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Macrophage Migration Inhibitory Factor Is Essential
for Eosinophil Recruitment in Allergen-Induced
Skin Inflammation

Yoko Yoshihisa'?, Teruhiko Makino', Kenji Matsunaga', Ayumi Honda®, Osamu Norisugi', Riichiro Abe?,
Hiroshi Shimizu? and Tadamichi Shimizu'

Macrophage migration inhibitory factor (MIF) is a pluripotent cytokine that has an essential role in the
pathophysiology of experimental allergic inflammation. Recent findings suggest that MIF is involved in several
allergic disorders, including atopic dermatitis (AD). In this study, the role of MIF in allergic skin inflammation
was examined using a murine model of AD elicited by epicutaneous sensitization with ovalbumin (OVA). We
observed the number of skin-infiltrating eosinophils to significantly increase in OVA-sensitized MIF transgenic
(Tg) mice compared with their wild-type (WT) littermates. On the other hand, eosinophils were virtually absent
from the skin of MIF knockout (KO) mice and failed to infiltrate their skin after repeated epicutaneous
sensitization with OVA. The mRNA expression levels of eotaxin and IL-5 were significantly increased in OVA-
sensitized skin sites of MIF Tg mice, but were significantly decreased in MIF KO mice in comparison with the
levels in WT littermates. Eotaxin expression was induced by IL-4 stimulation in fibroblasts in MIF Tg mice,
but not in MIF KO mice. These findings indicate that MIF can induce eosinophil accumulation in the
skin. Therefore, the targeted inhibition of MIF might be a promising new therapeutic strategy for allergic

skin diseases.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic, relapsing inflammatory
disease of the skin with significant morbidity and an adverse
impact on patient well-being (Morar et al., 2006). AD is
considered to result from a dysregulation of the normal
interactions between the environment and genes, defects in
skin barrier function, and systemic and local immunological
responses (Leung et al, 2004). The contribution of the
immune response to the pathogenesis of AD has been
attributed largely to abnormalities in adaptive immunity,
with key roles being played by T-helper 1(Th1)/Th2 cell
dysregulation, IgE production, dendritic cell signaling, and
mast-cell hyperactivity, leading to the pruritic, inflammatory
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dermatosis that characterizes AD (Leung et al., 2004). In
addition, accumulation of eosinophils is characteristic of the
inflammation associated with AD (Honma et al., 2000).
Macrophage migration inhibitory factor (MIF) was the first
lymphokine reported to prevent random migration of macro-
phages (Bloom and Bennett, 1966). As the molecular cloning
of MIF complementary DNA (Weiser et al., 1989), MIF has
been re-evaluated as a proinflammatory cytokine and
pituitary-derived hormone that potentiates endotoxemia
(Bernhagen et al., 1993; Bucala, 1996). MIF has an important
role in delayed-type hypersensitivity (Bernhagen et al., 1998).
Recently, it has been demonstrated that MIF also upregulates
the expression of Toll-like receptor-4, which mediates
lipopolysaccharide binding and activation of macrophages
(Roger et al., 2001). MIF is now recognized as a cytokine that
exhibits a broad range of immune and inflammatory
activities, including induction of inflammatory cytokines,
and regulation of macrophage and lymphocyte proliferation.
Furthermore, MIF induces the endothelial expression of
E-selectin, ICAM-1, vascular cell adhesion molecule-1, IL-8,
and monocyte chemoattractant protein-1, thus resulting in
leukocyte recruitment (Gregory et al., 2004, 2006; Cheng
et al., 2010). MIF originates from multiple cellular sources
such as activated T lymphocytes, monocytes, eosinophils,
and keratinocytes (Rossi et al, 1998; Shimizu et al., 1999;
Yamaguchi et al, 2000). MIF has also been shown to
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exacerbate human allergic and inflammatory diseases, such
as asthma (Rossi et al., 1998) and acute respiratory distress
syndrome (Donnelly et al., 1997).

We recently reported excessive expression of MIF mRNA
and protein in inflammatory skin lesions and in sera from AD
patients (Shimizu et al, 1999; Shimizu, 2005). We also
showed that the serum MIF levels decrease as the clinical
features of this disease improve, thus suggesting that MIF has
a pivotal role in the inflammatory response in AD (Shimizu
et al., 1997). These studies raise the possibility that MIF is an
important component of Th2-mediated immunopathology in
general, and might therefore be relevant to chronic inflam-
matory allergic conditions.

Eosinophils may aggravate the inflammatory response in
the skin of AD patients. Spergel et al. (1998, 1999) reported a
murine model of allergic skin inflammation elicited by
epicutaneous sensitization with ovalbumin (OVA). This
model displays many of the features of human AD, including
elevated total and specific IgE, dermatitis characterized by
infiltration of the dermis by CD4™ T cells and eosinophils,
and increased local expression of mRNAs for the cytokines
IL-4, IL-5, and IFN-y. In our present study, MIF transgenic (Tg)
mice and MIF knockout (KO) mice were used to assess the
potential role of MIF in the pathogenesis of AD in this murine
model of allergic skin inflammation. We also investigated the
effects of MIF on eotaxin expression of dermal fibroblasts.

RESULTS

The expression of MIF was increased in bone marrow and skin
from MIF Tg mice

MIF Tg mice exhibited no lethal or prominent pathological
lesions in the organs examined. A northern blot analysis
revealed the MIF mRNA expression in bone marrow and skin
from MIF Tg mice to be ~10 times higher than that in wild-
type (WT) mice (Figure 1a). MIF protein was also increased in
the skin from MIF Tg mice compared with that from WT
mice, as demonstrated by western blotting (Figure 1b).

OVA-sensitized skin sites of MIF Tg mice showed marked
eosinophil infiltration

To examine the role of MIF in eosinophilic infiltration, MIF Tg
and WT mice were subjected to epicutaneous OVA sensitiza-
tion. Only a few eosinophils were present in saline-sensitized
skin from MIF Tg and WT mice, while eosinophilic infiltration
of the dermis was significantly increased following epicuta-
neous sensitization with OVA. The mean number of eosino-
phils after OVA sensitization was 13.6 +2.84 in MIF Tg mice,
but only 4.8+ 1.37 in WT mice (P<0.001; Figure 2a). Figure
2b shows the histological features of OVA-sensitized skin sites
in MIF Tg and WT mice. The epidermis was slightly thickened,
and numerous eosinophils and mononuclear cells infiltrated
the upper dermis around the vessels, in the OVA-sensitized
skin of MIF Tg mice.

Eosinophil numbers were not increased in the OVA-sensitized
skin of MIF KO mice

To further clarify the roles of MIF in eosinophilic infiltration,
MIF KO mice were subjected to epicutaneous OVA
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Figure 1. Expression of macrophage migration inhibitory factor (MIF) in
tissues from MIF transgenic (Tg) mice. (a) Bone marrow (BM) and skin
specimens were harvested from MIF Tg and wild-type (WT) mice, and the
total RNA levels were determined by northern blot analysis as described in the
Materials and Methods. The density of MIF bands was normalized to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) signals. BM and skin
from MIF Tg mice showed an ~ 10-fold higher level of MIF mRNA expression
than those from WT mice. (b) Western blot analysis of skin from MIF

Tg mice showed that the MIF protein level was also higher in MIF Tg mice
than in WT mice.

sensitization. The mean number of eosinophils after OVA
sensitization was 2.0+0.94 in MIF KO mice, and did not
differ from that after saline sensitization. Furthermore, this
value was significantly lower than that of WT mice
(4.8+1.37, P<0.05; Figure 3a). Histological features also
confirmed only a few eosinophils to be present in the dermis
after OVA sensitization in MIF KO mice (Figure 3b).

The expression of eotaxin and Th2-type cytokines increased in
the OVA-sensitized skin of MIF Tg mice, but decreased in the
OVA-sensitized skin in MIF KO mice

We next examined the expression of mRNAs for eotaxin and
cytokines in OVA-sensitized skin specimens from MIF Tg,
MIF KO, and WT mice. The expression levels of eotaxin and
Th2-type cytokines, especially IL-5, were increased in the
OVA-sensitized skin of MIF Tg mice compared with WT
mice. However, IFN-y, a Thi-type cytokine, did not differ
between MIF Tg and WT mice. Conversely, low eotaxin
mRNA expression was observed in the OVA-sensitized skin
of MIF KO mice compared with WT mice. Similarly, the
mRNA expression of the Th2-type cytokines, including IL-4,
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Figure 2. Eosinophil infiltration into ovalbumin (OVA)-sensitized skin sites
of macrophage migration inhibitory factor (MIF) transgenic (Tg) mice.

(@) The number of eosinophils in OVA-sensitized skin sites of MIF Tg mice
was compared with the wild-type (WT) mice. Each value represents the
mean £ SD (n=5; *P<0.001, **P<0.0001). (b) Histological features of
OVA-sensitized skin sites in MIF Tg mice and WT mice. Scale bar for large
panels = 50 um; scale bar for small panels = 10 pm; hematoxylin and eosin
section. Arrowheads point to eosinophils. The experiments were repeated
three times and similar results were obtained.

IL-5, and IL-13, were low in the OVA-sensitized skin of MIF
KO mice compared with WT mice (Figure 4).

The expression and production of eotaxin in cultured fibroblasts
from MIF Tg mice and from MIF KO mice

To clarify the role of MIF in the expression of eotaxin, we
performed in vitro experiments. A previous report described
that 1IL-4 could dose-dependently induce the expression of
eotaxin mRNA in dermal fibroblasts from humans and mice
(Mochizuki et al., 1998). Using this protocol, we analyzed the
eotaxin expression in cultured fibroblasts from MIF Tg, MIF KO,
and WT mice by stimulating them with IL-4. Unstimulated
fibroblasts from these mice barely expressed eotaxin mRNA.
However, fibroblasts from MIF Tg mice showed dramatically
increased eotaxin mRNA after stimulation with 5ngml~" of IL-
4 (Figure 5a). To evaluate whether there was an accompanying
change in eotaxin protein production, the amount of eotaxin in
fibroblast supernatants was also analyzed. Eotaxin proteins in
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Figure 3. Eosinophil infiltration induced in ovalbumin (OVA)-sensitized skin
sites of macrophage migration inhibitory factor (MIF) knockout (KO) mice.
(@) The number of eosinophils in OVA-sensitized skin sites of MIF KO mice
was compared with wild-type (WT) mice. Each value represents the

mean +SD (n=5, *P<0.05). (b) Histological features of OVA-sensitized
skin sites in MIF KO and WT mice. Scale bar for large panels =50 pm;
scale bar for small panels = 10 um; hematoxylin and eosin section.
Arrowheads point to eosinophils. The experiments were repeated three
times and similar results were obtained each time.

the culture supernatant of fibroblasts from MIF Tg mice were
also significantly increased compared with those from WT
mice (*P<0.005). However, fibroblasts from MIF KO mice
showed minimal expression of eotaxin mRNA even when
stimulated with 10ngml™" of IL-4. Eotaxin production in the
culture supernatant of fibroblasts from MIF KO mice was barely
detectable (Figure 5b).

Recombinant MIF restored the expression and production of
eotaxin in dermal fibroblasts from MIF KO mice

In dermal fibroblasts from WT mice, stimulation with IL-4
significantly induced the expression of eotaxin MRNA
compared with unstimulated fibroblasts (Figure 6a). Addition
of recombinant MIF significantly enhanced this increase in
eotaxin expression. This suggests that the eotaxin expression
in dermal fibroblasts from MIF Tg mice was markedly
increased by IL-4 stimulation. A significant amount of eotaxin
was also produced by combined stimulation with IL-4
(*P<0.005, **P<0.05; Figure 6b). Although the fibroblasts
from MIF KO mice showed minimal induction of eotaxin
mRNA expression in response to stimulation with IL-4, both
the expression of eotaxin mRNA and the production of
eotaxin protein were restored by addition of recombinant MIF
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Figure 4. Expression levels of eotaxin and Th2-type cytokines in ovalbumin
(OVA)-sensitized skin from macrophage migration inhibitory factor (MIF)
transgenic (Tg) mice and MIF knockout (KO) mice. Reverse transcriptase-
PCR analyses of eotaxin, IL-4, IL-5, IL-13, and IFN-y levels in skin sites of MIF
Tg and WT mice sensitized with OVA were performed. Eotaxin, IL-4, IL-5,
and IL-13 mRNA expression levels were increased in OVA-sensitized MIF Tg;
however, both eotaxin and Th2-type cytokines were markedly decreased in
OVA-sensitized MIF KO mice, compared with WT mice. The experiments
were repeated three times and similar results were obtained. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

(Figure 6a and b). The levels of eotaxin production in MIF KO
mouse fibroblasts exposed to MIF were similar to the levels in
WT fibroblasts stimulated with IL-4 (Figure 6b).

DISCUSSION
There is growing evidence that the eosinophil is an important
effecter cell in allergic inflammatory diseases, such as asthma
and AD. Accumulation of eosinophils in the skin is character-
istic of inflammation associated with AD (Leiferman,
1989; Kapp, 1995). This study explored, for the first time,
the significant increase in eosinophil infiltration in the skin of
MIF Tg mice after OVA sensitization, compared with WT
mice. However, in MIF KO mice, eosinophils failed to
infiltrate the skin after repeated epicutaneous sensitization
with OVA. Eosinophils accumulate at inflammatory sites
and release numerous mediators capable of initiating
and maintaining allergic inflammation. Yamaguchi et al.
(2000) reported eosinophils to be an important source of
MIF in allergic inflammatory diseases. The number of
eosinophils was reported to be significantly decreased in
lung tissue and in bronchoalveolar lavage fluid from MIF KO
mice after stimulation with OVA, compared with those from
WT mice (Mizue et al., 2005; Magalhaes et al., 2007; Wang
et al., 2009). In an allergic rhinitis model, eosinophil
recruitment into the nasal submucosa was also suppressed
in MIF KO mice (Nakamaru et al., 2005). Consistent with
these findings, our current evidence indicates that MIF is
essential for the infiltration of eosinophils into the OVA-
sensitized skin.

This study also demonstrated that the expression of both
eotaxin and IL-5 is markedly increased in the OVA-sensitized
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Figure 5. IL-4 induced eotaxin expression and production by fibroblasts
from macrophage migration inhibitory factor (MIF) transgenic (Tg) and MIF
knockout (KO) mice. Fibroblasts from MIF KO, MIF Tg, and wild-type (WT)
mice were stimulated with IL-4 (5 or 10ngml™") for 24 hours. (a) RNA

was extracted from the cells and the abundance of eotaxin mRNA was
evaluated by reverse transcriptase-PCR. Data are from a representative
experiment that was repeated three times and yielded similar results.

(b) The eotaxin content of cultured supernatants was analyzed for eotaxin
by ELISA. Each value represents the mean + SD of five specimens.
*P<0.005, **P<0.05. ND, not detected.
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Figure 6. Recombinant macrophage migration inhibitory factor (MIF)
restored eotaxin expression and production by IL-4 stimulation in dermal
fibroblasts from MIF knockout (KO) mice. The fibroblasts were stimulated
with IL-4 (10ngml™"), MIF (100 ngml™"), or both IL-4 and MIF for 24 hours.
(@) RNA was extracted from cells, and the abundance of eotaxin mRNA was
evaluated by reverse transcriptase-PCR. Data are from a representative
experiment that was repeated three times showing similar results. (b) The
eotaxin contents of cultured supernatants were analyzed for eotaxin by ELISA.
Each value represents the mean + SD of six specimens. *P<0.005, **P<0.05.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ND, not detected.
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skin sites of MIF Tg mice skin. The other Th2-type cytokines,
IL-4 and IL-13, were also slightly increased in MIF Tg mice.
On the other hand, the expression levels of eotaxin and Th2-
type cytokines were markedly decreased in the OVA-
sensitized skin sites of MIF KO mice. Acute AD involves a
systemic Th2 response with eosinophilia, and marked
infiltration of Th2 cells into skin lesions. These infiltrating
T cells predominantly express IL-4, IL-5, and IL-13. Further-
more, the roles of cytokines in the induction of migration
and the accumulation of eosinophils into an inflamed tissue
have been extensively studied in recent years. Some of the
important eosinophil chemoattractant cytokines include IL-5,
IL-8, eotaxin, RANTES (regulated on activation, normal T cell
expressed and secreted), and monocyte chemoattractant
protein-3 (Lampinen et al, 2004). Among these, eotaxin
(CC chemokine ligand-11) is one of the most important
eosinophil-selective chemoattractants (Jose et al, 1994;
Garcia-Zepeda et al., 1996). Eotaxin is secreted by several
cell types: epithelial cells, fibroblasts, and activated infiltrat-
ing leukocytes such as eosinophils (Garcia-Zepeda et al.,
1996; Ponath et al., 1996; Uguccioni et al., 1996). Eotaxin is
reportedly related to the eosinophilia in allergic diseases,
including AD and asthma (Ying et al., 1997; Yawalkar et al.,
1999). IL-5 also has an important role in eosinophil
development and differentiation (Sanderson, 1992). IL-5 KO
mice had virtually no eosinophils in either saline-sensitized
skin or in OVA-sensitized skin (Spergel et al., 1999).
Recently, Magalhdes et al. (2009) reported that MIF was
involved in IL-5-driven maturation of eosinophils and in
tissue eosinophilia associated with Schistosoma mansoni
infection. In addition, several earlier studies demonstrated
that MIF KO mice failed to develop tissue eosinophilia, and
that eotaxin, IL-4, and IL-5 were not induced in either allergic
lung tissues or bronchoalveolar lavage fluid (Mizue et al.,
2005; Wang et al., 2006). Accordingly, our results suggest
that MIF is important in regulating both eotaxin and IL-5 in
OVA-sensitized inflamed skin tissue.

In support of these in vivo observations, this study
demonstrated that the expression of eotaxin was significantly
increased after stimulation with IL-4 in fibroblasts from MIF
Tg mice compared with WT fibroblasts, but not in fibroblasts
from MIF KO mice. However, eotaxin expression in
fibroblasts from MIF KO mice was restored by addition of
recombinant MIF. These observations suggest that MIF is
crucial to the expression of eotaxin, and antigen-induced
eosinophil infiltration is suspected to be induced by eotaxin
mainly by MIF, in addition with IL-5 production involved in
MIF. Previous observations have shown that either IL-4 or
IL-13 can increase eotaxin expression, and that they function
synergistically with proinflammatory cytokines, such as
tumor necrosis factor-a, to increase the production of eotaxin
in epithelial cells and fibroblasts (Mochizuki et al., 1998;
Nakamura et al.,, 1998; Li et al., 1999; Stellato et al., 1999;
Fujisawa et al., 2000; Terada et al., 2000). Increases in both
IL-4 and IL-13 in the inflamed skin of MIF Tg mice might
involve enhancing the tissue eosinophilia. Furthermore,
tumor necrosis factor-o secretion induced by MIF also has
the ability to increase eotaxin expression in MIF Tg mice, on
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the basis of the known capacity of MIF to trigger the
secretion of several inflammatory cytokines, including tumor
necrosis factor-a (Donnelly et al., 1997). It was recently
elucidated that MIF activates an extracellular signal-regulated
kinase-1/2-mitogen-activated  protein  kinase signaling
through its receptor CD74 (Leng et al., 2003) and c-Jun N-
terminus kinase-mitogen-activated protein kinase signaling
through CD74/CXCR4 (Lue et al., 2011), in addition to the
endocytic pathway described previously (Kleemann et al.,
2000); however, the receptor-mediated mechanism involved
in MIF-mediated IL-4-induced eotaxin release is unclear. This
mechanism should therefore be an important focus of
research in association with MIF-mediated skin allergy.

Finally, we suggest that the inhibition of MIF might be an
effective treatment for AD, suppressing both eosinophil
infiltration and eotaxin expression in the skin. We recently
demonstrated that in murine models of AD, MIF-DNA
vaccination elicited the production of endogenous anti-MIF
antibodies, producing rapid improvement of AD skin
manifestations (Hamasaka et al., 2009). Our previous data
and the current findings therefore hold promise for the
development of MIF inhibitors as a therapeutic strategy for
allergic diseases.

MATERIALS AND METHODS

Materials

The following materials were obtained from commercial sources: a
mouse eotaxin-specific ELISA kit from Genzyme TECHNE
(Cambridge, MT); Isogen RNA extraction kit from Nippon Gene
(Tokyo, Japan); M-MLV reverse transcriptase from GIBCO (Grand
Island, NY); Taq DNA polymerase from Perkin-Elmer (Norwalk, CO);
nylon membranes from Schleicher & Schuell (Keene, NH); Ficoll-
Plaque Plus and Protein A Sepharose from Pharmacia (Uppsala,
Sweden); recombinant mouse IL-4 from R&D systems (Minneapolis,
MN). Recombinant rat MIF (this recombinant MIF crossreacts with
that of mice) was expressed in Escherichia coli BL21/DE3 (Novagen,
Madison, WI) and was purified as described previously (Shimizu
et al., 2004). All other chemicals were of analytical grade.

Mice

The MIF-overexpressing Tg mice were established after complemen-
tary DNA microinjection. Physical and biochemical characteristics,
including body weight, blood pressure, and serum cholesterol and
blood sugar levels, were normal, as reported previously (Sasaki et al.,
2004). The transgene expression was regulated by a hybrid promoter
composed of the cytomegalovirus enhancer and the B-actin/B-globin
promoter, as reported previously (Akagi et al., 1997). The strain of
the original MIF Tg mice was ICR, which were backcrossed with
C57BL/6 for at least 10 generations. Tg mice were maintained by
heterozygous sibling mating. Aged MIF Tg mice of 12 months or
older developed neither skin allergies nor diseases. The MIF-
deficient (KO) mice were established by targeted disruption of the
MIF gene as described previously (Honma et al, 2000), using a
mouse strain bred onto a C57BL/6 background. MIF Tg, MIF KO, and
WT mice were maintained under specific-pathogen-free conditions
at the Institute for Animal Experiments of the Graduate School of
Medicine and Pharmaceutical Sciences, University of Toyama. All
experiments were performed on 8-week-old female adult mice.
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Epicutaneous sensitization

Epicutaneous sensitization of mice was performed as described
previously (Spergel et al, 1998). Briefly, each mouse was
anesthetized with 10% nembutal (Hospira, Osaka, Japan), then
shaved with a razor. One hundred mg of OVA (Sigma, St Louis, MO)
in 100pl of normal saline were placed on a 1x1cm patch
(Alcare, Tokyo, Japan), which was secured to the skin with a
transparent bio-occlusive dressing (ALCARE). The patch was left in
place for 1 week and then removed. At the end of the second week,
an identical patch was reapplied to the same skin site. Each mouse
had a total of three 1-week exposures to the patch, separated from
each other by 2-week intervals. Inspection confirmed that the patch
was still in place at the end of each sensitization period. Skin
biopsies from treated areas were obtained for RNA isolation and
histological evaluation. Six-micrometer thick skin sections were
stained with hematoxylin and eosin (H&E). Eosinophils were
counted under a microscope at a magnification of x 400 and
expressed as the mean number of the cells in five random fields (one
section per mouse, five mice per group).

Northern blot analysis

Bone marrow cells were isolated from the femurs of MIF Tg or
WT mice, and 1x 10° cellsml™' was collected. Total RNA was
isolated from bone marrow cells and skin from mice using an Isogen
RNA extraction kit according to the manufacturer’s protocols.
Twenty ug of RNA from control and test samples were loaded onto
a formaldehyde-agarose gel and the RNA was transferred onto a
nylon membrane. RNA fragments obtained by restriction
enzyme treatment for MIF and glyceraldehyde-3-phosphate
dehydrogenase were labeled with [0-*2P]deoxycytidine triphosphate
using @ DNA random primer labeling kit (Enzo Life Sciences
International, Farmingdale, NY). Hybridization was carried out at
42 °C for 24-48 hours. Post-hybridization washing was performed in
0.1% SDS with 0.2 x standard saline citrate (1 x standard saline
citrate: 0.15m NaCl, 0.015m sodium citrate) at 65°C for
15 minutes. The radioactive bands were visualized by autoradio-
graphy on Kodak X-AR5 film (Tokyo, Japan) and quantitatively
analyzed using the NIH Image system (Bethesda, MD). The results
were normalized by compensating for the glyceraldehyde-3-
phosphate dehydrogenase mRNA levels.

Reverse transcription-PCR analysis

Total RNA was extracted from each mouse skin specimen. RNA
reverse transcription was performed with M-MLV reverse transcrip-
tase using random hexamer primers and subsequent amplification
using Taq DNA polymerase. PCR was carried out for 3540 cycles
with denaturation at 94 °C for 30seconds, annealing from 46 to 64 °C
for 1 minute and extension at 72 °C for 45 seconds using a thermal
cycler (PE Applied Biosystems Gene Amp PCR system 9700, Life
Technologies Japan, Tokyo, Japan). The primers used in this study are
described in Supplementary Table S1 online. After PCR, the amplified
products were analyzed by 2% agarose gel electrophoresis.

Western blot analysis

The epidermis of each mouse was homogenized with a Polytron
homogenizer (Kinematica, Lausanne, Switzerland). The protein
concentrations of the cell homogenates were quantified using a
Micro BCA protein assay reagent kit (Thermo Fisher Scientific,
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Yokohama, Japan). