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coexistent proliferative epidermal lesions, such as condyloma
acuminatum, Bowen's disease, and squamous cell carcinoma, but
not in adjacent EMPD areas [3,9,10]. Therefore, HPV infection in
these cases is more likely coincidental than causal in the
pathogenesis of EMPD, although the precise relationship still
needs to be elucidated.

Our findings provide further evidence that HPV infection is
unlikely to contribute to the carcinogenesis of EMPD. However,
further investigation is required to determine whether or not there
is an association between EMPD and other types of HPV that were
not detected by the methods used in this study.
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Letter to the Editor

Chromosome 11q13.5 variant: No association with atopic
eczema in the Japanese population

Dear Sir,

A single nucleotide polymorphism (SNP) on chromosome
11q13.5 [rs7927894] has been attracting great attention since
Esparza-Gordillo et al. [1] reported highly significant association of
a common variant of rs7927894 with atopic eczema (AE) in the
German population. In the report, approximately 13% of indivi-
duals are homozygous for the SNP and their risk of developing AE is
1.47 times that of noncarriers. Very recently, O'Regan et al. [2]
further published interesting results on the association between
rs7927894 and AE in a collection of Irish children with moderate-
to-severe AE and Irish controls. The association between
rs7927894 and AE was replicated in the Irish population
(p = 0.0025, Chi-square test; odds ratio (OR) = 1.27, 95% confidence
interval (Cl) 1.09~-1.49). Additional analyses performed to test the
statistical significance of the rs7927894 SNP having controlled for
the presence/absence of the strongly significant FLG null genotype
indicated that rs7927894 still shows a statistically significant
effect (p = 0.0025) with an OR of 1.22 (95% C1 1.02-1.26) [2]. Tests
for interaction between each of the FLG and rs7927894 risk alleles
showed no evidence of statistically significant epistatic effects [2].
The rs7927894 association was independent of the well-estab-
lished FLG risk alleles and may be multiplicative in its effects.

In order to clarify whether this common variant is associated
with AE also in the Japanese population or not, we evaluated the
association between 157927894 and AE in an cohort of 194
Japanese AE patients we had collected to date and 113 unrelated
Japanese control individuals. All the AE patients had been
diagnosed with AE based on widely recognized diagnostic criteria
[3] or their parents reported a dermatologist’s diagnosis of AE (at

least once). Majority of AE patients and control individuais were
identical to those in a previous study [4]. Using genomic DNA, AE
patients and control individuals were screened for the variant
allele of rs7927894 on chromosome 11q13, by direct DNA
sequencing. In addition, the AE patients and the control individuals
were screened for eight FLG mutations previously identified in the
Japanese population, by restriction enzyme digestion, fluorescent
PCR and/or direct DNA sequencing as described previously [4,5].

Case-control association analyses were performed for the
variant using Fisher's exact test. In addition, we performed case-
control statistical analysis for the common variant allele of
1s7927894 after stratification for FLG mutations. The rs7927894
on chromosome 11q13 genotype data in the Japanese AE case
series and ethnically matched population control series are
summarized in Table 1. All alleles were observed to be in normal
Hardy-Weinberg equilibrium.

Here we demonstrate that 22.7% and 1.5% of the patients in our
Japanese AE case series are heterozygous and homozygous for
rs7927894(T], respectively (combined rs7927894[T] allele fre-
quency = 0.129, n = 388) (Table 1). rs7927894[T] is also carried by
23.0% of the Japanese control individuals (combined minor allele
frequency =0.115, n=226). There is no statistically significant
association between the rs7927894{T] and AE.

After stratification for FLG mutations previously identified in
the Japanese population, 26.0% and 4.0% of our Japanese AE case
series with FLG mutations are heterozygous and homozygous for
1s7927894[T] (combined rs7927894[T] allele frequency=0.17,
n=100). 21.5% and 0.7% of the Japanese AE patients without FLG
mutations are heterozygous and homozygous for rs7927894(T}]
(combined rs7927894[T] allele frequency = 0.11, n = 288). There is
no statistically significant association between the rs7927894(T]
and AE without FLG mutations or rs7927894(T] and AE with FLG
mutations (Fisher’s exact test p = 0.338). Furthermore, interaction
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Table 1
Results of the 11q13.5 SNP and the prevalent FLG mutations in 194 Japanese eczema cases and 113 individuals from Japanese control population.
Eczemacases 0o : i .- Control ' i [
.0 Total , FLG(+) CHG(-) . Total FIG(+) CORGE)
GC AT (758%) 135(700%) 0 112(778%) osT(Tony 2(500%). | 85(78.0%)
oroo o as 2T 13 (26.0%) U31(215%) . 26(23.0%) 2(500%) 24 (22.0%)
TT o 3(15%) | 2(4.0%) 1%y 0% S0(0%) 0(0%)

FLG (+), with FLG mutation(s); FLG (), without any FLG mutation. Combined rs7927894[T] allele frequency, 0.129 (AE patients, n=388); 0.115 (control individuals, n=226);
0.17 (AE patients with FLG mutation(s), n=100); 0.115 (AE patients without FLG mutation(s), n=288).

Table 2

Cross-classification of genotypes of rs7927894 and FLG used for the interaction analysis.

o — CTE
S = | 157927894
o A A aa
CRSOIX 3 0
‘ ‘ 5 b
3321delA 2 0
st 0
S1695X 3 0
S 0 0
Q01X 3 o
SEESAX . e gy a 3 87 o
e = : Aa 6 3 0 = 0
; aa 0 0 0 0 : S0
SoBROX i e aa b gy 2 86 25 o
. : Aa : 0 o 0 0 0 0
s306X oA 14T 43 3 87 0
: E AR 0 0 o 0.0 L0
RAO22X o aas L gy a3 g 87 .. 26 o
o : ; SnhioAR L3 1 0 0 e 0 0
g : Aa 0 .0 0 ; 0 minoni0 0
Combined FLG null genotype ~ ~~ AA 100 mo 1 Goies i g 0
o L e CAa et as 13 TR e 0
CAa He -0 0 o0 e B S0 0

AA, wild-type homozygous individuals for each genetic variant; Aa, wild-type/mutant heterozygous individuals; aa, individuals who are homozygous for each of the genetic

variants tested.

between each of the FLG and rs7927894 risk alleles based on the
cross-classification of genotypes in Table 2 showed no apparent
epistatic effects.

rs7927894 is located in an intergenic region 38 kb downstream
of C110rf30 (chromosome 11 open reading frame 30) and 68 kb
upstream of LRRC322 (leucine rich repeat containing 32). Both
C110rf30 and LRRC322 are ubiquitously expressed including skin
and peripheral blood lymphocytes [1]. By genome-wide associa-
tion study for global mRNA expression in lymphoblastoid cell lines
from asthmatic children, there was no evidence for a cis-regulatory
effect of rs7927894 [6]. Thus, regulatory role of rs7927894 on
C11orf30 and LRRC322 gene expression is questionable. However,
we cannot exclude the possibility of a pathogenetic link of
rs7927894 to atopic eczema via Cllorf30 and LRRC322 gene
expression in the skin.

Our case-control study in the Japanese population did not
confirm the result of Esparza-Gordillo et al. [1] or O'Regan et al. [2}
that rs7927894 is at increased risk for AE. The association of

rs7927894 with AE was reported in the European population, i.e. in
the German population by Esparza-Gordillo et al. [1] and in the
Irish population by O'Regan et al. [2]. The present data suggest that
the association of rs7927894 with AE established in the European
populations is not in the Asian populations, at least in the Japanese
population.
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Attempts to treat congenital protein deficiencies using bone marrow-
derived cells have been reported. These efforts have been based on
the concepts of stem cell plasticity. However, it is considered more
difficult to restore structural proteins than to restore secretory
enzymes. This study aims to clarify whether bone marrow trans-
plantation (BMT) treatment can rescue epidermolysis bullosa (EB)
caused by defects in keratinocyte structural proteins. BMT treatment
of adult collagen XV (Col17) knockout mice induced donor-derived
keratinocytes and Col17 expression associated with the recovery of
hemidesmosomal structure and better skin manifestations, as well
improving the survival rate. Both hematopoietic and mesenchymal
stem cells have the potential to produce Col17 in the BMT treatment
model. Furthermore, human cord blood CD34" cells also differen-
tiated into keratinocytes and expressed human skin component
proteins in transplanted immunocompromised (NOD/SCID/y.,™")
mice. The current conventional BMT techniques have significant
potential as a systemic therapeutic approach for the treatment of
human EB.

hematopoietic stem cells | type XVII collagen

Bone marrow-derived cells, including hematopoietic stem cells
and mesenchymal stem cells, have been reported to play
a significant role in the recovery of various impaired organs (1-8).
Although some papers have reported that “transdifferentiation”
of circulating hematopoietic stem cells is an extremely rare event
(9), previous reports have shown that expression of systemic
enzymes and certain secreted factors can be recovered after bone
marrow transplantation (BMT) (10).

