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mutation in COL17A1 by a frame-restoring mutation
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Generalized atrophic benign epidermolysis bullosa is an autosomal recessive subepidermal blistering
disease typified by null mutations in COL17A1. In 1 large kindred, affected individuals were homozy-
gous for a 2-bp deletion in COL17A1, 4003delTC, which resulted in a downstream premature termina-
tion codon, nonsense-mediated mRNA decay, and abrogation of type XVII collagen synthesis. Interest-
ingly, 1 of these patients, although phenotypically identical to her affected siblings, showed focal
expression of type XVII collagen in epidermal basement membrane in a pattern suggestive of revertant
mosaicism. When studies of randomly obtained epidermal, oromucosal, and peripheral blood cells
failed to identify the genetic basis of this apparent mosaicism, microscopic subpopulations of poten-
tially revertant epidermal cells (i.e., those overlying basement membrane containing type XVII collagen)
were selectively isolated using laser capture microdissection. Analysis of DNA and RNA from these cells
revealed a second mutation, 4080insGG, on 1 allele of COL17A1. This 2-bp insertion corrected the read-
ing frame just proximal to the premature termination codon, countered nonsense-mediated mRNA
decay, and allowed protein production by patient keratinocytes in vivo and in vitro. These studies elu-

cidate the molecular basis of a novel form of revertant mosaicism in humans.

J. Clin. Invest. 103:1371-1377 (1999).

Introduction

Genetic mosaicism is the presence of 2 or more geneti-
cally different cell populations within an individual.
These cell populations can arise after fertilization as a
consequence of large chromosomal abnormalities or
mutations in single genes (1-3). Classically, such genet-
ic events convert normal cells to mutant cells. In a recent-
ly documented form of mosaicism called revertant
mosaicism (4), mutant cells undergo a second genetic
event that restores protein function or expression, gen-
erating normal-appearing cells on a background of
mutant cells. Although the occurrence of such revertant
cells has been reported in multiple patients with
Duchenne muscular dystrophy (5), tyrosinemia type I
(6), Fanconi’s anemia (7), Bloom’s syndrome (8), and
generalized atrophic benign epidermolysis bullosa
(GABEB) (4, 9-13), the molecular basis of this mosaicism
has been defined only rarely.

GABEB (no. 226650, Online Mendelian Inberitance in
Man, htep://www.ncbi.nlm.nih.gov/Omim) is an autoso-
mal recessive chronic subepidermal blistering disease of
skin and mucous membranes (14). Immunofluorescence
(IF) microscopy studies by several groups found that type
XVII collagen, a transmembrane hemidesmosomal pro-
tein encoded by a single copy gene, COLI7AI, is not
expressed in the epidermal basement membrane (BM) of
most GABEB patients (9, 10, 15, 16). The central role
played by this protein in the pathogenesis of GABEB was
reinforced by the identification of mutations in COL17A1

in a number of patients with this inherited blistering dis-
ease (summarized in ref. 14). In the largest GABEB kin-
dred identified to date, affected individuals are homozy-
gous for a 2-bp deletion, 4003delTC, which results in a
frameshift and a premature termination codon (PTC) 86
bp downstream (17, 18). This mutation results in non-
sense-mediated mRNA decay that abolishes synthesis of
type XVII collagen and accounts for the absence of this
adhesion molecule in the epidermal BM of these patients
(18). Interestingly, 1 affected individual in this large kin-
dred showed focal areas of epidermal BM that stained
positive for type XVII collagen by IF microscopy (9), sug-
gesting revertant mosaicism as described above.

In the present study, the genetic basis for revertant
mosaicism in this GABEB patient was identified using
laser capture microdissection (LCM). This recently devel-
oped technique (19, 20) permitted the selective isolation of
epidermal cells overlying regions of BM that stain positive
for type XVII collagen and was instrumental in identifying
the genetic event responsible for immunoreactive protein
in this patient’s skin. We show that this patient, homozy-
gous for the germ-line deletion 4003delTC, was mosaic for
a unique frame-restoring mutation (4080insGG) on 1
allele. The second mutation eliminated the downstream
PTC, countered nonsense-mediated mRNA decay, and
resulted in measurable levels of this double-mutant tran-
script. Although this partial correction resulted in pro-
duction of protein of appropriate immunoreactivity and
size, it was deduced to contain 25 incorrect amino acids
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encoded by the shifted reading frame between the deletion
and insertion. These studies elucidate the molecular basis
of a novel form of revertant mosaicism in humans, name-
ly mosaic partial correction of a germ-line deletion by a sec-
ond, frame-restoring mutation.

