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ABSTRACT

Background: Laminin 5, an anchoring filament attach-
ment protein within the lamina lucida of the basement
membrane zone involved in the pathogenesis of junc-
tional epidermnolysis bullosa (JEB), consists of three
polypeptide subunits, the a3, (33, and y2 chains, which
are encoded by the LAMA3, LAMB3, and LAMC2 genes,
respectively. To facilitate identification of pathogenetic
mutations in LAMC2, a strategy based on direct amplifi-
cation of genomic DNA by PCR or mRNA by RT-PCR,
followed by heteroduplex analysis of the PCR products,
was developed.
Materials and Methods: Primer pairs for amplification
of the complete cDNA as well as the 23 individual exons
in the genomic DNA, which encode the entire y2 chain
of laminin 5, were established. The primers for amplifi-
cation of exons from genomic DNA were positioned at
least 24 bp away from the intron-exon borders in the
flanking intronic sequences. For amplification of cDNA

generated by RT-PCR, eight primer pairs covering over-
lapping segments of the entire coding sequence of
LAMC2 mRNA were used. The amplified sequences were
scanned for pathogenetic mutations and sequence vari-
ations in JEB patients and unrelated control individuals
by heteroduplex analysis by means of conformation sen-
sitive gel electrophoresis (CSGE).
Results: Utilizing the strategy developed in this study,
we identified pathogenetic mutations in three patients
with the Herlitz (lethal) variant of JEB, and eight intra-
genic normal polymorphisms, which are useful for link-
age analysis, in the LAMC2 gene.
Conclusions: The methodology described in this study
is capable of detecting single-base substitutions or small
insertions and deletions in the LAMC2 gene. Demonstra-
tion of mutations in this gene in JEB patients further
emphasizes the role of laminin 5 in providing integrity to
the cutaneous basement membrane zone.

INTRODUCTION
Laminins comprise a family of heterotrimeric ex-
tracellular matrix proteins associated with base-
ment membranes in a diverse tissue distribution
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(1,2). Each of the laminins is composed of three
polypeptide chains, a, (3, and y, which form a
cross-shaped trimeric structure, assembled
through association of the carboxy-terminal seg-
ments of the polypeptides. The amino-terminal
short arms remain as individual domains con-
taining globular and cysteine-rich segments.

Laminin 5, a member of the laminin family
of proteins, consists of three subunit polypep-
tides, the a3, J33, and y2 chains (1). It is primarily
expressed in the basement membranes of strati-
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fying squamous epithelia, as exemplified by the
cutaneous dermal-epidermal basement mem-
brane zone (BMZ). Recently, the primary struc-
tures of the three polypeptide chains of laminin 5
have been characterized through molecular
cloning of the corresponding cDNAs (3-7). The
laminin 5 polypeptides were predicted to be
truncated when compared with the correspond-
ing chains, a l, (31, and yl, of classical laminin 1.
Specifically, the globular domain IV in the short
arm of the 33 chain was absent, and the globular
domain VI and part of the cysteine-rich repeat III
were missing in the y2 chain when these se-
quences were compared with the corresponding
sequences in laminin 1 (3,4). Furthermore, char-
acterization of the a3 chain demonstrated
polypeptide chains with two truncated amino-
terminal short arms that are different from those
of the al chain (5,7). These structural differences
suggest that laminin 5 must be functionally dif-
ferent from laminin 1 as well as from other
known laminins, implicating a tissue-specific
role for laminin 5 within the cutaneous BMZ.
The genomic structures of the P3 and y2 chain
genes, LAMB3 and LAMC2, have also been char-
acterized (8,9). Both of them contain 23 exons
spanning approximately 28 and 55 kb of
genomic DNA at the chromosomal loci 1q32 and
1q25- 31, respectively (3,4,10). Characterization
of the a3 chain gene, LAMA3, is still incomplete,
but the gene has been mapped to the long arm of
human chromosome 18 (5).

The interest in laminin 5 derives in part from
the fact that the corresponding genes, LAMA3,
LAMB3, and LAMC2, are involved in the patho-
genesis of a heritable blistering skin disease,
junctional epidermolysis bullosa (JEB). In fact,
recent cloning of human cDNA and genomic se-
quences for these genes has allowed elucidation
of specific mutations in different forms of JEB
(11-15).

To facilitate the detection of sequence vari-
ants in the LAMC2 gene, we have developed a
mutation detection strategy based on PCR ampli-
fication of all 23 exons of this gene (9), followed
by heteroduplex analysis with conformation sen-
sitive gel electrophoresis (CSGE) (16), and direct
nucleotide sequencing of the PCR products. We
also report optimized conditions for amplifica-
tion of genomic DNA by PCR and mRNA se-
quences by RT-PCR. Through these strategies,
the presence of novel pathogenetic mutations in
families with the lethal, Herlitz type of JEB (H-
JEB) as well as several polymorphic variants in
the LAMC2 gene were revealed.

MATERIALS AND METHODS
PCR Amplification and Mutation
Detection

To amplify each of the 23 exons of the LAMC2
gene directly from genomic DNA, primer pairs
were positioned within the introns flanking each
exon (Table 1). The primer pairs were designed
by Primer Designer, Educational Software, Ver-
sion 3.0. For PCR, 200 ng of genomic DNA was
used as a template under standard conditions,
including lOx PCR buffer (Perkin-Elmer Cetus),
4% DMSO, and 1.25 U AmpliTaq (Perkin-Elmer
Cetus) in a total volume of 50 ,lI. RNA isolated
from fibroblast or keratinocyte cultures derived
from JEB patients' skin was used as a template
for RT-PCR of the LAMC2 gene sequences. First-
strand cDNA was prepared from 50 ,ug of total
RNA in a reaction containing 25 ng/p,l of oli-
go(dT), 0.5 mM dNTP, and 2.5 U/pl of M-MLV
reverse transcriptase (BRL) in a total volume of
100 ,ul. One microliter of the reaction containing
cDNA was used as a template for PCR reactions
with eight separate primer pairs, resulting in syn-
thesis of overlapping PCR products that span the
entire coding sequence of the LAMC2 mRNA.
The primers used for amplification of mRNA seg-
ments are listed in Table 2. The conditions for
PCR amplification were 94°C for 5 min, followed
by 45 sec at 95°C, 45 sec at annealing tempera-
ture of the primers (see Tables 1 and 2), and 45
sec at 720C, for 35 cycles. All PCR-reactions were
optimized using an Omnigene thermocycler (Hy-
baid). The PCR products were examined by elec-
trophoresis on 2-3% agarose gels, followed by
heteroduplex analysis using conformation sensi-
tive gel electrophoresis (CSGE) as described by
Ganguly et al. (16). Briefly, PCR products were
analyzed on CSGE gel that contained 40% of
99:1 acrylamide:BAP [1.4 bis(acryoyl) pipera-
zine], o.5X GT buffer (USB), 15% formamide,
10% ethylene glycol, 0.1% ammonium persul-
fate, and 0.07% TEMED (16). The PCR products
(100-300 ng) were denatured at 950C for 5 min
followed by incubation at 680C for 30-60 min.
Samples were run on CSGE gel overnight with
350 V, followed by staining with ethidium bro-
mide and visualization under UV light. To detect
homozygous mutations, control DNA from the
PCR reaction was mixed with amplified patient
DNA. PCR products displaying heteroduplexes
were sequenced by direct automated sequencing
(Applied Biosystems).
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TABLE 1. Primers for PCR amplification of the LAMC2 exon sequences from genomic DNA

5'-primer (L)a

ggctctcttcctgtcaggac

-70
gacgatctcttttgtatgct

-30
gcttctaatgccgcatacat

-69
gttgtgaagcatttggaagc

-52
cctgatttctacaatgccac

-25
atagatgatgagggcttgtc

-50
tcatagcccaaagtgtcata

-177
ggtatgtggtaagaatcgga

-51

ctttagactgtaccacttgc

-48

attgtctgaccctgctcact

-52
cctaggcttggtcatttgtt

-30

aaggattctctgctgttgga

-106
gtattggatgatcccttggg

-65

ttgctaactctatgctgacc

-60

aatggtgaatagaggcatgg

-134

ctaaatcagaccagctcccg

-104

agtcctctttttattaccgc

-43

ggtgtggtaactggtaagca

-54

gtcagagtgattttgccagc

-64

tttgctttcatcttcacggc

-44

ctatggttgtctttgggatg

-76

gggagatccctttcaacttg

-71

agttatgggtatagaagggc

-86

3'-primer (R)a

gaggtacgttcagccatcac

+85
gttgttcccttccttcttct

+96
ctcaaagcagtgtttggcac

+114

ctagttgggcaagggactct

+54

caaagccctgtacaacatta

+53

tcctagtcctataagctggc

+49

aggcttgttgaacaaatgaa

+102

ctacttgtttggagactgcc

+93

gtctttcttacacagctctc

+71

cagagcagacccatggcctt

+22

aagtgcatacgtacacaggc

+56

acagaacacccagtggacac

+72

cctaacgtagccattccttc

+68

tctacaagtaggtctcccaa

+61

aaactggtttcaaggtaggg

+148

ttacaactagcatggtgccc

+95

agaaagtatttatggccctc

+54

tattcatatggtgggcattc

+60

caaaggaaattggtcatgac

+66
tttccctccacaccaccctt

+65

ataagcacaaaccagccttg

+83

tgagtgttctggagcaaagc

+65

tgacctgagcatacccatta

3821 in cDNA

Annealing
(OC)

60

55

60

55

55

55

60

55

60

60

60

60

55

55

60

60

55

55

55

55

55

55

55

Temp.
Exon No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Product Size
(bp)

324

315

319

205

215

222

469

255

338

257

332

321

290

326

362

357

242

267

245

299

318

236

462

aThe numbers under each primer refer to the position of their 5' end within the introns in relation to the intron-exon border
(upstream in the case of 5'-primers and downstream in the case of 3'-primers; the numbers are according to Airenne et al.,
1996 [91; GenBank accession nos. U31178-U31201).



L. Pulkkinen et al.: LAMC2 Sequence Variants

TABLE 2. Primer pairs for amplification of LAMC2 cDNA sequences by RT-PCR

Annealing Product
Temperature Size

Primer Positiona Sequence (OC) (bp)

1L 35 5'-GAGCGCAGAGTGAGAACCAC-3' 60 691

IR 726 5'-ACTGTATrCTGCAGAGCTGC-3'

2L 706 5'-CGCAGCTCTGCAGAATACAG-3' 60 439
2R 1145 5'-AGATTCCGCAGTAACCTTCG-3'

3L 1046 5'-GGCTCACCAAGACTTACACA-3' 60 491

3R 1537 5'-GAATCACTGAGCAGCTGAAC-3'

4L 1430 5'-CTGACATTGAGTGTGCTGAC-3' 60 453

4R 1883 5'-CCATCACTTCGACATCCTAC-3'

5L 1854 5'-CTCAGAGCCTGTAGGATGTC-3' 60 501
SR 2355 5'-GTCTGAGGCAGGAATGTTAG-3'

6L 2248 5'-CAGTACCAGAACCGAGTTCG-3' 60 529

6R 2777 5'-CTGGTTACCAGGCTTGAGAG-3'

7L 2674 5'-GATTCAGTGTCTCCGCTTCA-3' 56 539

7R 3213 5'-GGCTTCCAAGTTCAGACTCC-3'

8L 3168 5'-CTCCAGTGAGATTGAACAGG-3' 62 534

8R 3702 5'-GCTTCACTGTTGCTCAAGAG-3'

aThe numbers indicate the nucleotide position in the published cDNA sequence (Kallunki et al., 1992 [3]; GenBank accession
nos Z15008 and Z15009).

Verification of Pathogenetic Mutations
and Sequence Variants

Sequence variants were verified from amplified
genomic DNA in the region of the nucleotide
change. Whenever possible, the PCR products
were analyzed using restriction enzyme diges-
tions, followed by analysis of the products on
agarose gels. If the genetic variation did not
change a restriction enzyme site, the PCR prod-
ucts containing the sequence variant were ana-
lyzed by allele-specific oligonucleotide hybridi-
zation (ASO) (17). The oligomers were 5' end
labeled with y-[32P]dATP, hybridizations were
performed at 37°C for 1 hr, and the filters were
washed with 2 x SSPE/0. 1% SDS at the Tm of the
oligomers.

RESULTS
Strategies for Amplification of LAMC2
Sequences
The design of primer pairs for amplification of
genomic DNA sequences was based on delinea-
tion of the exon-intron organization of the en-
tire LAMC2 gene which consists of 23 exons
spanning -55 kb of genomic DNA on the long
arm of human chromosome 1 (3,9,10). For am-
plification of individual exons using genomic
DNA as template, the primers were positioned
within the intronic sequences adjacent to the
exon-intron borders. The primer sequences, the
corresponding annealing temperatures, and the
expected sizes of the PCR products are indicated
in Table 1. The primers were tested using DNA
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FIG. 1. PCR amplification of exons 1-23 of the
LAMC2 gene using genomic DNA as template
with the primer pairs shown in Table 1

The PCR products were examined by 3% agarose gel
electrophoresis. The lanes marked MW contain
HaeIII digested 4X174 molecular weight markers.

isolated from peripheral blood of control individ-
uals as template, and the PCR products were

examined on 3% agarose gels. Distinct PCR
products of the expected molecular sizes were

obtained under the optimized conditions for
each primer pair (Fig. 1). For amplification of
cDNA sequences generated by RT-PCR amplifi-

cation of mRNA as template (see Materials and
Methods), eight primer pairs amplifying overlap-
ping mRNA sequences were also designed
(Table 2). PCR products of the expected sizes
were obtained with each primer pair (results not
shown). The use of these primers for amplifica-
tion of mRNA sequences by RT-PCR has been
demonstrated previously (18-21).

The PCR amplification products were

scanned by CSGE analysis to screen for sequence
variants both in normal control individuals and
in patients with JEB. In the presence of a band
with altered electrophoretic mobility on the
CSGE gel, the corresponding PCR product was

subjected to direct nucleotide sequencing. Using
this approach, we have identified eight allelic
polymorphisms present in the population at
large, as indicated in Table 3.

Demonstration of Novel Mutations in
Patients with H-JEB

The strategy described above for the detection of
sequence variants has disclosed putative patho-
genetic mutations in patients with JEB.

TABLE 3. Polymorphisms in the LAMC2 gene

Allellic polymorphisms
Nucleotide Detection PIC

Location Positiona Major Minor Methodb Allelic Frequencyc Value

Exon 1 80 C G PstI 0.92/0.08 0.138
(100 chromosomes)

Exon 1 112 A C MslI 0.75/0.25 0.305
(32 chromosomes)

Exon 3 414 TCC (Ser) TCT (Ser) BspEI 0.76/0.24 0.300
(100 chromosomes)

Exon 4 601 GTC (Val) GTT (Val) TspRI 0.63/0.37 0.358
(36 chromosomes)

Exon 7 915 GGG (Gly) GGT (Gly) Seq n/d

Intron 7 1070+37 A G Seq n/d

Exon 14 2315 AGT (Ser) ACT (Thr) AlwNI 0.66/0.34 0.3481
(68 chromosomes)

Exon 18 2805 CAA (Gln) CAG (Gln) Seq n/d

aNumbers refer to the published cDNA sequence (3).
bThe polymorphisms change the restriction sites for the endonucleases listed; in cases in which no change in a restriction enzyme
site is observed, the polymorphism was detected by direct sequencing (Seq).
cnd, not determined.
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FIG. 2. Demonstration of the paternal mutation in LAMC2 in the proband with H-JEB in Family 1
(A) Conformation sensitive gel electrophoresis (CSGE) of DNA spanning exon 8 and flanking intronic sequences
demonstrates heteroduplex bands (He) with the father's (F) and the proband's (P) DNA, while the mother (M)
shows a homoduplex band (Ho) only. (B) Direct automated sequencing of the proband's PCR product reveals a
heterozygous deletion of T at nucleotide position 1154 (upper panel) when compared with the normal sequence
(lower panel). (C) The mutation results in the loss of a restriction enzyme site for MnlI, which cuts the normal al-
lele to 141 and 114 bp bands, whereas the mutant allele remains 255 bp in size (MW, molecular weight marker
4X174 digested with HaeIII).

FAMILY 1. One of the patients, previously unde-
scribed, was a newborn male with classical H-
JEB, who died from complications of this disease
at the age of 2 months. Electron microscopy
demonstrated the cleavage plane at the level of
the lamina lucida, and immunofluorescence was
negative with the anti-laminin 5 antibody, GB3
(22). Examination of PCR products spanning
exon 8 of LAMC2 revealed two heteroduplex
bands with the proband's and his father's ampli-
fied DNA (Fig. 2A). The mother's DNA showed a
homoduplex band only (Fig. 2A), similar to
those seen in unrelated healthy controls (not
shown). Direct sequencing of the PCR products
depicting the heteroduplexes indicated a 1 bp
deletion, T in position 1154 (GenBank accession
nos. Z15008 and Z15009) (3) (Fig. 2B). This mu-
tation, 1154delT, results in a frameshift and a
premature termination codon 51 bp downstream
from the nucleotide deletion. This mutation re-
sulted in the loss of a restriction enzyme site for
Mnll. In the case of controls and the proband's
mother, the 2 5 5 bp PCR product containing exon

8 and flanking intronic sequences was com-
pletely digested to 141 and 114 bp fragments
(Fig. 2C). In the proband's and the father's DNA,
one of the alleles was not digested by Mnll, indi-
cating that they were both heterozygous for this
mutation (Fig. 2C).

In search of the mutation in the maternal
LAMC2 allele, broadening of the PCR product
spanning exon 19 on the heteroduplex gel was
observed in the proband's and the mother's
DNA, in contrast to the father's DNA (Fig. 3A).
Sequencing of this PCR product demonstrated a
G-to-A transition in the first nucleotide of intron
19 (GenBank accession nos. U31178-U31201)
(9) (Fig. 3B). This mutation, 2986+1 G->A,
abolished the canonical 5'-donor splice site con-
sensus sequence, exon-gt. Thus, this mutation
predicts out-of-frame skipping of exon 19, which
consists of 115 bp, potentially resulting in a pre-
mature termination codon within exon 20. How-
ever, cells were not available to test this hypoth-
esis at the mRNA level. This G-to-A substitution
did not alter any restriction enzyme site. Thus,
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FIG. 3. Demonstration of the maternal LAMC2 mutation in Family 1

(A) Conformation sensitive gel electrophoresis (CSGE) of exon 19 and flanking intronic sequences reveals broad-
ened bands with the mother's (M) and the proband's (P) DNA, when compared with DNA from the father (F) and
normal controls (not shown). (B) Direct nucleotide sequencing of the proband's PCR product reveals a heterozy-
gous G-to-A transition at the 5' donor splice site of intron 19 (upper panel) when compared with the normal se-

quence (lower panel). Upper case represents the coding sequence; lower case represents the intronic sequences.
(C) The mutation was verified by allele-specific oligonucleotide hybridization (ASO) with oligomers corresponding
to the wild-type (WT) and mutant (M) alleles and using PCR products of the father's (F), mother's (M), proband's
(P), and normal control (C) DNA. The sequences for oligomers used for hybridization were: WT, 5'-ACCTCAGAG-
GTTAGTACTTC-3'; M, 5'-ACCTCAGAGATTAGTACTTC-3'. The Tm values of these oligomers were 58°C and 56°C,
respectively.

the presence or absence of this mutation in the
parents' and the patient's DNA was tested by
ASO. The results indicated that the patient's as

well as the mother's DNA hybridized with oli-
gomers containing both the wild-type and the
mutated sequence (Fig. 3C). In contrast, the fa-
ther's DNA was homozygous for the wild-type
sequence, which is identical to an unrelated
healthy control (Fig. 3C). Thus, the patient was a

compound heterozygote, 1 1 54delT/2986+ G->A,
potentially resulting in premature termination
codons in both LAMC2 alleles.

FAMILY 2. The proband in the second family was
a newborn female who died from complications
of H-JEB. The diagnosis was based on clinical
observations and negative immunofluorescence
staining for laminin 5. Mutation detection anal-
ysis revealed a heteroduplex band when the pro-
band's and her father's PCR product spanning

exon 18 was examined by CSGE. Direct sequenc-

ing revealed a C-to-T transition at nucleotide
position 2740 (GenBank accession nos. Z15008
and Z 1 5009) (3). This nucleotide change resulted
in substitution of a codon for Gln (CAA) by a

termination codon (TAA), and the mutation was

designated as Q895X (results not shown). We
were unable to disclose the maternal mutation in
the proband either by heteroduplex scanning or

direct sequencing of the entire coding region and
flanking intronic sequences.

FAMILY 3. The proband in the third family was a

newborn male with clinical features of H-JEB.
Immunofluorescence was negative for the lami-
nin 5 -y2 polypeptide using a chain-specific anti-
body. Through the mutation detection strategy, a

homozygous mutation R95X was found in the
proband, and the parents were heterozygous car-

riers of this mutation, which is similar to what

C
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has been previously described in an another fam-
ily (18). It is of interest that both of the probands
homozygous for the R95X mutation reside in the
southern part of Italy.

DISCUSSION
The heritable forms of epidermolysis bullosa
(EB) are characterized by fragility of the skin as
well as other epithelial surfaces, including the
mucous membranes of the gastrointestinal, re-
spiratory, and urinary tracts ( 1 1, 1 3,2 3). The af-
fected area of skin forms blisters and becomes
denuded after minor physical trauma. EB can be
divided into three major categories on the basis
of the level of tissue separation within the der-
mal- epidermal junction: (1) in the simplex
forms of EB, tissue separation occurs within basal
keratinocytes of the epidermis; (2) in the junc-
tional forms of EB, blister formation takes place
within the dermal-epidermal basement mem-
brane at the level of the lamina lucida; and (3) in
the dystrophic forms of EB, the tissue separation
occurs within the upper papillary dermis at the
level of the anchoring fibrils. Through correlative
electron microscopy, recent elucidation of the
structural components of the cutaneous base-
ment membrane zone at the molecular level has
allowed identification of candidate genes for dif-
ferent forms of EB, and a number of specific
mutations have been demonstrated in such
genes (13-15). In the classic, dominantly inher-
ited simplex forms of EB, the mutations reside in
the keratin genes, KRT5 and KRT14, resulting in
fragility of the basal cells (24). In rare autosomal
recessive EB simplex associated with muscular
dystrophy, mutations in the gene encoding plec-
tin, a cytomatrix attachment protein, have been
disclosed (25-27). In JEB, specific genetic lesions
have been demonstrated in five different genes
encoding hemidesmosome-anchoring filament
complex proteins (1 1,12). In the dystrophic
forms of EB, over 100 distinct mutations in
COL7A1, the gene encoding type VII collagen,
have been disclosed (13).

Junctional EB (JEB) displays considerable
phenotypic heterogeneity, and on the basis of
clinical severity, the disease can be divided
broadly into the classic, lethal (Herlitz) type and
the nonlethal forms (23). Within the nonlethal
forms, several subtypes have been delineated on
the basis of the associated extracutaneous man-
ifestations and the extent and severity of the
blistering tendency. This clinical heterogeneity

reflects the repertoire of underlying genetic le-
sions in several different candidate genes (15).
The success in identifying these mutations has
been based on technological advances that have
allowed the development of efficient mutation
detection strategies. One such technology, based
on amplification of genomic DNA, followed by
heteroduplex analysis and direct nucleotide se-
quencing, is designed to scan gene segments for
sequence variations in a highly sensitive manner
(16,28). The efficiency of this strategy is shown
by the fact that during the past 2 years, over 100
mutations in five different BMZ genes in differ-
ent families with JEB have been disclosed; these
include BPAG2, ITGB4, and the three laminin 5
genes, LAMA3, LAMB3, and LAMC2 (12,15).
However, most of the mutations characterized in
the genes encoding the laminin 5 polypeptide
chains in JEB are located in the LAMB3 gene.
This can be explained, at least in part, by the
predominance of the R635X mutation (29),
which accounts for about 40% of all laminin 5
mutations.

In this study, we report a strategy for evalu-
ating LAMC2 sequence variants in patients with
JEB and illustrate the methodology by demon-
strating previously undescribed mutations in H-
JEB patients as well as several novel polymor-
phisms in the LAMC2 gene. One of the patients
(Family 1) described above was shown to be a
compound heterozygote for two mutations, both
resulting in premature termination codons of
translation in the LAMC2 gene. The proband in
another family (Family 3) was homozygous for a
stop codon mutation, R95X. In the third family
(Family 2), the proband had a paternal stop
codon mutation, Q895X. In spite of extensive
further analysis of LAMC2, including direct se-
quencing of the entire coding region and flank-
ing intronic sequences at least 20 bp away from
the intron-exon border, we failed to detect the
maternal mutation in the proband of Family 2.
Similarly, in another previously described
patient with nonlethal JEB, no evidence for
the maternal mutation in LAMC2 was found,
while the paternal mutation was a mutation
2336del20->G (ref. 21; no. 8 in Table 4). The
inability to find the second mutation in these two
patients could have several explanations. First,
the mutation could be a regulatory one resulting
in low or absent expression of the second allele,
for example, due to a genetic lesion in the pro-
moter region of the gene. Secondly, the unde-
tected mutation could involve aberrant splicing
due to a genetic lesion within an intron further
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TABLE 4. Pathogenetic mutations in the LAMC2 gene in patients with JEB

Patient
No. Phenotypea Genetic Status Mutations Verification Consequenceb Reference

1 H-JEB Compound 11 54delT/ MnlI/ASO PTC/PTC This study
heterozygote 2986+ 1G->A

2 H-JEB Homozygote R95X TaqI PTC/PTC This study
3 H-JEB Compound Q895X/? ASO PTC/? This study

heterozygote
4 H-JEB Homozygote Y394X ASO PTC/PTC 18

5 H-JEB Homozygote 1070G-*T ASO PTC/PTC 18

6 H-JEB Homozygote R95X TaqI PTC/PTC 20

7 NL-JEB Homozygote 1184-1 G-*A ScaI In-frame exon 21
skip

8 NL-JEB Compound 2336del20->G/? Agarose gel PTC/? 21
heterozygote

aH-JEB, Herlitz type junctional EB; NL-JEB, nonlethal variant of junctional EB.
bPTC, premature termination codon for translation; the in-frame exon skip mutation was initially detected by RT-PCR.

