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| Table 2 NFAT consensus binding sequence identified
 in BPAG1 promoter

N@I‘ Consensus sequence

M

i I_.ql - A

|"‘, G G A A A AT N

=< A N C

8PP 291 T G G A A A G G A
=599 T G G A A A A A G
ARG G A A A AT A

Uences homologous to NFAT consensus motif were identi-

fied in the region of —291 to —299 (BP-P), —599 to —607 (BP-
M)}Im* —B86 to —894 (BP-D) in the BPAG1 promoter region.
Asterisk denotes mismatch nuclectide.

2.6. Statistical analysis

Data are expressed as means = standard deviation
(5.D.) of three independent experiments. Statistical
analysis was performed with Student's t-test.
‘p<0.01, *p < 0.05.

3. Results

3.1. RT-PCR analysis of NFAT expression in
NHEK, NHDF, and NHEM

We first investigated the expression of NFATs by RT-
PCR using total RNA extracted from cultured NHEK,
NHDF, and NHEM. We detected mRNA for all NFATs in
the three cell lines examined (Fig. 1). Each PCR
product obtained in this study was identified by
sequence analysis.

3.2. Effect of CsA on NFATs and BPAG1
expression in NHEK

To examine the effect of CsA on the expression
of wvarious NFATs and BPAG1, RT-PCR was
performed using total RNA extracted from NHEK
after 24 h incubation with 107 M CsA. The num-
bers of PCR cycles for each transcript were
adjusted to yield semi-quantitative assessment
of the mRNA level in the linear range of
PCR. CsA treatment markedly decreased the
expression of NFAT1 and NFATZ mRNA, whereas
transcripts of NFAT3, NFAT4, and NFATS were not
(Fig. 2a and b). CsA reproducibly caused a small
but significant reduction in the expression of
BPAG1. The expression levels of involucrin mRNA
were significantly decreased by CsA. Western ana-
lysis demonstrated that BPAG1 protein expression
was significantly decreased by 107°M CsA
(Fig. 2c).

NHEKR

NHDF

NHEM

Fig. 1 Expression of NFAT family members in NHEK,
NHDF, and NHEM. RT-PCR using 0.5 pg of total RNA
extracted from cultured normal human epidermal kera-
tinocytes (NHEK), normal human fibroblasts (NHDF), and
normal human epidermal melanocyte (NHEM) as tem-
plate, was performed with primers designed for unique
sequences in different NFATs (see Table 1). M, molecular
marker.

3.3. Effect of CsA on BPAG1 promoter
activity in NHEK

The plasmid pBP1.9luc, which contains BPAG1 pro-
moter region (—1908 to —1) in front of the luciferase
reporter gene, was transiently transfected into
NHEK cultured in KGM medium containing various
concentrations of CsA, and luciferase assays were
performed after 6 h of incubation, CsA in 10°® or
1077 M concentration clearly decreased BPAG1 gene
promoter activity, which however returned to the
control level at 24-h point (Fig. 3). The promater
activity was not altered at 6 h of incubation with
1078 M CsA, but after 12 h CsA significantly down-
regulated the promoter activity. Interestingly, the
promoter activity was somewhat upregulated at 24-
h point of incubation as compared to the controls
(Fig. 3).

3.4. |dentification and characterization of
the NFAT consensus sequences in the
BPAG1 gene promoter

To determine whether NFAT consensus sequences are
capable of binding NHEK nuclear proteins, electro-

- 106



Calcineurin/NFAT-dependent gene regulation of 230-kDa (BPAG1) 49

{a) C)‘cluspurin.\ll.ﬂ'“ M)

o+

PCR cycles

L3
=
W
(=
=
=
g
bt
L=
b

NFATI

NFAT2

NFAT3

NFAT4

NFATS

BPAGI

Involucrin

GAPDH

F
A

(b) 14

12

1

08 N

1.I

06 M

Relative expression

04

0z

ALRLRLRR LU ALY
e ]

]

Cyvelmsporin A = + =
(e M) e e | e T e =N

{c)  Cyclosporin A (10 M)
- +

Proctin | e—

Fig. 2 Effect of CsA on NFAT and BPAG1 expression in
NHEK. (a) Total RNAwas extracted from NHEK incubated in
the presence of CsA (107* M), and expression of NFATs,
BPAG1, and involucrin was determined by semi-quantita-
tive RT-PCR after 24-h incubation. (b) The mRNA levels of
NFATs, BPAG1, and involucrin (32 cycle) quantified by den-
sitometry and corrected for the levels of GAPDH in the same
samples are shown relative to the levels in untreated cells.
*p < 0.01,**p < 0.05. NS, not significant. (c) CsAtreatment
for 48 h reduced the BPAG1 protein expression.

phoretic gel mobility shift assays were performed
using a 28-bp oligonucleotide DNA which includes
NFAT consensus sequence of the IL-2 gene promoter
region (ARRE-2), previously shown to exhibit NFAT

107 -

O Cyclosporm A (=)

B Cyclosporm 4 107 M
Cyclosporim A 107 M
B Cvclosporm A 10 "M

Relative promoter activity (%a)

12

Incubation tme (h)

Fig.3 Effect of CsAonBPAG1 promoter activity. Plasmid
pBP1.9luc, which contains BPAG1 promoter region (—1908
to —1) in front of the luciferase reporter gene, was
transiently co-transfected with CMV-lacZ plasmid into
NHEK cultured in KGM medium containing various concen-
trations of CsA. Six to 24 h after transfection, luciferase
assays were performed, and the values were normalized
using [-galactosidase activity in the same samples. Note
that CsA reversibly downregulated transcription of the
BPAG1 promoter. Data are expressed as mean = 5.D. of
three independent experiments in duplicate. Statistical
analysis was performed with Student’s t-test. *p < 0.05,
**p < 0.01. NS, not significant.

binding activity [12—15]. Although several shifted
bands were detected, one band with specific NFAT
binding activity was identified (Fig. 4). This band
was displaced by the addition of a specific, unla-
beled competitor, but was not influenced by non-
specific competitors (Fig. 4A). When NFAT binding
activity was examined with probes containing BP-P,
BP-M, and BP-D sequences, as identified in the
BPAG1 promoter region, specific binding activities
similar to those described for ARRE-2 were detected
with BP-M and BP-D probes (Fig. 4B). Thus, these
two regions may act as NFAT binding elements for
BPAG1 gene promoter.

4, Discussion

In the present study, we demonstrated MRNA
expression of all NFAT family members NFAT1, 2,
3, 4, and 5 in cultured human epidermal keratino-
cytes, fibroblasts, and melanocytes (Fig. 2a). In
addition, our results showed that CsA downregulates
the expression of NFAT1 and NFAT2. These results
suggest that transcriptional regulation of NFATs
might be directly involved in the calcineurin/NFAT
system in human keratinocytes. Previous works have
revealed that CsA inhibits nuclear translocation of
NFAT1 in human keratinocytes in vivo and in vitro [4]
and in mouse follicular keratinocytes in vivo [6].
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Fig. 4 Detection of NFAT binding activity in NHEK nuclear protein. Nuclear protein was extracted from NHEK cultured in
KGM. (A) Electrophoretic gel mobility shift assays were performed using a double-stranded oligonucleotide DNA (5'-
CGCCCAAAGAGGAAA ATTTGTTTCATA-3'), labeled with **P, that includes the NFAT consensus sequence (ARRE-2 site) of the
promoter region of IL-2 gene. Arrow indicates specific binding of the ARRE-2 probe to NHEK nuclear protein, suggesting
the existence of NFAT proteins. NS: non-specific sequence. (B) NFAT binding activity on BP-P, BP-M, and BP-D, which
contain different NFAT consensus sequences identified in BPAG! promoter region, was examined. As competitors, 100-fold
excess of unlabeled probe itself (lanes 2, 5 and 8) or scrambled sequences (lanes 3, 6 and 9) were used. The arrow
indicates specific NFAT binding activity to BP-M and BP-D probes.