Methods

Kindred. The proband, a 56-year-old woman, is a member of a large
Austrian GABEB kindred that includes 5 affected and 5 unaf-
fected siblings in 1 generation, as well as a pedigree that signifies
propagation of the mutant allele through at least 6 generations
(18, 21). All 4 living affected siblings (1 affected having died in
infancy because of complications of this inherited blistering dis-
ease) are homozygous for a 2-bp deletion in COL17A1,4003delTC,
and show the same homozygous haplotype for 5 intragenic
COL17A1 polymorphisms (17,18, 22). The proband’s skin shows
the same extent and character of blistering as that of her affected
siblings; i.e., regions of nonfragile skin are not present.

Tissue. Five skin biopsies (4 mm in diameter) were obtained
from the proband; all were from nonblistered skin. Three of the
biopsies (1 from the left lower back, 2 from the right upper
arm) were used for IF microscopy and LCM; 2 biopsies (from
the left shoulder and forearm) were obtained to yield ker-
atinocytes for culture. As controls, 3-mm skin biopsies were
obtained from the left upper arm of a normal volunteer and the
right upper arm of the proband’s unaffected sister, an individ-
ual known to be heterozygous for 4003delTC. Buccal mucosal
brushings and peripheral blood samples were obtained from
the proband, as well as from a normal volunteer, and were
processed for analysis of genomic DNA.

Keratinocyte cultures. Two skin biopsies from the proband were
immediately placed in serum-free media (Keratinocyte-SFM;
GIBCO BRL, Rockville, Maryland, USA) and kept at 4°C. Epi-
dermal cell suspensions were created with 0.25% trypsin, and ker-
atinocytes were cultured as described (18). Keratinocytes cultured
from the foreskins of healthy newborns served as controls.

IF microscopy. All skin biopsies obtained for IF microscopy
(and LCM) were immediately placed in Tissue-Tek OCT Com-
pound (Miles Inc., Elkhart, Indiana, USA), frozen in liquid nitro-
gen, and stored at -70°C. Eight-micrometer cryosections of skin
from the proband (and a normal volunteer) were studied by IF
microscopy as described (9, 23). Anti-type XVII collagen anti-
bodies used in mapping studies (i.e., experiments aimed at iden-
tifying sites in the proband’s epidermal BM that contained or
lacked type XVII collagen) included a murine mAb (HD18; a gift
of M. Liebert, University of Texas, Houston, Texas, USA, and G.
Giudice, Medical College of Wisconsin, Milwaukee, Wisconsin,
USA) or rabbit antiserum developed against a baculovirus-
encoded recombinant form of type XVII collagen (23); second-
step antibodies were FITC-conjugated goat F(ab"), anti-mouse
IgG (BioSource International, Camarillo, California, USA) (1:80)
or FITC-conjugated goat F(ab'), anti-rabbit IgG (TAGO Inc.,,
Burlingame, California, USA) (1:80). Double-staining IF
microscopy experiments employed HD18 (1:20), biotinylated
sheep anti-mouse IgG (Amersham Life Sciences Inc., Arlington
Heights, Illinois, USA) (1:100), Texas Red streptavidin (Amer-
sham Life Sciences Inc.) (1:50), rabbit anti-type IV collagen anti-
serum (originally developed and provided by G. Martin, Nation-
al Institute of Dental Research, Bethesda, Maryland, USA)
(1:20), and FITC-conjugated swine anti-rabbit IgG (DAKO
Corp., Carpinteria, California, USA) (1:20).

LCM. Skin cryosections used for LCM were handled in 2 ways.
For recovery of DNA, cryosections were incubated sequentially
with HD18 and FITC-conjugated goat F(ab'), anti-mouse IgG,
washed, overlaid with a coverslip, and then viewed by IF
microscopy to identify sites of epidermal BM that stained either
positive or negative for type XVII collagen. Coverslips were

