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BMZ staining in all three transgenic mice lines (Figure 2,
A and B, wild-type; Figure 2, C and D, COL7*'*"";
Figure 2, E and F, COL7°°"""""; and Figure 2, G and H,
COL7EMV-h+y CcOL7R™™N* revealed additional punc-
tate staining in epidermal keratinocytes (Figure 2, C
and D), and COL7°°"'""* revealed additional diffuse
staining in dermal fibroblasts (Figure 2, E and F). In the
course of the transgenic mouse experiments, we obtained
several lines of mice and were able to generate offspring in
COL7<™h+ cOL7e9 "+ and COL7°MY™"* lineages In
each transgenic line, we selected the mouse with the most
robust COL7AT expression for the subsequent rescue
experiments

Clinical HE

Wild type

COL?m&.Kﬁ-‘&-hv COL?m"

COL7 mef-, ool e

COL?' m-f-, CMV-he

Keratinocyte-/Fibroblast-Targeted Transgenic
Rescue of COL7 Knockout Mice

Col7al knockout mice (COL7™ /™) exhibit a severe, re-
cessive DEB phenotype, and these mice die within a few
days after birth. We initiated transgenic rescue experi-
ments of COL7™™/~ mice by mating COL7™™/~,
COL7eY Y or COL7EMY-" transgenic mice After fur-
ther crossing, transgenic mice on a col7al knockout
background (COL7™ /= Ki4h+ COL7™~/= """ and
COL7™—/= CMV-h+y were generated, and they showed
expression of human COL7 under the different promot-
ers. All three different rescued mice (COL7™~/— K14

Figure 3. heratmocvie-/fibroblast-targeted hu-
man COL7AT nansgene can rescue COLT knock-
out mice A wild-tvpe mouse showed a normal
phenoty pe (A) and ntact dermoepidermal junc-
ton (BY without human COL7 expression (G,
white arrowheads) A COL7" ™"~ mouse had a
severe DEB phenotype (D) and apparent dermo-
epidermal separacon (E- asterisks) without hu-
man COL? (F, white arrowheads) All three
rescued mice (heratnocvie-tageted escued
COL7FN T T Kt Gl fibroblast-targeted  res-
cued COL7VT/7 ol gy nd ubiguitous
CMV promoter-dnven rescued COL7 Caf -k
M-OD) showed no DEB phenatype (G, J, and M)
and an intadt dermoepdennal juncuon (H, K, and
N) Immunofluorescence labeling revealed human
COL7 n the basement membrune zone (white
arrowheads) n skan secuons from all three 1es-
cued muce (4, L, and O Skin fiom the heratmno-
evie-targeted 1escued COL7M ™7 M0% mouse
showed addinonal punctate stunmg in epideimal
Keratmocvies (1), and shin from the fibroblust-tas-
geted rescued COL™™MTT LN mouse ievedled
addiional diffuse staming m dermal fibroblasts
(L) Immunofluorescence staning wih antehu-
man COL7 monoclonal anubody, LH7 2, fluores-
cemn wothiocyanate, green (C, F 1, L, and O)
White arrowheads, hasement membiane zone,
asterisks, ¢ blister cavity Dotted hines demai-
cate the skin surtace Scale bars = S50 pwm
P: Immunoblot analvsis tor human COL7 n
the whole-skin samples from the wild-tvpe
and the three rescued mouse hnes  Human
COL7 protem expression was confirmed i the
whole skin of all three Ines of rescued e
(COL7™m™ ™ Kiibes COLTm /ol end
COL7M™/™ SV Iy bug not in the wald-tvpe
mice From the density of immunoblot bands,
amounts of human COL” expressed i the
whole-skin samiples weie the gieatest
COL7™™/ ™+ ine among the thiee fines
of rescued mice The other two rescued hines
COLTH™/™ MV g COL7™ T T R ens
pressed roughly smular amounts of fuman
COL7