Moreaver, induction of NFAT-dependent transcrip-
tion by activated Notch 1 was shown tao be inhibited
by treatment with CsA [5]. These findings together
imply that CsA can modulate NFAT activity not only
by inhibiting the nuclear translocation but also by
reducing the NFAT expression.

BPAG1 gene, which is expressed prominently in
the epidermal basal cell layer and disappears after
initiation of differentiation of epidermal keratino-
cytes, was utilized as a reporter gene of undiffer-
entiated keratinocytes [7,16]. We have previously
reported that BPAG1 expression is downregulated by
IFN-+ through direct transcriptional regulation [17].
Here, we demonstrate that BPAG1 gene expression
is modulated by CsA. Specifically, (1) the CsA-
responsive down-regulatory region is located within
the 1.9-kb fragment of BPAG1 gene promoter; (2)
three NFAT consensus sequences exist in this 1.9-kb
region; (3) CsA in 10°® and 10 7 concentrations
significantly decreased BPAG1 gene promoter activ-
ity at 6- and 12-h points; and (4) specific binding
activity to the BPAG1-NFAT sequences exists in ker-
atinocyte nuclear protein, although supershift assay
is further required to determine the NFAT isoform
specifically bound to the NFAT consensus sequences
in the BPAG1 promoter region. In this regard, calci-
neurin/NFAT activity has directly been implicated in
keratinocyte growth/differentiation control [3—5]

and in control of the hair cycle [6]. Taken together,
the present study strongly suggests that calci-
neurin/NFAT system is directly involved in the con-
trol of epidermal keratinocyte gene expression,
including BPAG1, and regulates epidermal differen-
tiation. It should be noted that the down regulation
of BPAG1 promoter activity was relatively transient.
This may explain the small and partial reduction of
BPAG1 mRNA levels by CsA. The present study
demonstrated that the mRNA expression levels of
involucrin, a marker of differentiated keratino-
cytes, were significantly decreased by CsA in con-
sistent with the previous results in vivo [6]. In this
regard, the gene expression of BPAG1, a marker of
undifferentiated keratinocytes, is supposed to be
upregulated by CsA. The mechanism of the para-
doxical gene regulation by CsA of BPAG1 and invo-
lucrin shown in this study remains to be clarified.

Collectively, orchestration of cell fate might be
controlled by calcineurin/NFAT system at trans-
criptional level in various cell types, including epi-
dermal keratinocytes. Further elucidation of the
details of this molecular mechanism in the regula-
tion of growth and differentiation of epidermal
keratinocytes by NFATs may allow development of
novel therapeutic modalities for inflammatory and
hyperproliferative skin diseases, such as psoriasis
vulgaris.
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Bone Marrow Cell Transfer into Fetal Circulation Can
Ameliorate Genetic Skin Diseases by Providing
Fibroblasts to the Skin and Inducing Immune

Tolerance
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Recent studies have shown that skin injury recruits
bone marrow-derived fibroblasts (BMDFs) to the site
of injury to accelerate tissue repair. However,
whether uninjured skin can recruit BMDFs to main-
tain skin homeostasis remains uncertain. Here, we
investigated the appearance of BMDFs in normal
mouse skin afier ecmbryonic bone marrow cell trans-
plantation (E-BMT) with green fluorescent protein-
transgenic bone marrow cells (GFP-BMCs) via the
vitelline vein, which traverses the uterine wall and is
connected 10 the fetal circulation. At 12 weeks of age,
mice treated with E-BMT were observed to have suc-
cessful engraftment of GFP-BMCs in hematopoietic
tissues accompanied by induction of immune toler-
ance against GFP. We then investigated BMDFs in the
skin of the same mice without prior injury and found
that a significant number of BMDFs, which generate
matrix proteins both in vitro and in vive, were re-
cruited and maintained after birth. Next, we per-
formed E-BMT in a dystrophic epidermolysis bullosa
mouse model (col7al ™) lacking type VII collagen in
the cutaneous basement membrane zone. E-BMT sig-
nificantly ameliorated the severity of the dystrophic
epidermolysis bullosa phenotype in neonatal mice.
Type VII collagen was deposited primarily in the fol-
licular basement membrane zone in the vicinity of the
BMDFs. Thus, gene therapy using E-BMT into the fetal
circulation may offer a potential treatment option to
ameliorate genetic skin diseases that are characterized by

fibroblast dysfunction through the introduction of im-
mune-olerated BMDFs.  (Am J Patbol 2008 173:803-814;
DOL: 10.2353/ajpath.2008.070977)

Bone marrow (BM) has been shown to harbor progenitor
cells of bone marrow-derived fibroblasts (BMDFs) that
have the propensity to migrate into injured tissues, in-
cluding the skin.'” Previous studies have shown that
wounded skin recruits BMDFs that become resident cells
and accelerate tissue repair and wound-healing processes.*?
However, whether BMDFs can contribute to healthy skin
without prior injury to maintain homeostasis of the struc-
ture and function remains unclear, in part because
marker gene-transgenic bone marrow transplantation
(BMT) for tracing the fate of the transplanted cells in mice
requires lethal doses of iradiation that injures all tissues
including the skin, Consequently, we have now investi-
gated the fate of the transplanted bone marrow cells
(BMCs) in the skin under physiological conditions without
irradiation and injury.

Embryonic transplantation of congenic, and possibly
allogenic, BMCs transduced with a marker gene, such as
green fluorescent protein (GFP), in animal models
showed that the transplanted cells successfully en-
grafted in the recipient BM for long periods without prior
myeloablative regimen, such as lethal irradiation, and
generated hematopoietic chimerism by inducing immune
tolerance.'® In this context, embryonic-BMT (E-BMT)
might allow us to evaluate the potency of BM to raise
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BMDFs in normal skin without injury. However, previous
E-BMT mouse protocols are rather invasive to the embryo
with a high incidence of embryonic death. Furthermore,
there is a limitation to the number of cells for transplan-
tation because such E-BMT procedures require direct
injection of the BMCs into the fetus by intraperitoneal,
subcutaneous, or intrahepatic approaches.’’

Recently, a lar less invasive E-BMT via the vitelline
vein, which is located under the uterine wall and directly
communicates with the embryonic circulation, was shown
o generate efficient hematopoietic chimerism.’® Be-
cause this E-BMT procedure allows the transfer of as
many as 1.0 X 10° cellsfembryo withoul embryonic tissue
damage, we can trace the fate of the transplanted GFP-
transgenic bone marrow cells (GFP-BMCs) in the hema-
topoletic and nonhematopoletic tissues of the mice un-
dergoing physiological development during the fetal and
postnatal periods.

Clinically, E-BMT via fetal circulation has been applied
to human hematopoietic and enzyme storage diseases,
such as severe combined immunodeficiency (SCID) and
leukodystrophy, to provide functional hematopoietic lin-
eage of cells in conjunction with inducing immune toler-
ance against the transplanted allogenic cells.® For non-
hematopoietic tissue diseases, however, the therapeutic
potential of E-BMT has not been well established. If E-
BMT can generate a significant number of immunologi-
cally tolerated allogenic BMDFs that synthesize matrix
molecules, such as collagen, in the skin after birth, it may
provide a therapeutic option for inherited skin diseases
with defective malrix molecules attnibutable to genetic
fibroblast dysfunction.

Dystrophic epidermolysis bullosa (DEB) is a family of
inherited mechanobullous skin disorders caused by mu-
tations in the COL7A1 gene thal encodes type VIl colla-
gen necessary for stable epidermal-dermal adher-
ence.'*"® Previous studies have suggested that both
epidermal keratinocytes and dermal fibroblasts are ca-
pable of synthesizing type Vil collagen.'”"? It was then
demonstrated that transplanted dermal fibroblasts were
capable of producing type VIl collagen at the cutaneous
basement membrane zone.”®?" Another study showed
that type VIl collagen-transgenic fibroblasts supplied
type VIl collagen to the dermal-epidermal junction more
efficiently than gene-transgenic keratinocytes,* More re-
cently, Wong and colleagues™ demonstrated the clinical
potential of allogenic fibroblast cell therapy for recessive
DEB (RDEB) patients. These studies suggest that trans-
plantation of functional fibroblasts may be a promising
therapeutic option for DEB treatment.**

In case of the most severe, so-called Hallopeau-Sie-
mens type ol RDEB (HS-RDEB), the patients frequently
harbor nonsense mutations in both alleles of COL7A1
and demonstrate no expression of the corresponding
gene, leading to the suggestion that HS-RDEB patients
might not have immune tolerance against type VIl colla-
gen molecules if introduced by gene therapy. If this is
indeed the case, therapies with allogenic fibroblasts or
recombinant type VIl collagen may result in failure be-
cause of antibody formation and immunological rejection
To overcome such difficulties, E-BMT may be an ideal
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procedure for this disease, not only by prowiding func-
tional BMDFs but also inducing immune tolerance
against allogenic BMDFs expressing type VIl collagen.

In this study, we searched for evidence of BMDF gen-
eration in normal mouse skin after E-BMT with congenic
GFP-BMCs via the vitelline vein. We also evaluated im-
mune tolerance induction against an exogenously intro-
duced non-sell moleculs, GFP, by E-BMT with the GFP-
BMCs. Finally, we investigated the therapeutic potenual
of E-BMT to DEB model mice, which ordinarily die within
a few days after birth because of skin separation. We
succeeded in showing, for the first time, that E-BMT could
be a therapeutic option for DEB by providing type VI
collagen molecules from functional BMDFs.

Materials and Methods

Mouse Recipients and Donors

Day 12 to 13 embryos of C57BL/6 mice were BMT recip-
ients, and GFP-transgenic C57BL/6 donor mice were
kindly provided by Dr. M. Okabe (Osaka University,
Osaka, Japan).

Preparation of Donor BMCs

Adult GFP* BMCs (GFP-BMCs) were isolated from GFP-
transgenic mice (C57BL/6 background) 8 weeks after
birth by flushing the tibiae and temurs with RPMI 1640
medium (Nacalal Tesque, Kyoto, Japan) containing 10%
fetal bovine serum using a 27-gauge needle. After filtra-
tion through a 40-um nylon mesh filter, GFP-BMCs were
centrifuged at 440 x g for 7 minutes at 24°C. CD90™ T
cells were magnetically depleted by negative selection
with anti-CD90 (Miltenyi Biotec, Gladbach, Germany).
The GFP-BMCs were counted and suspended in Ca/Mg-
free phosphate-buffered saline (PBS, Nacalai Tesque) at
a density of 1.0 % 10° cells/ml for injection.

Embryonic BMC Transplantation via the
Vitelline Viein

Embryonic BMC transplantation via the vitelline vein was
performed as described previously.'® Briefly, pregnant
mice (C57BL/6) on days 12 to 13 of gestation were anes-
thetized, and the uterus was exposed through a midline
laparotomy incision under sterile conditions. Beveled
glass micropipeties were placed under slereoscopic mi-
croscopy into the vitelling vein (Figure 1A), which directly
communicates with the fetus in utero, Each injection con-
tained 1.0 x 10° viable GFP-BMCs in 10 to 20 ul of PBS.
In the case of the DEB model mice, each injection con-
tained 0.5 X 10° viable GFP-BMCs in 10 to 20 ul of PBS.
For an unknown reason, all embryos of the DEB madel
mice died when more than 0.5 x 10® viable GFP-BMCs
was injected. The uterus and fetus were returned 1o the
abdomen, which was closed using a 4-0 silk suture. For
each pregnancy, GFP-BMCs were injected on the aver-
age into seven fetuses via the vitelline vein within 1 hour.
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Figure 1. Successful delivery of BMCs 1o mouse embryos via the vitelline vein
Az Vitelline vein (mrrow) of 4 day E13 embryo in amnion under stercoscopic
micoscope chservation. Be Successful injection of twluidine blue-containing
saluton via the viselline vein af day E13 (right. white arrow, left, an unin-
jected control). C: Day E13 mouse skin at 30 minutes after GFP-mnsgenic
E-BMT via the vitelline vein. Onginal magnification, =80,

The uterus was frequently flooded with warm sterile saline
during the procedure to prevent drying and to maintain
the maternal temperature.

Fluorescence Stereoscopic Microscopy

All of the mouse organs at 11 to 12 weeks after the
embryonic GFP-BMT were directly observed under a mi-
croscope equipped with a mercury lamp (Leica Micro-
systems AG, Wetzlar, Germany) and GFF filters

Analysis of Bone Marrow Chimerism

Recipients of GFP-BMT were euthanized between 2 10 6
months after embryonic BMT and the BMCs were har-
vested by flushing the tibiae and femurs with PBS using a
28-gauge needle. After passage through a 40-um ny-
lon mesh filter, the red blood cells were lysed for 1102
minutes using ACK lysing buffer (Cambrex Bio Sci-
ence, Walkersville, MD). Samples were analyzed using
a FACScan (Becton Dickinson, San Diego, CA)

Skin Grafting

Full thickness tail skin from transgenic GFP mice isolated
by excision under anesthesia was cut into ~10 X 10-mm
squares. The GFP-positive tail skin was engrafted onto
the back of recipient mice at 6 weeks after birth just
above the muscular fascia and secured with a bandage
for 7 days.

Measurement of Antibody Generation against
GFP

Tail skin of GFP mice was engrafted onto the back of
6-week-old mice after E-BMT or neonatal subcutaneous
transplantation with 1.0 x 10° of GFP-BMCs, GFF libro-
blasts, or GFP mesenchymal stem cells above the mus-
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cular fascia, and secured with a2 bandage for 7 days. At
4 weeks after GFP skin engraftment, blood samples were
collected from tail snips, pooled, and stored at —20°C.
Recombinant GFP was diluted to a working concentration
of 0.2 pg/mi in PBS, and 96-well microtiter plates were
coated with 100 ul per well and incubated at 4°C over-
night. The plates were rinsed twice with washing buffer
(0.05% Tween 20 in PBS), and 200 ul of blocking buffer
(2% skim milk in PBS) was then added to each well, and
the plates were incubated for 2 hours. The antibody
harvested from the mice engrafted with GFP skin was
diluted 1:250 in PBS, and 100 pl per well was added for
1 hour at room temperature. After rinsing with washing
buffer, 100 u! of secondary antibody (anti-mouse 1gG,
horseradish peroxidase) was added to each well for 1
hour. The microplates were washed and the levels of
antibody generated against GFP were measured

Cytotoxic T-Cell (CTL) Assay against GFP

Mice were anesthetized and splenocytes harvested from
isolated spleens by passage through a sterile strainer.
The splenocytes were then sedimented by centrifugation
at 450 x g for 10 minutes and red blood cells were
depleted using ACK buffer for 1 to 2 minutes. The GFP-
BMCs from GFP-transgenic mice 8 weeks after birth were
harvested, sedimented by centrifugation at 440 x g for 7
minutes at room temperature, resuspended in RPMI
1640, and incubated with Mitomycin C (Nacalal Tesque)
for 45 minutes. Finally, isolated splenocytes (5 x 107/ml)
were co-cultured with GFP-BMCs (5 % 10%/ml) in 75-cm?®
BD Falcon dishes (BD Biosciences, San Jose, CA) with
rhiL-2 at 37°C. After sensitization with the simulator GFP-
BMCs for 7 days, the effector splenocytes were har-
vested and portioned into 96-well tissue culture plates
Responder GFP-BMCs from GFP-transgenic mice were
cultured with ®'Cr (Amersham BioSciences UK, Ltd.,
Buckinghamshire, UK) for 30 minutes and mixed with the
effector splenocytes for 4 hours. The release of *'Cr from
GFP-BMCs disrupted by splenocyte CTL activity into the
supernatant was determined by scintillation counting.

