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 t-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
O, [UVA 20J/ecm* 36.2+2.1% (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 mi/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 B-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
B-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 Bcl-Xp 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 B-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 A¥Wm 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.

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. S3). Northern blot analysis of the proinflam-
matory cytokine mRNA levels in the earlobes on day 5
showed decreased TNF-o, 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-Xy, 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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Cutaneous involvement is seen in ~ 50% of
adult T-cell leukemia/lymphoma (ATLL) pa-
tients. We investigated the association be-
tween skin eruption type and prognosis in
119 ATLL patients. ATLL eruptions were cat-
egorized into patch (6.7%), plaque (26.9%),
multipapular (19.3%), nodulotumoral (38.7%),
erythrodermic (4.2%), and purpuric (4.2%)
types. When the T stage of the tumor-node-
metastasis-blood (TNMB) classification of
mycosis fungoides/Sézary syndrome was
applied to ATLL staging, 16.0% were T1,
17.7% T2, 38.7% T3, and 4.2% T4, and the

remaining 23.5% were of the multipapular
and purpuric types. For the patch type,
the mean survival time (median survival
time could not be estimated) was 188.4
months. The median survival times (in
months) for the remaining types were as
follows: plaque, 114.9; multipapular, 17.3;
nodulotumoral, 17.3; erythrodermic, 3.0;
and purpuric, 4.4. Kaplan-Meier curves of
overall survival showed that the erythro-
dermic type had the poorest prognosis,
followed by the nodulotumoral and multi-
papular types. The patch and plaque types

were associated with better survival rates.
Multivariate analysis demonstrated that
the hazard ratios of the erythrodermic
and nodulotumoral types were signifi-
cantly higher than that of the patch type,
and that the eruption type is an indepen-
dent prognostic factor for ATLL. The over-
all survival was worse as the T stage
became more advanced: the multipapular
type and T2 were comparable, and the
purpuric type had a significantly poorer
prognosis than T1. (Blood. 2011;117(15):
3961-3967)

Introduction

Adult T-cell leukemia/lymphoma (ATLL) is a malignancy of mature
CD4" T cells caused by the human T-cell lymphotropic virus type I
(HTLV-1).1 HTLV-1 infection is prevalent in southemn Japan, espe-
cially in Kyushu,** and in the Caribbean region and Africa.>’” Based on
the number of abnormal lymphocytes, organ involvement, and severity,
ATLL is divided into 4 clinical categories: acute, lymphoma, chronic,
and smoldering (Shimoyama classification).® This classification is the
most common tool used for estimating the prognosis of ATLL patients.
The smoldering type has the best prognosis, followed by the chronic
type, lymphoma type, and acute type. The median survival times
(MSTs) of the acute, lymphoma, and chronic types are 6.2, 10.2, and
24.3 months, respectively.® Thus, the acute and lymphoma types of
ATLL are associated with remarkably poor prognoses despite advances
in chemotherapy and allogeneic hematopoietic stem cell transplanta-
tion.>!! In contrast, the chronic and smoldering types are relatively
indolent and can usually be managed with “watchful waiting” until the
disease progresses to acute crisis, just as smoldering (asymptomatic)
myeloma is managed.'?

Studies have attempted to identify other prognostic factors for
survival of ATLL patients. Advanced performance status, high
blood lactate dehydrogenase (LDH) level, age of 40 years or more,
more than 3 involved lesions, and hypercalcemia have all been
associated with shortened survival.! The existence of hepatospleno-
megaly and lymphadenopathy also indicates poor prognosis.®!*
However, there has been no large study on the correlation between
the type and spread of skin eruptions and the prognosis of ATLL.

Because cutaneous involvement can be recognized in approxi-
mately 50% of ATLL patients,'5!¢ the evaluation of skin lesions in
relation to prognosis is important. Tumor cells infiltrating the skin
exhibit several differences in phenotype and function.!”-'8 ATLL
patients can develop various types of eruptions, including nodules,
tumors, plaques, erythrodermas, and even purpuric lesions,'®20 and
the categorization of these eruption types remains unclear. In this
study, we retrospectively analyzed the prognosis of ATLL on the
basis of the skin manifestations. We classified the skin eruptions
and applied the T stage of the tumor-node-metastasis-blood (TNMB)
classification for mycosis fungoides (MF) and Sézary syndrome
(SS) to the type of skin lesions of ATLL. Our results indicate that
eruption type is a predictor for prognosis.

Methods
Patients

We analyzed 119 patients with newly diagnosed, untreated ATLL who had
skin eruptions and were seen at the University of Occupational and
Environmental Health and Kyushu Kosei Nenkin Hospital from April 1979
to December 2009. The cutoff date for analysis was June 2010. The
diagnosis of ATLL was based on clinical features, histopathologically and
cytologically proven mature T-cell malignancy, presence of anti-HTLV-1
antibody, and monoclonal integration of HTLV-1 proviral DNA into the
blood and/or skin tumor cells, as described previously.282!.22 The subtypes
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Figure 1. Clinical features of ATLL with skin eruptions. (A) Patch type, (B) plaque
type, (C) multipapular type, (D) nodulotumoral type, (E) erythrodermic type, and
(F) purpuric type.

of ATLL were classified according to the criteria established by the
Lymphoma Study Group of Japan Clinical Oncology Group (Shimoyama
classification).® Our retrospective, nonrandomized, observational study
using existing data was granted an exemption from the institutional review
board and was exempt from the requirement for written informed consent in
accordance with the Declaration of Helsinki.

Clinical evaluation and definitions

The patients were categorized into 2 age groups: younger than 60 years and
60 years or older. Complications at diagnosis were classified into present
and absent. Leukocytosis and lymphocytosis were defined as white blood
cell count more than 12 X 10%L, and total lymphocyte count more than
6.5 X 10%/L, respectively. LDH and calcium levels were classified into
2 groups according to a standard index.!3 We categorized skin eruptions of
ATLL into 6 different types: patch, plaque, multipapular, nodulotumoral,
erythrodermic, and purpuric (Figure 1). We defined the criteria for
categorizing ATLL-related skin involvement into the patch type as no
infiltrated erythema, the plaque type as infiltrated erythema, the multipapu-
lar type as multiple papules with diameter less than 1 cm, the nodulotu-
moral type as nodules or tumors with diameters more than 1 cm, the
erythrodermic type as generalized erythema involving 80% or more of the
patient’s skin, and the purpuric type as red or purple discolorations that did
not change with diascopy.

Statistical analyses

Overall survival (OS) was defined as the time from the date of first
diagnosis to the date of death or the latest contact with the patient. Survival
curves were drawn using the Kaplan-Meier method and were compared
with the log-rank test. P values were calculated using the generalized
Wilcoxon test. MST was defined as the time point at which the Kaplan-

BLOOD, 14 APRIL 2011 - VOLUME 117, NUMBER 15

Meier survival curves crossed 50%. Mean survival time was provided when
MST could not be calculated. To examine the multiple comparisons of the
factors and of the pairs of groups, univariate and multivariate Cox
regression analyses were applied to evaluate prognosis factors for survival.
The effects of clinical parameters were evaluated as hazard ratios (HRs) and
their 95% confidence intervals. All statistical analyses were performed
using Dr SPSS II software (SPSS). A P value < .05 was considered
statistically significant.