removed, and mapped skin sections were fixed in ethanol and
stained with hematoxylin and eosin. A cap coated with a thermo-
plastic membrane was placed on top of these skin sections, which
were examined with a light microscope fitted with a pulse-diode
laser (Arcturus Engineering Inc., Mountain View, California,
USA). Under direct observation, 40- to 60-mW pulses of the laser
were applied to regions of epidermis overlying BM known to have
stained either positive or negative for type XVII collagen — a treat-
ment that specifically bound epidermal cells of interest to the cap
(19, 20). The cap was lifted off the cryosection, and any non-
specifically adherent cells were tape-stripped from the membrane.
The cap was placed on a standard microfuge tube containing
extraction buffer, inverted, and then processed for analysis of
genomic DNA (see below). For recovery of RNA, serial cryosec-
tions of skin were prepared and every third section was mapped
by IF microscopy as described above. Intervening cryosections
were immediately fixed in 70% ethanol, stained with hematoxylin
and eosin, and subjected to LCM to recover epidermis overlying
BM that contained or lacked type XVII collagen. Microdissected
epidermis from 6-8 skin sections was collected on the same cap
and used for analysis of epidermal RNA (see below).

DNA extraction. Microdissected epidermis from 1-3 skin sec-
tions was collected on the same cap and placed on a microfuge
tube containing 20 YL of 10 mM Tris-HCI, 1 mM EDTA, 1%
Tween-20, and 0.1 mg/mL proteinase K (pH 8.0). Tubes were
inverted and incubated at 37°C overnight; proteinase K was
inactivated by heating to 99.9°C for 10 minutes. Aliquots of the
resulting mixture were used in PCR studies.

RNA isolation. Caps containing microdissected epidermis were
placed on RNase-free microfuge tubes holding 200 UL dena-
turing solution and 1.6 UL B-mercaptoethanol, and were then
processed to yield total RNA (Micro RNA Isolation Kit; Strata-
gene, La Jolla, California, USA). RNA was suspended in 9 UL
diethyl pyrocarbonate-treated water and 3 UL RNase inhibitor
(Perkin-Elmer Corp., Branchburg, New Jersey, USA) and then
stored at -70°C.

Verification of 4003delTC. PCR was used to amplify exon 52
(nucleotides 3872-4261) of the type XVII collagen gene (GenBank
no. M91669) using primers based on the flanking intronic
regions as described previously (17). The resulting 527-bp prod-
uct was digested with NIaIIl to demonstrate the presence or
absence of the 4003delTC mutation (17). Allele-specific PCR was
also used to detect 4003delTC. These experiments used primers
that end on sequences specific to the normal or mutant alleles at
nucleotide 4003. The sense primers for the normal and the
4003delTC mutant sequences were S'-GCTCCTCCTCA-
CACAGCTCATC-3' and 5'-GCTCCTCCTCACACAGCTCATG-
3', respectively. Cycling conditions for allele-specific PCR were the
same as those for exon 52, except that the annealing temperature
was 65°C. The antisense primer for both of these allele-specific
PCR studies was the intronic primer used to amplify exon 52,
extended by 4 bp (5'-CCACAAACAAGAAAGCCAGTCTGG-3").

RT-PCR. To determine if exon 52 was skipped in the proband,
aliquots of total RNA from her cultured keratinocytes were
mixed with random hexamers and reverse transcribed to pro-
duce cDNAs. Resulting cDNAs were mixed with primers for
COL17A1 (specifically, nucleotides 3853-3880 and 4610-4630;
ref. 18) and amplified by PCR (GeneAmp RNA PCR; Perkin-
Elmer Corp.) using 35 cycles of 95°C for 30 seconds, 56°C for
30 seconds, and 72°C for 60 seconds.

DNA sequencing. PCR products were sequenced (ABI Prism;
Perkin-Elmer Corp.) directly or following cloning using a
TOPO TA Cloning Kit (Invitrogen, San Diego, California,
USA). Sequences of particular interest were analyzed with
Sequencher 3.0 software (Gene Codes Corp., Ann Arbor, Michi-
gan, USA). These studies identified 4080insGG, a 2-bp inser-
tion that partially corrected 1 COL17A1 allele in the proband’s
revertant epidermal cells (see Results).
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Verification of 4080insGG. Allele-specific PCR was used to verify
4080insGG. The primers used for amplification of 4080insGG
or the normal sequence at this site were 5'-CCTGGGT-
GCAGGCGGGGT-3" and 5'-CCTGGGTGCAGGCGGTGC-3',
respectively; the annealing temperature for this reaction was
57°C. The antisense primer was again the intronic primer used
to amplify exon 52, extended by 4 bp.

Analysis of COL17A1 transcripts. Following the identification of
the frame-restoring mutation, 4080insGG, experiments were
designed to assess the relative levels of COLI7AI transcripts
derived from each allele in the proband’s revertant epidermal
cells, i.e., cells containing 1 4003delTC allele and 1 allele that
carried both 4003delTC and 4080insGG. For comparative pur-
poses, analogous experiments assessed the relative levels of
COL17A1 transcripts derived from each allele in a heterozygote,
i.e.,an unaffected sibling with 1 normal and 1 4003delTC allele.
In this manner, the relative stability of single-mutant
(4003delTC) and double-mutant (4003delTC and 4080insGG)
COL17A1 transcripts was examined, and the ability of the dou-
ble-mutant allele to rescue COLI7AI transcripts from non-
sense-mediated mRNA decay was explored. Two approaches
were used to address this issue. In one set of experiments, LCM
was used to collect the proband’s revertant epidermal cells, as
well as the epidermal cells of a sibling known to be heterozy-
gous for 4003delTC. Transcripts in these samples were reverse
transcribed, and COL17A1 cDNAs were amplified by allele-spe-
cific PCR using the sense primers for normal and mutant
sequences (as described above) combined with an antisense
primer corresponding to nucleotides 4610-4630 of the cDNA.
The resulting PCR products were electrophoresed on 4-20%
polyacrylamide gels (Novex, San Diego, California, USA),
stained with ethidium bromide, photographed, and quantitat-
ed by densitometric analysis of band intensity using the public
domain NIH Image 1.60 program (developed at the NIH and
available at http://rsb.info.nih.gov/nih-image/). In another set
of experiments, revertant epidermal cells in the proband were
isolated with LCM and processed to yield RNA. RNA was
reverse transcribed as described above and PCR amplified using
primers spanning exons 51-56 of COL17A1. Resulting cDNAs
were cloned and analyzed by sequencing (n = 6) or allele-specif-
ic PCR (n = 19) to estimate the relative levels of transcripts
derived from each COLI7A1 allele.

Immunoprecipitation studies. Subconfluent monolayer cultures
of keratinocytes derived from skin biopsies of the left forearm
and shoulder of the proband (or from normal neonatal fore-
skins of controls) were biosynthetically radiolabeled with
[3*S]methionine (50 uCi/mL, specific activity [11,100 Ci/mmol;
Du Pont NEN Research Products, Boston, Massachusetts,
USA) for 2 hours. Radiolabeled cell extracts were processed and
studied by immunoprecipitation using rabbit antiserum
against type XVII collagen (and controls) as described (24, 25).

Results

Type XVII collagen was present only at focal sites in the
proband’s epidermal BM. IF microscopy studies confirmed
that monoclonal and polyclonal antibodies directed
against type XVII collagen bound normal epidermal BM
in a continuous manner (Figure 1a). In contrast, type
XVII collagen was present in a focal, interrupted distri-
bution in the proband’s epidermal BM (Figure 1b). By
comparison, type IV collagen, as well as other BM con-
stituents (9), was present in the proband’s skin (Figure
1c) in an amount and distribution identical to that seen
in the skin of a normal volunteer (data not shown).
Although this distribution of type XVII collagen was
identified in IF microscopy studies of skin from both

sides of the proband’s body (specifically, the left lower
back and the right upper arm), it was not possible to pre-
dict where such sites were located because there were no
clinical findings (e.g., islands of normal-appearing skin)
that indicated their existence. In fact, IF microscopy
studies of a second biopsy from the proband’s right