Immunofiuorescence Analysis

Embryonic BMT mice were fixed by perfusion with 4%
paraformaldehyde under anesthesia. The skin tissues
were soaked overnight in 4% paraformaldehyde and em-
bedded in Tissue-Tek OCT compound (Sakura Finelek
Japan, Tokyo, Japan). The tissues were frozen in liquid
nitrogen and stored at —20°C. Sections (6 um) were cut
on a cryostat (Leica Microsystems AG) and fixed in 4%
paraformaldehyde for 10 minutes at room temperature
The sections were reacted with rabbit polyclonal ant-
mouse type | collagen (1:100), anti-mouse fibronectin
(1:100), anti-mouse vimentin (1:.100), and anti-mouse
type VI collagen (1:200) antibodies, followed by the sec-
ondary antibody, Alexa Fluor 546 goat anti-rabbit 1gG
(1:200, Molecular Probes, Eugene, OR). The sections
were finally stained with 4, 6-diamidine-2-phenylindole di-
hydrochloride, mounted with the antifade solution, Vector
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Figure 2. Hemalopoictc lssues contiming Gl
Iymiph nodes at 13 werks after embryonic GFP-BMT. Original magnifications
embxyonic BMT, GFP™ cells in BM ac

from adult pece with embryonic BMT (left column), No engraftment of GFP*

Shield (Veclor Laboratories. Inc., Burlingame, CA) and
coverad with a coverslip

Isolation of Bone Marrow-Derived GFP" Cells
from the Dermis of E-BMT Mice

The BM-derived GFP™ cells were isolaled from the der-
mis of E-BMT mice at more than 12 weeks of age. Full
thickness skin ~10 % 10 mm, was isolated from BMT
mice isolated by excision under systemic anesthesia
and treated with 1000 PU/ml dispase for 30 minutes at
37°C o separate the epidermis from the dermis. The
dermal sheets wera then cut into ~1 mm sguaras, iNcu-
bated for 45 minutes in medium containing bacterial col-
lagenase (Yakult Pharmaceutical Inc., Tokyo, Japan) at
37°C until the skin was visibly dissociated. The cell sus-
pension was grown in Minimal Essential Medium supple-
mented with 10% letal bovine serum for 2 to 3 days. The
cells were then harvested by trypsinization for 10 minutes
and sorted into GFP™ cells and GFP~ cells with FACScan
(Becton Dickinson) using CellQuest software
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cells after embeyonic BMT. A: GFP™ cells fram GFP® BM are located in BM, spleen, th
40 (A, middle); <80 (A, right } B: FACS analysis of BMCs harv
W for 0,634 of all cells, and more than 9%9.9% of GFP* 5
transplantation. The relative amou of donor cells in BM measured by FACScan is =
embryonic (m = 5) and adult (n = 5) GFP-BMT mice. The percentage of GFP* cells va
cells is eviden! in nonimadiated 8-week-old adult mice with GFP-BMT (right column)
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RNA Extraction and Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR) Analysis

al RNA was extracted from GFP™ BMCs, GFP™ fibro-
blasts, and sorted BM-derived GFP" cells using a
RNeasy mini kit (Qiagen, Valencia, CA); 5 pug of total RNA
was reverse-transcribed into the first strand cDNA in a
reaction pnmed by random hexamers prnmer using Su-
perscript 3 reverse transcriptase (Invitrogen Corp., Carls-
bad, CA). First strand cDNA was used as template for
PCR reactions using Taq polymerase (Takara Pharma-
ceutical Inc., Ostu, Japan)

Primers used were as follows: fibronectin, 5'-GAGA-
CAGCCGTGACCCAGACTTA-3' (forward), 5'-CTTCTT-
TCCAGCGACCCGTAGAG-3' (reversa), 30 cycles, product
size 940 bp; collagen-1: 5-CTACTCAGCCGTCTGTGC-
CT-3' (forward), 5'-GGCAGGGCCAATGTCTAGT-3' (re-
verse), 30 cycles, product size 450 bp; procoliagen 1a-1
5'-CCCAGTGGCGGTTATGACTT-3" (forward), 5'-TGAG-
GCACAGACGGCTGAGTA-3' (reverse), 30 cycles, product
siza 353 bp; DDR2: 5'-AACCCGATGACCTGAAGGAA-3'
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(forward); 5'-CTGGGATAAGGCGAACAAAT-3' (reverse),
30 cycles, product size 270 bp; type 7 collagen: 5-CTCT-
TGGCCCCCGAGGAAGAG-3' (forward); 5'-GTCCTCGG-
GGACCTTCTT G-3' (reverse), 30 cycles, product size 320
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bp; GFP: 5'-CTACAAGACCCGCGCCGAGGTGAAG-3' (for-
ward); 5'-GTGACCGCCGCCGGGATCACTC-3' (reverse), 30
cycles, product size 376 bp, GAPDH: 5'-TTGAAGGTAGTT-
TCGTGGAT-3' (forward), 5-GAAAATCTGGCACCACAC-
CTT-3' (reverse), 30 cycles, product size 265 bp. Reactions
were cycled at 95°C for 30 seconds [58°C (fibronectin), 55°C
(collagen 1, procollagen 1a-1, type 7 coilagen, GFF,
GAPDH), 52°C (DDR2)] for 30 seconds, and 72°C for 1
minute. MRNA transcript-specific amplification products
were separated electrophoretically on a 1% agarose ge!
using All-Purpose Hi-Lo DNA marker (Bionexus Inc., Oak-
land, CA) for the determination of the amplicon size

Electron Microscopic Analysis

Skin specimens were fixed with 2% glutaraldehyde in 0.1
mol/L sodium phosphate buffer, pH 7.4, for 5 to 7 minutes at
37°C, followed by fixation with a 2% agueous solution of
osmium tetroxide (OsO4) for 4 hours at 37°C. Fixed sam-
ples were embedded in Epon 812 (Nisshin EM Company,
Ltd., Tokyo, Japan), Ultrathin sections were made parallel to
the bottom of the dish and counterstained with uranyl ace-
tate and lead citrate. From some specimens, 4 to 5 serial
thin sections (100 nm thick) were made and subjected o
standard transmission electron microscopic examination

Results

E-BMT via the Vitelline Vein Efficiently
Distributes Donor Cells to the Fetus

To ensure the effective transfer of transplanted BMCs into
fetal circulation, GFP-BMCs were introduced via the
vitelline vein, which directly communicates with the fetal
circulation, at embryonic day 13 (Figure 1A). In some

