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surrounding skin surface changes but is associated with hair
follicle atrophy or hair follicle loss (Hintner and Wolff, 1982).
This finding is consistent with the late skin changes such as
hair follicle atrophy seen in Col17a7-null mice. Therefore, we
suggest that this mouse model may be a powerful tool for helping
to understand the pathomechanisms of premature alopecia.

Human patients with GABEB also show epidermal atrophy
with aging. Col77a7-deficient mice show transient epidermal
hyperplasia in some focal areas at around 6 months of age
(Figure 3D) but the entire skin becomes gradually more atrophic
over time. Similar but more pronounced changes have been
observed in the setting of stem cell depletion such as is seen
in Rac1 conditional knockout mice (Benitah et al., 2005) and
in c-Myc transgenic mice (Arnold and Watt, 2001; Waikel
et al., 2001). The late onset of epidermal atrophy seen in
Col17a1-null mice might represent the eventual depletion or
a decreased self-renewing potential of epidermal stem cells for
the IFE.

More generally, Col717a7-null mice have provided evidence of
an unexpected biological function for HFSCs. Although we have
previously shown that the niche microenvironment plays a domi-
nant role in fate determination for MSCs (Nishimura et al., 2002),
the type of cell and/or the extracellular matrix in the bulge area
that comprises the functionally essential component(s) of the
niche has been unclear. Our current data indicate that HFSCs
serve as a functional niche for MSCs and act through HFSC-
derived TGF- signaling, which is critical for MSC maintenance
(Figure 7). It is notable that MSC immaturity was lost in
Col17a1-deficient mice at a time when HFSCs were undergoing
aberrant proliferation and differentiation in the bulge area with
gradual loss of HFSC characteristics, including TGF-§ produc-
tion. There are a number of keratinocyte-specific gene-deficient
mice that display a hair loss phenotype caused by HFSC
depletion (Benitah et al., 2005; Zanet et al., 2005). However, as
far as we know, characteristic premature hair graying has not
been reported in those mice. It is also interesting that HFSCs
nurture MSCs even though they are derived from a completely
different developmental origin (Nishimura et al., 1999, 2002). A
similar niche function provided by one type of stem cell for

Figure 7. A Schematic Model for HFSCs and
MSC Niche

HFSCs provide COL17A1-dependent niche for
MSCs though TGF-B signaling. APM, arrector pili
muscle.

. B COL17A1

Buige TGF-BC

/ o { Melanocyte Stem Cell another was reported in Drosophila
/ melanogaster testis and mouse bone

marrow during the revision of this paper
(Leatherman and Dinardo, 2010; Mén-
dez-Ferrer et al., 2010; Omatsu et al.,
2010). The maintenance of somatic
stem cell populations in a coherent cell
mass with a specialized tissue organiza-
tion such as in the hair follicle bulge
might be a recurring strategy for somatic
stem cell maintenance. COL17A1 in the
basal cell population of HFSCs (the a6-
integrin™®" population) (Blanpain et al., 2004) is critical not only
for the maintenance of MSCs but also for the suprabasal HFSCs
(a6-integrin'" population), which suggests a common niche
function for basal HFSCs for the maintenance of adjacent
MSCs and HFSCs. Further studies to elucidate the precise niche
properties of HFSCs may clarify additional fundamental mecha-
nisms for the maintenance of stem cell pools as clustered stem
cell populations.

high

EXPERIMENTAL PROCEDURES

Animals

Dct-lacZ transgenic mice (Mackenzie et al., 1997) (a gift from |. Jackson),
Col17a1-knockout mice (Nishie et al., 2007), and Krt14-human COL17A1
transgenic mice (Olasz et al.,, 2007) have been described previously.
Col17a1** and Col17a1*'~ mice are referred to as control mice. CAG-CAT-
EGFP mice (a gift from J. Miyazaki) were bred with Dct™(C®5e¢ mice (a gift
from F. Beermann) to generate compound heterozygotes as described previ-
ously (Osawa et al., 2005). All mice were backcrossed to C57BL/6J. Animal
experiments conformed to the Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Committee of Laboratory
Animal Experimentation.

TGF-BRIl straight knockout mice (a gift from M. Taketo) (Oshima et al., 1996)
were bred with Rag2-deficient mice at the Animal Research Facility of the Insti-
tute of Medical Science, University of Tokyo. Animal care of the line was
carried out in accordance with the guidance of Tokyo University for animal
and recombinant DNA experiments.

Hictal hictarh
r

gy, | ry, and Flow Cytometry Analyses
Paraffin, frozen sections, and whole-mount B-galactosidase staining were per-
formed as previously described (Nishimura et al., 2002, 2005). Additional
details on the methods and antibodies used are provided in the Supplemental
Information. Multicolor flow cytometry analysis for HFSCs was performed with
a FACSCalibur (BD).

Electron Microscopy

For electron microscopy, 20 um cryostat sections were cut and stained in
X-gal solution for 12 hr at 37°C. The sections were postfixed in 0.5% osmium
tetroxide for 30 min, stained with 1% uranyl acetate for 20 min, dehydrated
in a graded ethanol series, and then embedded in epoxy resin. Semithin
sections (1 pm thick) were examined after toluidine blue staining and were
observed by light microscopy. Ultrathin sections were observed with a
JEM-1210 transmission electron microscope (JEOL) at 80 KV.
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Isolation of Melanocytes

Dorsal skin was harvested from 6-day-old CAG-CAT-EGFFP/+;
DctimifCreiBes! tmiCre)Bee mice The skin specimens were incubated in PBS
containing 300 U/ml dispase (Sanko Junyaku) overnight at 4°C, and then
the dermis was removed from the epidermis with a stereomicroscope. The
epidermis was further dissociated by treatment with 0.25% trypsin for
10 min at 37°C. After neutralization with fetal calf serum (FCS), GFP* melano-
cytes were sorted with JSAN (Bay Bioscience).

RNA Isolation and Reverse Transcriptase Polymerase

Chain Reaction

Total RNAs from mouse skin or sorted GFP* melanocytes were isolated with
TRIzol (GIBCO) according to the manufacturer’s instructions. 3 pg total RNA
was used for cDNA synthesis in THERMOSCRIPT RT-PCR System (GIBCO)
according to the manufacturer’s instructions. The following primers were
used for the analysis: mouse Col17a7 (forward primer 5'-actcgcctcticttca
acca, reverse primer 5'-gagcaggacgccatgttatt) and GAPDH (forward primer
5'-accacagtccatgecatcac, reverse primer 5 -tccaccaccctgttgetgta).

Colony-Formation and Adhesion Assays

For the colony-forming assay, keratinocytes from newbom mice were used.
Dorsal skins were incubated in PBS containing 300 U/mi dispase (Sanko
Junyaku) for 1 hr at 37°C, after which the dermis was removed from the
epidermis with a stereomicroscope. The epidermis was further dissociated
by treatment with TrypLE Select (GIBCO) for 10 min at 37°C. The isolated
cells {10° per 6 cm dish) were seeded on 3T3-J2 feeder cells treated with mito-
mycin C. The cells were grown in calcium-free medium {3:1 = calcium-free
DMEM:CnT-57CF.S [Celitec)) supplemented with 1.8 x 10~* M adenine, 1%
antibiotic-antimyotic solution (Sigma), 2 mM L-glutamine, 0.5 ng/ml hydrocor-
tisone, 5 pg/ml insulin, 10~'° M cholera enterotoxin, 10 ng/ml EGF, and 10%
FCS treated with Chelex-100 resin (BioRad) at 32°C in a humidified atmo-
sphere with 8% CO. for a total of 14 days. To visualize the keratinocyte
colonies, the cells were washed with PBS and were then fixed in 4% formalin
for 20 min at room temperature. After further washing in PBS, the cultures were
stained for 5 min at room temperature with crystal violet.

