of b4 integrin, p.Y333D and p.C457Y, respectively.

Cys 457 residue is part of the cysteine-rich tandem repeats. The

p.Y333D mutation was also found in Patient 4. Segregation of

both mutations was confirmed in family members.

Patient 3
A male of Romanian origin born by Caesarean section at 36 weeks

of gestation due to polyhydramnios. His parents were non-con-

sanguineous. At birth, Patient 3 presented widespread aplasia cutis
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including left leg and left parieto-occipital area (Fig. 1c) with sev-

ere ocular findings. Abdominal echography showed severe renal

manifestations. There was no family history of skin or gastroin-

testinal disorders. PA required a termino-terminal anastomosis.

The patient had two septic episodes and died at postnatal day 20

due to metabolic imbalance and renal failure.

Immunomapping showed cleavage at the level of the basal lam-

ina with collagen XVII at the blister roof whereas laminin 332 and

collagen VII mapped to the floor (data not shown). In areas with-

out dermo-epidermal detachment, the signal for these markers

was comparable to the control. The expression of both, a6 and b4
integrins, was almost absent (Fig. 2; P3).

We found that Patient 3 is a compound heterozygous carrier

of two novel mutations in ITGB4 gene leading to a PTC in both

alleles. A 278-bp deletion comprising the whole exon 6 and 182

pb of the following intron (c.470_566+182del) was found

(Fig. 3a). In the other allele, the mutation c.2783-2A>G alters

the splice acceptor site consensus sequence of intron 24 (Fig. 3c).

To analyse the effect of these mutations on gene transcription,

we performed RT-PCR. Using primers spanning exons 4–8, two
different transcripts were obtained (Fig. 3b; line P3), one corre-

sponding to the wild-type sequence (black arrowhead) and

another lacking exon 6 (red arrowhead). Using primers spanning

exons 21–27, four different products were obtained (Fig. 3c; line

P3). One of them corresponded to the wild-type cDNA sequence

(black arrowhead), and the other three were aberrant transcripts

(red arrowheads). Sequencing of these transcripts (Fig. 3c; line

P3: central red arrow) revealed that in one of them intron 24

was retained, showing a G to A single base substitution at intro-

nic position (�2) (c.2783-2A>G). The other two aberrant tran-

scripts lacked exon 26, and one of them also retained intron 24

(Fig. 3c; line P3: upper and lower red arrows, respectively). All

three aberrant transcripts were absent in mRNA from healthy

controls.

Patient 4
A male of Spanish origin born by Caesarean delivery at 35 weeks

of gestation due to presumptive duodenal atresia. The parents

were non-consanguineous, and they had no other children. There

was no family history of skin or intestinal disorders. At birth,

Patient 4 presented widespread aplasia cutis involving legs, feet,

hands and face. Erosions in the nose and penis glans, blisters in

the oral cavity (Fig. 1d) and onychodystrophy were also present.

The duodenal atresia was surgically treated at postnatal days 3 and

9, leaving an ileostomy in the second intervention. The patient

died at postnatal day 33 as a consequence of multiple organ fail-

ure.

A complete loss of b4 integrin expression was found by IF

staining. Expression of a6 integrin was located at both blister sides

(roof and floor) denoting the level of split at the basal lamina

(Fig. 2; P4). In areas without detachment, immunoreactivity

against other basement membrane components was comparable to

the control (data not shown).

Patient 4 presented an 11-bp deletion in exon 28 of the ITGB4

gene, (c.3321del11) causing a PTC 84-bp downstream. This muta-

tion had been previously described in homozygous state in

another Spanish patient with lethal outcome (5). The second

mutation, c.997T>G in exon 8 of ITGB4 gene, was novel and also

found in Patient 2. It results in the substitution of an amino acid,

p.Y333D, located at the extracellular domain of b4 integrin.

Microsatellite study of the region around the ITGB4 gene revealed

that the c.997T>G mutation segregates with a common haplotype

shared by the two families carrying it (Fig. S1).

Table 1. Summary of clinical and molecular findings in EB-PA patients

Patient Sex Birth EB type Paternal mut Maternal mut Immunomapping1 PA AC

Muco-cutaneous
blistering, nails
and teeth

Renal
manifestations

Ocular
findings

1 Female 2010
Alive

Simplex c.3674G>A(15)
p.R1225H

c.3674G>A
p.R1225H

Intra-epidermic
a6 ↓
b4 -2

Plectin -

Yes No Localized blistering
Onychodystrophy

Painful conjunctival
ulcerations,
corneal scars and
leucoma

2 Female 2005
Alive

Junctional c.1370G>A
p.C457Y

c.997T>G
p.Y333D

Lamina basal
a6+
b4 +

Yes No Localized blistering,
mostly oral (tongue)
Onychodystrophy
and nail loss
enamel hypoplasia
and caries

Urinary retention Conjunctivitis

3 Male 2011
Demise

Junctional c.470_566+182del
p.A157Gfs*2

c.2783-2A>G
p.D928Gfs*20

Lamina basal
a6 -
b4 -

Yes Yes Ureterohydronephrosis
and deficient
cortico-medullary
differentiation
(right and left
kidney, respectively)

Conjunctivitis
corneal ulcers
corneal opacity
since birth.

4 Male 2010
Demise

Junctional c.3321_3331del
p.S2008Lfs*25

c.997T>G
p.Y333D

Lamina basal
a6 -
b4 -

Yes Yes Oral mucosa blistering
Onychodystrophy

5 Male 2012
Demise

Junctional c.701G>T
p.G234V

c.3707_3725del19
p.T1236Sfs*28

Lamina basal
a6↓
b4 -

Yes Yes Oral mucosa blistering
Onychodystrophy

Bladder urothelial
detachment,
bilateral
ureterohydronephrosis
and severe
electrolytic imbalance

6 Male 2012
Demise

Junctional c.701G>T
p.G234V

c.3707_3725del19
p.T1236Sfs*28

Lamina basal
a6↓
b4 -

Yes Yes Oral mucosa blistering
Onychodystrophy

No

Novel mutations found in this cohort are in bold, and references for previously reported ones are provided.
Expression of plectin in patients 2, 3, 4, 5 and 6 was similar to control skin.
1↓ reduced; � absent; + present.
2Performed with clone 7 antibody recognizing integrin beta 4 endodomain.
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Patient 5 and Patient 6
Patient 5 and Patient 6 were Spanish male newborn dizygotic twins

derived from in vitro fertilization of oocyte donor. Delivery was

induced by Caesarean section at 34 weeks of gestation due to poly-

hydramnios and presumption of intestinal atresia. At birth, Patient

5 presented extensive aplasia cutis involving neck, thorax and limbs

and widespread cutaneous blistering (Fig. 1e; P5). PA was con-

firmed and surgically treated. Bladder urothelial detachment, bilat-

eral ureterohydronephrosis, severe electrolytic imbalance and sepsis

caused by Candida albicans were also diagnosed. The baby died at

postnatal day 17. The second twin also presented aplasia cutis, cuta-

neous blistering (Fig. 1e; P6) and pyloric and oesophageal atresia

but no urinary involvement and died at 1 month of age due to res-

piratory complications and a severe infection.

IF staining for a6 integrin was reduced and was localized to the

floor and roof of the blister, whereas staining intensity for laminin

332 was normal and restricted to the floor, showing that the cleav-

age occurred at the basal lamina level. Signal for b4 integrin was

completely absent (Fig. 2; P5).

Both siblings inherited the same two novel mutations. A point

mutation in exon 7, c.701G>T, of ITGB4 gene was disclosed, lead-

ing to the substitution of a strictly conserved amino acid,

p.G234V, placed in the von Willebrand factor type A domain of

the b4 integrin extracellular domain. In addition, both patients

had a deletion of 19 bp in exon 30 (c.3707-3725del19) resulting in

a frameshift from codon 1236, which predicts a protein with 27

Figure 2. Immunofluorescent staining pattern of a6 and b4 integrins in the skin of
EB-PA patients. Specific antibodies against a6 integrin subunit (CD49f) or b4
integrin subunit (3E1) were used. In patient 2, a continuous staining along the
intact DEJ is indistinguishable from control. Junctional detachment and absence of
integrin b4 are depicted in blisters (*) in patients 3, 4 and 5. Expression of a6
integrin is absent in patient 3 and reduced in patients 4 and 5. White dashed lines
delimited blister floor and ceiling.

Figure 3. Analysis of ITGB4 gene deletions in patients 3 and 5 (a)
Electropherogram corresponding to the sequence of PCR clones containing exon 6.
Mutant sequence from patient 3 (P3, bottom panel) and control wild-type
sequence (Con, upper panel). Homologue sequences found at the deletion break
point are boxed. (b) Electrophoresis analysis of RT-PCR products with cDNA of
keratinocytes from patient 3 (P3 line) and a control (Con line) using primers for
ITGB4 exons 4–8. Black arrowhead points to the wild-type allele present in both,
P3 and unaffected Con. Red arrowhead points to the band corresponding to
mutant allele shorter in length due to c.470_566+182del. (c) Electrophoresis
analysis of RT-PCR products with cDNA of keratinocytes from patient 3 (P3 line)
and a control (Con line) using primers to ITGB4 exons 21–27. Black arrowhead
point wild-type allele present in both, P3 and unaffected Con. Three additional
bands pointed by red arrowheads corresponding to aberrant transcripts are present
in P3. A major band, longer than wild-type allele, corresponds to the mutant allele
due to retention of intron 24. Lower size, attenuated bands correspond to alleles
lacking exon 26. (d) Electropherogram corresponding to the sequence of PCR
clones containing exon 29. Mutant sequence from patient 5 (P5, bottom panel)
and control wild-type sequence (Con, upper panel). Homologue sequences found
at the deletion break point are boxed. (e) Electrophoresis analysis of PCR products
with gDNA from patient 5 (P5 line), patient 6 (P6 line), their progenitor (Pro line)
and the oocyte donor (Do line) using primers for ITGB4 exons 29-30. The black
arrowhead indicates the band corresponding to the wild-type allele that is also
present in unaffected individual. The red arrowhead indicates the band
corresponding to mutant allele, shorter in length than wild type, which is present
in P5, P6 and Do who is the carrier of deletion.

(a)

P1

(b)

P2- 8 years

(c)

P3

(d)

P4

P5

P6

(e)

Figure 1. Clinical presentation of EB-PA patients. (a) X-ray image of patient 1 in
which distension of stomach is evident (upper panel) and a picture showing blisters
on baby’s heel; (b) Patient 2 exhibited enamel hypoplasia, caries and nail loss and
onychodystrophy as the main clinical features; (c) Clinical pictures of patient 3
showing toenail loss and thumb articular retraction besides aplasia cutis in the left
side of the head and left limbs; (d) Patient 4 presented aplasia cutis in neck and
extensive erosion in his right forearm. Surgical scar resulted from gastrointestinal
atresia correction; (e) Clinical pictures of Patients 5 and 6, dizygote twins who
exhibited extensive areas of aplasia cutis and body widespread erosion.
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new amino acids and a premature stop codon, p.T1236Sfs*28
(Fig. 3d,e).

Discussion
We have described six patients with EB-PA caused by mutations

in the ITGB4 gene. Six of the mutations disclosed here are novel,

and two have been previously described (5,15). In 5 patients,

immunomapping revealed cleavage within the DEJ; therefore,

these patients were diagnosed with JEB-PA, the most frequent

clinical presentation associated with mutations in the ITGB4 gene.

Patient 1 was the only patient diagnosed with EB simplex as

the level of split occurs mainly within the basal layer. EB simplex

is relatively rare in patients carrying ITGB4 mutations. Patient 1

carried a homozygous mutation c.3674G>A resulting in an amino

acid substitution, p.R1225H, in the intra-cytoplasmic moiety of b4
integrin (24). This missense mutation disrupts the interaction of

b4 integrin with plectin, preventing the localization of plectin to

the hemidesmosome (25), which might explain the intra-epider-

mal cleavage (H & E staining; data not shown). Crystallographic

analysis suggests that these plectin-binding sites, which are part of

one of the second fibronectin III repeats, are involved in the allos-

teric control of integrin b4 adhesion properties (26). The

p.R1225H mutation had been previously described in heterozygos-

ity in a patient carrying two other mutations in the other allele of

the ITGB4 gene (c.3112-3C>T, p.L336P) (15) that are likely

responsible for the manifestation of a more severe phenotype.

Remarkably, Patient 1 exhibited corneal scarring, a symptom

mainly observed in severe and generalized phenotypes associated

with Dystrophic EB and Herlitz-JEB subtypes (27). A previous

report by Dang et al. described that of a total of 49 patients with

ITGB4 mutations, three of them also presented corneal scarring.

Two of them exhibited a non-lethal phenotype (6,15). Accord-

ingly, Patient 1 showed a complete lack of plectin expression simi-

lar to that found in these non-lethal cases. Interestingly, the

absence of b4 integrin staining in one of the patients was related

to a homozygous mutation in the third fibronectin type III repeat

of the intra-cytoplasmic domain of b4 integrin, which interacts

with type XVII collagen that in turn, is also a plectin partner (28).

In our study, all six patients exhibited pyloric atresia during

pregnancy and two of them were alive at the age of 4 and 9 years

old. This finding supports that PA is not an appropriate criterion

to predict a lethal outcome (19). On the other hand, in our

cohort, aplasia cutis was only present in lethal cases although it

has been clearly associated with all clinical forms of EB, including

those with milder phenotypes (29,30).

The two surviving patients, Patient 1 and Patient 2, carried

missense point mutations in ITGB4 in both alleles (p.R1225H/

p.R1225H and p.C457Y/p.Y333D, respectively). Our result con-

firms previous observations that non-lethal cases are usually asso-

ciated with missense (or non-PTC splice-site mutations) in at

least one allele resulting in integrin b4 proteins that might retain

some functionality (2,19,20). Multiple sequence alignment of b4
integrin subunits between different species reveals strict conserva-

tion of both cysteine at positions 457 and tyrosine at position

333. However, alignment of different human integrin b-chains
(b1-b6) shows that only Y333 residue is conserved among differ-

ent subunits. The relative pathogenic potential of the two novel

point mutations, which might correlate with the different degree

of conservation of these two residues, might explain the differ-

ences observed between the two patients carrying the Y333D

mutation. Both mutations were discarded as allelic variants in an

ethnically matched healthy control population.

Lethal cases (Patient 3, Patient 4, Patient 5 and Patient 6)

showed null expression of b4 integrin and significant reduction or

absence of a6 integrin, in agreement with previous reports (6,15).

In Patient 3, null expression of b4 integrin resulted from ITGB4

mutations (c.470_566+182del/c.2783-2A>G) leading to PTC in

both alleles (p.A157Gfs*2/p.D928Gfs*20). Although most PTC-

containing transcripts are degraded by non-sense-mediated mRNA

decay, these transcripts are readily detectable. The c.2783-2A>G
changes the consensus splice acceptor sequence of intron 24, and

results in 3 aberrant transcripts, one enriched product retaining

intron 24 and two less abundant that lack exon 26. One of these

two minor transcripts also keeps intron 24, suggesting that the

elimination of exon 26 in both alleles might be mediated by addi-

tional changes in introns 25 or 26.

Patient 3 also carried a deletion that eliminates the entire exon

6 and part of the downstream intron. Remarkably, the deletion

break point contains the CCAGC motif, also present in the so

called recombination hotspot of the Alu core sequence, as a part

of the chi element (CCACCAGC) of Escherichia coli, and, partially,

in the non-homologous recombination breakpoint of the

immunoglobulin loci (31). Interestingly, this motif has been fre-

quently identified in or nearby the breakpoint of previously

reported ITGB4 deletions (see Table S1). Moreover, and indepen-

dently of the presence of this motif in the breakpoint vicinity, a

clear homology between the downstream and upstream sequences

flanking the deletions is observed. It is known that deletions can

be produced by the repair mechanisms acting when DNA damage,

that is double-strand break (DSB), occurs. The repair machinery

occasionally uses short (5–25 bp) homologous sequences near the

DSB through a process called micro-homology-mediated end join-

ing (MMEJ) that always results in deletions (32,33). The presence

of small-size repeats such as the ones found in the region flanking

deletions 2 and 3 (14,18) (Table S1), predisposes to regional geno-

mic instability (34). Moreover, small-size repeats are implicated in

deletions affecting genes such as CTRF (35) and NRXN1 (34) that

are associated to other pathologies.

The combination of missense/PTC mutations rarely results in

lethal outcomes (5,36). However, patients Patient 4, Patient 5

and Patient 6 in our study died shortly after birth. Patient 4, a

carrier of compound heterozygous mutations, a deletion of exon

28 (c.3321del11) and a single amino acid substitution

(c.997T>G; p.Y333D), completely lacked b4 integrin expression,

as assessed by immunostaining and, resulted in a lethal out-

come, while p.Y333D substitution resulted in only a mild phe-

notype when combined with C457Y amino acid substitution in

Patient 2. Expression from the C457Y allele might therefore

account for b4 protein detection in Patient 2. Similarly, in

Patient 5 and Patient 6 the substitution of a highly conserved

glycine for valine at codon 234 combined with a deletion of

19 bp in the other allele resulted in early demise (Patient 5 and

6). These findings, together with protein sequence conservation

at these positions across species, suggest that Y333 and G234

play a crucial role in ITGB4 function or stability. Both residues

are located in the integrin von Willebrand A domain. G234 is

the second glycine residue contained in the PEGG motif, which
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is implicated in metal coordination (37). The first G in this

motif is mutated in ITGB3 gene (p.G247D) in patients diag-

nosed with Glanzmann thrombasthenia and prevents expression

of the integrin complex on the platelet membrane (38).

The Y344 residue in the integrin b3 subunit, corresponding to

Y333 in the integrin b4 subunit, is also mutated in Glanzmann

thrombasthenia patients (p.Y344C, p.Y344S). Residues 324–366
constitute a cysteine-rich region important for heterodimer inter-

subunit surface interactions (39).

Interestingly, the c.3321del11 mutation, causing a PTC, was also

present in homozygous state in another lethal case of Spanish

ancestry (15). The presence of this mutation in two separate

patients could indicate the existence of a hotspot. However, as

both patients are of Spanish origin, a founder effect could not be

excluded. In the case of the p.Y333D mutation, also found in

Patient 2, a common ancestor was confirmed by microsatellite

analysis (Fig. S1). This is the first founder effect described in the

Spanish EB-PA population and second in the world population

(40).

In conclusion, we have identified and described novel muta-

tions in ITGB4 in the Spanish EB population and found that the

genotype–phenotype correlations in our patients can be explained

by functional inferences based on the location of these residues in

the b4 integrin protein. In addition, we have designed two PCR

assays that could be used as a prenatal or pre-implantational test

for the deletions described in this paper in future pregnancies and

for the study of carriers in these families. The mechanism that

might have originated these deletions was also discussed. The

knowledge gained in this study contributes to further understand

this disease, and to provide more accurate diagnosis and genetic

counselling as well as new ideas and opportunities for both basic

and translational research (41).
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