Figure 3. Engraftment of GFP-transgenic skin on embryonuc GFP-BMT mice
and evaluation of humoral and cellular immunity against GFP, A and Be Skin
from GFP-transgenic mouse il is engrafted 7 weeks afier embryonic GFP-
BMT Engrafied GFP transgenuc skin under normal (A, black arrow) and
GFP fluarescent (B, white arrow! light The engrafted GFP-transgenic skin
persisted for more than 50 weeks. G Skin graft survival. Survival of GFP skin
graft at 6 weeks in embryonic BMT (n = 5) and naive { n = 5) muce. Engrafied
skin persisied beyond 8 weeks afier grafting in all mice that had undergone
embryonic BMT. All skin grafts were rejected by nonimadiated adult naive
mice before 5§ weeks after grafting. Dr Generation of antibodies against GFP
Antibodies against GFP in transplanted skin were measured using FLISA
Naive mice (n = 4) produced significant amounts of antibodies (mean + SE),
whereas embryonic GFP-BMT mice (1= 6) did not. B: Cytotoxic T-cell (CT1)
assay againgt GFP measured in embryonic GFP-BMT mice (n = 5) and
GFP-immunized mice (n = 3) in response o0 GFP™ BMGCs. Assays were
performed in triplicate (mean = SE), Embryonic mice with GFP-BMT gen-
erated no response whereas those with GFP generated significant responses
F: Generation of antibodies against GFP. Amibody titers against GFP in the
mouse serum afte nsplantation of GFP-transgenic skin were measured
using ELISA. Subcutaneous transplantation of GFP-BMCs (N-scBMT, n = 4)
GFP-fibroblasts (N-5cFT, 1= 7), and GFP-mesenchymal stem eells (N-scMST,
i = 5) in neonatal mice did not prevent these mice from generating ant-GFF
antbodies after GFP skin transplantation, whereas embryonic GFP-BMT
mice (E-BMT, n = 6) did not develop anti-GFP antibodics.
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tolerance against GFP. Secondly, we compared the po-
tential for immune tolerance induction against GFP be-
tween E-BMT and neonatal subcutaneous transplantation
with various GFP-expressing cells, such as BMCs, fibro-
blasts, and mesenchymal stem cells. None of these cells
could induce immune tolerance against GFP by postnatal
subcutaneous transplantation, subseguently resulting in
immunological rejection of the transplanted GFP mouse
skin (data not shown), as well as in raising anti-GFP
antibodies (Figure 3F)

Skin-Homing BMCs Provide BMDFs in
Uninjured Skin after Birth

Next, we searched for evidence of BMDFs in the skin of
E-BMT mice after birth. Fluorescence stereoscopic mi-
croscopy examination showed that numerous GFP* cells
were dispersed over the entire skin of 12-week-old mice
with E-BMT (Figure 4A). These GFP™ cells were scattered
within the dermal structures, as shown in histological
sections of the skin (Figure 4B). We then examined the
expression of fibroblast marker proteins on the trans-
planted BMC-derived cells in the skin of 12-week-old
mice with E-BMT. Immunohistochemical examination re-
vealed that same of the GFP™ cells showed ovarlapping
staining with antibodies against type | collagen (Figure
4C), fibronectin (Figure 4D), and vimentin (Figure 4,
E-G). The GFP* cells expressing fibroblast marker pro-
teins were intermingled with GFP~ fibroblasts particularly
around hair follicle structures in the skin (Figure 4, F and
G), but less in the region of the dermo-epidermal junction
(see Supplemental Figure S1 at http://ajp.amjpathol.org)

To characterize the GFP™ cells expressing fibroblast
marker proteins, dermal fibroblasts of the skin of 12-
week-old mice with E-BMT were cultured. The GFP™ cells
were morphologically indistinguishable from GFP~ fi-
broblasts in culture (Figure 5A). Immunoflucrescent
staining clearly showed that the cultured GFP™ cells
also expressed fibroblast marker proteins, including
type | collagen, fibronectin, vimentin, and type VIl col-
lagen (Figure 5A).

After isolation of a pure GFP-positive population of
cultured cells by a fluorescence-activated cell sorter
(FACS), mRNA expression profiles for fibroblast markers
of the sorted GFP™ cells were compared with fibroblasts
and BMCs obtained from GFP-transgenic mice by RT-
PCR. Identical profiles of the mRNA expression were
observed between fibroblasts and the sorted GFP™ cells,
whereas BMCs did not show any mRNA expression of the
fibroblast marker genes (Figure 58). Quantitative analysis

Transgenic BMT in Embryos 811
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of the sorted GFP ™ fibroblasts showed that ~0.5% of the
cells were BMDFs in cultures of fibroblasts from six dif-
ferent mice with E-BMT (Figure 5C). In addition, we eval-
uated the percentage of the GFP-positive/vimentin-posi-
tive cells in the total vimentin-positive cell population in
the dermis of the mice (12 weeks old) with E-BMT. After
evaluation of six different, randomly selected micro-
scopic fields of the skin specimens, ~0.3% of the vimen-
tin-positive cells were also shown to be GFP-positive.
Collectively, BMDFs were estimated to represent ~0.5%
of the dermal fibroblast population in the skin of E-BMT
mice.

E-BMT Improves Survival and Lessens the
Severity of Skin Phenotype of DEB Mice by
Providing BMDFs to the Skin

Finally, we evaluated the therapeutic potential of E-BMT
to ameliorate pathogenic phenotypes of genetic skin dis-
eases with fibroblast dysfunction by providing immuno-
logically tolerated functional BMDFs to the skin. For this
purpose, we performed E-BMT on DEB model mice with
absent expression of type VIl collagen, an adhesion mol-
ecule synthesized by both dermal fibroblasts and epider-
mal keratinocytes. E-BMT to the DEB mouse embryos
prevented their neonatal death, which usually occurs
within the first 2 days ol birth (Figure 8A). Chimerism with
GFP* cells was also confirmed in the BMCs of the DEB
mice with E-BMT (Figure 6B). Careful examination of the
DEB mice with E-BMT revealed that these mice survived
until 17 to 19 days of age, although none of them survived
beyond 3 weeks (Figure 6C). RT-PCR analysis showed
that type VIl collagen expression was clearly detectable
in the skin of DEB mice with E-BMT of GFP-transgenic
BMCs, but not in the skin of DEB mice without E-BMT
(Figure 60D). Immunohistochemical examination showed
that type VIl collagen, which is normally expressed in the
basement membrane region of the dermo-epidermal
junction and around the hair follicles of the skin (Figure
6E), but lost in the DEB mouse skin (Figure 6F), was
restored in the vicinity of dermal GFP* cells, possibly
BMDFs. This observation was particularly evident in the
follicular basement membrane region of the skin of DEB
mice with E-BMT (Figure 6, G-P). However, dermo-epi-
dermal separation, characteristic of DEB neonatal mice
(Figure 6Q), was lessened but not entirely reversed in the
DEB mice with E-BMT (Figure 6R).

6. E-BMT amcliorates defects in DEB mice after birth. A: Relatively long survival of the DEB mice with E-BMT. On the left side is a DEB mouse without
E-BMT that died right after the delivery and on the right side is 3 DEB mouse with E-BMT (white armow) that survived the neonatal period. B: BM showed a
chimetical condition with GFP* cells derived from E-BMT. C: Comparison of the survival of DEB mice with or without E-BMT. Note that significant improvement
in survival after hirth was obtained in the mice with E-BMT (P < 0.01), D: RT-PCR analysis for type V11 collagen mRNA expression in the skin of GFP-transgenic
mice (lane a), DER mice with E-BMT of GFP-transgenic BMCs (lane b), and DEB mice without E-BMT (lane ). Immunostaining for type V11 collagen in the skin
of namal mice (E), DEB mice (F), and DEB mice with E-BMT of GFP-iransgenic BMCs (G, H). Low magnification (G, in the white circle), middle magnification
(HD, and high magnification (L) indicawe type V11 collagen expression, particularly along the hair follicle strucre in association with GFP* BMDFs. k
4,6-Diamidine- 2-phenylindole dihydrochloride swining. J: GFP fluorcscence. K: Type VI collagen staining. L Merger of I-KK. M and N: Keratin 5 expression in
the follicular keratinocytes beside the BMDFs in the serial skin section compared 1o that of I-N. Mz Keratin 5 staining. N: Merger of M and N. O and P indicate
type VII collagen expression clearly around the hair follicle structure. H&E staining of the skin sections from DEB mice afier birth with no E-BMT (Q), and with
E-BMT (4 weeks after E-BMT) (R). Asterisks indicate dermo-epidermal separation. Original magnifications: >80 (B), 200 (E, H), > 240 (F);, >400 (E-G. F-P),

X100 (Q, R).
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Discussion

In this study, we have demonstrated, for the first time, that
adult BMC transplantation into the fetal circulation via the
vitelline vein at embryonic day 13 can provide a signifi-
cant number of BMDFs into the skin under physiciogical
conditions, and that these BMDFs clearly persist in the
skin beyond birth. Transfer of cultured fibroblasts or BM-
derived mesenchymal stem cells (in amounts more than
0.5 % 10°) 1o the embryonic circulation via the vitelline
vein always resulted in embryonic death (see Supple-
mental Figure S2 at htip://ajp.amjpathol.org), possibly at-
tributable to emboli in the microcirculation reflecting the
cohesive nature of the cultured mesenchymal cells
These observations imply an apparent advantage of
BMCs as compared to cultured fibroblasts or masenchy-
mal stem cells for embryonic transfer into circulation to
generate de novo dermal fibroblasts.