For the adhesion assay, isolated keratinocytes (10° per well in 6-well plates)
were seeded on 3T3-J2 feeder cells treated with mitomycin C or on collagen
I-coated 6-well plates. 12 or 24 hr later, keratinocytes was washed three times
in PBS and were collected with 0.05% trypsin-EDTA. Collected cells were
fixed with 2% formaldehyde for 10 min at 37°C, permeabilized by ice-cold
100% methanol for 30 min, and stained with an Alexa Fluor 488-conjugated
pan-cytokeratin monoclonal antibody (EXBIO). Detection of adherent keratino-
cytes was performed with a FACSCanto Il (BD).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/
j.stem.2010.11.029.
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Background: Kindler syndrome (KS) is a rare, inherited skin disease characterized by blister formation
and generalized poikiloderma. Mutations in KIND1, which encodes kindlin-1, are responsible for KS.
€.1089del/1089+1del is a recurrent splice-site deletion mutation in KS patients.
Objective: To elucidate the effects of c.1089del/1089+1del at the mRNA and protein level.
Methods: Two KS patients with c.1089del/1089+1del were included in this study. Immunofluorescence
analysis of KS skin samples using antibodies against the dermo-epidermal junction proteins was
performed. Exon-trapping experiments were performed to isolate the mRNA sequences transcribed from
genomic DNA harbouring c.1089del/1089+1del. B1 integrin activation in HeLa cells transfected with
truncated KIND1 cDNA was analyzed.
Results: Immunofluorescence study showed positive expression of kindlin-1 in KS skin with c.1089del/
1089+1del mutation. We identified the exon-8-skipped in-frame transcript as the main product among
multiple splicing variants derived from that mutation. HeLa cells transfected with KIND1 cDNA without
exon 8 showed impaired 1 integrin activation. Exon-8-coding amino acids are located in the FERM F2
domain, which is conserved among species, and the unstructured region between F2 and the pleckstrin
homology domain.
Conclusion: This study suggests that exon-8-skipped truncated kindlin-1 is functionally defective and
does not compensate for the defects of KS, even though kindlin-1 expression in skin is positive.

© 2010 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.
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1. Introduction chromosome 20p12.3 [7]. The gene spans 48.5 kb of genomic DNA

and contains 14 coding sequences (exons 2-15) and one non-

Kindler syndrome (KS) is classified as a novel subtype of
epidermolysis bullosa (EB) according to a revised classification of
EB [1] and characterized by photosensitivity, skin fragility, fused
fingers, and generalized progressive poikiloderma [2]. A charac-
teristic histological finding in KS skin is the variability of epidermal
separation and clefting at the epidermal basement membrane
[3,4]. Former studies have confirmed that mutations in COL7A1 are
not a factor in KS patients [3,5].

In 2003, mutations in the KIND1 gene encoding kindlin-1 were
detected in KS patients [6,7]. The KIND1 gene was mapped to

Abbreviations: KS, Kindler syndrome; ECM, extracellular matrix; EB, epidermolysis
bullosa; SCC, squamous cell carcinoma; MASA, mutant-allele-specific amplifica-
tion; PTC, premature termination codon; NMD, nonsense-mediated mRNA decay;
PCR, polymerase chain reaction; DEJ, dermo-epidermal junction.
* Corresponding author. Tel.: +81 11 716 1161x5962; fax: +81 11 706 7820.
E-mail address: natsuga@med.hokudai.ac.jp (K. Natsuga).

coding exon (exon 1) [2,7]. The KIND1 gene is the human homolog
of the Caenorhabditis elegans gene, unc-112, which encodes a
membrane-associated structural/signaling protein that has been
implicated in linking the actin cytoskeleton to the extracellular
matrix (ECM) [7,8]. Kindlin-1 deficiency is associated with
cutaneous basement membrane zone abnormalities and reduced
integrin activation [9]. Also, kindlin-1 is necessary for lamellipodia
formation in vitro, which is mediated by RhoGTPase signaling [10].
To date, more than 30 different loss-of-function mutations in
KIND1 have been reported [2].

Splicing is a common mRNA modification after transcription, in
which introns are removed and exons are joined. This is mandatory
for typical eukaryotic mRNA before it can be used to produce an
accurate protein through translation. Nucleotide alterations in
positions close to the spliced sites affect correct splicing of the
mRNA transcript and result in complete skipping of the exon,
retention of the intron, or the introduction of a new splice site

0923-1811/$36.00 © 2010 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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within an exon or intron. Several methods are available to predict
the consequences resulting from splice site mutations, such as the
use of neural network software [11] (http://www.fruitfly.org/
seq_tools/splice.html) and GeneSplicer software [12] (http://
cbcb.umd.edu/software/GeneSplicer/). However, these programs
cannot distinguish between pseudo and real splice sites [13];
therefore, other functional testing is necessary to correctly predict
the mRNA products. Use of an exon-trapping system (Invitrogen,
Carlsbad, CA) is one such approach for directly isolating
transcribed mRNA sequences from genomic DNA [14]. This system
is areliable and easy-to-use tool for assessing the effects of splice-
site mutations on mRNA splicing in cell cultures [15].

This study highlights a recurrent c.1089del/1089+1del in KIND1
in KS patients. To elucidate the pathogenic effects of this deletion
mutation on mRNA splicing, exon-trapping experiments were
performed. We found that in-frame exon-8-skipped transcripts
were produced by c.1089del/1089+1del defects. Immunofluores-
cence analysis of the patient’s skin showed positive kindlin-1
staining, which might have resulted from exon-8-skipped kindlin-
1. In vitro analysis using living cells revealed the expression of
truncated kindlin-1 lead to impaired activation of 31 integrin. This
study clarifies the complex sequelae resulting from a splice-site
deletion mutation and provides greater understanding of the
pathomechanisms involved in KS disease.

2. Materials and methods
2.1. Mutation detection

gDNA was extracted from the patient's peripheral blood cells.
The mutation detection strategy was implemented after polymer-
ase chain reaction (PCR) amplification of all exons and the intron-
exon border of KIND1, followed by direct automated sequencing
using an ABI Prism 3100 genetic analyzer (Advanced Biotechnol-
ogies, Columbia, MD). Oligonucleotide primers and PCR conditions
used in this study are described elsewhere [7]. The genomic DNA
nucleotides, the complementary DNA nucleotides, and the amino
acids of the protein were numbered based on the following
sequence information: GenBank accession no. NM_017671 [7].

2.2. Mutant-allele-specific amplification analysis

To verify the c.1761T>A mutation, using PCR products as a
template, mutant-allele-specific amplification (MASA) analysis was
performed with mutant-allele-specific primers carrying the substi-
tution of two bases at the 3’-end mutant-allele-specific primers
[16,17]: forward, 5'-ACATTCTGGGAGTTTCATGA-3'; reverse, 5'-
CAATTCTGAGGGACACACAT-3'. Only the 179-bp fragment derived
from the mutant allele was amplified with these primers.

2.3. Electron microscopy

Electron microscopy was performed as previously described
[18,19]. Briefly, skin biopsy samples were fixed in 2% glutaralde-
hyde solution, post-fixed in 1% OsQy, dehydrated, and embedded
in Epon 812. The samples were sectioned at 1 pm thickness for
light microscopy and thin sectioned for electron microscopy
(70 nm thick). The thin sections were stained with uranyl acetate
and lead citrate, and examined in a transmission electron
microscope.