COL?m_l~' C0|1-h+‘ and COL?m—/—, CMV-h+) showed nor-
mal appearance at birth, and no DEB phenotype was
observed (Figure 3, A, D, G, J, and M). Remarkably, all of
the rescued mice (COL7™ ™/~ K14 hours-+ (53] pm—/=, coli-ht
and COL7™~/~ SMV-i+) exhibited reproductive ability de-
spite the fact that the original COL7™~/~ mice were lethal
and unable to reproduce All of these rescued mice had
at least a 1-year lifespan, similar to that of wild-type mice
We could not detect any blistering, even on a histolog-
ical scale (Figure 3, B, E, H, K, and N) and immuno-
fluorescence study using LH7.2 showed positive linear
staining of COL7 along the BMZ in all three lines of
rescued mice (COL7™™/~ Kiehr  cQpym—/- coli-ht
and COL7™~/~ SMV-hiy (Figure 3, C, F, I, L, and O) The
pattern of positive staining was essentially identical to that in
the respective original transgenic mice (Figure 2, A-H)
Immunoblot analysis for human COL7 in the whole-skin
samples from the transgenic rescued mice confirmed that
human COL7 protein was expressed in the whole skin
of all three lines of rescued mice (COL7™/— Kld-h+
COL7m~/=-eolt-h = and COL7™ /= SMV-"+) (Figure 3P)
The thicknesses of the immunoblot bands suggested
that, in the whole-skin samples, COL7™ ™/~ coli-h+ gy
pressed the most human COL7 among the three fines
of rescued mice, and the other two rescued lines,
COL7m~/= CMV-h+ and COL7™/~ Ki4h+  nroduced
similarly less human COL7.

Electron microscopy of the skin showed newly formed
anchoring fibrils in the sublamina densa area in all of the
rescued mice (COL7™ /= Ki4h+ co| 7m—/=. colth+ and
COL7™~/~ CM¥-n+y (Figure 4, A, C, E, G, and |) Semi-
quantitative morphometric analysis of numbers of an-
choring fibrils on electron microscopic images revealed
the anchoring fibril density in each mouse line as follows
(mean x SD number of anchoring fibrils/um): wild-type
COL7™* 341 + 043; COL7™ /-, 000 % 0.00;
COL7™~/= K11+ 560 + 0 46; COL7™—/~ colth+ 5 g5 +
039; and COL7™~/~-CMV-ht 309 + .30 (Figure 4K)
Immunoelectron microscopic analysis of the skin ob-
tained from each line of rescued mice revealed that
LH7 2-labeled gold particles were localized in the lamina
densa of the BMZ (Figure 4, B, D, F, H, and J) The
epitopes of LH7 2 monoclonal antibody are known to
react to the NC-1 domain of COL7, which is known to be
located along the lamina densa '2 The results suggest
that COL7 synthesized from transgenes functioned cor-
rectly, wrespective of whether it originated from fibro-
blasts or from keratinocytes

Generation of an Exact DEB Model Mice
Carrying Human COL7A1 Mutation

In the course of cloning experiments, we obtained several
mutant COL7A7 clones that demonstrated abnormal
COL7A1 expression Subsequent sequence analysis re-
vealed that one of those clones had a ¢ 7528delG mutation
in the COL7A1 cDNA. We then constructed an expression
vector of the mutated COL7A1 under the K14 promoter and
generated the transgenic mice Next, we crossed these
mutant COL7<"4"~ transgenic mice with COL7™*/~ het-
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Figure 4. Transgene products, which are human COL7 molecules corectlv
form anchoring fibrils in the rescued muce Electron nucroscopy (EM) (A, C,
E, G, and ) demonstrated mtact anchoting fibrils (black arrowheads) i the
sublamumna densa area 1 a wild-tvpe mouse (A) In contrast. the COL7™™ ™~
mouse had no anchoting fibils (CY In all three rescued nuce lines (ketau-
nocvte-targeted rescued COL7™™/~ KUeb' (E] filyoblast-tageted rescued
COL7™™/~ «liht (Gl and ubiguitous CMV  promoter-driven  rescued
CoL7™ « MY D anchoring fibul formation was restored 1 the sub-
lamina densa area (black arrowheads) Immunoelecton microscopy GEM)
using LH7 2 (B, D, F, H, und J) revealed no human COL7 labeling (gold
particle) m ntact anchonng fibuls (black arrowheads) of 4 wild-type
mouse (B). The COL7™ ™/~ mouse had nerther anchoring fibils nor human
COL? labeling (DY Human COL7 (mmunogold paruicles, white arrow-
heads) was locabized i the famina densa of the basement membrane zone
in all three tescued mice keratnocyte-targeted rescued COL7™M ™'~ Kithe
(F), fibroblast-targeted rescued COL7™ ™/~ <t (I and ubiquitous CMV
promoter-diven rescued COL7™™/7-CMV-h+ (1) Black arrowheads. .an-
choring fibrils, white arrowheads human COL7 labeling Gmmunogold
partiddes), LD, lanuna densa Scale bars = 200 nm K: Semiquantitauve
morphometic analysis of anchoning fibrd density Anchoring fibril densiy
was highest in ubiguitous CMV promoter-driven tescued COL7W ™/~ (MY
second highest in ibroblast-tugeted rescued COL?™™/™ < 0 Jowest
m keratnocvee-targeted rescued COL7™ /™ MUY ayce among the three
lnes of rescued muce, although no stabsucally significant difference was
obsenved between anv combination of the thiee hnes
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Figure 5. DEB model mice carrying a human COL7A! mutation preasely teproduce the DEB phenotype A-E: Col7a? knochout nuce rescued by fulldength
human COLZAT (COLTH™"™ K19 By qie climcally normal Forepaws of COL7 /™ K171 myce at 14 days (€) 30 days (D) and 60 days of age (B F-J: ColFaT
Lnochout mice rescued by mutated human COL7Z4 7 (COLT™ /7 M1 ARy chow gradual development of mild alopecia (F, arrowhead), yellowish denal caries
(G, arrowhead) and tusion of the paw digits (I and J, arrowheads) conesponding to the chimeal phenotvpe of human DEB (K and M: A 2-vear-old male patient
harbonng COL7AT mutatons, ¢ [5818delCl + p [Gly26235erl.'? L: A 10-yen-old temale patent whose mutations were umdenufied  The diagnosis was
confiimed by ultrastructural observaton and mmunofluorescence studies. Nr A 15-vear-old muale patient with p [GIv2576Arg] + {Glu2858X] 1 O: A Sl-year-old
female patient hathorng p [GIVIS15Arg) + ¢ [S818delCl ) Forepaws of COLT™™ 7 K14 881 mice were documented at 1+ days (H, scuinng, arrowhead), 30 davs