Results
Patient clinical characteristics

The clinical data of 119 patients with skin eruptions (ratio of male:
female = 1.2:1) are summarized in Table 1. The mean age of the
patients was 64.0 years (range, 23-91 years; SD, 12.00 years). Accord-
ing to Shimoyama classification, 40 (33.6%) patients were diagnosed
with the acute type of ATLL, 6 (5.0%) with the chronic type, 17 (14.3%)
with the lymphoma type, and 56 (47.1%) with the smoldering type.
Twenty-three patients had complications at the time of diagnosis,
including 7 patients with diabetes mellitus, 10 with hypertension, 3 with
stroke, and 9 with opportunistic infections. Blood examination revealed
that 36 patients (30.3%) had leukocytosis, 26 (21.9%) had lymphocyto-
sis, and 49 (41.2%) had high LDH levels. Hypercalcemia was found in
70 patients (58.8%).

Patient skin lesions

We categorized the skin eruptions into the patch, plaque, multipapu-
lar, nodulotumoral, erythrodermic, and purpuric types (Figure 1).
The most highly incident was the nodulotumoral type in 46 patients
(38.7%), followed by the plaque type in 32 patients (26.9%), the
multipapular type in 23 patients (19.3%), the patch type in
8 patients (6.7%), the erythrodermic type in 5 patients (4.2%), and
the purpuric type in 5 patients (4.2%). Because the categorized skin
eruptions of ATLL have similarities to those of MF/SS (with the
exception of the multipapular and purpuric types), and because the
TNMB classification for MF/SS!® has been widely used, we
attempted to apply the T stage of the TNMB classification to ATLL
skin lesions. According to the MF/SS classification,'S eruptions are
classified into: T1 (patch/plaque, less than 10% of body surface),
T2 (patch/plaque, more than 10% of body surface area), T3
(nodulotumoral type), and T4 (erythrodermic type). Ninety-one
(76.5%) of our 119 patients could be classified using this system:
19 patients (16.0%) belonged to T1, 21 (17.7%) to T2, 46 (38.7%)
to T3, and 5 (4.2%) to T4. The remaining 28 patients (23.5%) had
multipapular (19.3%) and purpuric (4.2%) types, which are pecu-
liar for ATLL and are not described in the T classification of
MEF/SS. We also evaluated these 2 types to investigate whether they
are comparable with either the T1 or T4 category of the MF/SS
classification system.

We examined the frequencies of the clinical subtypes of
Shimoyama classification in each of the eruption types and T stages
(Table 2). All patients with the erythrodermic type belonged to the
acute type, whereas most of the patients with the patch type were
grouped into the smoldering subtype. As the T stage advanced, the
frequencies of the aggressive types (the acute and lymphoma types)
increased, whereas those of the smoldering type decreased.

Survival by baseline clinical factors

Sixty-nine of our 119 patients died during the observation period,
with a median follow-up duration of 3.0 years (range, 30 days-
20.3 years). The MSTs of the acute, lymphoma, chronic, and
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Table 1. Survival by baseline clinical factors

No. of
evaluated
cases

No. of
deaths

Factor

Clinical subtype

Lymphoma type 17 12

Sex 956

Female 53 31 249

Complications at diagnosis 114

Present

Opportunistic infections 9 4

WBC count, X 109/L.

<120 83 44

47.8

= 6.5 26 20 10.4

=Nj 70 37 47.9

Calcium 420

Patch type 8 2

Multipapular type 23 12

T stage < .001

T2 21 8 47.9

The cumulative probability of the survival rate was estimated using the Kaplan-
Meier method and the P value was calculated using the generalized Wilcoxon test.

MST indicates median survival time; and NI, normal index.

*Mean survival time is given because the MST cannot be calculated.

smoldering types were 7.7, 15.0, 16.6, and 154.0 months, respec-
tively (Table 1). Of the 69 fatal cases during the observation,
45 patients died of acute ATLL, 17 of acute crisis from the other
subtypes, 5 of other diseases (3 of chronic pulmonary diseases and
2 of acute respiratory disease syndrome [ARDS]), and 2 patients of
unknown causes.

The effects of various clinical factors on prognosis in the 119 patients
were analyzed using the Kaplan-Meier method (Table 1). There was no
statistically significant difference in survival rates between the absence
and presence of any complication (P = .114), between the = 60 years
and < 60 years age groups (P = .702), or between males and females
(P = .956). The survival rate was poor in patients with leukocytosis
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(P <.001), lymphocytosis (P <.001), and higher LDH levels
(P <.001). Blood calcium level did not significantly affect survival in
this study.

Survival and multivariate analyses in each eruption type

The MSTs were different between the types of skin eruptions. In the
erythrodermic type, all 5 patients died of the disease with 3.0 months of
MST. In the nodulotumoral type, the MST was 17.3 months, and 38 of
46 patients died, 17 of acute ATLL, 16 of acute crisis, 1 of ARDS, 2 of
chronic pulmonary disease, and 2 of unknown causes. In the plaque
type, the MST was 114.9 months, and 9 of 32 died of the disease. The
multipapular type showed the same MST (17.3 months) as the nodulotu-
moral type, and 9 died of acute ATLL, 1 of acute crisis, 1 of ARDS, and
1 of chronic pulmonary disease. The patch type exhibited a good
prognosis, with 188.4 months of mean survival time (the MST was not
estimable). The purpuric type was found to have a poor prognosis, with
an MST of 4.4 months and 3 of 5 patients dying of the disease.

Kaplan-Meier curves of the OS for each eruption type are shown in
Figure 2A. The OS rate of the erythrodermic type was significantly
lower than those of the other eruption types (P < .001, erythrodermic
type vs the nodulotumoral, multipapular, plaque, or patch types). The
OS rate of the nodulotumoral type was significantly lower than those of
the multipapular, plaque, or patch types (P = .010, nodulotumoral type
vs multipapular type; P < .001, nodulotumoral type vs plaque or patch
type). The OS rate of the multipapular type was significantly lower than
that of the patch type (P = .045). Therefore, the erythrodermic type of
ATLL is associated with the poorest prognosis, followed by the
nodulotumoral and multipapular types. The patch and plaque types
showed better survival rates.

We performed univariate and multivariate analyses of the
eruption types in a comparison with Shimoyama classification, sex,
age, complications, leukocyte counts, lymphocyte counts, LDH
level, and calcium level (Table 3). In the multivariate analysis, the
smoldering type proved to be a good prognostic factor. We fixed the
HR of the patch type to be 1, and then compared it with those of the
other eruption types. In the univariate analysis, the HRs of the other
eruption types were significantly higher than that of the patch type.
In the multivariate analysis, the HRs of the nodulotumoral and
erythrodermic types were significantly higher than that of the patch
type. The purpuric type also showed such a tendency; however, this
result provided limited power for tests against the other groups. The
analysis demonstrated that the eruption type is an independent
prognostic factor for ATLL.

Survival and univariate and multivariate analyses in
each T stage

We also performed the univariate and multivariate analyses of T stage
and other clinical and laboratory parameters for OS. Of 19 patients in the
T1 stage, 3 died of the disease, and the mean survival time (the MST was
not estimable) was 192.6 months (Table 1). In the T2 stage, 8 of 21 died
of the disease and the MST was 47.9 months. In the T3 stage, the MST
was 17.3 months and 38 of 46 patients died: 17 of acute ATLL, 16 of
acute crisis, 1 of ARDS, 2 of chronic pulmonary disease, and 2 of
unknown etiology. In the T4 stage, 5 patients died of the disease with
3.0 months of MST. The OS of the patients was worse as the T stage
became more advanced (Figure 2B). Patients in the T1 stage had the
longest OS, followed by patients in the T2-T4 stages (P = .034, T1 vs
T2; P<.001,T1 vs T3 or T4; P < .001 T2 vs T3 or T4; and P < .001,
T3 vs T4).