2.4. Antibodies

The following antibodies (Abs) were used: monoclonal antibody
(mAb) HD1-121 against the rod domain of plectin; mAbs GoH3 and
3E1 against a6 and 34 integrins, respectively (Chemicon Interna-

tional, CA); mAb GB3 against laminin 332 (Sera-lab, Cambridge, UK);
mAb LH7.2 against type VII collagen (Sigma, St. Louis, MO); mAb
PHM-12+CIV22 against type IV collagen (NeoMarkers, Fremont, CA);
$1193 against BP230; mAb HDD20 against type XVII collagen; anti-
kindlin-1 Ab (ab68041) that recognizes the C-terminus of kindlin-1
(Abcam, Cambridge, UK); unconjugated and horseradish peroxidase
conjugated anti-V5 Abs (Invitrogen); and mAbs 4B7R and 12G10
against 1 integrin (Abcam, Cambridge, UK). The following
secondary antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit Ab (Jackson Immuno Research,
West Grove, PA); FITC-conjugated goat anti-mouse Ab (Jackson
Immuno Research); and TIRTC-conjugated goat anti-mouse Ab
(SouthernBiotech, Birmingham, AL); horseradish peroxidase-conju-
gated goat anti-mouse Ab (Jackson Immuno Research). mAb GoH3
was a kind gift from Dr. A. Sonnenberg of the Netherlands Cancer
Institute. mAbs HD1-121 and HDD20 were kind gifts from Dr. K.
Owaribe of Nagoya University. The antibody S1193 was a kind gift
from Dr. J.R. Stanley of the University of Pennsylvania.

2.5. Skin immunofluorescence studies

Indirect immunofluorescence analysis using a series of anti-
bodies against antigens at the dermo-epidermal junction (DEJ) and
cryostat skin sections was performed as previously described
[3,20].

2.6. Exon-trapping experiments

Exon-trapping (Invitrogen, Carlsband, CA)is an approach used for
the direct isolation of mRNA sequences transcribed from gDNA. To
generate a KIND1 genomic fragment extending from intron 6 to
intron 9, we synthesized two primers (5-GAATTCCTGAGCT-
GAAGTTTGCTGCA-3' and 5-GGATCCACCTTTGAACCATGAACCTG-
3’) which contained the respective restriction enzyme sites: EcoRI
and BamHI. PCR were performed using the patient's gDNA as a
template. The DNA fragment was digested with EcoRI and BamHI
and subcloned into the multi-cloning site of a pSPL3 expression
vector, which contained a portion of the HIV-1 tat gene, an intron,
splice donor and acceptor sites, and some flanking exon sequences.
Sequence analysis selected constructs with or without the splice site
mutation ¢.1089del/c.1089+1del. The constructs were transfected
into HaCaT cells using lipofectamine LTX (Invitrogen) according to
the manufacturer’s instructions. Total RNA was extracted from the
cultured cells and RT-PCR was performed using the trapping vector-
specific oligonucleotide primers. The samples without transfection
of the SPL3 were used as controls. The PCR products were subcloned
into a TA cloning vector pCRII (Invitrogen).

2.7. In vitro analysis of truncated KIND1

cDNA containing the entire coding region of KIND1 (FEMT1wt)
was subcloned into the pcDNA3.1V5-His vector (Invitrogen).
KIND1 cDNA without exon 8 was subcloned to generate the same
vector minus exon 8 (KIND1delex8) using PCR methods and the
following flanking KIND1 c¢DNA primers: sense, 5-GAGGACAT-
TACTGATATCCC-3', anti-sense, 5'-CTGTAGAGCTGCAAAGATCA-3'.
Two different KIND1wt and KIND1delex8 transfections were
performed into Hela cells, using Lipofectamine LTX (Invitrogen).
For immunoblotting, HeLa cells 24 h after transfection were lysed
in Laemmli buffer [21], cell debris was removed by centrifugation,
and supernatant was collected. SDS-PAGE and immunoblotting
were performed using standard techniques. For immunofluores-
cence, Hela cells at 24 h after transfection were washed with
phosphate-buffered saline and fixed with methanol. All cells were
observed using a confocal laser scanning microscope (Olympus
Fluoview FV300).
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The medical ethics committee of Hokkaido University approved
all described studies. The study was conducted according to
Declaration of Helsinki Principles. The patients gave their written
informed consent. )

3. Results
3.1. Case description

Patient 1 was a 40-year-old Japanese male. He was the first child
of non-consanguineous, healthy parents. Generalized skin fragility
had been seen since infancy and early childhood. Physical
examination revealed extensive poikiloderma with reticular pig-
mentation involving the entire skin surface (Fig. 1a). Pseudo-ainhum
was noted on the left middle, ring and small fingers (Fig. 1b). He
developed cutaneous squamous cell carcinoma (SCC) on his right
palm at the age of 27. A wide local excision was performed on the
SCC, but the carcinoma recurred four times (Fig. 1c) and was treated
with additional local excision and radiation therapy.

Ultrastructural observation of the skin specimen from Patient 1
revealed scattered lamina densa reduplication (Fig. 1d). The
ultrastructural appearance of the basal lamina, including the
anchoring fibrils and hemidesmosomes, was normal (Fig. 1d).

3.2. Recurrent c.1089del/1089+1del KIND1 mutation in Japanese KS
patients

KIND1 mutation analysis revealed that Patient 1 was compound
heterozygous for c.1761T>A (p.Tyr587X) (Fig. 2a) and c.1089del/
1089+1del (Fig. 2b). Mutant-allele-specific amplification (MASA)
analysis demonstrated that a 179-bp fragment derived from the
mutant allele containing c.1761T>A was amplified from the
patient’s gDNA, but not from the DNA of normal controls (Fig. 2c).
¢.1089del/1089+1del was confirmed by TA-cloning (Fig. 2d).
c.1761T>A (p.Tyr587X) was novel, and c.1089del/1089+1del had
been described in two unrelated Japanese KS patients, who were
homozygotes for that mutation [7].

3.3. Kindlin-1 expression in KS skin with c.1089del/1089+1del

Kindlin-1 labelling of Patient 1's skin showed linear staining
at the DE] with weak labelling at the cell periphery in the basal
keratinocytes (Fig. 3a), which was not distinctly different from
normal human skin (Fig. 3i). Skin specimens from another
Japanese KS patient (Patient 2), who is homozygous for
€.1089del/1089+1del, revealed the same kindlin-1 labelling
pattern (Fig. 3e). Patient 2 was described in previous reports
[3,7]. Briefly, she was a 38-year-old Japanese female with a
history of photosensitivity, blister formation, fusion of the
fingers, and esophageal and vaginal stenosis. Her clinical
manifestation was extensive poikiloderma involving the entire
skin surface [3].

Skin specimens from Patient 1 showed a thin linear expression
pattern for all basement membrane proteins including 6 and B4
integrins, plectin, BP230, and type XVII collagen, using specific
antibodies (data not shown). Laminin 332, type IV collagen and
type VII collagen also revealed a thin linear labelling pattern
(Fig. 3b-d). None of the immunohistochemical findings of
interrupted or reduplicated dermo-epidermal junction that
characterize typical KS were seen (Fig. 3b-d). On the other hand,
laminin 332, type IV and VII collagen labelling of skin specimens
from Patient 2 showed typical dermo-epidermal junction inter-
ruption, as previously described [3] (Fig. 3f-h).

3.4. In-frame skipping of exon 8 resulting from c.1089del/1089+1del

€.1089del/1089+1del was located at the splicing cryptic site. To
analyse the transcripts resulting from c.1089del/1089+1del, a
previously reported exon-trapping system was used [22,23]. We
inserted the genomic fragments with or without c.1089del/
1089+1del mutation into the pSPL3 vector, transfected these
constructs into HaCaT cells and prepared total RNA from the cells.
We then synthesized cDNA and amplified the extracted exons by
PCR using vector-specific primers. PCR products were subcloned
into TA-vector and sequenced. Sequence analysis revealed that all

o

Fig. 1. Clinical and ultrastructural features of Patient 1. (a) Generalized poikiloderma is observed. (b) Pseudo-ainhum is seen from the left middle to little fingers. The middle
and ring fingers are partly fused. (c) Recurrent squamous cell carcinoma (arrow) on the right palm at the age of 38. (d) Ultrastructural features of the skin specimens from
Patient 1. Epidermal-dermal separation is not observed. Some reduplication of lamina densa is seen (arrows). No apparent abnormalities in hemidesmosomes and anchoring