(1, mild lusion), and 60 days of age (J, complete fusion)

erozygous mice to obtain mutant COL7™ /= K14-47" mice
We then performed transgenic rescue experiments by in-
tercrossing these mice (COL7™+/ ™ K'4-4h*) and obtained
COL7™—/~ K14-an+ mice. Immunoblot analysis on epider-
mal extract samples from COL7™/7 K147+ mice con-
firmed the expression of short, truncated human COL7 de-
rived from mutant COL7A1 (data not shown).

From birth, the COL7™ /- K!4-20% mice were indistinguish-
able from their wild-type hittermates and showed no blister-
ing, not even on the paws, despite the fact that hemorrhagic
pbullae are always found in COL7™™/~ mice The growth of
the human mutant-rescued mice (COL7™ /= K14-ah~)
was retarded, however, compared with that of their
wild-type Iittermates. Interestingly, the COL7™ ™/~ K14-ah+
mice gradually developed the DEB phenotype, including
nail dystrophy, scarring on the paws, fusion of the digits,
yellowish dental canes, and mild alopecia, characteristic
features of human RDEB (Figure 5, K-0) '*'% It was difficult
to distinguish the alopecia seen in the COL7™ ™/~ K1a-an:
mice from barbarism only from clinical appearance How-
ever, the penetration of the alopecia is almost 100% in the
COL7™ /- Ki4-ah+ mce whereas only a few wild-type lit-

termates that were kept in the same condition showed bar-
barism Thus, this alopecia was considered to be a feature
specific to the COL7™/~ K121 mjce These DEB clinical
phenotypic manifestations were evident at 2 months of age
(Figure 5, F-J). The clinical course of the forepaws showed
a phenotype that is very charactenistic of DEB The
COL7™—/— Ki4-ah+ mice showed no blistering at birth, yet
there was scarring of the forepaws 2 weeks later (Figure
5H) By 1 month, the paws had become mildly fused (Figure
51), and complete fusion of paws (mitten deformity) was
observed at 2 months (Figure 5J) The growth of the full-
length huran gene-rescued mice (COL7™~/~ X4"*) did
not differ notably from that of the wild-type mice (Figure 5,
A-E) During histopathological investigation, aithough clini-
cally detectable blistering was not observed, we demon-
strated microblistering along the dermal-epidermal junction
in these mice (COL7™/— K4-ah+y by histopathological
analysis (Figure 6, A and C). Immunofluorescence analysis
showed immunoreactivity of human COL7 in the BMZ of the
COL7M~/=-K14-an+ mise (Figure 6, B and D). Most of the
human mutant mice had about a 6-month lifespan (Figure 5,
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Figure 6. The hununized DEB model mouse shows subepidermal blistenng
with deposiion of mutant human COL7 at the dermoepidermal junction
A: A COL7™/~ MR nouse has histopathologically normal skin €: A
COL™ =/~ Kt 8h~ niouse shows subepidermal bhistenng (asterisks) B und
D: Immunofiuorescence studv using anti-human COL7 antubody, LH7 2.
reveals posttive hnear stuning within the BMZ (arrowheads), correspond-
ng to normdl and mutant human COLY m a COL7™ "7 84D mouse and o
COL7" ™/~ RI-Ab mouse, respectively Dotted hines demarcate the skin
surface Scale bars = 30 um