Figure 1

Type XVII collagen was present only at focal sites in the proband’s epider-
mal BM. (a) IF microscopy studies of normal human skin cryosections
stained with an mAb to type XVII collagen (see Methods) showed continu-
ous expression of this protein in epidermal BM (shown in red). (b) IF
microscopy studies of the proband’s skin cryosections stained in the same
manner found that type XVII collagen (when detected) was present in epi-
dermal BM only in a focal, interrupted distribution (shown in red; an inter-
vening segment of nonreactive BM is delineated by arrows). (c) The
proband’s epidermal BM was otherwise intact. For purposes of documen-
tation, the cryosection shown in b was double stained with an antibody to
type IV collagen. This antibody (as well as antibodies to bullous pemphigoid
antigen 1, laminin 5, and type VIl collagen; ref. 9) showed normal reactivity
(shown in green) along the entire epidermal BM of the proband. Type IV col-
lagen in microvascular BMs was also stained.
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A normal COL17AT allele was not present in the proband. (a) LCM was
used to collect epidermal cells overlying segments of the proband’s epider-
mal BM that stained positive (+) or negative (-) for type XVII collagen by IF
microscopy (IF); epidermis collected from normal human skin by LCM
served as a control (C). Genomic DNA was isolated from these samples,
and exon 52 of COL17AT was PCR amplified and analyzed by restriction
endonuclease digestion. For illustration, the schematic depicts exon 52
(rectangle) and its flanking intronic regions (solid lines) that were ampli-
fied by PCR (primers indicated by arrowheads). Vertical dotted lines signi-
fy Nlalll restriction endonuclease sites in PCR products derived from a nor-
mal COL17AT1 allele; the sizes of the resulting fragments (in base pairs) are
listed along the top of the schematic. The arrow directed to the underside
of exon 52 shows the Nlalll cleavage site introduced by 4003delTC; this
additional Nlalll restriction site cleaves the 185-bp fragment into segments
of 151 and 32 bp as indicated. The PCR products outlined above, and a
100-bp ladder standard (Std), were electrophoresed on a 3% agarose gel
and then stained with ethidium bromide. Undigested PCR products derived
from control DNA, as well as negative-patient and positive-patient DNA,
all comigrated as shown. Nlalll restriction analysis of these PCR products
revealed that control DNA was derived from normal COL17AT alleles and
that both negative-patient and positive-patient DNA were derived from alle-
les bearing 4003delTC. Note that the 32- and 40-bp fragments are not
apparent in this gel. (b) That positive-patient DNA was not derived from
normal COL17AT7 alleles was confirmed by allele-specific PCR using primers
ending on sequences specific to the normal (ND, no deletion) or mutant
(D, deletion) alleles at nucleotide 4003. Analysis of these PCR products on
4-20% polyacrylamide gels confirmed the normal sequence in control DNA
and showed that both negative-patient and positive-patient DNA were
amplified from alleles containing 4003delTC. The presence of a doublet in
the positive-patient (but not the negative-patient) DNA using the D primers
suggested heterozygosity for a mutation downstream from 4003delTC.

upper arm found no immunoreactive type XVII collagen
in any cryosection throughout the sample. The results of
this study, taken together with prior studies, indicate
that most skin biopsies from the proband contained no
immunoreactive type XVII collagen; moreover, biopsies
that were positive showed focal, interrupted expression
of this protein in epidermal BM. Other affected family
members, as well as other GABEB patients homozygous
for 4003delTC, did not show focal, interrupted expres-
sion of type XVII collagen in their epidermal BMs (9, 18).

Studies of cultured keratinocytes, oral epithelial cells, and periph-
eral blood cells did not identify the molecular basis of the proband’s
apparent mosaicism. The serendipitous observation that the
proband’s epidermal BM showed focal, interrupted expres-
sion of type XVII collagen suggested that this individual
was mosaic for either a normal COL17A1 allele or a second
genetic alteration that allowed production of immunore-
active protein. To address the former possibility, we stud-
ied DNA isolated from the patient’s peripheral blood, buc-
cal mucosa, and cultured keratinocytes, using both NlaIII
digestion of PCR-amplified exon 52 (the exon containing
4003delTC) and allele-specific PCR (see Methods). In brief,
the normal COL17A1 allele was not identified in these stud-
ies. To address the second possibility, exon 52 was ampli-
fied from the DNA of cultured keratinocytes using intron-
specific primers, and the PCR product was sequenced. The
4003delTC mutation was again demonstrated on both
COL17A1 alleles, but a second genetic alteration was not
identified. Given these findings, it was also considered that
exon 52 might be completely deleted or skipped in the
proband because loss of the 390 nucleotides in this exon
would restore the normal reading frame in COLI7A1. How-
ever, additional studies of genomic DNA (specifically, that
spanning exons 51-53), as well as total RNA from this
patient’s cultured keratinocytes, showed no deletion of
exon 52 from the COL17A1 gene or altered splicing of pre-
mRNA that led to skipping of this exon (data not shown).
The failure of these studies to explain the focal expression
of type XVII collagen in the proband’s epidermal BM sug-
gested that the underlying genetic alteration was either
absent or insufficiently represented in the cell populations
examined in these studies.

LCM revealed that the proband’s epidermis was mosaic for the
frame-restoring mutation 4080insGG. To enhance the possibil-
ity of detecting a genetic alteration expressed in a mosaic
pattern, LCM was used to procure the proband’s epidermal
cells directly overlying segments of BM that contained or
lacked type XVII collagen. DNA was extracted from these 2
populations of cells (hereafter referred to as positive- and
negative-patient DNA, respectively) and compared with
DNA extracted from laser-microdissected normal epider-
mis. Using intron-specific primers, exon 52 of COL17A1 was
PCR amplified from these DNA samples and analyzed by
Nlalll digestion. These studies demonstrated that both pos-
itive- and negative-patient DNA were derived solely from
alleles containing 4003delTC and that DNA from control
epidermis was derived from normal COL17A1 alleles (Fig-
ure 2a). As shown in Figure 2b, these results were confirmed
by allele-specific PCR. Interestingly, PCR products obtained
using primers to amplify 4003delTC in positive-patient
DNA showed a doublet when analyzed on 4-20% polyacry-
lamide gels (Figure 2b), suggesting heterozygosity for a
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mutation downstream from 4003del TC.

To uncover a second mutation, the sequence of exon 52
in laser-microdissected positive-patient DNA was com-
pared with that of DNA from laser-microdissected normal
human epidermis (Figure 3a). A second mutation,
4080insGG, was detected on 1 COL17A1 allele of positive-
patient DNA (Figure 3a). Cloning and sequencing showed
either 4003delTC alone or 4003delTC in combination with
4080insGG (Figure 3b). To verify this mutation, primers
were designed to amplify either 4080insGG or the sequence
without the insertion (I = insertion, NI = no insertion; Fig-
ure 4). Normal epidermal DNA and negative-patient DNA
were amplified only with the NI primer, indicating absence
of 4080insGG. Positive-patient DNA was amplified with
both the I and NI primers, as expected for a sample het-
erozygous for the second mutation. When these primer
pairs were used to reexamine DNA from prior samples of
this patient’s cultured keratinocytes and peripheral blood
(i.e., samples tested earlier for the presence of a normal or
corrected COL17A1 allele), 4080insGG was not found.
These findings, as well as the complete absence of type XVII
collagen in most skin biopsies, suggested that a minority of
the proband’s tissues were mosaic.

The frame-restoring mutation 4080insGG vyields COL17A1
mRNA and protein. The results described above indicated
that the proband’s revertant epidermal cells had 2 mutant
COL17A1 alleles, one containing 4003del TC alone and one
containing 4003del TC plus 4080insGG. The respective lev-
els of transcripts derived from such single-mutant and
double-mutant COL17A1 alleles in epidermal cells in vivo
were examined in a series of experiments. Our hypotheses
were (a) that transcripts derived from single-mutant alleles
would be present in low levels because of nonsense-medi-
ated mRNA decay (as shown in prior Northern blot stud-
ies examining total RNA from cultured keratinocytes of
patients homozygous for 4003delTC; ref. 18); and (b) that
transcripts derived from double-mutant alleles would
exceed those derived from single-mutant alleles because of
the elimination of the PTC by the “correcting mutation”
in the former. To determine the relative level of transcripts
derived from a single 4003delTC allele, LCM was used to
recover epidermis from the proband’s sister, who was
known to be heterozygous for this mutation (18). Total
RNA was then isolated, reverse transcribed, PCR amplified
using primers specific for sequences that contained or
lacked 4003delTC, and quantitated by densitometry. Sep-
arate experiments estimated that the ratio of normal to sin-
gle-mutant transcripts in the epidermis of this heterozy-
gote was approximately 30:1. To determine if 4080insGG
in the proband’s revertant epidermal cells yielded tran-
scripts whose levels exceeded those derived from the allele
bearing 4003delTC alone, a related series of experiments
were performed. First, revertant epidermal cells in the
proband were isolated by LCM and processed to yield total
RNA. This RNA was reverse transcribed, PCR amplified
using primers specific for sequences that contained or
lacked 4080insGG, and quantitated by densitometry.
Using this approach, separate experiments found that the
double-mutant transcript was present at 2.5 times the level
of transcripts containing 4003del TC alone. In other stud-
ies conducted in parallel, RNA from the proband’s rever-
tant epidermal cells was reverse transcribed and amplified

a TGGGTGCAGGCOGTACCTTTGGT GAA

TGCCTTTGGT GAA

T TGCAGGCAAQ
Gae GGTGCCTTTGGTG

TGGGTGCAGGCOGTOCETTTOGGTGAA

40B0iIns GG

TRAGGTGCAGGCGGGGTGCCTTTGOETGAA

Figure 3

DNA from the proband’s epidermis overlying BM containing type XVII col-
lagen is homozygous for 4003delTC and heterozygous for a second
COL17A1 mutation, 4080insGG. (a) Direct nucleotide sequencing of PCR-
amplified exon 52 from normal epidermis (top) shows the expected
sequence. Patient epidermis overlying BM staining positive for type XVII col-
lagen shows base ambiguities beginning at nucleotide 4080 in the cDNA
(bottom). (b) Clones of the PCR product in a show either 4003delTC, fol-
lowed by the expected sequence (i.e., no insertion; top), or 4003delTC in
combination with 4080insGG (bottom).

DNA Control Patient
IF + + |- = + +
- et

Primer NI | NI I NI |

Figure 4

Verification of 4080insGG. PCR using primers that amplified either
4080insGG (I, insertion) or the allele without the insertion (NI) showed
the presence of the former only in DNA from patient epidermis overlying
BM containing type XVII collagen. Symbols are as designated in Figure 2.
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Figure 5

Immunoprecipitation studies of biosynthetically radi-
olabeled extracts from keratinocytes cultured from
the proband or a normal control. (a) A rabbit anti-
body to a baculovirus-encoded recombinant of type
XVl collagen precipitated a 180-kDa protein in nor-
mal keratinocytes but not in the patient’s ker-
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atinocytes (the latter procured from the proband’s kDa
left forearm). (b) Studies of keratinocytes derived
from the proband’s left shoulder identified a 180-
kDa band that comigrated with type XVII collagen
produced by normal keratinocytes. As a positive con-
trol, rabbit antibody to a bullous pemphigoid anti-
gen 1 fusion protein (BPAGT) precipitated a 230-
kDa protein in all samples. No proteins were
precipitated by preimmune rabbit serum. The expo-
sure time was 6 and 10 days for a and b, respective-
ly. A 4-week exposure of a failed to detect type XVII
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[ Typa XVII
collagen

i A

collagen in the patient sample.
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by PCR to yield cDNAs spanning exons 51-56. These
cDNAs were cloned and analyzed to determine the fre-
quencies of the double-mutant and single-mutant tran-
scripts in 25 samples picked randomly. In these studies, the
double-mutant cDNA was present in 84% of the samples
(ie., levels S times those of transcripts derived from
4003delTC alone). In sum, both of these approaches indi-
cated that 4080insGG stabilized COLI7A1 transcripts in
the proband’s revertant epidermal cells and countered
nonsense-mediated mRNA decay that otherwise affects
transcripts bearing 4003delTC.

To determine if this frame-restoring mutation resulted
in the production of immunoreactive protein, ker-
atinocytes from 2 biopsy sites on the proband were
expanded in culture, biosynthetically radiolabeled, and
studied by immunoprecipitation using a polyclonal anti-
body directed against type XVII collagen. Although ker-
atinocytes from the left forearm did not produce type
XVII collagen, those from the left shoulder synthesized a
180-kDa protein that comigrated with type XVII collagen
produced by normal keratinocytes (Figure 5). The ability
to identify immunoreactive type XVII collagen in this set
of keratinocytes was considered fortuitous, given the
inability to predict which skin sites were “positive.” These
immunoprecipitation results corroborate IF microscopy
studies indicating that some biopsies of this patient’s skin
were completely devoid of type XVII collagen, whereas
others showed patchy expression of this protein (9).

Discussion

This report describes a type of revertant mosaicism not pre-
viously documented in humans, namely a partial gene cor-
rection by a frame-restoring mutation. As shown in this
study, this correcting mutation restored the normal read-
ing frame just prior to a PTC, countered nonsense-medi-
ated mRNA decay, and led to the production of protein of
appropriate immunoreactivity and size. Clinical and genet-
ic findings in our patient contrast with those of another
recently described GABEB patient with revertant
mosaicism (4). The latter patient, a compound heterozy-
gote for a paternal nonsense mutation and a maternal dele-
tion, islands of normal-appearing skin clinically and
restoration of a normal COL17A1 allele by mitotic gene