fibrils are detected (bar: 5 wm).
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Fig. 4. Transcripts resulting from ¢.1089del/1089+1del. Wild-type (a) and mutant (b-g) sequences were subcloned in exon-trapping vector pSPL3 and transfected into HaCaT
cells. Transcripts were derived from the pairing of vector and cloned splice signals. Boxes represent exons, blue underlines are splice sites (SD: splice donor site; SA: splice
acceptor site) and black underlined regions are amino acids. Guanines at the exon 8/intron 8 boundary are in red. (a) The wild-type transcript contains exons 7, 8 and 9. (b) In
transcript 1(45 of 51 clones), exon 8 is skipped, and exon 7 is directly connected to exon 9. (c) In transcript 2 (1 of 51 clones), an exonic guanine is deleted at the 3’ end of exon
8, which results in frameshift and a premature termination codon (PTC). (d) In transcript 3 (1 of 51 clones), a new cryptic donor site within intron 8 is activated between nts
1089 +240and 1089 + 241. (e) Transcript 4 (2 of 51 clones) shows a new splice donor site within exon 8 between nts 1006 and 1007. (f) In transcript 5 (1 of 51 clones), another
new splice donor site within exon 8 between 1066 and 1067 is activated. (g) Transcript 6 (2 of 51 clones) reveals a new splice donor site within exon 8 between 1066 and 1067

with duplication of nts 1065 and 1066 (AG).

c¢DNA (KIND1wt) (Fig. 5a). Total and activated 31 integrin was
assessed as described previously [9]. Total surface B1 integrin
detected by the mouse monoclonal anti-1 integrin Ab (4B7R) was
similar in the cells transfected with KIND1wt (Fig. 5b) and those
transfected with KIND1delex8 (Fig. 5c). Localization of active B1
integrin labelling using the mouse monoclonal anti-B1 integrin Ab
(clone 12G10) at focal adhesions was observed in the cells
transfected with KIND1wt (Fig. 5d). However, active B1 integrin
localized mostly at cytoplasms in the cells transfected with
KIND1delex8 (Fig. 5e).

4. Discussion

Although the gene responsible for KS (KIND1) is now known, the
complete KS pathomechanism has not been fully clarified. Our
study revealed that the typical KS phenotype developed in KS
patients with ¢.1089del/1089+1del possibly through defective 31
integrin activation even though kindlin-1 staining is positive as a
result of the truncated protein.

KIND1 mutational analysis of Patient 1 identified one novel
nonsense mutation c.176 1T>A (p.Tyr587X). This nonsense mutation
is thought to be targeted by nonsense-mediated mRNA decay (NMD).
We alsoidentified a recurrent mutation, c.1089del/1089+1del [7]. As
two guanines exist at the exon/intron 8 boundary, it is impossible to
determine whether the deleted guanine is from exon 8 or from intron
8 at the genomic DNA level. ¢.1089del, i.e. a guanine deletion from
exon 8, predicts a frame-shifting change with leucine-97 as the first
affected amino acid (p.Leu363fs) at the protein level [7]. Conversely,
¢.1089+1del, i.e. a guanine deletion from intron 8, should result in a
splice donor site mutation [7]. The exon-trapping experiments in this
study showed multiple transcripts produced by c¢.1089del/
1089+1del. Exon 8 skipping produced a major transcript resulting
from c.1089del/1089+1del (transcript 1, Fig. 4b).

Under immunofluorescence analysis, the skin specimens from
Patient 1 and 2 tested positive for kindlin-1 (Fig. 3a and e). There
are some reports describing KS patients with positive kindlin-1
staining [2,24]. From the data on transcripts from c.1089del/
1089+1del, transcript 1 (in-frame deletion of exon 8, Fig. 4b) and
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at the DEJ is thought to correspond to marked reduplication of the
lamina densa as a typical ultrastructural feature of KS patients [3].
Ultrastructural observation of Patient 1 also showed some lamina
densa reduplication, but the extent was milder than that of typical
KS (Fig. 1d). Limited reduplication of the lamina densa could
explain the thin, linear labelling of laminin-332, type IV collagen
and type VII collagen in Patient 1. However, the finding that skin
specimens from Patient 2, who is homozygous for c.1089del/
1089+1del, showed a broad reticular pattern at the DE] (Fig. 3f-h)
indicate that the presence of truncated kindlin-1 at the DE]J is not a
cause of the linear thin immunofluorescence staining pattern of
DEJ and the mild ultrastructural findings.

In summary, we have described a recurrent splice-site deletion
mutation in KIND1 in KS. The splice-site deletion produces multiple
transcripts, most of which translatable into polypeptides that are
encoded by the downstream exons. Although positive kindlin-1
staining in skin can therefore result from those transcripts, clinical
manifestations of KS patients with c¢.1089del/1089+1del are as
severe as those of KS with nonsense mutations because of defective
integrin activation. This study, illumining the complicated
pathomechanisms of KS, suggests that truncated kindlin-1 is
functionally defective and cannot compensate for defects of KS.
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Abstract: Intracellular reactive oxygen species (ROS) and
apoptosis play important roles in the ultraviolet (UV)-induced
inflammatory responses in the skin. Metal nanoparticles have been
developed to increase the catalytic activity of metals, which is
because of the large surface area of smaller particles. Platinum
nanoparticles (nano-Pt) protected by poly acrylic acid were
manufactured by reduction with ethanol. A marked increase in
ROS production was observed in UV-treated HaCaT keratinocytes
cell lines, while a decrease in ROS production was observed in
nano-Pt-treated cells. Pretreatment of the cells with nano-Pt also
caused a significant inhibition of UVB- and UVC-induced

apoptosis. Furthermore, we found that mice treated with nano-Pt
gel prior to UV irradiation showed significant inhibition of UVB-
induced inflammation and UVA-induced photoallergy compared
to UV-irradiated control mice. These results suggest that nano-Pt
effectively protects against UV-induced inflammation by
decreasing ROS production and inhibiting apoptosis in
keratinocytes.

Key words: apoptosis — platinum nanoparticles — reactive oxygen
species — skin — ultraviolet
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Introduction

Skin is a major target for toxic insult by a broad spectrum
of ultraviolet (UV) radiation that is capable of altering its
structure and function. Photodamaged skin exhibits wrin-
kles, pigmented spots, dryness, and tumors. UV radiation
has been reported to generate reactive oxygen species
(ROS), such as singlet oxygen, superoxide radicals, hydro-
xyl radicals, and hydrogen peroxide, in a variety of cells
(1), and intracellular ROS are thought to play an important
role in UV-induced inflammatory responses in the skin.
Both short-wavelength UVC (200-280 nm) and UVB (280-
320 nm) as well as long-wavelength UVA (320-400 nm)
produce ROS, which can lead to cell damage when the bal-

Abbreviations: AA, ascorbic acid; IL, interleukin; MIF,
macrophage migration inhibitory factor; MMP, mitochondrial
membrane potential; nano-Pt, platinum nanoparticles; ROS,
reactive oxygen species; TNF, tumor necrosis factor; UV,
ultraviolet; LFLX, lomefloxacin hydrochloride.

ance between the prooxidant stimuli and cellular antioxi-
dant defenses is impaired (2,3).

The skin has a complex defense system of enzymatic and
non-enzymatic components to counter the adverse biologi-
cal effects of ROS. As the first defense, ROS are reduced by
antioxidant enzymes, such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase, as well as endogenous
and exogenous small molecules, including glutathione and
vitamins C and E. When biomolecules are oxidized, they
are repaired or replaced by biological protective systems.
Nevertheless, biomolecules are gradually irreversibly oxi-
dized, and accumulation of these biomolecules over time
impairs biological functions, eventually leading to ageing
and age-related diseases (4,5). Sunscreen use is a widely
accepted method of primary prevention against skin cancer,
sunburn, and photoageing. In fact, antioxidant compounds
used in these products seem to function as protective
substances against UV-induced ROS in the skin. Topical
antioxidants, such as the flavonoid quercetin, have been
reported to diminish UV radiation-mediated oxidative
damage to the skin (6,7). Ascorbic acid (AA), which is the
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most abundant antioxidant in the dermis, has exhibited a
protective effect against oxidative stress.