Epidermolysis bullosa (EB) comprises a group of genoderma-
toses, which are caused by mutations in one of the genes encoding
anchor proteins that stabilize the basement membrane zone
(BMZ) of the skin and mucous membranes (11). Collagen XVII
(COL17) is a transmembrane component of hemidesmosomal
adhesion structures anchoring cells to the BMZ. COL17 is the
gene underlying non-Herlitz junctional EB in humans, a disorder
that causes severe skin fragility, hair loss, growth retardation, and
enamel hypoplasia (11). There is no effective treatment for EB
other than palliative care. Gene-treated cultured autografting,
reported by Mavilio et al. (12), is a promising therapeutic ap-
proach for junctional EB. However, its effects are limited to the
area of application, in addition to the ethical and safety problems
of using viruses for gene correction, even if the recent de-
velopment of lentiviral vectors with favorable safety might be able
to avoid the risks of gene augmentation with traditional retroviral
constructs (13). Therefore, systemic and ethically safer therapies
would be preferable.

Previous work reported that cells of human or murine origin do
home to the skin, such as in graft-versus-host disease in humans
(14) and epithelial progenitors in murine bone marrow (15). Our
group reported that donor-derived keratinocytes could be identi-

www.pnas.org/cgi/doi/10.1073/pnas. 1000044107

fied at wound sites in a BMT model (16). This suggests that BMT
techniques have the potential to provide functional keratinocytes
over the entire skin surface. The current study investigates whether
BM-derived cells can differentiate into donor-derived keratino-
cytes and subsequently produce detectable COL17 protein after
BMT, with the ultimate goal of improving the clinical phenotype
and contributing to long-term survival in our model mice.

Results

Donor BM-Derived Cells Express Col17 Protein in the BMZ in Recipient
Mouse Skin. To investigate whether BM-derived keratinocytes can
produce skin component proteins, we transplanted BM-derived
cells of C57BL/6 mice expressing human COLI7 (hCOL17)
driven by the keratin 14 promoter (COLI7™**"*) into wild-
type C57BL/6 mice in the first set of experiments. Detection of
hCOL17 protein in the epithelized recipient skin would indicate
that donor BM-derived cells had differentiated into keratino-
cytes. Immunohistochemical analysis revealed hCOL17 protein
expression in the BMZ within the wounded area for four out of
the eight BMT-treated C57BL/6 mice (Fig. 14). RT-PCR anal-
ysis also showed evidence of ACOLI17 mRNA expression in five
out of the eight treated mice (Fig. 1B).

We subsequently performed another BMT experiment: BM-
derived cells from GFP* Tg mice were transplanted into COL17-
humanized (COLI7"7~"*) mice (Fig. $1) (17). In this experi-
mental pattern, BM-derived cells that differentiated into kerati-
nocytes in the host mice were found to have the potential to
produce mColl7 protein. BM-derived nonhematopoietic cells
expressing GFP* CD45~ were sparsely observed, accounting for
1.83 +0.82% (n = 5) of the basal layer cells (Fig. 1C). Aggregated
GFP™* cytokeratin™ cells were also found in the basal cell layer
(Fig. 1D). Epithelized skin areas in this experiment demonstrated
mColl7 protein expression, although unwounded areas of the
transplanted COL17"~~"* mice failed to express that protein
(Fig. 1E). This mCol17 expression lasted at least 9 mo after wound
formation in two out of the three investigated mice (Fig. §2). RT-
PCR analysis also revealed the expression of mColl7 mRNA in
epithelized skin from four of the five transplanted mice, indicating
that the BM-derived epidermal cells were able to express active
mColl7 (Fig. 1F).
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Fig. 1. BMT-induced donor cell-derived COL17 in the epithelized skin tissue.
(A) The donor-derived hCOL17 expression is observed in the epithelized skin
areas of BMT-treated C57BL/6 recipients (yellow arrows). Green: mCol17
(KT4.2) or hCOL17 (D20); red: nuclei; broken lines: skin surface; arrowheads:
BMZ. (Scale bars: 50 pm.) (B) Representative RT-PCR analysis for hCOL17
expression reveals positive bands in BMT-treated C57BL/6 recipients. All RNA
samples were extracted from full-thickness skin biopsies, except for HaCaT
from cuitured cells. (C) Immunohistochemical analysis of the BMT-treated
COL17™"= h* skin tissue demonstrates donor-derived GFP* CD45* blood cells
(yellow arrowheads) and recipient-derived GFP™ CD45* cells (yellow arrow).
Donor-derived GFP* CD45™ (green arrowheads) cells are sporadically noted
in the epidermis. (Scale bars: 20 ym.) (D) Aggregated donor-derived GFP*
cells in the basal cell layer are noted, some of which also express cytokeratin
(white arrows). These cells are thought to be donor-derived keratinocytes.

14346 | www.pnas.org/cgi/doi/10.1073/pnas. 1000044107

BM-Derived Cells Supply Deficient Col17 Protein in the Col17 Knockout
EB Model Mice. Our group recently established non-Herlitz junc-
tional EB model mice (COLI7™7") as a result of homozygous
ablation of the Col17 gene (17). Unlike EB model mice reported by
other researchers, our model has allowed us to obtain adult
COLI17™~ mice that can be used for various therapeutic strategies
(Fig. 53). We speculated that mColl7 protein would be reintro-
duced by administering BM-derived cells from BMT treatments
into COL17"~~ EB model mice. We transplanted BM cells of the
GFP* Tg mice into the COL17™~~ mice. All of the mice obtained
hematopoietic chimeras (710. = 4.0%, n = 21). Immunohisto-
chemical analysis revealed sporadic GFP* cells in the basal cell
layer of the epidermis, accounting for 1.08 + 0.39% of the basal
cells (n = 11). GFP* CD45™ cells including cytokeratin™ epidermal
keratinocytes were also found (0.26% + 0.08% of basal cells)
(Fig. 24 and Fig. $4). Linear deposition of mCol17 along the BMZ,
and GFP™ cells above the mColl7 staining were observed, ac-
counting for 14.7 + 3.0% (n = 11) of the epithelized area (Fig. 2B).
Also, a 180-kDa mCol17 protein was detected in Western blotting
(Fig. 2C). One out of three mice showed positive mColl7 immu-
nohistochemically in unwounded skin from the back (Fig. 554).
Eight out of nine BMT-treated mice showed positive mColl7
mRNA in the epithelized skin tissues. Compared with unwounded
skin, epithelized areas of skin tended to show mColl7 mRNA ex-
pression more frequently (Fig. $358). We also performed RT-PCR
analysis on the epithelized areas of BMT-treated COL 17"~ mice
from the epidermis and the dermis by detaching each side enzy-
matically; this revealed positivity only on the epidermal side (Fig.
2D). Next, we sorted GFP™ cells from the single-cell suspension of
epithelized epidermal cells. A portion of the suspended epidermal
cells showed GFP (1.24 + 0.12%, n = 4; Fig. 56), and mRNA ex-
pression specific to epidermal keratinocytes was detected from the
extract of the GFP* epidermal cells. These cells also expressed
mColl7 mRNA in three out of the four investigated mice (Fig. 2E).
To rule out the possibility that cell fusion was occurring between
BM cells and original keratinocytes in the COL17™™" mice, we
performed FISH analysis in a sex-mismatched BMT model. Several
fused cells with XXXY chromosomes in the same nucleus were
found in the deep dermis of the epithelized skin (Fig. 2F). Con-
versely, no fused cells were found in the epidermis of the samples
we investigated, whereas 50 of 1,793 basal cells (2.79%) showed
donor-derived XY chromosomes. To investigate the restoration of
COL17 expression and its effect on restoring normal BMZ struc-
ture, we performed electron microscopic analysis. In the BMT-
treated COLI7™'~ mice, a portion of the basal cells had mature
hemidesmosomes (Fig. 2G). The average thickness of outer pla-
ques of hemidesmosomes was 79.7 + 3.2 nm in the wild-type mice,
45.1+ 1.4 nm in the untreated COL17™™"~ mice, and 61.1 + 1.9 nm
in the BMT-treated COL17"~~ mice (P < 0.01). To exclude the
nonspecific effects of bone marrow infusion, a mixture of lineage™
differentiated GFP* BM cells and lineage™ COLI7™~ BM cells
was transplanted into the COLI17""~ mice. No Col17 expression of
mRNA and protein were detected in the epithelized skin (n = 3).