conversion. This mechanism (as well as single and double
crossing over) can account for revertant mosaicism in com-
pound heterozygotes where germ-line mutations are locat-
ed at different sites in a gene (7, 8). Different mechanisms
are required to achieve revertant mosaicism in patients
such as ours who are homozygous for a mutant allele.
Our initial hypothesis regarding the focal distribution of
type XVII collagen in our patient’s epidermal BM was that
overlying keratinocytes had a back mutation that restored
1 COL17A1 allele to normal sequence. However, analysis of
randomly acquired keratinocytes, oral mucosa, and periph-
eral blood cells, as well as revertant keratinocytes them-
selves, found no evidence of a normal COL17A1 allele. These
studies also found that the reading frame of COL17A1 was
not restored by in-frame deletion or skipping of exon 52.
Encouraged by the finding that subpopulations of epider-
mal cells could be selectively procured by LCM, we specifi-
cally examined genomic DNA from cells overlying segments
of the proband’s epidermal BM that contained type XVII
collagen for evidence of a correcting mutation positioned
between 4003delTC and the resulting PTC 86 bp down-
stream. The identification of 4080insGG, and the subse-
quent demonstration of the biologic consequences of this
correcting mutation, elucidated the basis of this patient’s
revertant mosaicism. Analogous frame-restoring mutations
have been observed experimentally in Saccharonyces cerevisi-
ae (26). In brief, as shown by Greene and Jinks-Robertson
(26), a +1-bp frameshift causing a PTC in the yeast LYS2
gene was compensated in almost all revertant colonies by a
1-bp deletion within the 150 nucleotides preceding the
PTG, rather than by correction of the original genetic defect
itself. Moreover, these 1-bp deletions tended to occur in
homopolymer tracts, suggesting that slippage of the DNA
polymerase accounted for these events. Interestingly, and in
a corresponding manner, the 2-bp deletion in our GABEB
patient was compensated by a 2-bp insertion that may also
have originated as a consequence of DNA polymerase slip-
page, because 2 guanine nucleotides were reproduced at the
site of the insertion. The timing of this 2-bp insertion dur-
ing embryogenesis was not determined because it was not
feasible to sample the proband’s skin or other organs exten-
sively to establish the distribution of this “correcting” muta-
tion. However, its presence in epidermal cells (derived from
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the ectoderm) but not peripheral blood cells (derived from
mesoderm) suggested that it occurred after primitive streak
formation and the development of all 3 germ layers. To our
knowledge, the basis of mosaicism in ectodermally derived
keratinocytes is not different from that which occurs in cells
of mesodermal or endodermal origin.

Mosaicism for the frame-restoring mutation resulted in
focal, positive staining for type XVII collagen in the
proband’s epidermal BM. The protein, predicted to con-
tain 25 incorrect amino acids encoded by the shifted read-
ing frame between the deletion and the insertion, was
deemed to be at least partially abnormal because skin
resistant to blister induction was not present in the
proband. The failure of the frame-restoring mutation to
restore complete function is not unexpected because the
substitution of even 1 amino acid in type XVII collagen can
result in a blistering phenotype (11, 27). Had immunore-
active protein in this patient’s epidermal BM not been
observed serendipitously in our initial IF microscopy stud-
ies, this form of mosaicism would have gone unrecognized
and unexplained. Interestingly, a similar finding has been
reported in Duchenne muscular dystrophy, where as many
as 50% of patients in some series have shown rare clusters
of muscle fibers that stain positive for dystrophin (3, 28).
In analogy to our patient, in whom the presence of
immunoreactive protein in epidermal BM did not com-
pletely correct skin fragility, the presence of immunoreac-
tive dystrophin in rare muscle fibers in patients with
Duchenne muscular dystrophy has not been associated
with a milder form of disease (28). Although the presence
of such immunoreactive muscle fibers in patients with
Duchenne muscular dystrophy was postulated to result
from a second, frame-restoring mutation (S), such an event
has not been documented previously. To our knowledge,
our demonstration of a second, frame-restoring mutation
in a revertant GABEB patient provides the first direct evi-
dence for this mechanism and affords a potential explana-
tion for cases of revertant mosaicism involving an initial,
frameshift mutation. These findings vary from cases of
revertant mosaicism where mutations are corrected by
intragenic recombination or gene conversion — mecha-
nisms documented in rare patients with tyrosinemia type
1 (6), Fanconi’s anemia (7), or Bloom’s syndrome (8). The
elucidation of the genetic basis for corrected cells in
GABEB and other diseases has been hampered by the
inability to isolate unique and relevant subpopulations of
cells from affected tissues. This study demonstrates the
power and utility of LCM to procure genomic DNA and
mRNA species from microscopic subpopulations of
human epidermal cells. Moreover, it points out how even
the most sophisticated testing methods are ineffective if
the wrong cells are subjected to analysis. LCM clearly has
direct relevance for the analysis of mosaicism, as well as for
cell subpopulations in tissues undergoing morphogenesis,
differentiation, or malignant transformation.
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