The multipapular and purpuric types are missing in the T stage of the
ME/SS system due to their peculiarity. We therefore compared the OS of

—284—



From bloodjournal.hematologylibrary.org at Hokkaido University on February 7, 2012. For personal use only.

3964  SAWADAetal

BLOOD, 14 APRIL 2011 - VOLUME 117, NUMBER 15

Table 2. Frequencies of the clinical types of Shimoyama classification in each eruption type and T stage

Acute type

' Patch type

Multipapular type

T4 5 (100%) 0

Lymphoma type

Chronic type

Smoldering type P

1(4.8%) 10 (47.6%)

these 2 eruption types with those of the T stages. Patients with the
multipapular type and T2 had a similar outcome (Figure 2C), and there
was no statistical significance (P = 415). Patients with the purpuric
type had a significantly poorer prognosis than those with T1 (2 = .001);
Figure 2D). The differences in OS between the purpuric type and the
other T stages were not statistically significant (P = 412, purpuric type
vs T2; P = 257; purpuric type vs T3; P = .099, purpuric type vs T4).
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Figure 2. OS of ATLL patients with skin eruptions. (A) OS rates of skin eruption
types. (B) OS rate of T stage. (C) OS rate of the T stage and the multipapular type.
(D) OS rate of the T stage and the purpuric type. (E) OS rate of the T stage and the
no-eruption type.

We performed univariate and multivariate analyses of T stage
and clinical and laboratory parameters with the HR of T1 set as
1 (Table 3). The univariate analysis revealed that the prognoses of
T2, T3, T4, and the multipapular and purpuric types were
significantly higher than that of T1. In the multivariate analysis, the
HR of T3 and T4 and the multipapular and purpuric types were
significantly higher than that of T1.

Survival and univariate and multivariate analyses in
each T stage and in the no-eruption group

We performed univariate and multivariate analyses of T stage by
comparing them with the no-eruption group and other clinical and
laboratory parameters for OS. Of 51 patients without skin eruptions,
10 died of the disease and the mean survival time (the MST was not
estimable) was 66.5 months. When classifying the no-eruption patients
into each clinical Shimoyama subtype, 7 patients (13.7%) belonged to
the acute type, 5 (9.8%) to the lymphoma type, 12 (23.5%) to the
chronic type, and 27 (52.9%) to the smoldering type. The OS of the
patients without eruption was better than those at T2-T4 (Figure 2E;
no-eruption group vs T2, P = .033; no eruption group vs T3 or T4,
P <.001). There was no statistically significant difference in OS
between the no-eruption group and T1.

We performed univariate and multivariate analyses of T stage,
including the no-eruption group and clinical and laboratory param-
eters, by assigning a value of 1 to the HR of T1 (Tables 4 and 5).
The univariate and multivariate analyses revealed that the progno-
ses of T3 and T4 were significantly worse than that of T1.

Discussion

In the present study, we investigated the association of each type of
skin eruption with prognosis in ATLL patients and attempted to
apply the T stage of MF/SS classification to the assessment of
ATLL skin lesions. We classified ATLL skin eruptions into 6 cate-
gories: patch, plaque, multipapular, nodulotumoral, erythrodermic,
and purpuric. Table 2 shows that the frequencies of the clinical
subtypes of Shimoyama classification were different for each
eruption type and T stage. All erythrodermic patients belonged to
the acute type, whereas most of patients with the patch type were of
the smoldering type. This raised the possibility that prognosis is
different among the individual eruption types. Our results revealed
the poorest prognosis in the erythrodermic type, followed by the
nodulotumoral and multipapular types. The patch and plaque types
exhibited better survival rates. Moreover, our multivariate analysis
demonstrated that the HRs of the erythrodermic and nodulotumoral
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Table 3. Cox analysis of eruption type and T stage for clinical factors and OS

Univariate
HR (95% Cl) P

Clinical factor

©0.1(0.3-1.1)

Multivariate (eruption type
and clinical factors)

HR (95% Cl) P

Multivariate (T stage and
clinical factors)

HR (95% CI) P

1.0 (0.6-1.7) 922

Absent 1

Diabetes mellitus

0.9 (0.5-1.6) 658

0.9 (0.5-1.5) 578

Hematologic factors

<.001

e

68.4 (11.5-405.9)

<.001

1.2(0.6-2.2) 581

12(062.2) 509

21.2 (3.0-150.3) 002

71(14-457) 039

6.8 (0.9-53.7) .071

8.1 (1.4-47.1)

Clindicates confidence interval; and NI, normal index.

types were significantly higher than that of the patch type, and that
skin eruption is an independent prognostic factor for ATLL.

Table 4. Univariate analyses of T stage compared with patients
having no skin eruptions

Univariate

HR (95% Cl) P

Clinical factor

No eruption

1.3(0.3-4.8) 670

It has been reported that the smoldering type of ATLL with skin
eruptions, especially those of the nodulotumoral type, has a poorer
prognosis than ATTL without skin involvement.!® Another group of
investigators reported that the MSTs of the nodulotumoral and
maculopapular types were 26 and 80 months, respectively, which
are significantly shorter than those in ATLL without cutaneous
eruptions.?* Our findings are in agreement with these observations,
and further clarify the relationship between type of skin lesion and
prognosis. Skin-targeted therapy using topical steroids, psoralen
photochemotherapy, or narrow-band UVB therapy!® may improve
the prognosis of ATLL for patients with skin eruptions.

The purpuric type of ATLL is one of the rarest skin eruptions of
ATLL,?* and has been reported to occur in 1.6% of ATLL patients with
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Table 5. Cox multivariate analyses of clinical factors and 0S
compared with patients having no eruption

Multivariate

Clinical factor

HR (95% CI) P

Total lymphocyte count, X 109

T2 2.4 (0.6-9.7) .227

T4 60.8 (10.1-366.4) <.001

Clindicates confidence interval; and NI, normal index.

skin lesions.!” However, its incidence is higher than was previously
thought, because we documented a 4.2% frequency in this study. The
production of granzyme B by ATLL cells may lead to the destruction of
vessels and the development of purpuric eruptions in these patients.24
The prognosis for the purpuric type of skin lesion has not been
investigated because of the rarity of this type. There have been 9 cases of
the purpuric type reported in the literature.?*3! When these are divided
into the punctate and macular subtypes, the prognosis of the punctate
purpuric subtype might be better than the macular purpuric subtype.2+3!
In our 5 purpuric cases, 2 cases of the punctuate purpuric subtype
survived, with a 73.4-month mean survival time (the MST was not
estimable), whereas 3 cases of the macular purpuric subtype died with
2.1 months of the MST. This suggests that the punctuate subtype has a
good clinical prognosis, and the poor prognosis of the total purpuric type
is derived from the macular subtype.

In addition to the purpuric type, the erythrodermic type is a rare skin
manifestation in ATLL patients, with a prevalence of 3.5% reported in a
previous study'® and 4.2% in the present study. The majority of ATLL
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cases associated with the erythrodermic type of skin lesion are aggres-
sive. In our study, all patients with erythrodermic lesions also belonged
to the acute type and had the poorest prognosis among all skin eruption
types. In patients with cutaneous T-cell lymphoma (CTCL), the erythro-
dermic type is typically termed SS and also has a poor prognosis.!6 In
some erythrodermic CTCL patients, the decreased expression of intercel-
lular adhesion molecule-1 by keratinocytes may lead to an inability of
malignant T cells to enter the epidermis and infiltrate the blood and other
organs.® This pathomechanism in erythrodermic CTCL can also be
applied to ATLL, resulting in poor prognosis. Skin biopsy specimens of
the erythrodermic type of ATLL revealed scant tumor cell infiltration
into the epidermis. 333

We applied MF/SS classification T stages to ATLL assessment, and
demonstrated that the OS was worse as the T stage became more
advanced. The results shown in Table 3 indicated that the prognosis of
T1 stage was better than that for T2, suggesting that the difference in the
body surface area of skin lesions is associated with the prognosis of
ATLL. Moreover, the prognosis of T3 patients was poorer than those of
T1 and T2, indicating that the depth of tumor-cell infiltration is
associated with survival rate. T-stage classification accurately reflects
the prognosis of ATLL and MF/SS. However, the multipapular and
purpuric types are not applicable to T stage. We found that the
multipapular type and T2 had similar outcomes, and that the purpuric
type had a significantly poorer prognosis than T1. This may provide
clinically useful information for patient management and choice of
therapy. Moreover, our present study demonstrated that skin eruption is
an independent prognostic factor for ATLL patients: the presence of skin
eruptions may indicate poorer outcome compared with no eruptions.
Therefore, evaluation of skin lesions and treatments targeting the skin
may be important for improving clinical outcome.
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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~/7) 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 ¢DNA 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/comnified layer interface and epider-
mal lipid barrier disruption resulting in HI phenotype.® We
recently generated Abca72-disrupted (Abca72™/~) 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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obtained in the Abca72™/~ newborns after treatment.® After
our publication, Zuo et al® also reported another Abca?2
knockout mouse, whose skin showed similar features to our
model mice.

Previously, we demonstrated severe skin barrier defects
in Abcal2™~ mice and suggested that “barrier insuffi-
ciency” plays an important role in HI phenotype expres-
sion.® However, “the barrier insufficiency” theory fails to
completely explain the pathomechanism of the HI pheno-
type. HI fetuses show a HI phenotype even in utero, where
skin barrier protection against a dry environment is not
required. In addition, the skin phenotype of HI long-term
survivors maintained in a dry environment shows a dramatic
improvement within several weeks after birth where they
require a normal skin barrier function. Thus, we suspected
that other unknown mechanisms are involved in HI and the
formation HI survivors’ skin phenotypes. To date there have
been no reports which have compared the skin phenotypes
in fatally affected HI neonates and survivors, and the exact
mechanism of HI survivors' skin phenotype improvement
has yet to be clarified. Thus, we have carefully analyzed the
keratinization process of neonatal versus grafted HI model
mice skin and primary versus subcultured Abca?2~/~ ker-
atinocytes instead of human HI neonatal and survivors' skin.
Initially, we investigated the distribution and amounts/com-
position of lipids, and expression of differentiation-specific
molecules in neonatal HI model mice skin. Then, we studied
the alteration of them in grafted HI model mouse skin trans-
planted onto severe combined immunodeficient (SCID)
mice. In addition, we performed keratinocyte culture exper-
iments including immunostaining and Western blotting
using primary/subcultured Abca12~/~ keratinocytes to con-
firm the results of the neonatal and grafted skin experi-
ments. Further, we analyzed the whole gene expression
profile of primary versus subcultured Abca72~/~ keratino-
cytes using cDNA microarray methods. Finally, we con-
ducted therapeutic trials on primary-cultured Abcal2™/~
keratinocytes and grafted HI model mice skin with retinoids.

Materials and Methods

Animals

All animal studies were reviewed and approved by the
Animal Use and Care Committee of the Hokkaido Univer-
sity Graduate School of Medicine. C57BL/6 strain mice
and SCID mice were purchased from Clea (Tokyo, Ja-
pan). All animals used for this study were maintained
under pathogen-free conditions.

Antibodies

Rabbit polyclonal affinity purified anti-mouse Abca12 an-
tibody was raised in rabbits using a 14-amino acid se-
quence synthetic peptide (residues 2581 to 2594) de-
rived from the mouse Abca12 sequence (XM001002308)
as the immunogen.® The other primary antibodies were
rabbit anti-profilaggrin/ffilaggrin antibody (COVANCE,
Princeton, NJ), rabbit anti-involucrin antibody (M-116; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-desmo-
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glein 1 antibody (H-290; Santa Cruz Biotechnology), rabbit
anti-mouse loricrin antibody (AF62; COVANCE), rabbit anti-
kallikrein 5 antibody (ab7283; Abcam, Cambridge, UK),
rabbit anti-glucosylceramide/ceramide antibody (Glycobio-
tech, Kukels, Germany), and mouse monoclonal anti-g actin
antibody (Sigma Chemical Co., St. Louis, MO). Secondary
antibodies used in the present study were as follows; Alexa
Fluor 488-conjugated donkey anti-rabbit IgG (Invitrogen
Corp., Carlsbad, CA), fluorescein isothiocyanate-conju-
gated goat anti-rabbit IgG (Jackson Immuno Research,
West Grove, PA), horseradish peroxidase-conjugated goat
anti-rabbit IgG or horseradish peroxidase-conjugated goat
anti-mouse 1gG (Invitrogen Corp.).

Generation of Abca12™~ Mouse

The procedure for generating Abca72™/~ mice has been
previously described.® Briefly, we cloned mouse genomic
DNA Abcai2 fragments from the mouse 129Sv/Ev
genomic library (Bacpac Resources Center, Children's
Hospital Oakland Research Institute, Oakland, CA). We
subcloned a 10.6-kb fragment to make the targeting vec-
tor. We inserted the PGK/Neo cassette between 47 bp
upstream of the exon 30 and 203 bp downstream of exon
30. We transfected the targeting vector by electropora-
tion into 129Sv/Ev embryonic stem cells, then microin-
jected the correctly targeted embryonic stem cell line into
blastocysts obtained from C57BL/6 mice to generate chi-
meric mice, which we then mated with C57BL/6 females.
We crossed the heterozygotes with C57BL/6 over at least
five generations, and then intercrossed them to generate
the Abca72~/~ mice. Genotyping was performed by PCR
as described previously.®

Establishment of Abca12™~ Mice Keratinocyte
Culture

Skin samples from Abcal2™/~ and wild-type mice were
processed for primary keratinocyte culture, and cells were
grown according to standard procedures in CnT-57 me-
dium (Celintec Advanced Cell Systems, Bern, Switzerland).
For differentiation induction, culture medium was switched
from CnT-57 medium to CnT-02 medium (Celintec Ad-
vanced Cell Systems) and, 24 hours later, the calcium con-
centration was changed to 1.2 mmol/L. 48 hours later, we
performed extractions of total RNA and protein from cul-
tured cells. We established primary-cultured keratinocytes
from two Abca72™/~ mice and two wild-type mice.

Skin Grafting

In total, ten Abca?2™/~ and three wild-type neonates
were sacrificed by anesthesia with ether inhalation, and
their dorsal skin excised and transplanted onto SCID
mice (Clea). Those skin grafts were fully adapted within 2
weeks after grafting. At 3 weeks after transplantation, the
skin grafts were harvested for further analysis.
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Extraction of Total RNA and Real-Time Reverse
Transcriptase PCR Analysis

We separated the epidermis from whole skin samples of
wild and Abca12~/— mice by 1 mol/L NaCl in sterile water
at 4°C for 2 hours. We isolated total RNA from the epidermis
using the Quick Gene RNA Tissue Kit SlI (Fujifilm Corp,
Tokyo, Japan). We also isolated total RNA from keratino-
cytes cultured from wild-type and Abca12-/— skin using
the RNeasy mini kit (Qiagen Corp, Tokyo, Japan). RNA
concentration was measured spectrophotometrically and
samples were stored at —80°C until use for reverse tran-
scriptase PCR. We reverse-transcribed RNA using Super-
script Il (Invitrogen Corp.) following the manufacturer's in-
structions. Complementary DNA samples were analyzed by
ABI prism 7000 sequence detection system (Applied Bio-
systems, Foster City, CA). Primers and probes specific
for differentiation-specific protein genes including lori-
crin, kallikrein 5, transglutaminase 1, involucrin, filaggrin,
and control house keeping genes, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), and B-actin, were ob-
tained from Tagman Gene Expression Assay (Applied
Biosystems) (Probe ID; Mm01962650_s1, Mm01203811_
al, Mm00498375_a1, Mm00515219_s1, Mm01716522_mf1,
Mm99999915_g1, and Mm00607939_s1). Differences be-
tween the mean CT values of loricrin, kallikrein 5, transglu-
taminase 1, involucrin, filaggrin and those of GAPDH or
B-actin were calculated as: ACTAbca12~/— mice = CTlori-
crin (or other keratinization markers) — CTGAPDH (or other
house keeping genes) and those of ACT for the Abca12+/+
asACT calibrator = CTloricrin (or other keratinization mark-
ers) — CTGAPDH (or other house keeping genes).

We could obtain the similar results from GAPDH and
B-actin standard, thus we described the results of
GAPDH standard in the present study. Final results for
Abcal2™'~ mouse samples/wild-type mouse samples
(%) were determined by 27ACTAbcai12—/~ sample —
ACTcalibrator). We measured mRNA levels five times for
each clones. Using similar methods, we quantitatively
analyzed these differentiation-specific mRNA expression
levels in the primary/subcultured keratinocytes from
Abca12™’~ and wild-type mice.

Western Blotting

We separated the epidermis from whole skin samples of
wild and Abca12~/~ mice by 1mol/L NaCl in sterile water at
4°C for 2 hours. For Western blotting, we used epidermal
homogenates and proteins extracted from cultured keratin-
ocytes prepared with radioimmunoprecipitation assay
(RIPA) buffer comprising 50 mmol/L Tris-HCI, pH7.5, 150
mmol/L NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1%
SDS, and Roche protease cocktail tablet (Roche, Basel,
Switzerland). Protein concentrations were measured using
Micro BCA protein assay kit (Thermo Scientific, Rockford,
IL). Protein concentration of the samples for western blotting
was from 1 to 2 ug/ul. The 20 ug protein loading per single
lane was separated by a 5 to 20% gradient gel SDS-poly-
acrylamide gel and transferred to polyvinylidene difluoride
membranes. Membrane blocking and incubation with anti-

bodies were performed in Tris-buffered saline with 2% non-
fat dry milk. Signals were revealed with chemiluminescence
reagents and photographed by LAS-1000 mini (Fujifilm
Corp, Tokyo, Japan). We also confirmed the loading protein
dose by B-actin antibody staining as internal protein control.
For analysis of filaggrin solubility and processing, epidermal
lysates were prepared with RIPA buffer. Samples of precip-
itated proteins in the RIPA buffer were solubilized again in 8
mol/L urea before boiling in reducing SDS loading buffer.

Light Microscopy and Immunofluorescence
Analysis

For light microscopy, we harvested the newborn pups’ skin
and the grafted skin, and fixed them for 24 hours in 10%
neutral buffered formalin, dehydrated them in graded eth-
anol, and embedded them in paraffin. We cut 4-um sec-
tions and stained them with H&E. For immunohistochemis-
try, the tissue samples were embedded in optimal cutting
temperature compound (Sakura Finetechnical Corp., To-
kyo, Japan). Frozen tissue sections were cut at a thickness
of 5 um. The sections were blocked with 1% bovine serum
albumin (BSA) in PBS for 30 minutes at room temperature,
and incubated in primary antibody solution in blocking
buffer for 30 minutes at 37°C. Fluorescent labeling was
performed with secondary antibodies, followed by pro-
pidium iodide (Sigma Chemical Co.) for 5 minutes at room
temperature to counterstain nuclei. The stained samples
were observed under an Olympus Fluoview confocal laser-
scanning microscope (Olympus, Tokyo, Japan).

In Situ Transglutaminase Activity

The procedure for in situ transglutaminase 1 activity assay
has been previously described.”® In brief, unfixed cryosec-
tions of 5 um were blocked with 100 mmol/L Tris-HCI pH7 .4,
1% BSA for 30 minutes, and then incubated with 100
mmol/L Tri-HCI pH7.4, 5 mmol/L CaCl,, 12 umol/L mono-
dansylcadaverine (Sigma) for 1 hour to detect transglutami-
nase 1 activity. For negative controls, EDTA was added to
the monodansylcadaverine solution to a final concentration
of 20 mmol/L. After stopping the transglutaminase 1 reac-
tion with 10 mmol/L EDTA in PBS, sections were incubated
with rabbit anti-dansyl antibody (Invitrogen Corp.) in 12%
BSA/PBS for 3 hours. Sections were then incubated with
fluorescein isothiocyanate-conjugated goat anti-rabbit anti-
body in 12% BSA/PBS for 30 minutes. Nuclei were counter-
stained by propidium iodide. The stained samples were
observed under an Olympus Fluoview confocal laser-scan-
ning microscope (Olympus).

Immunofiuorescence Labeling of Cultured Cells

Immunofluorescence labeling of cultured cells was per-
formed as previously described.® Briefly, primary/subcul-
tured keratinocytes were fixed in 4% paraformaldehyde for
15 minutes and permeabilized with 0.1% Triton X-100 for 15
minutes at room temperature. Keratinocytes were blocked
with 1% BSA in PBS for 30 minutes at room temperature,
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and incubated in primary antibody solution in blocking
buffer for 30 minutes at 37°C and fluorescence labeling was
performed with secondary antibodies, followed by pro-
pidium iodide for 5 minutes at room temperature to coun-
terstain nuclei. The stained samples were observed under
an Olympus Fluoview confocal laser-scanning microscope
(Olympus).

Electron Microscopy

Neonatal skin samples and skin grafts were fixed in 5%
glutaraldehyde solution, post fixed in 1% 0OsO,, dehy-
drated, and embedded in Epon 812 (TAAB Laboratories,
Berkshire, UK). All of the samples were ultra-thin sectioned
at a thickness of 70 nm, and stained with urany! acetate and
lead citrate. Photographs were taken using a Hitachi
H-7100 transmission electron microscope (Hitachi, Tokyo,
Japan).

Lipid Analysis

Lipid analysis was performed as previously reported.®
Briefly, lipid analysis was done independently on three
Abcal2™/~ neonates, two wild-type as controls, and two
mature Abca72™/~ skins 3 months after skin grafting and
two mature wild-type skins 3 months after transplantation as
control. We separated the epidermis from whole skin spec-
imens of control and Abca72™/~ mice by incubation in ster-
ile water at 60°C for 1 minute and homogenized in 0.8 mi of
PBS. A total lipid component was extracted from tissue
homogenates of epidermis according to conventional meth-
ods.® Lipid analysis in epidermal lysates from neonates and
grafted skin was performed by liquid chromatography,
electrospray ionization mass spectrometry (LC-ESI-MS) us-
ing a HP 1100 liguid chromatography system (Agilent Tech-
nologies, Palo Alto, CA).