away from the splice junction. This possibility is
supported by a recent demonstration of a splicing
error caused by 18 and 20 bp deletions in the
PKD1 gene within a 75 bp intron and resulting in
polycystic kidney disease (30). Finally, there is
the intriguing possibility that the second muta-
tion in the patients resides in the gene for one of
the other polypeptide subunits of laminin 5. The-
oretically, such complementary mutations could
reduce the levels of normal laminin 5 trimeric
molecules to 25% of the normal level and could
conceivably result in a mild nonlethal pheno-
type. In addition to the patients described above,
LAMC2 mutations have previously been delin-
eated in four other patients with JEB (Table 4).
Three of these individuals were homozygous for
premature termination codon mutations in
LAMC2 alleles and all had the lethal, Herlitz type
of JEB (Patients 4-6 in Table 4) (18,19,2 1). One
of the patients (No. 7 in Table 4) was homozy-
gous for an in-frame exon skip mutation result-
ing in a nonlethal variant of JEB (20). Collec-
tively, the total number of allelic LAMC2
mutations in JEB disclosed thus far is 13, eight of
them being distinct; the positions of these muta-
tions within the 'y2 polypeptide are indicated in
Fig. 4.

Examination of the database of laminin 5
mutations has allowed us to begin to formulate
genotype-phenotype correlations in JEB. The
molecular basis of H-JEB has been demonstrated

to consist of premature termination codon mu-
tations in both alleles of any of the three laminin
5 genes, LAMA3, LAMB3, or LAMC2. Although
these mutations predict the synthesis of a trun-
cated, nonfunctional polypeptide, the major con-

a3 chain

p3 dhisn y2 chain

-- 2336del2O -x G

_-Z986+1G -hA
-Q895X

FIG. 4. Schematic representation of laminin 5
consisting of o3, f33, and y2 chains
The diagram shows positions of mutations character-
ized thus far in the LAMC2 gene in patients with
junctional forms of epidermolysis bullosa.
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sequence of these mutations is most likely a
markedly reduced level of the corresponding
mRNA transcript resulting from the nonsense-
mediated mRNA decay (31). Since all three
polypeptides are required for the assembly of
trimeric laminin 5 molecules, no functional pro-
tein is formed as a result of these mutations.
Consequently, staining with laminin 5-specific
antibodies, such as GB3 (22), is negative, and
hemidesmosomes and anchoring filaments ap-
pear hypoplastic on electron microscopy, thus
explaining the fragility of the skin at the level of
the lamina lucida.

Within the nonlethal variants of JEB, lami-
nin 5 gene mutations have also been disclosed,
and in some cases the genetic lesion is a prema-
ture termination codon mutation in one of the
alleles. However, in all cases of nonlethal JEB in
which mutations in both alleles have been dis-
closed, the other mutation is a missense or an
in-frame exon skipping mutation (see Table 4;
refs. 12,20,32). These observations suggest that
essentially full-length polypeptides with an in-
tact carboxy-terminal end are able to incorporate
into trimeric laminin 5 molecules and assemble
into anchoring filaments, but the function of
these filaments is compromised because of the
presence of a second mutation. This interpreta-
tion is consistent with the observation that im-
munofluorescence with an anti-laminin 5 anti-
body is positive, although frequently attenuated,
and the clinical severity is relatively mild in these
nonlethal JEB patients (12).

In addition to pathogenetic mutations, neu-
tral or silent polymorphisms have been demon-
strated in the laminin 5 genes; those disclosed in
the LAMC2 gene thus far are listed in Table 3.
Such polymorphisms, also delineated in the
LAMA3 and LAMB3 genes (28,33), can serve as
informative markers in linkage studies to ex-
clude laminin 5 genes as candidate genes in fam-
ilies with blistering skin diseases. This is espe-
cially useful, given the molecular heterogeneity
of the junctional forms of EB.

Identification of mutations in the laminin 5
genes through technologies developed in this
study for the LAMC2 gene and as previously de-
scribed for LAMB3 (28) have profound implica-
tions for translational research in terms of pre-
natal testing in families at risk for recurrence of
JEB. Specifically, mutation-based DNA testing
can be performed from chorionic villus sampling
during the first trimester of gestation, and scan-
ning of laminin 5 genes by the technology devel-
oped in this study will significantly facilitate de-

tection of the genetic lesions in patients with
these devastating blistering diseases. DNA-based
prenatal testing in JEB has already been reported
for the LAMA3, LAMB3 and LAMC2 genes (34-
36).
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