BMDFs were not identified either in the transplanted
BMC population or in the skin of the E-BMT mouse im-
mediately after birth (data not shown), suggesting that
progenitors of the BMDFs exist in the transplanted BM,
which then migrate to the uninjured skin, and reqguire
appropriate matrix stimulation in the growing skin to be-
come fibroblasts. Fetal mouse skin undergoes rapid
growth in conjunction with mesenchymal maturation, pro-
cesses in which stem cells can differentiate to adipose
tissue, smooth muscle cells, and fibroblasts in the dermal
matrix, ***’ Because BM has been shown to contain mes-
enchymal stem cells,*®*~*° transplanted BMCs in the fetal
circulation may induce migration of the BM mesenchymal
stemn cells to the skin with recruiting signals denved from
the growing skin,

In this context, it should be noted that E-BMT provided
BMDFs to the skin preferentially around hair follicle struc-
tures of in both normal and DEB mice. In conjunction with
the observation that BMDFs were rarely detected in
esophageal lamina propria of normal mice with E-BMT (a
few BMDFs were detected in only 1 microscopic field
examined of 100 esophageal histological sections; see
Supplemental Figure S3 at http:/ajp.amjpathol.org), we
speculate thal the developmental stage and/or the
growth stage of hair follicles may specifically determine
expression of chemoattractants to recruit circulating
BMDF progenitor/stem cells to the follicular regions in the
skin.

Recently, we reported that bone morphogenic pro-
tein-2 (BMP-2) stimulation in muscle tissue recruils BM-
derived circulating mesenchymal stem/progenitor cells to
form ectopic bone.®' Because BMP-2 has also been
shown to contribute to fetal skin development, this mor-
phogen may also have a role in recruiting circulating
mesenchymal stem/progenitor cells to the fetal skin to
generate BMDFs after birth. Further investigation is nec-
essary lo disclose the precise mechanisms that generate
BMDFs in growing, uninjured skin by E-BMT.3?

Our results presented in this report also suggest the
possibility that E-BMT may be a therapeutic option for
heritable skin diseases that are caused by genetic dys-
function of skin fibroblasts. To assess this possibility, we
performed E-BMT to evaluate the therapeutic efficacy on
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the mouse model of DEB, characterized by blistering and
ulcerations of the skin because of dermo-epidermal sep-
aration as a result ol homozygous ablation of the type Vil
collagen gene, Col7al.®* This mouse model recapitu-
lates the clinical. genetic. histopathological, and ultra-
structural features of human recessively inherited HS-RDEB.
Type VIl collagen is physiologically located in the base-
ment membrane zone ol the skin and the esophagus, and
it secures adhesion of the corresponding epithelial tis-
sues to the underlying mesenchyme through formation of
anchoring fibrils.>*=" Because of decreased or absent
typa VIl collagen, patients with DEB suffer from severe
burn-like skin lesions, such as blisters, ulcers, and exten-
sive scarring, as a result ol minor external trauma
throughout their entire life.*® The severe scar formation of
the skin is also associated with a high risk of squamous
cell carcinoma in patients with RDEB.?#? |n some cases,
swallowing of solid food may induce separation of the
epithelial mucosa of the esophagus and repeated forma-
tion of esophageal ulcers may eventually lead to scar-
induced constrictions, resulting in difficulty in eating
Mice with DEB will also have a feeding difficulties from
the birth on, because of oral blisters and ulcers, resulting
In premature demise within a few days of birth.* Type VII
collagen is known to be produced by both epidermal
keratinocytes and dermal fibroblasts,'”"® and supple-
mentation of normal fibroblasts to the lesional skin from
patients with DEB transplanied on nude mice has been
shown to rescue skin phenotypes by providing type VI
collagen.®

Here, we demonstrated that E-BMT to the DEB mouse
embryos provides BMDFs expressing type Vil collagen in
the skin and ameliorates the phenotypic severity, at least
in part, by providing type VIl collagen to the skin. As
demonstrated above, BMDFs were predominately in the
areas adjacent to hair follicles and barely detectable in
the interfollicular region of the dermo-epidermal junction
(see Supplemental Figure S1 at http:/ajp.amjpathol.org).
Because their preferential migration to the areas sur-
rounding hair follicles, localized dermo-epidermal sepa-
ration was still evident in the DEB mice with E-BMT at 3
weeks after birth (Figure 6R). We could not observe fully
developed, mature anchoring librils that are formed from
type VII collagen at the basement membrane region, by
fransmission electron microscopy (see Supplemental
Figure S4A a1 http://ajp.amjpathol.org). However, we ob-
served fibrillar structures, which may represent immature
anchoring fibrils, at localized portions of the cutaneous
basement membrane zone of the skin of the DEB mice
with E-BMT (see Supplemental Figure S4B at http://aj-
p.amjpathol.org). Based on these observations, coupled
with significant improvement in the survival of the new-
born DEB mice with E-BMT, we believe that BMDFs, while
providing type VIl collagen molecules to the cutaneous
basement membrane zone, contributed to some extent to
improvement of the disease phenotype in DEB mice.

All DEB mice with E-BMT died at ~3 weeks after birth,
al the time they start feeding on solid food. The limited
number of the transplanted BMCs in the embryo might
not be sufficient to provide an adequate number of type
Vil collagen-producing fibroblasts to the esophagus to



allow eating solid food. Indeed, the relative number of
BMDFs in the mouse esophagus elicited by E-BMT was
less than one-hundredth of the number of BMDFs in the
skin (see Supplemental Figure S3 at http://ajp.amjpathol.
org). Nevertheless, we believe thal our data provide a future
perspective for application of E-BMT to the patients with
DEB in utero when prenatal diagnosis indicates COLTA1
mutations, with predicted severe phenotype.

BMT is a well-established medical intervention for both
children and adults afflicted with severe hematopoistic
diseases, such as leukemia. However, there are still dif-
ficulties in finding HLA-matched donors for BMT. There-
fore, patienls must undergo treatment by irradiation
and/or myeloablative reagents, in combination with im-
mune suppressive therapies to prevent immune rajeclion
reaction and to avoid graft-versus-host disease, before
BMT can be performed. On tha other hand, during the
first trimester of human gestation the felus has been
shown to accept allogenic antigens by introducing immu-
nological tolerance with clonal deletion of the allogenic
antigen-reacting lymphocytes in the thymus.*' During
this time period, E-BMT without matching HLA to the
recipient is expected to successfully engraft without the
need of myeloablative or immunosuppressive regimen.*?
E-BMT in this time period can also be expected 1o intro-
duce immune tolerance to a molecule that is expressed in
the donor cells but not in the felus because of genetic
mutalions.