Col17 Knockout Mice Exhibit Less Severe Clinical Manifestations and
Better Survival Prognosis After BMT than Untreated Mice. To in-
vestigate the change in vulnerability to friction in skin that resulted
from the restoration of Coll7, we rubbed the back of each mouse
(18). The BMT-treated mice (n = 6) significantly showed forma-
tion of smaller erosions compared with the untreated mice (n = 4)
(Fig. 34). Although our COLI7"~~ mice survived longer than
previously reported EB models, only 12.5% of the mice survived to
1 mo, approximately half of which died within the fo]lowin/g 3 mo
(17). Surprisingly, 16 out of the 20 transplanted COL17"™" mice
survived to 100 d after BMT (transplanted on d 35 after birth),
whereas only 7 out of the 17 untreated COL17™~'~ mice survived to

(Scale bars: 20 pm.) () The skin of the recipients shows sporadic, linear de-
position of mCol17 (arrows). The deposition is limited to the epithelized skin
area with acanthosis. (Upper) The entire consolidated image. (Lower) Higher
magnification. (Scale bars: 50 pm.) (F) RT-PCR analysis shows the recovery of
mCol17 mRNA in two out of three representative mice (lanes 2 and 3).

Fujita et al.
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Fig. 2. BMT treatments induce functional mCol17 in COL17™" junctional
EB model mice. (A) In the epithelized skin tissue of BMT-treated mice,
a cluster of GFP* cytokeratin® basal cells is observed. Green: GFP; blue: nuclei;
broken lines: skin surface. (Scale bars: 10 ym.) (B) Sporadic GFP* cells (green)
are shown in the epithelized skin of the recipients (arrow). Furthermore,
linear staining of mCol17 is detected in the BMZ (red, KT4.2, arrowheads).
(Scale bars: 20 pm.) (C) Western blotting analysis reveals the expression of
mCol17 in the epithelized area of the BMT-treated COL77™~'~ mouse (lane
3), and a weak band is seen in unwounded skin of a BMT-treated COL17™™"~
mouse (lane 2). p-actin: loading control. (D) The expression of mCol17 is
detected only in the epithelized skin and not in the unwounded skin area.
Also, the expression is limited to the epidermis side of the epithelized skin.
(E) The sorted GFP* single epidermal cells of BMT-treated COL17™™"~ mice
express various keratinocyte-specific mRNAs as well as mCol17. Sorted GFP~
cells express these mRNAs, other than that of mCol17. (F) No fused cells are
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d 135 after birth. The survival outcomes were 73.7% for the trans-
planted group and 27.5% for the untreated group at d 200 after
BMT (Fig. 3B). The BMT technique brought significant therapeutic
benefits to the COL17"~~ EB model mice.

The untreated adult COLI7"~~ EB model mice showed spon-
taneous erosions, ulcers, nail deformity, hair loss, and hair graying
similar to those seen in human junctional EB patients lacking
COL17 (17). The erosions were especially severe in the genital
regions (Fig. 3C). The BMT-treated COLI7"~~ mice showed
improvements to clinical manifestations, with fewer spontaneous
erosions than for the untreated COL17"~"~ mice and BMT-control
COLI7™"~ mice (COL17™~~ mice as donors). The improvements
were particularly marked in the genital regions (Fig. §7).

Both Hematopoietic and Mesenchymal Stem Cells Contribute to the
Expression of Col17. Because BM cells consist of various differ-
entiated hematopoietic cells and stem cells, there is the question
of which type of BM-derived stem cells produced the Coll17 and
caused clinical improvement in the COLI7™~"~ EB model mice.
We obtained hematopoietic stem cells (HSCs) and multipotent
mesenchymal stromal cells (MSCs) from GFP* Tg mice, fol-
lowing transplantation of each type of stem cell into COLI7™"~
mice with whole COL17"~'~ BM-derived cells as supporting cells
(Fig. 4A4). Four weeks after BMT, we confirmed partial chime-
rism (37.0 + 13.7%, n = 5) of GFP in peripheral blood of BMT-
treated mice with GFP* HSCs (HSC-BMT mice), whereas no
GFP™ peripheral blood cells were detected in BMT-treated mice
with GFP™ MSCs (MSC-BMT mice, n = 4) (Fig. 88). Immu-
nohistochemical analysis revealed sparse GFP™ cytokeratin™
keratinocytes in the skin of the HSC- and MSC-BMT mice (Fig.
4B). Both HSCs and MSCs were found to have the potential to
produce mColl7 as observed immunohistochemically; three out
of five HSC-BMT mice and two out of four MSC-BMT mice
showed positive mCol17 (Fig. 4C). RT-PCR analysis also dem-
onstrated the expression of mColl7 in both the HSC-BMT
model (three out of five mice) and the MSC-BMT model (two
out of four mice) (Fig. 4D). HSC-BMT mice showed better
clinical manifestations than untreated COLI7"™"~ mice, whereas
mice of the MSC-BMT model had a tendency to show more
severe perianal erosions and hair loss (Fig. 4F).

Transplanted Human Cord Blood CD34" Cells Obtain a Keratinocyte-
Like Phenotype and Produce Epidermal Component Proteins. Toward
clinical applications of stem cell transplantation therapies in human
EB patients, we investigated whether the human hematopoietic
stem cells have the ability to supply structural proteins in the BMZ of
the skin. A human-to-mouse xeno§eneic transplantation model was
investigated using NOD/SCID/y,"" (NOG) mice (19). Using im-
munohistochemistry, human cells that expressed human leukocyte
antigen (HLA)-ABC could be seen, and pancytokeratin-positive
cells were sporadically costained (0.39 + 0.15% of the basal cells,
n = 4) (Fig. 54 and B), which indicates that these cells are donor cell-
derived keratinocytes. In addition, sparse and intermittent hCOL17
was detected along the BMZ in two of seven treated mice (Fig. 5C).
RT-PCR analysis surprisingly showed mRNA expression of several
components of the normal human BMZ other than AhCOLI17
(detected in six of seven treated mice), including BPAG1 (four of
seven), plectin (four of seven), a6 integrin (five of seven), laminin p3
(two of seven), and laminin y2 (one out of seven) (Fig. 5D).

Discussion

Junctional EB is caused by mutations in the genes coding for
structural proteins anchoring the skin to the underlying basal

apparent in the epidermis, although donor-derived XY cells are sparsely
shown. Sporadic fused cells with XXXY chromosomes are observed in the
deep dermis. Dashed circles indicate the border of the nucleus. e: epidermis;
d: dermis. (Scale bars: 10 pm.) (G) The epithelized skin of COL17™~"~ mice has
hypoplastic hemidesmosomes with thin, poorly formed inner/outer plaques
(arrowheads). In BMT-treated COL77™/~ mice, hemidesmosomes with ma-
ture plaques are seen. (Scale bars: 500 nm.) *P < 0.01.
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Fig. 3. BMT treatments in COL17™~" junctional EB model mice change
vulnerability to friction in the skin and induce better clinical conditions. (A)
epithelized areas after erosion formation are investigated by rubber stress
test. In untreated COL77™~'~ mice, mild mechanical stimulus induces large
erosions. Conversely, BMT-treated mice show less severe erosions. *P < 0.05.
(B) The erosion area expressed as a percent of the rubbed area is measured
for each group. Resistance of the skin to mechanical stimuli is significantly
improved in the BMT-treated COL17™ '~ mice. (C) Survival curves of BMT-
treated and -untreated COL17™~"~ mice from d 35 after birth (the day of
BMT). COL17™"" mice treated with BMT from COL77"~"~ mice are shown as
the BMT control mice; 73.7% of BMT-treated COL17™~ mice could be
expected to live over 200 d after BMT treatment vs. only 27.5% of untreated
COL17™"~ mice and 16.7% of BMT control mice. (P = 0.015 for BMT-treated
vs. untreated mice, P = 0.021 for BMT-treated vs. BMT control, and P = 0.964
for BMT control vs. untreated.). (D) Clinical manifestations at 90 d after BMT
treatment (125 d after birth). Untreated COL77™~'~ mice show moderate
perioral erosions with crusts and anal erosions occurring spontaneously. In
contrast, BMT-treated COLT7™"~ mice show mild erosions in these areas.

lamina and dermis. Recently, various treatments were reported
to restore the deficient proteins. These approaches fall mainly
into three strategies: gene therapy (20-24), protein therapy (21,
25, 26), and cell therapy. Cell therapies using fibroblasts have
been attempted for recessive dystrophic EB (RDEB) model mice
and human patients, both of which lack collagen VIL In-
tradermal fibroblast cell therapy was reported for RDEB model
mice (18) and RDEB human patients (27). These approaches
may prove to be fundamental treatments for EB. However, their
effects are transient and occur only where the genes, proteins, or
cells are introduced; they may cause rejection and such gene-
correction approaches still raise questions of ethics and safety.
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Fig. 4. HSCs and MSCs each have the potential to produce mCol17 in
transplanted COL77™"~ mice. (A) H5Cs and MSCs from GFP* Tg mice were
sorted or cultured. One or the other type of these stem cells with supporting
COL17™"~ whole BM cells were injected into preirradiated COL17™~"~ mice.
(B) Sparse GFP* cytokeratin® cells, shown by white arrows, are detected in
the epithelized skin of HSC-BMT model mouse (Upper). Also in the MSC-BMT
model, GFP* cytokeratin® cells are observed (Lower). (Scale bars: 10 pm.) (C)
Punctate staining of mCol17 is noted, shown as yellow arrows, in the epi-
thelized skin tissue of both HSC- and MSC-BMT model mice. (Scale bars:
20 um.) (D) RT-PCR analysis of the epithelized skin area after full-thickness
wounding. Both HSCs (lane 1) and MSCs (lane 2) in the BMT treatment model
express positive mCol17. Also, single i.v. injection of GFP* MSCs (lane 3)
induces weak mCol17 mRNA expression. (E) At 90 d after treatment, the
HSC-BMT model mice (Center) demonstrate better clinical manifestations
than the untreated COL17™"" mice (Left), whereas mice of the MSC-BMT
models (Right) tend to show more severe perianal erosions and hair loss.

Woodley et al. (28) recently reported that i.v. injection of human
fibroblasts induces systemic production of human collagen VII in
immunodeficient mice; however, major ethical and safety prob-
lems remain in human patients.

BMT, an established, widely used medical technique for he-
matologic malignancies, has recently been attempted for severe
hereditary genetic disorders. Hobbs et al. (29) first reported the
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Fig. 5. Human hematopoietic stem cell transplantation induces human
epidermal keratinocytes that produce BMZ proteins. (A) The epithelized skin
samples of treated NOG mice include sporadic cytokeratin® (red), HLA-ABC*
(blue) cells in the basal cell layer, which indicate human cord blood-derived
keratinocytes. (Scale bars: 10 pm.) (B) 3D analyses of the immunohisto-
chemical sections prove costaining of keratin (red) and HLA-ABC (green),
indicating that these cells are human cord blood-derived keratinocytes and
not two distinct overlaid cells. Blue lines: cross-section edges. (Scale bar: 10
pum.) (C) Sparse, linear deposition of hCOL17 is noted in the epithelized skin
of CBSCT-treated NOG mice (yellow arrows). Green: hCOL17 (D20); red:
cytokeratin; (Scale bars: 20 pm.) (D) RT-PCR analysis for two transplanted
NOG mice, for both unwounded and epithelized skin (CBSCT 1 and CBSCT 2).
The expression of several BMZ proteins, hCOL17, BPAG1, plectin, a6 integrin,
laminin 33, and laminin y2 mRNA is demonstrated. Unwounded skin shows
faint expression of hCOL17 and a6 integrin.

efficacy of BMT for treatment of Hurler’s syndrome. Later he-
matopoietic stem cell transplantation proved effective in other
mucopolysaccharidoses (30-33). More recently, Sampaolesi et al.
(34) reported on the potential of stem cell therapy for the treat-
ment of Duchene muscular dystrophy. These experiments in-
dicate that stem cell therapies including BMT are promising
candidates for several congenital genetic disorders. BMT tech-
niques have three advantages over previous cell therapies: (i)
systemic and long-lasting effects can be expected from the circu-
lating BM-derived cells, (if) conventional BMT techniques can be
used in clinical applications, and therefore (iii) fewer ethical
problems arise from the treatment.

Recently Tolar et al. (35) reported that hematopoietic stem
cells contributed to life prolongation in RDEB neonatal mice.
Chino et al. (36) reported that treatment of embryonic BMT in
RDEB mice mduced the expression of donor-derived fibroblasts
and type VII collagen. These reports investigated neonatal or
embryonic mice and focused on type VII collagen, which is
produced mainly by dermal fibroblasts. In this study we show the
potential of BMT therapies in adult mice with cutaneous con-
genital disorders caused by deficiencies of transmembrane pro-
teins such as COL17, which is produced mainly by keratinocytes.

As to the origin of the BM-derived cells that differentiated into
epidermal cells, Tolar et al. reported that only CD150% CD48~
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HSCs contributed to the amelioration of RDEB mice; neverthe-
less, MSCs abundantly expressed type VII collagen mRNA (35).
Conversely, we and other groups have reported that MSCs also
have the potential to differentiate into keratinocytes (37, 38). Our
experiments have shown that both HSCs and MSCs have the
potential to produce Coll7. However, a BMT model with infusion
of enriched MSCs tended to induce more severe clinical mani-
festations. One hypothesis is that the infused MSCs in BMT reside
so shortly that long-term effects, such as clinical improvement,
might not occur (39, 40). We demonstrated that human cord
blood CD34* HSCs are able to differentiate into keratinocytes in
vivo. Although further investigation is needed, we suggest that the
difference between the benefits of MSC and HSC transplantations
owes to the lack of a long-term, renewable circulating source of
Coll7-producing cells induced by donor hematopoiesis. From
these findings we conclude that both HSCs and MSCs contributed
to the production of Coll7, although HSCs played more a signifi-
cant role in clinical improvement in our EB model mice.

Recently Kopp et al. (41) performed BMT and subsequent
skin transplantation in one Herlitz-junctional EB infant but un-
fortunately the child died. They performed normal conditioning
treatments similar to those used in hematological malignancies,
but the treatments might be too strong for EB patients. Indeed,
in our EB model mice, we had to reduce the irradiation dose
before BMT to avoid erosions. This report is highly suggestive
toward determining conditioning regimens.

In conclusion, we confirmed the reexpression of the previously
deficient anchoring protein Col17, better clinical appearance, and
longer life expectancy after BMT in our junctional EB model
mice. Furthermore we demonstrated that human HSCs can con-
tribute to the regeneration of wounded skin, producing structural
proteins in the BMZ. Current conventional hematopoietic stem
cell transplantation will lead to treatments for severe forms of EB
or even other congenital skin disorders involving epidermal
structural proteins.

Materials and Methods

Bone Marrow Transplantation. Recipient adult mice were irradiated with
a lethal dose of X-rays at 9 Gy (C57BL/6 and COL17™~"~"* mice) or 6 Gy (in
COL17™"~ mice), 12 h before infusions. The 9-Gy irradiation resulted in se-
vere erosions and hair loss within 4 wk after BMT to COL77™"~ mice. Ap-
proximately 3.0-6.0 x 10° murine BM-derived cells in 400 pL PBS were
injected through the mouse tail vein.

Human Cord Blood Stem Cell Transplantation. Recipient adult NOG mice were
irradiated with a sublethal dose of X-rays at 2.5 Gy. Twelve hours later,
approximately 1.0-2.5 x 10° human CD34" cells in 400 uL PBS were injected
through the mouse tail vein. Hematopoietic reconstitution was evaluated in
peripheral blood mononuclear cells 12 wk after transplantation.

Hematopoietic and Mesenchymal Cell Transplantations. Recipient adult COL17™"~
mice were irradiated with a lethal dose of X-rays at 6 Gy. Twelve hours later,
approximately 5.0 x 10° GFP* HSCs (n = 5) or 5.0 x 10° GFP* MSCs (n = 4) were
mixed with 5.0 x 10° whole COL77™~"~ BM-derived cells in 400 pL PBS and
injected through the mouse tail vein.

RT-PCR Analyses. For RT-PCR, total RNA from tissues and cells was extracted
using Isogen (Nippon Gene) and 200 ng of total RNA was used for ¢cDNA
synthesis in SuperScript Il reverse transcriptase according to the manu-
facturer’s instructions (Invitrogen). RT-PCR analysis of mRNA was performed
in a thermocycler (GeneAmp PCR system 9600; Perkin-Elmer). The primers
specific for protein sequences are summarized in Tahie 51. The PCR protocol
for these genes included 35 cycles of amplification (denaturing at 94 °C for
1 min, annealing for 1 min, elongation at 72 °C for 1 min). Aliquots from
each amplification reaction were analyzed by electrophoresis in 2% acryi-
amide-Tris-borate gels. Gel images were acquired and processed by an im-
age analyzer (LAS-4000UVmini; Fujifilm). '

Western Blotting. Protein lysates from epidermal tissues were subjected to
SDS/PAGE and electrophoretically transferred onto a nitrocellulose mem-
brane. The membranes were blocked with 1% nonfat dry milk in PBS, probed
with rat monoclonal antibodies against mCol17 (KT4.2, 1:80,000), and then
allowed to react with goat anti-rat IgG antibody coupled with HRP (1:1,000;
Southern Biotech). For loading control, we used mouse anti-f-actin antibody

PNAS | August 10,2010 | vol. 107 | no.32 | 14349

- 383 -




(1:1,000; Sigma-Aldrich) and HRP-conjugated goat anti-mouse IgG (1:1,000;
Southern Biotech). The resultant immune complexes were visualized using
a chemiluminescent detection system (LumiGLO; Cell Signaling Technology)
and processed by an image analyzer (LAS-4000UVmini).

Ultrastructural Observations. Skin biopsy samples of two mice each from GFP*
Tg mice, untreated COL77™"~ mice, and BMT-treated COL17™™"" mice were
fixed in 5% glutaraldehyde solution, postfixed in 1% osmium tetroxide,
dehydrated, and embedded in Epon 812. The samples were sectioned at
1-pm thickness for light microscopy and thin-sectioned at 70-nm thickness
for electron microscopy. The thin sections were stained with uranyl acetate
and lead citrate and examined under a transmission electron microscope
(H-7100; Hitachi High-Technologies).

Clinical Evaluation of COL17™~/~ Mice. After bone marrow transplantation, the
clinical severity of the BMT-treated COL77™~ mice, such as spontaneous
erosions and blistering, was evaluated and compared with that of the un-
treated COLT7™'~ mice and BMT-control mice whose donors were COL17™~
mice. The perioral area and circumanal area tend to be naturally predisposed
to erosion. We investigated the clinical severity by measuring the share of each
affected area as a percent of its entire region. These were assessed by two
independent assessors viewing the same clinical images. In addition we com-
pared the vital prognosis after BMT (35 d after birth) among BMT-treated mice
(n = 20), untreated COL17™~ mice (n = 17), and BMT-control mice (n = 6).

Mechanical Rubher Stress Test. The epithelized dorsal skin areas of 1 cm? after
erosion were marked with a pen and exposed to a mechanical rubber stress
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test as previously reported (18). The skin was gently stretched, and me-
chanical shearing forces were applied by the same investigator repeatedly
(25 times) as intense, unidirectional rubbing with a pencil eraser. After 20
min, skin specimens were excised and processed for histopathological anal-
ysis. Also, we measured the total areas of erosion by Imagel software (42).

Statistical Analyses. Mann-Whitney U test for nonparametric data, Kaplan-
Meier analysis for survival curves, and log-rank test for survival evaluation were
performed using Excel 2003 (Microsoft) with the add-in software Statcel2 (OMS)
(43). For comparison of more than two groups, data were analyzed by Kruskal—
Wallis test followed by Scheffe’s F test. Results were expressed as mean + SE.
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CORRECTIONS

GENETICS

Correction for “Lack of association of common variants on chro-
mosome 2p with primary open-angle glaucoma in the Japanese
population,” by Fumihiko Mabuchi, Yoichi Sakurada, Kenji Ka-
shiwagi, Zentaro Yamagata, Hiroyuki lijima, and Shigeo Tsuka-
hara, which appeared in issue 21, May 25, 2010, of Proc Natl Acad
Sci USA (107:E90-E91; first published April 27, 2010; 10.1073/
pnas.0914903107).

The authors note that, due to a printer’s error, the author
name Hiroyuki lijima should have appeared as Hiroyuki Iijima.
The corrected author line appears below. The online version has
been corrected.

Fumihiko Mabuchi™!, Yoichi Sakurada®, Kenji Kashiwagi®,
Zentaro Yamagata®, Hiroyuki Iijima®, and Shigeo Tsukahara®

www.pnas.org/cgi/doi/10.1073/pnas. 1008743107

MEDICAL SCIENCES

Correction for “Bone marrow transplantation restores epidermal
basement membrane protein expression and rescues epidermolysis
bullosa model mice,” by Yasuyuki Fujita, Riichiro Abe, Daisuke
Inokuma, Mikako Sasaki, Daichi Hoshina, Ken Natsuga, Wataru
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Transglutaminases (TGases) are a family of enzymes that catalyze cross-
linking reactions between proteins. During epidermal differentiation, these
enzymatic reactions are essential for formation of the cornified envelope,
which consists of cross-linked structural proteins. Two main transglutamin-
ases isoforms, epidermal-type (TGase 3) and keratinocyte-type (TGase 1),
are cooperatively involved in this process of differentiating keratinocytes.
Information regarding their substrate preference is of great importance to
determine the functional role of these isozymes and clarify their possible
co-operative action. Thus far, we have identified highly reactive peptide
sequences specifically recognized by TGases isozymes such as TGase 1,
TGase 2 (tissue-type isozyme) and the blood coagulation isozyme, Fac-
tor XIII. In this study, several substrate peptide sequences for human
TGase 3 were screened from a phage-displayed peptide library. The pre-
ferred substrate sequences for TGase 3 were selected and evaluated as
fusion proteins with mutated glutathione S-transferase. From these studies,
a highly reactive and isozyme-specific sequence (E51) was identified.
Furthermore, this sequence was found to be a prominent substrate in the
peptide form and was suitable for detection of in situ TGase 3 activity in
the mouse epidermis. TGase 3 enzymatic activity was detected in the layers
of differentiating keratinocytes and hair follicles with patterns distinct
from those of TGase 1. Our findings provide new information on the
specific distribution of TGase 3 and constitute a useful tool to clarify its
functional role in the epidermis.

introduction

Transglutaminases (TGases: EC 2.3.2.13) are a family
of enzymes that catalyze the calcium-dependent forma-
tion of isopeptide cross-links between glutamine and
lysine residues in various proteins [1,2]. Furthermore,

Abbreviations

these enzymatic reactions include the attachment of
primary amines to peptide-bound glutamine residues,
and the conversion of glutamine to glutamic acid. To
date, eight TGase isozymes (Factor XIII, TGases 1-7),

bio-Cd, 5-(biotinamido)pentylamine; CE, cornified envelope; Dansyl-Cd, monodansylpentylamine; FITC, fluorescein isothiocyanate;
GST, glutathione S-transferase; SPR, small proline-rich protein; TBS, Tris/buffered saline; TGase, transglutaminase.
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comprising a protein family with unique substrate
specificities and different tissue distributions, have been
identified in mammals. Factor XIII and TGase 2 are
involved in the stabilization of fibrin clots and various
roles including apoptosis, extracellular matrix forma-
tion and wound healing, respectively [3-6]. TGase 1
and TGase 3 have been reported to contribute to the
formation of the epidermis by cross-linking structural
proteins in keratinocytes [7-9]. TGase 4 is expressed in
the prostate and is reported to be involved in plug for-
mation in rodents [10]. The biochemical characteriza-
tion and physiological roles of TGase 5 (expressed in
keratinocytes), TGase 6 and TGase 7 remain unknown
[11,12].

In a TGase-catalyzed reaction, a glutamine residue
in the substrate binds to the cysteine residue at the
active site of the enzyme, resulting in the formation of
an intermediate. This is a rate-limiting step because
not all glutamine residues participate in the reaction.
By contrast, the reaction with the second substrate, a
lysine residue or a primary amine, is less selective.
Moreover, distinct isozymes recognize distinct gluta-
mine residues in the same protein. Therefore, primary
and secondary structures surrounding the reactive
glutamine residues are critical in the formation of an
intermediate enzyme-substrate complex. Each isozyme
in the TGase family, mainly characterized as TGase 1,
TGase 2 and Factor XIII, demonstrates different sub-
strate recognition patterns because the glutamine resi-
dues in the substrate involved in binding to the
enzyme are isozyme specific [13,14].

We have established a screening system that employs
a phage-displayed random peptide library to character-
ize the preferred substrate sequences for TGase [15-18].
In a series of studies, 12-mer sequences acting as iso-
zyme-specific substrates for Factor XIII, TGase 1 and
TGase 2 were obtained. From these studies, we selected
the most reactive and isozyme-specific substrate
sequences that were functional not only as phage-
display proteins, but also as peptide forms. Further-
more, in our recent reports, the most reactive peptide
sequence (K5), selected as a TGase l-preferred sub-
strate, was successfully used as a probe to detect in situ
enzymatic activity in both human and mouse skin
[16,19]. These studies have provided new insight into
the substrate specificity of Tgases and have expanded
the range of application of the enzyme reaction [20].

TGase 3, initially designated as an epidermal-type
enzyme, is responsible for formation of the epidermis
[21,22]. In the current model of TGase function, during
keratinocyte differentiation, TGase 1 and TGase 3
are believed to act cooperatively in the cross-linking
of proteins, including involucrin, loricrin and small

FEBS Journal 277 (2010) 3564-3574 © 2010 The Authors Journal compilation © 2010 FEBS
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proline-rich proteins (SPRs). Such concerted reactions
result in formation of the cornified envelope (CE),
a specialized component consisting of covalent cross-
links of proteins beneath the plasma membrane of
terminally differentiated keratinocytes [23,24]. Further-
more, TGase 3 in hair follicles is involved in cross-
linking structural proteins such as trichohyalin and
keratin intermediate to hardening the inner root sheath.
In this case, TGase 1 co-operates with TGase 3 through
a cross-linking reaction to produce stable hair fibers.

During differentiation in these processes, a zymogen
form of TGase 3 (77 kDa) is activated by limited prote-
olysis with cathepsins S and/or L [25,26]. Although sev-
eral studies have focused on the localization, structural
analysis and activation mechanism of TGase 3 zymo-
gen, not much information is available about the sub-
strate specificity and physiological function of the active
form [27-31]. In particularly, the precise substrate speci-
ficity and local activation areas of TGase 1 and
TGase 3 in the epidermis have not been fully identified.

In this study, we applied a screening system to
obtain the preferred substrate peptides for human
TGase 3. The selected phages displayed a unique ten-
dency toward the primary sequences, and the most
reactive and isozyme-specific sequence among the pep-
tide sequences was determined. Furthermore, this
sequence proved to be a prominent substrate in the
peptide form. Specific localization of activated
TGase 3, which was found to display a pattern distinct
from that of TGase 1, was observed by the detection
of in situ activities using this peptide.

Results

Screening of candidate substrate sequences from
a random peptide library

Phage clones in a random peptide library were
incubated with biotinylated cadaverine (bio-Cd), a
glutamine-acceptor substrate, in the presence of the
activated form of human TGase 3 (Fig. S1). By the
enzymatic reaction, phage particles displaying the reac-
tive glutamine residues preferably incorporate bio-Cd.
Avidin affinity purification resulted in the selection of
phage particles that covalently bound bio-Cd. The
phage particles were amplified and subjected to four
additional enzymatic reactions and panning. Sequence
analysis of the finally selected individual phage clones
(125 clones) revealed that ~ 93.6% (117/125) of the
clones displayed peptide sequences containing gluta-
mine residue. In this process, false-positive clones con-
taining no glutamine residue might be co-purified if
the sequence has an affinity to avidin.
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When the peptide sequences were aligned and ana-
lyzed with respect to the potential reactive glutamine
residue, the following significant tendencies among the
sequences were observed: (a) a hydrophobic amino
acid was commonly observed at position +3 (relative
to the glutamine residue); (b) lysine or arginine mainly
was found at position +2; and (c) in most sequences,
an aromatic amino acid and a serine/threonine residue
were frequently located at positions —1 and -+1,
respectively.  Figure 1  shows the representative
sequences that were further analyzed for their reactiv-
ity as substrates.

Evaluation of selected sequences as recombinant
peptide-fused glutathione S-transferase {GST)
proteins

To evaluate the ability of the screened peptide
sequences as a glutamine-donor substrate, we mea-
sured the amount of enzymatic incorporation of the
primary amine, monodansylcadaverine (Dansyl-Cd), in
recombinant peptide-GST(QN) fusion proteins, in
which all the glutamine residues in glutathione S-trans-
ferase (GST) had been substituted by asparagines. The
peptide sequences shown in Fig. | were expressed as
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Fig. 1. Selected sequences and alignment of candidate substrate
peptide. Selected 12-mer peptide sequences were aligned based
on the putative reactive glutamine residue. The glutamine residue,
hydrophobic amino acids at position +3 (relative to the glutamine),
and the arginine and the lysine residues at position +2 are shaded.
Phage ID (E) is shown at the left of the amino acid sequence. The
asterisk indicates the sequences of which reactivities were subse-
quently shown in Fig. 2.
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fusion proteins and the time-course products formed
by the catalytic reaction of TGase 3 were subjected to
SDS/PAGE and visualized by UV illumination. Using
this procedure, 16 of the 29 sequences, including a no-
glutamine-containing sequence as a negative control,
were selected based on their reactivities (Fig. 1,
marked with asterisk). The enzymatic products, with
dimethylcasein as a positive control, were aligned as
shown in Fig. 2A. Among the sequences that exhibited
incorporation of Dansyl-Cd, seven peptides (under-
lined sequences: E8, E12, E18, E115, E46, E10 and
ES51) were selected based on their reactivities and fur-
ther analyzed for their isozyme specificity with respect
to human TGase 1, guinea-pig liver TGase (as
TGase 2) and human Factor XIII (Fig. 2B). All the
sequences showed negligible reactivity in the reaction
catalyzed by Factor XIII. However, five sequences (ES8,
E12, E115, E46 and E10) exhibited cross-reactivities to
guinea-pig liver TGase and one (E18) to TGase 1.
Among the seven peptide-GST(QN) fusion proteins
evaluated in this study, only the E51 sequence showed
less cross-reactivity to other isozymes although display-
ing prominent reactivity to TGase 3. Thus, this peptide
sequence was selected for further analysis.

Substitution-mutant analysis for each amino acid
to alanine in the E51 peptide sequence

To examine the contribution of each amino acid resi-
due of the E51 sequence (PPPYSFYQSRWYV) in the
catalytic reaction of TGase 3, alanine substitution
mutants for every residue of the 12-amino acid peptide
were generated as GST(QN)-fusion proteins. Wild-type
and a mutant in which the reactive glutamine was
substituted by asparagine were also subjected to the
analysis (Fig. 3). According to the catalytic reaction of
TGase 3, substitutions at positions =2 (F), +1 (S), +2
(R) and +3 (W) significantly affected the reactivity
(colored as darker gray: < 50% intensity of that in
wild-type). In addition, substitution at positions =5 (P)
and +4 (V) resulted in a moderate decrease in reactiv-
ity. These results suggest that these amino acids con-
tribute to the interaction of E51 with the enzyme to
form an intermediate between the glutamine residue in
the substrate and the cysteine residue in the active site
pocket of TGase 3.

Assessment of reactivity and specificity of E51
sequence in the peptide form (pepE51)

To assess the reactivity and isozyme-specificity of ES1
(PPPYSFYQSRWYV) in peptide form, biotinylated pep-
tides for E51 (pepES5S1) or ES1 in which the reactive
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Fig. 2. Evaluation of the reactivities of the selected peptides as GST(QN) fusion proteins. (A} Incorporation of Dansyl-Cd into the purified
recombinant GST(QN) fusion proteins with peptide that were selected by phage display screening, in the presence of activated TGase 3
(1 ngul™"). At the times indicated, the reaction products were separated on 12.5% SDS/PAGE and illuminated by UV light. Unreacted
fusion proteins were stained with Coomassie Brilliant Blue and are shown on the right. The underiined sequences are subjected to further
analysis for cross-reactivities. (B) Cross-reactivities to three isozymes regarding the selected seven GST(QN)-fusion proteins. Each protein
reacted at the indicated times in the presence of TGase 1 (1.5 ng-uL™"), guinea-pig liver TGase (TGase 2} (2.5 ng-uL™") and activated Fac-
tor Xl {5 ng-uL~") were analyzed by SDS/PAGE and UV illumination. All the enzymatic activities were normalized based on the incorporation

of Dansyl-Cd into dimethylcasein.

glutamine residue was substituted by asparagine
(pepES1QN: PPPYSFYNSRWYV) were synthesized for
examination. Both peptides were subjected to a
TGase 3-catalyzed cross-reaction with a primary amine
(spermine), covalently immobilized to a microtiter well,
in the presence of activated TGase 3 [32,33]. As shown
in Fig. 4A, a time-course-dependent incorporation of
pepES1 was observed, whereas pepESIQN did not
show any reactivity. Moreover, in contrast to
pepESIQN, increasing concentrations of pepES]1 enzy-
matically cross-linked with the coated spermine
(Fig. 4B). In addition, B-casein as a glutamine-acceptor
substrate appeared to accept pepE51 (data not shown).
These results demonstrate that pepES1 acts as a good
substrate, similarly to the fusion protein.

To further investigate whether the isozyme specificity
was preserved, the reactivity of pepES1 at various con-
centrations was evaluated in the presence of other
TGase isozymes including TGase 1, TGase 2 and acti-
vated Factor XIII (Fig. 5). A negative control was par-
alleled using pepESIQN. In each case, pepES1 showed
less cross-reactivity with the isozymes at the examined
peptide concentrations, except for a weak reaction with
guinea-pig liver TGase at a higher concentration
(> 2.5 um). This result suggests that pepES51 at a con-
centration below 1 puM can be used as a specific peptide
in this reaction.

FEBS Journal 277 (2010) 3564-3574 © 2010 The Authors Journal compilation © 2010 FEBS

Detection of in situ activities of TGase in the skin
and hair follicles

Previously, we found that a fluorescent-labeled sub-
strate peptide for TGase 1 [fluorescein isothiocyanate
(FITC)-pepK5] could be used as a prominent probe
for detecting in situ activity of TGase 1 in both mouse
and human skin [16,19]. Therefore, using a similar pro-
cedure, fluorescent-labeled E51 peptide (FITC-pepES51)
was prepared and evaluated for detecting in situ activ-
ity of TGase 3 in a frozen mouse skin section.

As shown in Fig. 6, in the presence of CaCl,, specific
incorporation of FITC-pepE51 (1 uM) in endogenous
glutamine-acceptor substrate proteins was observed in
the epidermis. Reaction using FITC-pepESIQN, or in
the presence of EDTA resulted in no signal, indicating
that the signal was specific for TGase 3 activity.

Moreover, we inspected enlarged images of the skin
section (Fig. 7A). In the epidermis, positive signals
were observed around the granular and spinous layers
and not in the outermost cornified layers, judging from
the merged image with differential interference images.
When compared with signals obtained using FITC-
pepKS5, the slightly weak and more limited regions in
the layers were stained with FITC—pepES51. This result
suggested that TGase 3 was active in more differentiat-
ing keratinocytes.
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Relative value

Fig. 3. Assessment of contribution of each amino acid residue of
E51 sequence to substrate recognition. Alanine substitution
mutants in the E51 sequence were produced as GST(QN) fusion
proteins, and then incubated with Dansyl-Cd for 10 min in the pres-
ence of activated TGase 3 (1 ng-uL™"). The reaction products were
subjected to SDS/PAGE, followed by UV illumination. The fluores-
cence intensity was analyzed by Fuji multigauge quantification sys-
tem. The relative values are normalized to the intensity for the
reaction of wild-type. Data represent the means + SD of duplicate
samples. Numbers (-7P to +4V) with amino acid residue indicate
the position of substitution; WT, peptide in which there were no
amino acid substitution; QN, peptide in which the glutamine resi-
due was changed to asparagine. The mutations that resulted in
decrease in the reactivity at < 50% of that in wild type are shaded
in darker gray.

Next, the staining pattern of the hair follicles was
investigated (Fig. 7B,C). The distribution of signals
was different when FITC-pepK5 and FITC—pepES5I
were used. According to the FITC-pepESI pattern,
the activated TGase 3 was mainly located in the
medulla and the hair cortex. However, according to
the FITC-pepKS5 pattern, TGase I activity was
observed around the outer root sheath and cuticle and
in differentiated inner root sheath cells. Thus, TGase 1
and TGase 3 appeared active in distinct regions of the
hair follicle cells.

Discussion

During differentiation of keratinocytes and hair forma-
tion, isopeptide cross-linking of several structural pro-
teins is essential for the formation of the insoluble
proteinaceous layers, the CE, which contribute to
effective physical and water barrier formation. Upon
CE formation in keratinocytes and hair follicle cells,
TGase 3 cross-links various substrate proteins such as
SPRs, involucrin, loricrin and trichohyalin [7-9,23,24].
In addition to the endogenous substrates, some pro-
teins of human papillomavirus have been described as

A. Yamane et al.
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Fig. 4. Analysis of the reactivity of E51 sequence in the peptide
form. (A} The time-dependent incorporation of 5 um biotinylated
peptide E51 (pepES1) into spermine, that covalently attached to
microtiter well, was examined in the presence of activated TGase 3
(0.5 ng-uL™"). The mutant peptide in which the glutamine was chan-
ged to asparagine (pepE51QN) was paralleled. (B) On the various
concentrations of biotin-labeled peptides, incorporation into coated-
spermine was measured in the same reaction condition at incuba-
tion time of 10 min. The closed and open symbols represent the
reactions for pepE51 and pepES1QN, respectively. Data represent
the means = SD of triplicate samples.

possible substrates for inducing an abnormality in CE
formation [34]. Previous studies have determined the
cross-linking sites of these proteins and suggest that
they display a pattern distinct from that obtained with
TGase 1 [35-38]. In these reports, for example, the
sequences QLQQQQVK (SPRI, Q19), SQQVTQT
(loricrin,  Q219), HQTQQK  (loricrin, Q305),
SSQQQKQ (SPR1, Q5 and Q7) and SQQVTQT (lori-
crin, Q215 and Q216) were determined as cross-linking
sites by TGase 1 and TGase 3, respectively. However,
differences in reaction specificities between these two
isozymes are not fully understood. A better under-
standing of the preferred substrate sequences for
TGase 3 will provide useful information for clarifying
the process of cross-linking.

To date, with respect to the major members of the
TGases family such as TGase 1, TGase 2 and Fac-
tor XIII, we have investigated the preferred substrate
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Fig. 5. Cross-reactivities of pepES1 with
other major isozymes. On the various con-
centrations of pepE5S1 and pepE51QN as
well as three specific biotin-labeled peptides
(pepK5; TGase 1, pepT26; TGase 2, pepF11;

TGase 1 pepKs B

Preferred substrate peptide for TGase 3

Guinea pig liver TGase (TGase 2)
pepT26

pepE5S1QN

; ian i 0 = = RS
Factor Xlil), incorporation into coated-sper- 0 1 2 3 4 5
mine was measured in the presence of Peptide (i) Peptide (um)
each isozyme, TGase 1 (0.075 ng-ul™") (A),
guinea-pig liver TGase (0.12 ng-uL™") (B), Cc TGase 2 D Factor Xill
TGase 2 (0.06 ng-uL™") (C), and activated pepFi1
Factor XIII (0.24 ng-uL™") (D) for 15 min. All 06+ pepT26 0.6
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sequences around the reactive glutamine residue from
a phage-displayed peptide library [15,16]. In these pre-
vious studies, the identified preferred substrate
sequences displayed a unique tendency for each
isozyme, Q-x-R/K-¥-x-x-x-W-P to TGase 1, Q-x-P-¥-
D-P to TGase 2 and Q-x-x-¥-x-W-P to Factor XIII (x
and ¥ are any amino acid and hydrophobic amino
acid residues, respectively). We applied a similar
approach to obtain information regarding the pre-
ferred substrate sequence for TGase 3, with particular
interest in a highly reactive substrate peptide suitable
for the detection of in sifu enzymatic activity.

In this study, the preferred sequences for TGase 3
selected from the phage-displayed peptide library
exhibited different tendencies compared with other
TGase isozymes. With respect to the peptides that
exhibited higher reactivities to TGase 3, the Q-S/T-
K/R-¥ consensus primary sequence was identified.
The sequence motif, Q-x-K/R is frequently observed in
several skin substrate sequences and also contained in
the preferred substrate sequence that we previously
identified for TGase 1 [16]. In the case of TGase 3, ser-
ine or threonine residues are frequently observed at
position + 1. Interestingly, the amino acid located at
this position is not important for the reaction in other
Tgases, including TGase 1. In addition, at the N-termi-
nal side of the glutamine residue including position -1,
bulk amino acid residues such as tyrosine, proline and
phenylalanine are located in the case of the selected

sequence for TGase 3. This tendency is specific to
TGase 3 and is not observed in TGase 1 and other
isozymes.

Among the sclected sequences, E51 (PPPYS-
FYQSRWYV) was the most prominent substrate with
respect to TGase 3 reactivity and isozyme specificity.
This sequence also satisfied the amino acid residue ten-
dency, described previously. Alanine substitutions at
positions =2, +1, +2 and +3 of the selected ES5I
sequence significantly affected reactivity. The results
suggest that these residues are essential for interaction
with activated TGase 3.

Recently, we established a rapid and sensitive assay
system using biotinylated preferred substrate peptide
and spermine-coated microtiter plates. The reactivity
and specificity of the E51 sequence was maintained in
a biotinylated peptide form (pepES51) when the primary
amine was used as a glutamine-acceptor substrate. At
low concentrations, pepE51 exhibits high reactivity
with TG3 and very low reactivity with other isozymes
under these enzymatic activities (Fig. 5). In the case
of guinea-pig liver TGase, used as TGase 2, a weak
cross-reactivity was observed possibly resulting from
the co-purification of activated TGase 3. Thus, the
synthesized peptide for the ES51 sequence represents a
valuable tool for studying TGase 3 substrate recogni-
tion and enzymatic activity.

Therefore, we examined the ability of the ES5I
sequence to detect endogenous TGase activity in the
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FITC-E51/CaCl,

FITC-E51QN/CaCl, FITC-E51/EDTA

Fig. 6. Detection of in situ TGase 3 activities in the mouse skin
section. Hematoxylin and eosin staining is shown at the left. FITC-
pepEb1 (1 um) was reacted with frozen mouse skin section in the
presence of CaCl,. As a negative control, incubation with FITC-
pepES1QN and co-presence of EDTA in the reaction of pepEb1
were carried out under the same reaction condition. Bar represents
50 pm.

skin, as previously established for TGase 1-preferred
substrate peptide, K5 [16]. Using a similar approach,
calcium-dependent incorporation of FITC—pepESI
FITC-E51

DIC Merge
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through its glutamine residue into lysine residues of
endogenous substrate proteins was observed (Figs 6
and 7). TGase 3 has been observed in both differenti-
ating keratinocytes and hair follicles of the epidermis
by immunochemical analyses [38-40]. However, in this
study, we present the first direct evidence for the detec-
tion of activated TGase 3 in the epidermis. Therefore,
this finding provides more precise information on the
physiological significance of TGase 3 because this
enzyme is synthesized as an inactive zymogen form.

In the epidermis, endogenous TGase 3 activity was
observed mostly in the granular and spinous layers.
However, the activity was detected within a more lim-
ited region when compared with the staining results
obtained with FITC-pepK35, a preferred substrate for
TGase 1. In addition, in hair follicle cells, the staining
pattern of TGase 3 was distinct from that of TGase 1.
In situ activity of the enzyme was observed mainly
around the inner root sheath, which is consistent with
results obtained previously using immunostaining
analyses [39,40]. By contrast, TGase 3 activity was
found around the medulla and hair cortex. These
results for TGase 3 in the epidermis and hair follicles
are convincing; however, in cells with higher TGase 1
activity, there might be the possibility of a slight cross-
reaction with TGase 1.

In a recent study that used immunochemical analysis
and in situ detection of the activity by FITC-labeled
cadaverine, Thibaut ez al. [40] reported that TGase 3
was mainly present in hair fibers. This is mostly consis-
tent with our results. However, in their study, the

FITC-K5

Fig. 7. In situ TGase activities detected
with FITC-labeled peptides in the mouse
skin epidermis and hair follicles. In situ
activity of TGase 3 was detected under the
observation at enlarged scale in the same
reaction condition as described in the
legend to Fig. 6. From left, FITC—-pepE51

(1 wwy, differential interference images and
their merged images are aligned. FITC-
pepK5 (1 pmy was paralleled in each experi-
ment (right). (A) Skin epidermis, (B) transver-
sal and (C) longitudinal sections of hair
follicles. Bar represents 50 pm.
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detection procedure for TGase in situ activity was not
specific for TGase 3 in principle, because cadaverine is
an amine substrate known to react with any active
TGase.

Although aberrant TGase 1 activity has been
reported in several skin diseases, as a consequence of
genetic mutation [41,42], nothing has been reported
regarding a TGase 3 defect in specific pathologies.
Investigation of in situ activity of TGase 3 is a valu-
able method for elucidating the precise role of this iso-
zyme in a variety of tissues and cells. Recently,
detection of altered enzymatic activities in patients
with TGase 1 mutation was successfully achieved using
FITC—pepK5 [19]. Because this method is applicable
for monitoring aberrant expression of TGase 3 activ-
ity, it will assist in the investigation unknown diseases
which may be caused by TGase 3 mutations.

In conclusion, we have identified several preferred
substrate sequences for TGase 3. The most reactive
peptide sequence, ES51, permitted the detection of
in vitro and in situ activities of the active enzyme. In
addition to pepK5, a specific preferred substrate
peptide for TGase 1, pepES51 could become a useful
tool to further characterize TGase activity and identify
endogenous substrates in the skin and hair follicles.

Experimental procedures

Transglutaminases

For screening, human recombinant TGase 3 obtained by
expression and purification from baculovirus-infected insect
cells was used, as described previously [27]. For evaluation
of the obtained sequences, recombinant human TGases 1, -2
and -3 and purified guinea-pig liver TGase were purchased
from Zedira (Darmstadt, Germany) and Sigma (St. Louis,
MO, USA). For the activation of TGase 3, the zymogen was
proteolyzed by treatment with dispase (Roche, Mannheim,
Germany). Human Factor XIII (Fibrogammin®P; ZLB
Behring, Marburg, Mannheim, Germany) was activated
(Factor XIIIa) by treatment with bovine thrombin (Sigma).

Screening of preferred sequences from a
phage-displayed peptide library

Screening was carried out as described previously, using an
M13 PhD-12 phage-display system (New England Biolabs
Inc., Ipswich, MA, USA) [15]. Briefly, ~ 1.5 x 10" (first-
round panning) phage clones were incubated at 37 °C with
dispase-activated TGase 3 (1 ng-uL™") in 10 mM Tris/HCI
(pH 8.0), 150 mmM NaCl (TBS buffer) containing 1 mm dith-
iothreitol, 5 mm CaCl, and 5 mm bio-Cd [EZ-link™ 5-(bi-
otinamido)pentylamine; Pierce Biotechnology, Rockford,

Preferred substrate peptide for TGase 3

IL, USA]. The catalytic reaction was stopped by the addi-
tion of EDTA. The phage particles were precipitated in the
presence of poly-(ethylene glycol) and NaCl with salmon
sperm DNA as a carrier. Next, phage clones that covalently
incorporated bio-Cd were selected by affinity chromatogra-
phy using mono-avidin gel (SoftLink™ Soft Release Avidin
Resin; Promega Corp., Madison, WI, USA). After washing
with TBS containing 0.1 or 0.5% Tween 20 and 2 mM
EDTA and then with TBS, the bound phage particles were
eluted by competition using 5 mm biotin in TBS buffer.
The entire eluate was used to infect ER2738 host bacteria
to amplify the phages. The phage particles were concen-
trated by precipitation with poly-(ethylene glygol)-NaCl
and then used for subsequent rounds. After panning five
times in all, DNA sequences of the displayed peptides of
the selected phage clones were determined.

Construction of the expression vector for GST
fusion proteins

The vector plasmid pET24d-GST(QN) was used to express
modified GST, in which all the glutamine residues were
substituted by asparagine residues, and fused with a peptide
at the N-terminus and hexahistidine at the C-terminus [15].
The DNA of each phage was isolated and the sequences of
the displayed 12-mer peptides were amplified by PCR. The
amplified PCR products were digested and inserted into
pET24d-GST(QN). To generate peptide mutants in which
each amino acid was substituted to alanine, PCR-based
mutagenesis was carried out.

Escherichia coli BL2ZI(DE3)LysS or BL21(DE3)LysE was
transformed with the plasmids and expression was induced
by the addition of isopropyl B-bD-thiogalactoside. Recombi-
nant proteins were purified using TALON Metal Affinity
Resin according to the manufacture’s instructions (BD Biosci-
ence, San Jose, CA, USA). The concentration of the purified
protein was determined by quantification of the intensity for
the separated bands in SDS/PAGE analysis using imaging
software (MULTIGAUGE software; Fujifilm, Tokyo, Japan).

Evaluation of the preferred sequences using the
recombinant proteins

The reactivities of recombinant GST(QN)-fusion proteins
were evaluated by the incorporation of Dansyl-Cd (Sigma),
a fluorescence-labeled pentylamine. Recombinant protein
(200 ng-uL™") and 0.5 mm Dansyl-Cd were incubated in
TBS containing 5 mM CaCl, and 1 mMm dithiothreitol in the
presence of activated TGase 3 (1 ng-uL™!). Dimethylcasein
(Sigma) was used as a positive control at a final concentra-
tion of 200 ng-pL~!. The reaction mixture was incubated at
37 °C and then separated by 12.5% SDS/PAGE. A fluoro-
graph of the gel was obtained by UV irradiation (254 nm)
to visualize the amount of incorporated Dansyl-Cd. To
quantify the results, the fluorescence intensity of each
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product was analyzed using imaging software (MULTIGAUGE
software).

Evaluation of synthetic peptides as a substrate

The 12-amino acid peptide corresponding to the ESI
sequence (PPPYSFYQSRWYV) was synthesized and biotiny-
lated at the N-terminus (pepE51). A mutant peptide in which
glutamine was substituted to asparagine was also synthesized
(PPPYSFYNSRWYV) and biotinylated as pepESIQN.
TGase 1-, TGase 2- and Factor XIII-preferred substrate
biotinylated peptides, being pepK5 (YEQHKLPSSWPF),
pepT26 (HQSYVDPWMLDH) and pepF11 (DQMMLPW-
PAVAL), respectively, were used for comparison.

To evaluate the activity and specificity of the peptides, a
microtiter plate assay was performed as described previ-
ously [32,33]. Spermine, as a primary amine, was immobi-
lized covalently onto microplates. The enzyme reaction
mixture, in a total volume of 100 pL, contained biotinylated
peptide in the presence of the enzymes in an appropriate
buffer (final concentration: 20 mMm Tris/HCl, pH 8.3,
140 mM NaCl, 2.5 mM dithiothreitol, 15 mm CaCl,). The
microtiter plates were incubated at 37 °C for the indicated
time intervals and the reaction was stopped by the addition
of EDTA (50 mm at final concentration). The wells were
then washed with a Tris-based buffer (10 mm Tris/HCI, pH
8.0, 150 mM NaCl, 0.1% Tween-20). The incorporated
biotinylated peptides were detected using streptavidin-per-
oxidase (Rockland Immunochemicals Inc., Gilbertsville,
PA, USA) and the peroxidase substrate 3,3’,5,5-tetrameth-
ylbenzidine (Sigma).

Detection of in situ TGase activities in the mouse
skin sections

Animal care and experiments were conducted according
to the Regulations for Animal Experiments in Nagoya
University.

Immediately after the mice had been killed by diethyle-
ther anesthetization, the skin was dissected and embedded
in medium (Sakura Finetek, Tokyo, Japan) as a standard
method. Frozen sections were dissected into 4-8 pm slices
and kept frozen until use. Fluorescence-labeled peptides
(FITC—pepE51, FITC-pepESIQN and FITC-pepKS5) were
synthesized.

For the reaction, sections were dried and then blocked
by incubation in NaCl/P; containing 1% BSA (Sigma) for
30 min at room temperature. Sections were incubated for
90 min with a solution containing 100 mm Tris/HCIl (pH
8.0), Smm CaCl, or 5 mM EDTA and 1 mm dithiothreitol,
in the presence of FITC-labeled peptide at 37 °C. After
washing with NaCl/P; three times, anti-fading solution was
mounted onto the section with a cover-glass. Differential
interference images and fluorescence were analyzed with a
confocal laser-scanning microscope, LSM5 PASCAL (Zeiss,

A. Yamane et al.

Gottingen, Germany). For hematoxylin and eosin staining,
the tissue section was fixed, then stained using standard
methods and analyzed with a microscope, BZ-8100 (Key-
ence, Osaka, Japan).
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