F-J). Thus, the clinical manifestations of human DEB were
reproduced In the mouse by corrective transfer of human
mutated COL7AT gene

Discussion

COL7 is a major component of anchoring fibril loop struc-
tures beneath the epidermal basement membrane 216
Previous studies have indicated that epidermal keratino-
cytes are the primary source of COL7 in developing
human skin %€ Thus, epidermal keratinocytes have been
the main focus in the development of corrective gene
therapies for DEB caused by COL7A7 mutations How-
ever, we recently showed that gene-transferred fibro-
blasts can supply a larger proportion of COL7 to the new
dermal-epidermal junction as efficiently as gene-trans-
ferred keratinocytes '” Moreover, fibroblasts are more
robust and less susceptible to growth arrest and differ-
entiation than are epidermal keratinocytes.® Our study is
are the first in vivo study to show that keratinocytes and
fibroblasts, through direct comparative studies, are both
feasible targets for DEB gene therapy. In addition, this
study can be extended to other basement membrane
proteins, and fibroblasts may provide those proteins from
the dermis toward the epidermis R

We first generated several transgenic mice with COL7
expression under the control of each of the following pro-
moters: K14, col1a2, and CMV We have shown that COL7
expression from either keratinocytes or dermal fibroblasts
can be fully integrated into the epidermal BMZ in vivo We
have also shown that expression of COL7 by either keratin-
ocytes or fibroblasts can successfully rescue COL7™/~
mice.® Consequently, the rescued mice (COL7™~/— K14-h+
COL7™~/= oMt gnd COL7™ ™/ OMV 4y show expres-
sion of human COL7 under the control of the different pro-
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moters These three different rescued mouse lines show no
evidence of the DEB phenotype, and ther reproductive
ability was restored. Ultrastructurally, newly formed anchor-
ing fibrils were present, and the NC-1 domain of COL7
localized precisely in the lamina densa of the BMZ in the
rescued mice. Collectively, these results provide future
prospects for corrective gene therapy for DEB

Generally speaking, the nature of promoters used in
transgenes does not always define the amount of transgene
expression In transgenic mice. In the present study, immu-
nofiuorescence and immunoblot analysis suggested that
fibroblast-targeted rescued COL7™ /= oF-ht mice ex-
pressed more human COL7 than that expressed in ubiqu-
tous CMV promoter-driven rescued COL7™/— CMV-h+
mice and keratinocyte-targeted rescued COL7™ /> Ki4-h+
mice Interestingly, in contrast, semiquantitative morpho-
metric analysis of anchoring fibril density revealed that an-
choring fibril density was highest in the ubiquitous CMV
promoter-driven rescued COL7™/~ SMV"* mice, among
the three lines of rescued mice, although no statistically
significant difference was confirmed We cannot explain the
exact mechanism behind this discrepancy In ubiquitous
CMV promoter-driven rescued COL7™ /= CMV-b+ giin,
COL7 is produced by both fibrablasts and keratinocytes,
similar to the physiological manner of COL7 expression
Thus, we speculate that, in COL7™/ CMV-b lin COL7
peptides might be more efficiently assembled to form an-
choring fibrils, even if less protein is expressed than in the
COL7m~/= coltht o COL7™ /= K14N 1t ghin in which COL7
is expressed only by fibroblasts or keratinocytes, respec-
tively

The mice developed in this study can also provide a
useful mode! for immunobullous diseases involving
COL7 Recently, we succeeded in generating a bullous
pemphigoid model '® Passive transfer of bullous pemphi-
goid autoantibodies into wild-type mice has failed to in-
duce skin lesions, because of differences between hu-
mans and mice in the amino acid sequence of the
pathogenic epitope of the autoantigen, COL7 *° We in-
jected the patients’ autoantibody into murine COL7
knockout mice that had been rescued by the expression
of the human autoantigen. This resulted in successful
reactions by autoantigens and autoantibodies, thereby
producing the bullous pemphigoid phenotype Epider-
molysis bullosa acquisita is an autoimmune blistering
disorder, and the patients’ autoantibodies react to COL7
Therefore, the rescued mice with humanized COL7 that
we produced should be useful in future research on
epidermolysis bullosa acquisita as well

Another interesting aspect of the present study is that
we were able to develop COL7"'42"* transgenic mice
with human COL7A7 cDNA contamning the mutation
¢ 7528delG The COL7X'**"* yransgenic mice and the
COL7™~/= K14-a0+ rascued mice showed positive hu-
man COL7 staining at the BMZ, indicating that COL7
without the NC-2 domain can still form a triple helix and
be secreted by keratinocytes The characteristic compo-
nent of all collagens is the triple helix formed by three
subunits, and its assembly is based on the repetition of
the Gly-X-Y repeats It has been suggested that a zipper-
like mechanism of triple helix formation starts from the C
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terminus toward the N terminus in collagens | and 1VZ°~7?
and from the N-terminal to the C-terminal direction in
epidermal type XVil collagen ** Our experiments using
the genetically engineered mouse model suggest that the
N- to C-terminal mechanism of triple helix formation is
also possible for COL7 However, lack of the NC-2 do-
main, which is critical for antiparallel-dimer formation,
might cause partial and weak immunoreactivity of human
COL7 in the BMZ of COL7™ /= K14-ahi/% mice This
study demonstrates the importance of the NC-2 domain
tin COL7 formation and assembly in vivo.

Of importance, we have generated a mouse model of
DEB that allows for long-term studies that were not possible
with the previously generated neonatal lethal coL7™—'=
col7al knockout mice. A surviving DEB mouse model! (the
mouse COL7 hypomorphic mouse) that was recently re-
ported expresses mouse COL7 at approximately 10% of
normal levels * These mice could survive longer than
Col7al knockout mouse (COL7™ /") and present clinical
phenotypes (mitten hands and feet) similar to those of hu-
man DEB The phenotypes of these model mice were pro-
duced from the gene-engineered mouse COL7 gene using
a hypomorphic technique. These mice had a high mortality
rate (67%) within 28 days without a change to a liquid diet
consisting of infant milk On the contrary, our novel mouse
models of RDEB were generated by completely different
methodology using a mutated human COL7AT gene, and
the mouse could survive longer without use of a liquid diet
Surprisingly, our original DEB model mouse is very
similar to humans not only in terms of clinical manifes-
tations but also in terms of the genetic background In
fact, the COL7™ /= ¥1+ah* mjce demonstrated nail dys-
trophy, scarring on the paws, fusion of the digits, yellowish
dental caries, and mild alopecia, even in the absence of
overt blistering The previous col7al knockout coLym~/=
mice developed spontaneous blistening soon after birth and
died within several days @ Thus, COL7™/~ mice have not
been available for long-term experiments. In this study, the
production of rescued mice with mutated COL7AT
(COL7™—/= K14-ah+y has given us a surviving model of
DEB This model has great potential for future research into
the pathomechanisms of DEB, wound healing, the develop-
ment of squamous cell carcinomas, and the development of
motecular therapies for patients with DEB.

Although we used cDNA with the mutation ¢.7528delG,
which causes a premature stop termination codon (PTC),
the consequences of the PTC mutation in the COL7AT
cDNA are different from those in the COL7AT gene
Genomic PTC mutations are subject to nonsense-medi-
ated mRNA decay, resulting in mRNA degradation in
some instances. In the literature, genomic PTC muta-
tions 1in COL7A71 were previously reported to result in
nonsense-mediated mMRNA decay and absence of
COL7 protein synthesis in severe generalized cases of
RDEB 2425 Whether a genomic PTC mutation leads to
nonsense-mediated mRNA decay depends on the muta-
tion site 28 In contrast, the PTC mutation in cDNA does
not fead to mRNA decay and is thought to generate a
truncated protein. In fact, we confirmed the expression of
human COL7 derived from human mutant COL7AT in the
COL7™~/~ Ki4-ab+ mice by immunoblot analysis (data

not shown) and immunofluorescence staining (Figure 6D)
in the present study Approximately 300 distinct COL7A7
mutations have been identified in patients with DEB
around the world, and the clinical features, severity, prog-
nosis, and response to treatment vary depending on the
specific mutation.®242731 Qur understanding of how
specific mutations produce differing clinical presenta-
tions and prognoses is limited We believe that our sys-
tems have the advantage of being able to use human
genes. Because the COL7 gene is almost 30 kb in size,
introduction of the gene with PTC mutation might be
impractical However, if we generate the same mouse
models with the patient-specific missense mutations in
the cDNA or with the patient-specific PTC mutation in
partial genomic DNA, which was inserted in the cDNA,
then they might be useful for evaluating the prognosis of
each patient with a certain mutation and for developing a
mutation-specific treatment. This strategy could be ex-
tended to the development of therapies tailored to other,
currently intractable inherited diseases
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