Metal nanoparticles have been developed to increase the
catalytic activity of metals because of the large surface area
of smaller particles. Some noble metal nanoparticles are
reducing catalysts that may be useful as antioxidants acting
to reduce ROS in a living body. Nanotechnology is of
interest because of the wide application of nanoparticles
not only in material science and engineering but also in
medical science and clinical use. Platinum nanoparticles
(nano-Pt) protected by polyacrylic acid were recently man-
ufactured by reduction with ethanol for 2 h (8). Nano-Pt
are known to function as reductive catalysts; thus, they
may be used as antioxidants to reduce ROS in living organ-
isms. In fact, nano-Pt have the ability to scavenge O,  and
H,0,, indicating that nano-Pt can act as a SOD/catalase
mimetic (8). However, only a few studies have reported the
antioxidant effects of nano-Pt in living organisms,

To elucidate the possible role of nano-Pt in UV-induced
skin damage, we examined their protective effect on UV-
induced ROS production and apoptosis using cultured
keratinocytes. We also investigated the role of topically
applied nano-Pt against UV-induced skin damage in mice.

Materials and methods

Reagents

Anti-Bcl-X; monoclonal antibody (mAb), anti-Bax poly-
clonal antibody (pAb), anti-caspase-3 pAb, and anti-f-actin
Ab were obtained from Santa Cruz Biotechnology,
Inc.(Santa Cruz, CA, USA); nano-Pt were prepared as
described previously (8). Nano-Pt gel was formulated by
mixing 0.02% nano-Pt in water (corresponding to approxi-
mately 1mm) with water and carboxyvinyl polymer
(WAKO, Tokyo, Japan) (nano-Pt:water:carboxyvinyl poly-
mer = 1:8.8:0.2) to yield a 0.002% w/w gel. Other reagents
were of analytical grade.

Cell culture

HaCaT cells, an immortalized, non-tumorigenic human
keratinocyte cell line (9), were maintained in DMEM (Invi-
trogen, Carlsbad, CA, USA) supplemented with 10% foetal
bovine serum and 1% antibiotics at standard cell culture
conditions {37°C, 5% CO, in a humidified incubator).

Mice

Eight-week-old male Balb/c mice were purchased from
Japan Clea (Shizuoka, Japan). These mice were maintained
under specific pathogen-free conditions. All experiments
involving mice were performed in accordance with the
guidelines for the care and use of laboratory animals at the
Hokkaido University Graduate School of Medicine and
University of Toyama.
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UV irradiation

The UVA irradiation source was a FL20S/BLB fluorescent
lamp (Clinical Supply, Tokyo, Japan) that emitted an
energy spectrum with high fluency in the UVA region
(300430 nm), with a peak at 352 nm. A 6-mm-thick
glass plate was used to block UVB emissions. The UVB
light source was a FL20SE30 (Clinical Supply Co., Tokyo,
Japan) fluorescent lamp that emitted 1.0 mW/cm? of UV
radiation between 280 and 370 nm (peak 305 nm) at a
distance of 25 c¢m, as measured by a UV radiometer (To-
rex Co., Tokyo, Japan). The UVC light source was a
615T8 (Sanyo Denki, Tokyo, Japan) fluorescent lamp
that emitted 15 W of UV radiation between 190 and
280 nm (peak 254 nm) at a distance of 25 cm, as mea-
sured by a UV radiometer (Funakoshi Co., Tokyo,
Japan).

Assessment of intracellular ROS

Intracellular ROS were measured using hydroethidine (HE)
(Molecular Probes, Eugene, OR, USA) to detect intracellu-
lar superoxide (O,”) (10). HE is oxidized by O,  within
the cells to produce ethidium bromide, which fluoresces
when it intercalates into DNA. After 30 min of incubation
following different treatments, the cells were stained with
either 2 um HE and incubated for 15 min at 37°C in dark-
ness. Fluorescence emission of the resulting dyes was then
analysed by flow cytometry.

Assay of DNA fragmentation

For the detection of apoptosis, the percentage of DNA frag-
mentation was assessed 24 h post treatment using the
method of Sellins and Cohen (11) with minor modifica-
tions. In brief, approximately 3 x 10° cells were lysed using
200 pl of lysis buffer and centrifuged at 13 000 g for
10 min. Subsequently, DNA from each sample in the
supernatant, and pellet was precipitated in 12.5% trichloro-
acetic acid (TCA) at 4°C overnight and quantified using
the diphenylamine reagent after hydrolysis in 5% TCA at
90°C for 20 min. The percentage of fragmented DNA for
each sample was calculated as the amount of DNA in the
supernatant divided by the total DNA for that sample
(supernatant plus pellet).

Assessment of early apoptosis and secondary
necrosis

To determine the amount of early apoptosis and secondary
necrosis, cells were collected 24 h post treatment and
simultaneously stained with propidium iodide- and fluores-
cein isothiocyanate (FITC)-labelled annexin V, according to
the instructions of the annexin V-FITC kit (Immunotech,
Marseille, France) and finally, analysed with a flow cytome-
ter (Beckman-Coulter EPICS XLTM) (12).
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Measurement of mitochondrial membrane
potential (MMP)

To measure changes in MMP, control cells and cells treated
with nano-Pt (100 um), HT, and a combination of both
were collected at 6 h post treatment. The cells were then
stained with 10 nm tetramethylrhodamine methyl ester
(TMRM) (Molecular Probes, Eugene, OR) for 15 min at
37°C in phosphate-buffered saline (PBS) containing 1%
FBS. The fluorescence of TMRM was analysed using flow
cytometry (excitation at 488 nm; emission at 575 nm) (13).

Assay of UVB-induced inflammation and apoptosis
in vivo

The mice were placed in individual compartments of spe-
cially designed cages, and their ears were exposed once to
350 mJ/cm? of UVB radiation. One group was treated with
nano-Pt ointment on the earlobes (0.3 g on each earlobe)
24 h and immediately (two times) prior to UVB irradia-
tion, while the other group was treated with carboxyvinyl
polymer gel alone. The thickness of each ear was measured
using a spring-loaded micrometre (Mitutoyo, Tokyo,
Japan) to determine the baseline thickness. Ear swelling
was calculated as the difference in ear thickness between
the 24 h and the baseline values (14).

TUNEL assay

After 24 h, 350 mJ/cm?® of UVB-irradiated mouse skin was
obtained and analysed by TUNEL assay according to the
manufacturer’s instructions (R&D Systems). For statistical
analysis, apoptotic cells were counted by light microscopy
(100x) and expressed as the mean number (£SD) of apop-
totic cells per section. Five random fields per section (one
section per mouse, five mice per group) were analysed.

Assay of fluoroquinolone photoallergy

Fluoroquinolone photoallergy is inducible in Balb/c mice
when they are sensitized by systemic administration of lome-
floxacin hydrochloride (LFLX) (2 mg/0.2 ml, i.p.) followed
by 12 J/cm® UVA irradiation of the shaved abdomen and
challenged with systemic quinolone and UVA exposure of
the earlobes (20 J/cm?) (15). One group was treated with
nano-Pt ointment on the earlobes (0.3 g on each earlobe)
24 h before and immediately (two times) prior to UVA chal-
lenge, while the other group was treated with carboxyvinyl
polymer gel alone. Ear thickness was measured using an engi-
neer’s micrometre 6-10 days after the challenge and com-
pared with ear thickness before the challenge.

Histological observation

Ears were fixed in 10% PBS-buffered formalin, and paraffin

sections were stained with haematoxylin and eosin and

examined by light microscopy to assess histological
- changes.

Northern blot analysis

Total cellular RNA was isolated from epidermis using the
Isogen extraction kit according to the manufacturer’s
instructions. The epidermis was separated from the dermis
by incubation in 0.5% dispase in RPMI-1640 at 37°C for
1 h. RNA was quantified spectrophotometrically, and equal
amounts of RNA (10 pg) from samples were loaded on a
formaldehyde-agarose gel. The gel was stained with ethidi-
um bromide to visualize the RNA strands, and the RNA
was transferred onto a nylon membrane. Fragments
obtained by restriction enzyme treatments for tumor necro-
sis factor (TNF)-o, interleukin (IL)-1f, macrophage migra-
tion inhibitory factor (MIF), and GAPDH were labelled
with [0-?*P]dCTP using a DNA random primer labelling
kit. Hybridization was performed using the mouse MIF
cDNA probe as described previously. The cDNA probes for
TNF-o were 5-TCTCATCAGTTCTATGGCCC-3" (forward)
and 5-GGGAGTAGACAAGGTACAAC-3" (reverse) and for
IL-18  were 5-CCCATACTTTAGGAAGACACGGATT-3’
(forward) and 5-TCATGGGATGATGATGATAACCTGCT-
3’ (reverse). The membrane was washed twice with 2x SSC
(16.7 mm NaCl, 16.7 mm sodium citrate) at 22°C for
5 min, twice with 0.2x SSC containing 0.1% SDS at 65°C
for 15 min, and twice with 2x SSC at 22°C for 20 min
prior to autoradiography. The density of cytokine bands
was normalized by the GAPDH intensities.

Western blot analysis

Cells were collected and washed with cold PBS. They were
lysed at a density of 1 x 10° cells/50 ul of RIPA buffer (1 m
Tris-HCl, 5 m NaCl, 1% Nonidet P-40 (v/v), 1% sodium
deoxycholate, 0.05% SDS, 1 mm phenylmethyl sulfonyl
fluoride) for 20 min. Following brief sonification, the lysates
were centrifuged at 12 000 g for 10 min at 4°C, and the pro-
tein content in the supernatant was measured using the Bio-
Rad protein assay kit (Bio-Rad, Hercules, CA, USA). Protein
lysates were denatured at 96°C for 5 min after mixing with
5 pl SDS-loading buffer, applied on an SDS-polyacrylamide
gel for electrophoresis, and transferred to nitrocellulose
membranes. Western blot analysis was performed to detect
Bcl-X;, Bax, and caspase-3 expression using specific anti-
bodies. Band signals were visualized on X-ray film using
chemiluminescence ECL detection reagents (Amersham
Biosciences, Buckinghamshire, UK) (16). Band density was
quantified by a BIO-ID image analyzer, and the relative
amounts of proteins associated with specific antibodies were
normalized according to the intensities of ff-actin.

Measurement of intracellular Pt content

The cells (1 x 107 cells) treated for 24 h with or without
nano-Pt (100 pum) were collected by centrifugation, and the
pellets were frozen. After thawing, each sample was placed in
a glass vessel and reconstituted in nitric acid and hydrogen
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peroxide (1:1). The solutions were evaporated to dryness on
a hot plate and then, the residues were dissolved in dilute
aqua regia (4 vol. %). Quantitative analysis of Pt for each
solution was performed using inductively coupled plasma
mass spectrometry (Model ELAN DRC II: Perkin Elmer
SCIEX; Perkin Elmer Inc., Franklin, MA, USA).

Statistical analysis

Differences between the various treatments were statistically
analysed using Student’s r-test. For comparisons of multiple
groups, one-way ANOVA was applied to the data. Further-
more, P values <0.05 were considered statistically signifi-
cant. Data in the figures are shown as the mean *+ SD of
several experiments.

Results

Effects of nano-Pt on ROS production

We examined the effects of nano-Pt on UV-induced ROS
production in keratinocytes. HaCaT cells were UV-treated
with or without nano-Pt at different concentrations for
24 h, and flow cytometry with HE staining was used to
detect ROS production in these cells. A marked increase in
the production of O, was observed 30 min after UV treat-
ment in the cells. Nano-Pt at 100 um concentration signifi-
cantly inhibited each UV-induced O, (P < 0.001) (Fig. S1).
Therefore, we used nano-Pt at 100 um concentration for
next series of experiments. The percentage of cells producing
O, increased after UVA, UVB, and UVC irradiation dose
dependently. Nano-Pt significantly inhibited UV-induced
0,” [UVA 20]J/cm* 362 +21% (P<0.001), UVB
60 mJ/cm’ 26.0 + 1.6% (P < 0.05), and UVC 60 mJ/cm?
42.7 + 10.8% (P < 0.001)] (Fig. S1).

Effects of nano-Pt on UV-induced apoptosis

To investigate whether nano-Pt have the ability to protect
against UV-induced apoptosis, HaCaT cells were UV-trea-
ted with or without nano-Pt (100 um) for 24 h, and the
effects were determined by evaluating DNA fragmentation
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Figure 1. Effects of nano-Pt on ultraviolet-induced apoptosis. Cells
were treated with UVA (5-20 J/cm?), UVB (20-80 m)/cm?), and UVC
(20-80 mJ/cm?) with or without nano-Pt (100 ) for 24 h. DNA
fragmentation assay was performed after 24-h incubation at 37°C.
Data are presented as mean + SD (n = 5). *P < 0.05, **P < 0.01. Data
shown are representative of three independent experiments.
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in the cells. When these cells were pretreated with nano-Pt
for 24 h, UVB- and UVC-induced apoptosis was signifi-
cantly inhibited. On the other hand, nano-Pt had little
effect on UVA-induced apoptosis, nano-Pt had only effec-
tive on 5 J/cm® UVA irradiation (Fig. 1). Annexin V-FITC-
propidium iodide staining was used as a parameter for
detecting apoptotic cell death, and the number of early
apoptotic cells increased after UVB (20 and 40 mJ/cm?)
and UVC (20 and 40 mJ/cm?) irradiation. Treatment with
nano-Pt (100 um) before UVB and UVC irradiation
reduced the number of early apoptotic cells compared to
UVB or UVC alone (Fig. 2). On the other hand, nano-Pt
had no effect on UV-induced secondary necrosis.

Expression of apoptosis-related proteins

Next, we evaluated changes in apoptotic marker proteins as
a result of UV irradiation and exposure to nano-Pt
(100 um). The relative density of Bax, Bcl-X;, and procas-
pase-3 to f-actin, calculated by integrating the density
values of these three proteins, was similar in all the treated
groups. The relative density of Bax to f-actin was 3.2 and
2.1 in samples irradiated with UVB and UVC, respectively.
Nano-Pt decreased UVB- and UVC-induced Bax expression
(UVB, 1.5; UVC, 1.7). The relative density of Bcl-X to
f-actin was 0.08 in the UVB-irradiated samples. Further-
more, nano-Pt resulted in an increase in the UVB-induced
Bcl-X expression (0.1) but did not alter the UVC-induced
Bcl-X, expression level. However, UVA irradiation did not
alter Bax and Bd-X; expression levels. Expression of
procaspase-3 decreased because of UVB and UVC irradi-
tion and increased because of nano-Pt (Fig. 3). On the
other hand, nano-Pt had no effect on Bax, Bcl-X;, and
procaspase-3 expression by UVA irradiation.

Effects of nano-Pt on Fas and the mitochondrial
pathway

To examine the effects of nano-Pt on Fas externalization,
cells were treated with or without 100 um of nano-Pt for
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Figure 2. Effects of nano-Pt on ultraviolet (UV)-induced early apoptosis
and secondary necrosis. Cells were treated with UVA, UVB, and UVC
with or without nano-Pt (100 um) for 24 h. Percentages of early
apoptosis and secondary necrosis were analysed 24 h after UV
treatment by flow cytometry. Data are presented as mean =+ SD (n = 5).
*P < 0.05, **P < 0.01. Data shown are representative of three
independent experiments.
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Figure 3. Ultraviolet-induced expression of apoptosis-related proteins.
Immunoblot analysis of various apoptosis-related proteins in cells
exposed to UVA, UVB, and UVC with or without nano-Pt (100 um). Cell
extracts were subjected to 5-20% SDS-PAGE and immunoblotted with
antibodies against cleaved Bax, Bcl-X,, caspase-3, and g-actin.
Densitometry data, standardized by f-actin are presented below the
band. Data shown are representative of three independent experiments.

24 h. Nano-Pt had no effect on UV-induced Fas produc-
tion. Next, the effects of nano-Pt on the loss of mitochon-
drial membrane potential (A¥m), which is an endpoint of
apoptosis, were examined in HaCaT cells exposed to UV.
Significant decrease in the loss of AWm was observed
(14.6 = 3.1%; P < 0.01) when compared to UVB irradia-
tion alone (Table 1).

Measurement of intracellular Pt content

When the intracellular content of Pt in samples was mea-
sured by inductively coupled plasma mass spectrometry,
the values were 200 ng for treated cells and <0.05 ng for
untreated control cells. Thus, intracellular incorporation of
Pt was observed.

Table 1. Effects of nano-Pt endpoints of apoptosis

 MMP (%)

Fas (%)

Control 5.0+ 0.1 5.0+0.1

Pt + (100 pm) 5.1+0.2 . 46204

UVA (20 J/cm?) 216+ 09 258+ 1.6

Pt + UVA (20 J/cm?) 20.7 £ 0.5 $233%20

UVB (40 mJ/cm?) 156+ 2.6 198+12
Pt + UVB (40 m)/cm?) 13213 14.6 +3.1*
- UVC (40 mi/cm?) 125+2.8 9.6+0.7

Pt + UVC (40 mJ/cm?) 103417 92+08

- Cells were ultraviolet (UV) treated with or without nar
for 24 h. The percentages of fraction of Fas posutwe cells are ana-
lyzed after UV treatment by flow cytometry usmg anti-Fas FITC anti-
body staining, and the percentages of loss of MMP are analyzed _
after UV treatment by flow cytometry using TMRM stalnlng The
results are presented as the mean = SD (n = 5).

*P < 0.01 vs UVB (40 mJ/cm?).
MMP, mitochondrial membrane potentlal

Effects of nano-Pt on UVB-mediated inflammation
and apoptosis in mice

To present these results in an in vivo context, we analysed
the role of nano-Pt ointment in UV-induced skin inflam-
mation in mice. We assessed UVB irradiation—-induced
inflammation on the earlobes of mice. Twenty-four hours
after 350 mJ/cm? UVB irradiation, the ear swelling in mice
pretreated with nano-Pt gel was significantly decreased
compared to that in UVB-irradiated control mice treated
with carboxyvinyl gel polymer (P < 0.01) (Fig. S2). Immu-
nochemical analysis demonstrated that a large number of
TUNEL-positive cells were detected in the control mice
after UVB irradiation, whereas few TUNEL-positive cells
were detected in nano-Pt-treated mice (P < 0.01)
(Fig. 5b,c). Thus, the nano-Pt-treated mice demonstrated a
significantly smaller number of apoptotic cells than the
control mice.

Effects of nano-Pt on photoallergy to LFLX plus
UVA irradiation in mice

Subsequent studies were aimed to assess whether nano-Pt
inhibit UVA-induced photoallergy. Fluoroquinolone pho-
toallergy can be induced in Balb/c mice by sensitizing them
by systemic administration of LFLX (2 mg/0.2 ml, i.p.), fol-
lowed by 12 J/cm?® UVA irradiation of the shaved abdomen,
and posing a challenge using systemic quinolone and UVA
exposure of the earlobes (20 J/cm?). Significant ear swelling
was observed in the positive control mice treated with carb-
oxyvinyl polymer gel, but this response was inhibited in the
earlobes of mice treated with nano-Pt gel prior to UVA
irradiation (P < 0.001) (Fig. S3). Histological evaluation
demonstrated that nano-Pt-treated mice had reduced cuta-
neous oedema, leucocyte infiltration, and hyperplasia even
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on day 5 (Fig. $3). Northern blot analysis of the proinflam-
matory cytokine mRNA levels in the earlobes on day 5
showed decreased TNF-a, IL-1,8, and MIF expression in the
nano-Pt-treated skin when compared to the positive control
mouse skin (Fig. S3).

Discussion

UV irradiation of the skin results in a variety of injuries
involving inflammatory and repair reactions, free radical
reactions, and apoptosis. These injuries include immediate
consequences, such as erythema and pigmentation, as well as
delayed changes, such as cellular DNA mutations, hyperpla-
sia, and carcinogenesis (17). ROS produced by UV radiation
have the potential to damage critical cellular components,
such as DNA, proteins, and lipids, eventually causing physi-
cal and chemical damage to skin tissues that may lead to cell
death. To counteract oxidative injury, the skin is equipped
with a network of enzymatic and non-enzymatic antioxidant
systems, such as tocopherols and ascorbate polyphenols (18).
This study demonstrated that treatment with nano-Pt
reduced production of O,~ in HaCaT cells before UV irradi-
ation. Metal nanoparticles have been developed to increase
the catalytic activity of metals because of the large surface
area of smaller particles. Because nano-sized particles can
reflect shorter wavelengths (UV light) (19), nanoparticles in
the form of TiO, and ZnO have been used in sunscreen
preparations to protect human skin physically. However,
nano-Pt have been expected to protect human skin both
physically and chemically owing to their SOD/catalase
mimetic activity (8). Furthermore, compared to other metal
nanoparticles, nano-Pt function as high reductive catalysts
and may thus act as antioxidants to reduce ROS (8).
Recently, Onizawa et al. demonstrated that treatment of
alveolar-like A549 cells with nano-Pt inhibited cell death
after exposure to a cigarette smoke extract, These results sug-
gest that nano-Pt act as antioxidants that inhibit pulmonary
inflammation induced by acute cigarette smoking (20). Fur-
thermore, it has been demonstrated that nano-Pt prolonged
the lifespan of worms, regardless of thermotolerance or die-
tary restriction (21). In this context, we suggest that nano-Pt
are effective in reducing ROS production in UV-irradiated
keratinocytes. Therefore, nano-Pt may have interesting anti-
skin ageing properties.

Because DNA fragmentation, an endpoint of apoptosis,
has been observed in human keratinocytes and HaCaT cells
under certain conditions (22-24), we aimed at checking
apoptosis-induction profile following different treatments
using DNA fragmentation assay. The results revealed the
occurrence of significant DNA fragmentation in HaCaT
cells after UV irradiation. In this study, HaCaT cells irradi-
ated with UVA, UVB, and UVC at different wavelengths
demonstrated dose-dependent apoptosis following UVB and
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UVC exposure only, whereas no significant apoptosis was
detected after UVA irradiation. Although UVA was shown
to elevate intracellular superoxide production, it also
induced delayed and sustained activation of extracellular
signal-regulated kinase (ERK), which is apoptotic suppres-
sor (25), and upregulation of the antiapoptotic protein
Bcl-X;, by p38 MAPK activation (26). These simultaneous
and opposing effects resulted in alleviation of the apoptotic
stimulus. When HaCaT cells were irradiated with UVB and
UVC in the presence of nano-Pt, UV-induced apoptosis was
partially suppressed at 20 and 40 mJ/cm’ in both cases.
Because nano-Pt significantly attenuated superoxide forma-
tion in cells treated with UVA, UVB, and UVC but had no
effect on peroxide formation, we concluded that superoxide
plays an essential role in UVB- and UVC-induced apoptosis.
It has been demonstrated that ROS increases the expression
of cell surface Fas in human airway epithelial cells by pro-
moting cytoplasmic transport of Fas (27). Thus, a putative
mechanism of UVB- and UVC-induced apoptosis in HaCaT
cells may involve accelerated recruitment of Fas on the
cell membrane in response to elevated intracellular ROS,
particularly superoxide, produced by UV irradiation. The
apoptotic signal mediated by Fas guides the mitochondrial
pathway and activation of caspase-3.

Similarly, our results demonstrated a significant increase
in Fas expression and decrease in MMP in all UV-treated
cells. On the other hand, a tendency for reduction in Fas
expression and restoration of the decreased MMP content
in the presence of nano-Pt was observed but was without
statistical significance, except in case of UVB. When the
Bcl-2 family proteins were measured, increased expression
of the proapoptotic protein Bax and decreased expression
of the antiapoptotic protein Bcl-X; by UVB and UVC were
reported. These effects were the opposite in the presence of
nano-Pt. Furthermore, our data revealed caspase-3 activa-
tion by UV irradiation and its inhibition in the presence of
nano-Pt. Therefore, the involvement of the mitochondrial
caspase pathway and its modulation by intracellular super-
oxide in UV-induced apoptosis in HaCaT cells was con-
firmed. With respect to the localization of nanoparticles,
Kiss et al. reported that TiO, nanoparticles cannot be
uptaken by HaCaT cells (28). However, our results demon-
strated the intracellular uptake of nano-Pt by HaCaT cells.
Thus, we suggest that nano-Pt exerts protective effects
because of their intracellular ROS scavenging activity.

The skin is continuously exposed to sunlight and environ-
mental oxidizing pollutants; it is the preferred target of
oxidative stress (29). Evidence suggests that signs of skin
ageing, such as wrinkling, sagging, and actinic lentigines,
may be associated with the cumulative oxidative damage
incurred throughout our life. This study also demonstrates
that nano-Pt gel applied topically on mouse skin pro-
tects against UVB-induced inflammation. Furthermore, we
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demonstrated that nano-Pt have an antiapoptotic effect
against UVB irradiation in vivo. UVB affects skin by induc-
ing immunosuppression, premature skin ageing, inflamma-
tion, and cell death. Recent findings from our in vivo and in
vitro observations suggest that nano-Pt can scavenge and
inhibit inflammatory responses and apoptosis in the skin,
which is caused by UVB exposure. Moreover, we found that
nano-Pt gel was useful in mice with fluoroquinolone pho-
toallergy. Fluoroquinolone photoallergy in mice is a model
of photosensitivity dermatitis induced by UVA irradiation
(30). Our results demonstrated that UVA-induced inflam-
mation was clinically and histologically reduced by nano-Pt
gel. Furthermore, proinflammatory cytokine levels in skin
tissues decreased by nano-Pt treatment in mice with pho-
toallergy. Sunscreens are recommended for protection
against UV light-induced skin damage, but treatment of the
skin with products containing antioxidant ingredients, such
as tocopherols and ascorbate polyphenols, also be a useful
strategy for the prevention of UV-mediated cutaneous dam-
age. Broad-spectrum sunscreens are needed for protection
against UVA. Therefore, it is suggested that nano-Pt demon-
strating high antioxidant and antiinflammatory effects may
have utility as a new class of sunscreens aimed at reducing
ROS in the skin caused by UV exposure.

In conclusion, this study demonstrates that nano-Pt are
effective in reducing UV-induced ROS and apoptosis and
that topically applied nano-Pt effectively protects against
UV-induced skin inflammation and photoallergy. Thus, we
speculate that nano-Pt gel could be a useful sunscreen
product for human skin therapy in the near future by pro-
viding effective protection against photo damage.
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Case Report

A 67-year-old Japanese woman pre-
sented with a 2-year history of a
recurrent pruritic erythema on the
face, arms and hands (Fig. 1). She had
worked in an asparagus cannery for
20 years. Her medical history indicated
no evidence of atopic disease. The der-
matitis cleared quickly with courses
of anti-histamines and topical steroids
but relapsed within days of returning
to work. Rubber gloves were initially
of benefit, but the pruritic eruption
re-appeared when she touched her
face with these gloves after work-
ing. She was patch-tested to a metals
series and a freshly picked shoot of

Fig. 1. Recurrent pruritic erythema on the left arm (a) and face (b).

Asparagus officinalis. At both D2
and D3, the patch test with asparagus
showed a strongly positive reaction
(++), whereas all metals and white
petrolatum were negative. Skin prick
test with raw asparagus showed no
skin reaction. Three normal healthy
volunteer controls were negative on
patch testing to asparagus. In light
of the clinical observations and test
results, occupational contact dermatitis
to asparagus was diagnosed.

Discussion

Asparagus, one of the Liliaceae fam-
ily members, is a vegetable that is
cultivated worldwide and consumed
when in season. Contact dermatitis
to asparagus is rare (1-5). Several
cases of allergic reactions by ingestion
or inhalation of asparagus have been
reported (6). Our patient, working in
the cannery, had chronic/seasonally
relapsing contact dermatitis to aspara-
gus, which seems to be rare despite
the widespread availability and con-
sumption of asparagus. Although an
association of contact dermatitis with
other Liliaceae family members (gar-
lic and onion) has frequently been
reported as a result of occupational
exposure (7), dermatologists should
consider the potential of asparagus as
an occupational allergen, particularly
if allergic contact dermatitis occurs
either chronically or seasonally.
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Self-Improvement of Keratinocyte Differentiation
Defects During Skin Maturation in ABCA12-Deficient
Harlequin Ichthyosis Model Mice
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Harlequin ichthyosis (HI) is caused by loss-of-func-
tion mutations in the keratinocyte lipid transporter
ABCA12. The patients often die in the first 1 or 2
weeks of life, although HI survivors’ phenotypes im-
prove within several weeks after birth. In order to
clarify the mechanisms of phenotypic recovery, we
studied grafted skin and keratinocytes from Abcal2-
disrupted (4bcal2~/") mice showing abnormal lipid
transport. Abcal2 ™/~ neonatal epidermis showed sig-
nificantly reduced total ceramide amounts and aber-
rant ceramide composition. Immunofluorescence
and immunoblotting of Abcal2™/~ neonatal epider-
mis revealed defective profilaggrin/filaggrin conver-
sion and reduced protein expression of the differen-
tiation-specific molecules, loricrin, kallikrein 5, and
transglutaminase 1, although their mRNA expression
was up-regulated. In contrast, Abcal2~’~ skin grafts
kept in a dry environment exhibited dramatic im-
provements in all these abnormalities. Increased
transepidermal water loss, a parameter representing
barrier defect, was remarkably decreased in grafted
Abcal2~’~ skin. Ten-passage sub-cultured Abcal2~/~
keratinocytes showed restoration of intact ceramide
distribution, differentiation-specific protein expres-
sion and profilaggrin/filaggrin conversion, which
were defective in primary-cultures. Using ¢cDNA mi-
croarray analysis, lipid transporters including four
ATP-binding cassette transporters were up-regulated
after sub-culture of Abcal2™’~ keratinocytes com-
pared with primary-culture. These results indicate
that disrupted keratinocyte differentiation during the
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fetal development is involved in the pathomechanism
of HI and, during maturation, Abcal2~’~ epidermal
keratinocytes regain normal differentiation processes.
This restoration may account for the skin phenotype
improvement observed in HI survivors. (4m J Patbol
2010, 177:106-118; DOI: 10.2353/ajpath.2010.091120)

Harlequin ichthyosis (HI) (OMIM 242500) is one of the most
severe genetic skin disorders, and its clinical features at
birth include severe ectropion, eclabium, flattening of the
ears, and large thick plate-like scales over the entire body.’
Infants affected with HI frequently die within the early neo-
natal period, although an increasing survival rate for HI
newborns has recently been highlighted.? In 2005, we and
another independent research group identified mutations in
the ATP-binding cassette transporter A12 (ABCA12) gene
as the cause of HI.*>* We previously demonstrated that a
severe ABCA12 deficiency causes defective lipid transport
in lamellar granules in the upper spinous and granular layer
keratinocytes, resulting in malformation of intercellular lipid
layers at the granular/cornified layer interface and epider-
mal lipid barrier disruption resulting in HI phenotype.® We
recently generated Abca12-disrupted (Abca12~/~) mice by
targeting Abca12, which closely reproduced the human Hl
phenotype and died soon after birth.> We tried systemic
retinoid administration to the pregnant female mice as a
form of fetal therapy, although no therapeutic effect was
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