Our results suggest that E-BMT can be an effective
therapeutic option not only by providing functional fibro-
blasts to the lesional tissues, such as the skin, but also by
introducing immune tolerance against the exogenously
provided molecules (GFP) expressed in the donor cells,
thus resulting in long-term survival of the GFP-expressing
BMDFs in the recipient skin. On the other hand, subcu-
taneous transfer of various GFP* cells, including BMCs
and mesenchymal stem cells, failed to generate immune
tolerance against GFP, demonstrating an advantage of
E-BMT at least for talerance induction against exogenous
immunogenic molecules.

Our study also suggests that a limited number of BMCs
may be sufficient to introduce immune tolerance against
the molecules initially absent in the recipients if E-BMT is
performed at the appropriate time frame in gestation with
HLA-maiched donor cells. A recent animal study sug-
gested that allogenic BMCs may have short survival after
birth as compared to congenic BMCs, even by E-BMT.™#
Other experimental and clinical studies have shown,
however, that successful renal transplantation from HLA-
mismatched donors can be achieved when combined
with transplantation of hematopoietic stem cells from the
same donors by nonmyeloablative conditioning, resulting
in discontinuation of all immunosuppressive therapies
afterward.** The report of these clinical trials suggested
that initial transient BM chimerism of the recipient hema-
topoietic tissues with transplanted donor hematopoietic
stem cells may be sufficient to induce central and/or
peripheral immune tolerance to ensure stable mainte-
nance of the transplanted allogenic kidney. In this con-
text, E-BMT may introduce immune lolerance against
type VIl collagen in DEB patients who initially lack this
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protein because of genetic mutations in the COL7A1
gene. If this is indeed the case, E-BMT may be estab-
lished as an essential therapeutic option for severa
HS-RDEB patients in utero to aliow them to receive exten-
sive gene-, cell-, or protein-based molecular therapies o
cure the disease after bith.*

Concerning the technical aspect of E-BMT, some hu-
man inherited diseases, such as hematological disorders
(eg, Fanconi's anemia and thalassemia), immunological
defects (eg, SCID), or metabolic diseases (eg, Hurler and
Krabbe diseases) have already been clinically treated by
E-BMT.™ In these diseases, E-BMT was shown to pre-
serve the organ function. If BMC transplantation is per-
formed postnatally, radiation therapy, intensive immuno-
suppression, and myeloablation have to be used (o
minimize the risk of rejection or graft-versus-host disease
For these reasons, we believe that E-BMT may have a
rational advantage for treatment of EB patients as com-
pared to postnatal BMT with immunosuppressive regi-
men. Such postnatal immunosuppressive procedures
potentially have a high risk to induce severe culaneous,
and possibly systemic, infection in EB patients with mul-
tiple skin ulcers over the entire body surface.

E-BMT with self-BMCs transduced with a therapeutic
gene would seem to be an ideal option for future embry-
onic gene therapy toward genetic skin diseases, pro-
vided that self-BMCs can be obtained from the fetus
Further continuous efforts of basic and clinical studies
are required 1o establish E-BMT as an essential therapeu-
tic strategy for currently intractable genetic diseases,
such as DEB.
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CASE REPORT

Significance of sentinel node biopsy in the
management of squamous cell carcinoma arising
from recessive dystrophic epidermolysis bullosa

Akiko ROKUNOHE,' Hajime NAKANO,' Takayuki AIZU,' Takahide KANEKO,'
Koji NAKAJIMA,' Satsuki IKENAGA,' Yasushi MATSUZAKI,' Takaya MURAL,'
Katsuto TAMAI,® Daisuke SAWAMURA'

'Department of Dermatology, Hirosaki University Graduate School of Medicine, Hirosaki, and *Division of Gene Therapy Science, Osaka
University Graduate School of Mediane, Osaka, Japan

ABSTRACT

The most life-threatening complication developing in patients with recessive dystrophic epidermolysis bullosa
(RDEB) is squamous cell carcinoma (SCC). To improve patient prognosis, early detection of regional lymph node
metastasis is required. Herein, we report a patient diagnosed with non-Hallopeau-Siemens RDEB who developed
SCC on the left foot with inguinal lymph node swelling. Use of the sentinel node biopsy (SNB) technique favorably
minimized defective damage to the inguinal region in this case. Genetic analysis identified one novel COL7A7
mutation, a maternal ¢.238G > C (p.AB0P) and one previously reported mutation, a paternal ¢.3631C > T
{p.Q1211X). A published work review demonstrated that no COL7A1 mutations specific for SCC development in
RDEB have previously been identified. It remains unclear if SNB in combination with gene diagnosis is beneficial
for the management of SCC in RDEB patients, however, because of the limited number of case reports. To address

this issue, COL7A1 mutational analysis should be performed in as many cases of RDEB as possible.

Key words:

INTRODUCTION

Dystrophic epidermolysis bullosa (DEB) is a rare
inherited skin disease characterized by the formation
of blisters below the lamina densa of the basement
membrane. This separation results from mutations
in the type VIl collagen gene (COL7AT) resulting in a
lack of or aberrant anchoring fibrils (AF). DEB can be
inherited as either an autosomal dominant or auto-
somal recessive disorder. Recessive DEB (RDEB)
is classified into two subtypes, Hallopeau-Siemens
(RDEB-HS) and non-Hallopeau-Siemens (RDEB-
nHS); the former lacks AF, while the latter exhibits
reduced or rudimentary-appearing AF." Although
RDEB-HS typically displays a more severe phenotype,
both forms of RDEB can present with chronic muco-

COL7A1, dystrophic epidermolysis bullosa, mutation, sentinel node biopsy, squamous cell carcinoma.

cutaneous erosions or ulcers, atrophic scarring,
multiple milia, pseudosyndactyly, nail dystrophy,
scarring alopecia, esophageal stenosis and dental
deformities. Recurrent denudation of the skin with
chronic inflammation in severe RDEB causes hypo-
chromic anemia and growth retardation and requires
life-long medical care. The most life-threatening
complication of RDEB, however, is squamous cell
carcinoma (SCC). Recently, several case reports have
suggested a role for sentinel node biopsy (SNB)
in the early detection of micrometastases of SCC
arising in the setting of RDEB.?* Herein, we report a
patient with RDEB-nHS, a compound heterozygote
harboring two COL7AT mutations, complicated by
recurrent SCC, in which SNB was performed. We
discuss the roles of SNB in combination with COL7A1
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Figure 1. (a) Clinical findings of our patient with recessive
dystrophic epidermolysis bullosa. The patient’s right hand
(left panel) and foot (right panel) exhibit pseudosyndactyly. (b)
Transmission electron microscopy of uninvolved forearm skin
demonstrates blister formation beneath the lamina densa
(asterisk). The arrow indicates rudimentary anchoring fibrils.

mutational analysis in the management of cutaneous
tumors arising in the blistering genodermatoses.

CASE REPORT

A 27-year-old Japanese man, who had been diag-
nosed with RDEB soon after birth, initially presented
to us with a 4-month history of intractable ulcer on
his left foot. He provided a history of recurring
generalized mucocutaneous blistering and erosions

© 2008 Japanese Dermatological Association

SNB and mutation analysis in RDEB with SCC

c.238G > C, p.A80OP

G/C
TGCGCTTTACCACAGTG

c.3631C >T, p.Q1211X

c/T
ACTCT GTCAAGACCTTC

Figure 2. Direct sequencing identified a maternal missense
mutation ¢.238G > C (upper) and a paternal nonsense
mutation ¢.3631C > T (lower).

since birth. His hands and feet exhibited pseudo-
syndactyly and complete nail loss (Fig. 1a). There
were variably sized erosions with atrophic scarring
and multiple milia over the trunk and extremities.
Severe scarring was observed throughout, but most
prominently over the lower extremities. Hematological
examination revealed hypochromic anemia, throm-
bocytosis and leukocytosis. Esophageal stenosis
was demonstrated by X-ray analysis. At 20 years of
age, he was diagnosed with a well-differentiated
SCC on the left prepatellar region. He underwent
tumor resection and full-thickness skin graft at that
time. Electron microscopy confirmed cleavage below
the lamina densa and reduced, rudimentary AF
(Fig. 1b). Genetic analysis® identified one novel
COL7A1 mutation, a maternal ¢.238G > C (p.A80P)
and one previously reported mutation, a paternal
¢.3631C > T (p.Q1211X" (Fig. 2). Those mutations
were not detected in any of 102 healthy controls.
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(a)

Figure 3. (a) A hyperkeratotic and encrusted granulomatous growth of the left instep. (b) Light microscopy demonstrated
a well-differentiated squamous cell carcinoma with hyperkeratosis and horn pearls (upper panel; HE stain, original
magnification x20). Invading, proliferating atypical keratinocytes were observed at the base of the tumor mass (lower

panel; HE stain, original magnification >100).

On presentation, we observed a non-healing erosive
area measuring 6 cm x 4 cm with hyperkeratotic
crusting and hypertrophic granulation on the left
instep (Fig. 3a). Three firm subcutaneous nodules
were palpable in the left femoroinguinal region.
Histological analysis of the granulomatous lesion
demonstrated a well-differentiated SCC (Fig. 3b).
Based on the clinical course and laboratory findings,
we made a diagnosis of RDEB-nHS associated with
well-differentiated SCC. After excision of the tumor
with a 1.5-cm margin, the defect was repaired with
a full-thickness skin graft. To distinguish lymphade-
nopathy due to an inflammatory process from
possible SCC lymph node metastases, we performed
a sentinel node biopsy according to a minor modifi-
cation of the standard procedure.” Briefly, 3 h prior
to surgery, the patient underwent lymphoscintigraphy
using an i.d. injection of **"Tc-phytate at four points
around the tumor. Dynamic and static imaging was
performed for 2 h with a y camera to identify focal
accumulations of radioactive tracer in the regional
lymph node basin. Three sentinel nodes, correspond-
ing with the three subcutaneous nodules detected
on palpation, were identified and removed. Histo-
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pathology revealed nonspecific inflammation with
no evidence of metastasis of SCC.

DISCUSSION

Patients with RDEB are at increased risk of developing
SCC, a life-threatening disease. The cumulative
risks for death from SCC in RDEB-HS and all other
RDEB subtypes by age 45 are 55.2% and 12.8%,
respectively.® Although the SCC that arise in RDEB
are typically well-differentiated, these lesions can
exhibit rapid proliferation and frequent metastasis.”
The presence of regional lymph node metastasis is
the most important prognostic factor for the majority
of solid tumors, including SCC. Therefore, early
detection of regional lymph node metastasis will
help to improve patient prognosis.

Recent studies have demonstrated that SNB can
detect subclinical lymph node metastasis in patients
with high-risk cutaneous SCC.” RDEB patients
should be classified to this group because of the
aggressiveness of associated SCC.® Previously,
SNB has been applied to patients with occult regional
lymph node metastasis; those patients displaying

€ 2008 Japanese Dermatological Association



SNB and mutation analysis in RDEB with SCC

Table 1. Clinical features and COL7A1 genotype of recessive dystrophic epidermolysis bullosa patients bearing squamous
cell carcinoma in which at least one mutation was identified

Patient Age Gender Subtype Mutation Consequences NC1 Reference

1 12 M nHS p.G2575R/p.E2857X mis/PTC + Kawasaki et al.™
2 36 M HS ©.4249delA/nd PTC/nd + Ortiz-Urda et al.”
3 ag F HS p-A425G/p.A425G mis/mis + Ortiz-Urda et al.”
4 35 F HS p.R525X/p.R578X PTC/PTC - Pourreyron et al.”
5 29 F HS p.A525X/p.QR05X PTC/PTC - Pourreyron et al.”*
B 54 M HS €.3832-1G > A/nd PTC/nd - Pourreyron et al."”
7 42 F nHS c.6075deiC/nd PTC/nd + Pourreyron ef al.”
B 33 F nHS €.3839delC/c.6501G > A PTGAFD + Pourreyron et al.”’
9 32 M HS €.8244insC/c.8244insC PTG/PTC + Pourreyron ef al.™
10 43 M HS p.R578X/c.7786delG PTC/PTC + Pourreyron et a./"
11 26 M HS ¢.6501 + 1G> C/nd IFD/nd + Pourreyron et al.™
12 26 M nHS ¢.5572delG/p.G1703E IFD/nd + Pourreyron et al.”?
13 38 F HS p.G2073D/p.R578X mis/PTC + Pourreyron et al.™?
14 20 M nHS p.ABOP/p.Q1211X mis/FTC + Present case

IFD, in-frame deletion; mis, missense; nd, not determined, PTC, premature termination codon.

clinically overt lymphadenopathy have typically
undergone complete lymph node dissection. Such
an extensive procedure, however, may not always
be indicated for RDEB patients with SCC, as the
regional lymph nodes in these patients are frequently
enlarged due to associated persistent inflammation
or chronic infection. This clinical situation makes
it difficult to distinguish nonspecific inflammatory
lymphadenopathy from lymph node metastasis. In
previous case reports, SNB has been applied to only
three RDEB cases complicated by SCC, one RDEB-
nHS? and two RDEB-HS.*“ It should be noted that
precise injection of tracer into the intradermal space
in patients with RDEB is more difficult than injection
into normal skin due to the severe scarring and
atrophy of peritumoral skin. In this case, three
sentinel nodes were resected with limited incision of
the overlying skin. All three nodes were found to be
tumor-negative, therefore subsequent therapeutic
lymph node dissection was not required. Overall,
the SNB technique minimized the damage to the
inguinal region in this patient.

While greater than 50% RDEB-HS patients die
from SCC by age 45, a subset of patients with this
disease do not develop SCC, suggesting that some
RDEB patients may be more susceptible to SCC
development.’® The molecular mechanism that
predisposes patients to skin neoplasms was not
well understood until Ortiz-Urda et al. revealed that
a fragment of type VI coliagen spanning from amino

© 2008 Japanese Dermatological Association

acids 760-1050 is critical in tumorigenesis.” This
fragment, which contains the fibronectin lll-like
repeats (FNC1) of the non-collagenous domain
NC1, is required for the Ras-driven tumorigenesis in
cultured epidermal keratinocytes isolated from RDEB
patients.” The two COL7A1 mutations in our patient,
a maternal c.238G > C (p.ABOP) and a paternal
¢.3631C > T (p.Q1211X), are predicted to express
an amino acid-substituted and truncated collagen
VIl proteins, respectively, both of which contain
intact FNC1. These findings suggest that increased
susceptibility to SCC in our patient may be explained
by the activation of the Ras mitogenic pathway, as
predicted by the theory of tumorigenesis in RDEB
proposed by Ortiz-Urda et al."* A recent study by
Pourreyran et al., however, demonstrated that two
of 11 RDEB patients developing SCC did not express
detectable levels of collagen VI protein in the tumors
by immunochistochemistry and Western blotting
(Table 1, patients 4 and 5).” These data imply that
additional genetic or epigenetic factors are involved
in the increased incidence of SCC in this blistering
disease. It will be interesting to determine the
relationship between COL7A7 genotype and the
characteristics of SCC lesions arising in RDEB, such
as recurrence, invasiveness and metastasis. COL7A1
mutations have been identified in at least one allele
in 14 cases of RDEB with SCC examined (Table 1).
No particular mutation, however, has been found to
be specific for the development of SCC with RDEB.
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