Measurement of Transepidermal Water Loss

Transepidermal water loss (TEWL) from the skin of neonatal
mice and from skin grafted onto SCID mice was measured
by evaporimeter (AS-VT100RS:; Asahibiomed Corp., Yoko-
hama, Japan), as described previously.® The AS-VT100RS
utilizes the ventilated-chamber method for measuring
TEWL. lts hygrometer measures the humidity of incoming
air and of outgoing air that has passed over the test area of
the skin, and TEWL is calculated from the difference. TEWL
measurements were performed on the back of the neonates
and the grafted skin onto the back of SCID mice.

Complementary DNA Microarray Analysis for
the Gene Expression Profile

Total RNA isolated from primary/subcultured Abca72™/~
keratinocytes was extracted as described above. Total RNA
concentration was calculated spectrophotometrically, and
quality control of RNA was analyzed with an Agilent 2100
Bioanalyzer (Agilent Technologies, Tokyo, Japan). mRNA/
cDNA hybrids were generated via T7oligo dT primers, fol-
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lowed by addition of DNA polymerase and ligase (Filgen,
Nagoya, Japan) to obtain double-stranded cDNA. The sam-
ple tagged with chemiluminescent substrate, Cy3 for the
subcultured Abca12™/~ keratinocytes, or Cy5 for the prima-
ry-cultured Abca12™/~ keratinocytes, was hybridized on a
microarray chip (Filgen Array mouse 32K, Filgen). We used
a mixture of total RNAs from the two cultures for labeling
reactions. Fluorescence images for Cy3 and Cy5 dye chan-
nels were obtained using a GenePix 4000B scanner (Axon
Instruments, CA) and scan data images were analyzed
using Microarray Data Analysis Tool version 3.0 software
(Filgen).

Therapeutic Trial with Retinoids on
Primary-Cultured Abca12™~ Keratinocytes and
Grafted Harlequin Ichthyosis Model Mice Skin

To test the efficacy of a therapeutic trial on primary-
cultured Abcal27/~ keratinocytes, isotretinoin (pur-
chased by Sigma Chemical Co., St. Louis, MO) was
dissolved in dimethyl sulfoxide (DMSO). In addition,
efretinate powder (a gift from Chugai Pharmaceuticals,
Tokyo, Japan) was dissolved in sterile water.

Primary-cultured keratinocytes were grown in CnT-57
medium (Celintec Advanced Cell Systems) and then
switched into CnT-02 medium (Celintec Advanced Cell Sys-
tems). Twenty-four hours later, the calcium concentration
was changed to 1.2 mmol/L in CnT-02 medium with retin-
oids (107 ®mol/L isotretinoin or 10°mol/L etretinate) dis-
solved in DMSO or water. The final concentration of DMSO
in medium was 0.01%. As control, keratinocytes were cul-
tured in CnT-02 medium with 1.2 mmol/L calcium supple-
mented with 0.01% DMSO without retinoids. Forty-eight
hours later, we extracted protein from keratinocytes.

In a therapeutic trial using grafted H! model mice skin,
we dissolved several doses of isotretinoin in soy oil, and
single doses (1, 10 mg/kg) of isotretinoin were adminis-
tered orally into the grafted SCID mice 3 weeks after skin
transplantation every day for 10 days.

Statistical Analysis

All statistical analyses were performed using student's
t-tests with sample sizes indicated in the figure legends
for each comparison that was made. P values of <0.05
were considered statistically significant.

Results

Abcal12™/~ Neonatal Mouse Epidermis
Exhibited Defective Lipid Distribution, Reduced
Expression of Differentiation-Specific Proteins
and Profilaggrin/Filaggrin Conversion Defects

As we previously reported,® Abca12~/~ mice (Figure 1B)
were typically born with a smaller body size than that of

wild-type mice (Figure 1A). Erythematous, rigid skin cov-
ered the entire body surface of Abcal2~/~ neonates.
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Light microscopy showed a thick, compact cornified lay-
ers without the normal basket-weave appearance in the
Abca127'~ neonatal skin (Figure 1D), compared with nor-
mal neonatal skin (Figure 1C). Electron microscopy of
Abca12~'~ neonatal skin showed numerous lipid droplets
in the granular layer cell cytoplasm (Figure 1F). In wild-
type neonatal skin, no lipid droplets were seen although
normal keratohyalin granules were observed (Figure 1E).
Immunofluorescence staining (Figure 1, G and H)
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showed Abcail2 in wild-type but not abcal2—/— mice,
with the glucosylceramide/ceramide distribution remark-
ably sparse at the Abca’2™/~ neonatal mice granular/
cornified layer interface (Figure 1J), compared with the
intense labeling in the wild-type neonatal epidermis (Fig-
ure 11). To verify these results in the neonatal Abca12~/~
and wild-type skin, we performed lipid analysis using skin
samples from both the Abca72~/~ and wild-type neonates.
Total amounts of epidermal ceramides were significantly
reduced in Abca72™/~ neonatal mice (Figure 1K). Particu-
larly, amounts/compositions of the CER[EQOS], ceramide
classes consisting of ester-linked non-hydroxy fatty acids,
w-hydroxy fatty acids and 4-sphinnenines, in Abca12™/~
neonatal epidermis were extremely small compared with
control mice (see Supplemental Figure S1, A and B at
http://ajp.amjpathol.org).

Immunofluorescence staining revealed that the kera-
tinocyte differentiation (keratinization)-specific mole-
cules, kallikrein 5 (KLK5), transgiutaminase 1 (TGase1),
and loricrin, were sparsely distributed in the upper epi-
dermis of neonatal Abca12~/~ mice (Figure 2A-J). Immu-
nofluorescence staining for KLK5, a lamellar granule
component, was weak in Abca?2™/~ neonatal mice gran-
ular layer (Figure 2B), in contrast to intense labeling in
granular and lower cornified layers of wild-type neonatal
skin (Figure 2A). In situ TGase1 activity assays with dansyl-
cadaverine as a substrate showed neonatal Abca72™'~ gran-
ular layer keratinocytes exhibited weak TGase1 activity
restricted to the cytoplasm (Figure 2D), compared with
distinct TGase1 activity with a more peripheral pattern
throughout neonatal wild-type granular layer keratino-
cytes (Figure 2C). Immunofluorescence staining showed
loricrin expressed sparsely within neonatal Abca12™/~
granular layer cells (Figure 2F), compared with more
intense expression in neonatal wild-type granular layer
keratinocytes (Figure 2E).

KLKS5, involucrin, TGase1, loricrin, and filaggrin mRNA
expression was up-regulated in neonatal Abca12~'~ epi-
dermal keratinocytes (Figure 2K). In contrast, protein ex-
pression using epidermal extract, Western blotting dem-
onstrated that loricrin and KLK5 protein expression was
reduced in neonatal Abca72™" epidermal keratinocytes
compared with that in neonatal wild-type epidermis (Fig-
ure 2L). There were no significant differences in the pro-

Figure 1. Abcal2™’~ neonatal phenotype and lipid trafficking defects. A
and B: Gross phenotypes of wild-type and Abcal2—/~ neonates. C and D:
Light microscopy showed a thick compact cornified layer (bracket) without
the normal basket-weave appearance in the Abcal2™’~ mouse skin (D),
compared with normal neonatal skin (C) (H&E stain; original magnification,
X40) (Scale bars = 20 um). E and F: An electron micrograph of the
Abcal2-/~- neonatal skin showed numerous lipid droplets in the cytoplasm
of the granular layer cells (F, red arrows). In the wild-type neonatal skin, no
lipid droplets were seen and normal keratohyalin granules were observed (E,
red arrows) (original magnification, X3000) (Scale bars = 2 um). G and H:
By immunofluorescence staining, Abcal2 expression (Alexa488, green) was
detected in the wild-type neonatal mouse skin (G), but not in the Abca12™/~
skin (H). I and J: Immunofluorescence staining showed the glucosylceram-
ide/ceramide (GlcCer/Cer) (Alexa 488, green), a major lipid component of
lamellar granules and an essential component of the epidermal permeability
barrier, to be distributed remarkably sparse in the Abca12—/— neonatal
mouse granular/cornified layer interface (J), compared with the intense
labeling in the wild-type neonatal epidermis (I). K: In neonatal mice, total
ceramides levels were significantly reduced in the epidermis of Abca12™/~
mice. (Abcal2~/~ neonates, n = 3; control neonates, n = 2) (*P < 0.01).
GlcCer, glucosylceramide; Cer, ceramide.
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Figure 2. Reduced epidermal differentiation-associated molecules and defective conversion of profilaggrin to filaggrin in Abca12™/~ neonates. A and B: Immunofiu-
orescence staining for kallikrein 5 (KLKS) (Alexa488, green), one of the lamellar granule (LG) contents, was weak in the Abca]2—/— neonatal mice granular keratinocyte
layers (B), in contrast to its intense labeling in the granular layers and lower comified layers of wild-type neonatal skin (A). C and D: 7 situ transglutaminase 1 (TGasel)
activity assay (fluorescein isothiocyanate, green) with dansyl-cadaverine showed the granular layer keratinocytes in the Abca12™’~ neonates had weak transglutaminase
1 activity only in the cytoplasm (D), compared with distinct transglutaminase 1 activity with the peripheral pattern throughout granular layer keratinocytes in the wild-type
neonates (C). Cytoplasmic localization of transglutaminase 1 in Abca12—/— neonates indicated its inability to bind to the cell membrane and to therefore function at its
proper place despite the significantly enhanced mRNA expression of transglutaminase 1 (see Figure 2K). E and F: Immunofluorescence staining showed loricrin (Alexa
488, green) expressed sparsely in the Abcal2™/~ neonatal mice granular layer (F), compared with its intense expression in the granular layer of the wild-type neonatal
skin (E). G and H: Both Abcal2—/— and wild-type neonatal skin showed intense profilaggrin/filaggrin (proFLG/FLG) (Alexa488, green) expression in the granular layer
keratinocytes. However, in Abca12™/™ neonatal skin, profilaggrin/filaggrin distribution was also observed throughout the comified layers. I and J: Desmoglein 1(DSG1)
(Alexa 488, green), a cell adhesion molecule unassociated with keratinization, was expressed at the cell periphery in the lower granular and spinous layers of the both
Abcal2—/—- neonatal skin and wild-type mouse skin. (nuclear stain; propidium iodide, red, dotted lines, the skin surface). Original magnification X40; Scale bars, 20
pum. K: mRNA expression of loricrin, kallikrein 5 (KLK3), involucrin, transglutaminase 1 (TGasel) and filaggrin (FLG) was up-regulated in the Abcai2™ /~ neonatal
epidermis. (Abcal2~/~ neonates, n = 5; wild-type neonates, # = 5, mRNA expression levels of wild-type neonatal epidermis = 1). L: Western blotting of epidermal
extracts showed that protein expression of kallikrein 5 (KLKS) and loricrin was lower in the Abcal2 /™ neonatal epidermis (right) than in the wild-type neonatal
epidermis (left). There were no significant differences of desmoglein 1(DSGD), involucrin, B-actin expressions between the Abca12—/— and wild-type epidermis. M:
Western blotting with anti-profilaggrin/filaggrin antibody revealed the Abca2™/~ neonatal epidermis (right) expressed more profilaggrin/filaggrin protein than wild-type
neonatal epidermis (left). High molecular weight smear band corresponding to non-converted profilaggrin peptides were characteristic to the Abcal2—/— neonatal
epidermis. Western blotting using serial protein dilutions is shown in the supplemental Figure 2 (see Supplemental Figure S2 at bitp./ajp.amjpathol.org). KLKS, kallikrein
5; LG, lamellar granule; TGasel, transglutaminase 1; CCE, cornified cell envelope; FLG, filaggrin; KHG, keratohyalin granule; DSG1, desmoglein 1; proFLG, profilaggrin;
4FLG, filaggrin tetramer; 3FLG, filaggrin trimer; 2FLG, filaggrin dimer; 1FLG, filaggrin monomer.

tein expression of involucrin or control molecules uncon-
nected with the keratinization process, B-actin, and
desmoglein1 (DSG1), between Abca12—"~ and wild-type
neonatal epidermis.

Both Abca?2™/~ and wild-type neonatal skin demon-
strated intense profilaggrin/filaggrin expression within gran-
ular layer keratinocytes (Figure 2, G and H). However, in

Abca12™/~ neonatal skin, profilaggrin/filaggrin distribution
was also observed throughout all of the comified layers
(Figure 2H). Western blotting with anti-profilaggrin/filaggrin
antibody revealed that neonatal Abca72™'~ epidermis ex-
‘hibited a greater amount of profilaggrin/filaggrin protein
than that in the neonatal wild-type epidermis (Figure 2M). In
particular, high molecular weight smear bands correspond-
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ing to unconverted profilaggrin peptides were characteristic
of neonatal Abca72~/~ epidermis. Western blotting using
the serial dilutions of protein showed that neonatal
Abca12™'~ epidermis exhibited a filaggrin monomer band,
although the ratio of high molecular weight profilaggrin and
its derivatives to filaggrin monomer in the Abca72™/~ neo-
natal epidermis was extremely high compared with that of
the wild-type neonatal epidermis (see Supplemental Figure
S2A at http.//ajp.amjpathol.org). The remaining high molec-
ular bands in the neonatal Abca72~/~ epidermis indicated
defective profilaggrin conversion to filaggrin. Furthermore,
we prepared 8 mol/L urea supernatants from precipitated
proteins from the Abca?2™/~ neonatal epidermis in RIPA
buffer. Western blotting with 8 mol/L urea supernatants
confirmed that a proportion of filaggrin monomer, which
is insoluble in the RIPA buffer exists in Abcal2™/~ neo-
natal epidermis (see Supplemental Figure S2B at http.//
ajp.amjpathol.org). In contrast, urea supernatants from
precipitated proteins in RIPA buffer of wild-type neonatal
epidermis showed only a faint band of filaggrin monomer.
This finding indicated that majority of filaggrin monomer
in the wild-type neonatal epidermis is soluble in RIPA
buffer. These Western blotting results suggested that
Abcal2~/~ neonatal epidermis exhibited not only defec-
tive profilaggrin/filaggrin conversion but also alteration of
filaggrin monomer solubility. We also performed Western
blotting with anti-loricrin antibody using 8 mol/L urea
supernatant. Using 8 mol/L urea buffer as well as using
RIPA buffer the loricrin band was faint in supernatant
samples from the Abca712™/~ neonatal epidermis (data
not shown). Thus, the solubility of loricrin was unaltered in
the Abca12~/~ neonatal epidermis and we think that the
alteration of solubility in the Abca72™/~ neonatal epider-
mis is specific to filaggrin.

Improved Morphological Abnormalities,
Corrected Lipid Distribution, and Restored
Expression of Differentiation-Specific Molecules
in Abcal2™/~ Skin Grafts Maintained in Dry
Environment

Since Abcal2™'~ neonates die soon after birth, it was
impossible to follow the phenotypic changes in the skin of
Abca12™/~ mice after birth. Therefore, we grafted their
skin onto severe combined immunodeficient (SCID) mice
and analyzed its morphological and biochemical alter-
ations in the skin after birth/grafting.

Mature grafted Abca72~/~ skin showed hairless keratotic
plates at 3 weeks after transplantation onto the backs of
SCID mice (Figure 3, A and B). Light microscopic observa-
tions revealed that hair follicles and shafts were buried in
keratotic plugs in mature Abca72™/~ skin (Figure 3, C and
D). High power microscopy demonstrated that mature
Abcal2—/—skin showed discernible keratohyalin granules
in the granular layers (Figure 3F) that were completely ab-
sent in Abca12™'~ neonatal skin (Figure 1, E and F).

Immunofluorescence staining showed abcai2 staining in
wild-type but not abca12~/—mice and intense labeling of
glucosylceramides/ceramides at the granular/cornified

layer interface in mature grafted Abca72™/~ skin (Figure 3,
I and J), compared with a sparse distribution in the neonatal
Abcal2—/- mouse upper epidermis (Figure 1L). Electron
microscopy of mature Abca72~/~ skin showed many lipid
droplets in the granular layer (Figure 3K), although the
number of lipid droplets in the cornified layer was reduced
when compared with that of neonatal skin (Figure 3L). Using
lipid analysis, the amounts of both total ceramides and
CER[EOS] were restored in mature Abca?2—/— epidermis
(Figure 3M, and see Supplemental Figure S1, C and D at
http://ajp.amjpathol.org). These results indicate that mature
grafted Abca12™/~ epidermis was able to obtain a normal
ceramide distribution together with a normal composition of
ceramides.

Immunolabeling for differentiation-specific molecules
confirmed improved keratinization during maturation of the
grafted Abca12™/~ skin (Figure 4, A-J). Intense KLK5 im-
munolabeling (Figure 4, A and B), in situ transglutaminase 1
(TGase1) activity (Figure 4, C and D), and loricrin immuno-
staining (Figure 4, E and F) were distributed throughout the
granular layers in mature grafted Abcal2—/— skin, com-
pared with a sparse distribution in Abca72™/~ neonatal skin
(Figure 2, B, D, and F). Increased loricrin and KLK5 immu-
nolabeling intensity was confirmed by Western blot analysis
using epidermal extracts from mature grafted Abca72—/—
epidermis (Figure 4K).

Mature grafted Abca72™/~ skin showed intense profilag-
grinffilaggrin labeling in the granutar layer (Figure 4H), sim-
ilar to the mature grafted wild-type skin (Figure 4G). The
diffuse profilaggrinffilaggrin distribution throughout the cor-
nified layers observed in Abca12—/— neonatal skin (Figure
2H) was not seen in mature grafted Abca72~/~ skin (Figure
4H). Western blotting with anti-profilaggrin/filaggrin anti-
body revealed that the normal conversion of profilaggrin to
filaggrin was restored in mature Abca12—/— epidermis (Fig-
ure 4K). Epidermal extracts of mature Abca12~/~ skin at 3
weeks after transplantation showed low expression of high
molecular weight smeared bands and, instead of those,
exhibited intense filaggrin monomer bands, compared
those with epidermal extracts of Abca712—/— neonatal skin.

Analysis of TEWL as a parameter of skin barrier de-
fects, demonstrated Abcal2~/~ that neonatal back skin
showed significantly greater TEWL than the wild-type
neonatal skin (n = 3, P < 0.001) (Figure 4L). However,
TEWL levels of mature Abca72—/— skin 3 weeks after the
skin graft were significantly decreased as compared with
levels of Abca12™/~ neonatal skin (n = 3, P < 0.001).

Subcultured Abca12™'~ Mouse Keratinocytes
Attained Normal Lipid Trafficking in the Cytoplasm,
with Restoration of Differentiation-Specific
Protein Expression and Intact Profilaggrin/
Filaggrin Conversion that Was Defective in
Primary-Cultured Abcal2—/— Mouse
Keratinocytes

To verify the results from grafted skin analysis, we per-

formed a similar analysis using primary versus subcul-
tured Abca12™/~ keratinocytes. Immunolabeling with an-
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Figure 3. Altered morphology and improvement of ceramide deficiency during maturation of Abca12™/~ skin. Gross (A and B) and microscopic (C-L) appearances
of wild-type and Abcal2—/- skin three weeks after transplantation onto SCID mice. A: Grafted skin of wild-type mice three weeks after transplantation. B: Grafted
Abcal2™’~ skin three weeks after transplantation showed hairless keratotic plates. C and D: Light microscopic observation histology (H&E stain; original magnification
X40; Scale bars = 20 um). Hair follicles and shafts were buried in keratotic plugs in the mature Abca12—/— skin three weeks after the skin graft (D). E and F: High power
views (H&E stain; original magnification X60; Scale bars = 10 um). Mature Abca2™~ skin three weeks after transplantation showed discernible keratohyalin granule
in the granular layers (F, arrows) that were lacked in Aba12—/— neonatal skin (see Figure 1, D and F). G and H: By immunofluorescence staining, Abcal2 expression
(Alexa488, green) was detected in the mature wild-type mouse skin (G), but not in the mature Abca2™"™ skin (H). L and J: Inmunofluorescence staining showed an
intense distribution of glucosylceramide/ceramide (GlcCer/Cer) (Alexa 488, green) at the granular/cornified layer interface in mature Abcal2~/— epidermis (J, arrows),
compared with a sparse distribution in the neonatal Abca12™/~ mouse upper epidermis (see Figure 1]). K and L: Ultrastructural observation of the grafted Abca12—/~
skins three weeks after transplantation. There were many lipid droplets in the granular layer (K, red arrowheads), however the number of lipid droplets in the comnified
layer (L, red arrowheads) was fewer than that of the neonatal Abca12™ ™ skin (see Figure 1F). Original magnification: X10000 (K), X5000 (L); Scale bars: 100 nm X)),
200 nm (L). M: From the lipid analysis of grafted skins, total ceramides levels of mature Abca12™'~ epidermis were restored. (Abcal2—/— grafted skins, 7 = 2; control
grafted skins, 7 = 2) (*P < 0.01). GlcCer, glucosylceramide; Cer, ceramide

ti-glucosylceramide/ceramide antibody demonstrated a
congested glucosylceramide/ceramide pattern in differ-
entiated primary-cultured Abca?2—/— mouse keratino-
cytes after first passage (Figure 5, B and E), compared
with an uncongested, diffuse peripheral glucosylceram-
ide/ceramide pattern in differentiated primary-cultured
wild-type mouse keratinocytes (Figure 5, A and D). After
10 passages, subcultured Abcal27/~ keratinocytes
showed a widely distributed, diffuse glucosylceramide/
ceramide staining pattern, similar to those of primary-
cultured wild-type keratinocytes (Figure 5, C and F). Sub-
cultured wild-type keratinocytes after 10 passages failed

to show any alterations in lipid distribution (data not
shown). These results indicate that lipid trafficking recov-
ered during 10 passages of subculture in our Abca12—/—
keratinocytes.

To investigate this altered differentiation state of prima-
ry/subcultured Abcal2~/~ keratinocytes, we performed
real-time RT-PCR and immunoblot analysis (Figure 5, G and
H). No significant differences were obtained in loricrin,
KLKS5, involucrin, TGase1 and filaggrin mRNA expression
between primary-cultured Abca72—~/— and wild-type ker-
atinocytes (Figure 5G). Subcultured Abca?2™'~ keratino-
cytes showed higher loricrin, KLK5 and TGase1 mRNA
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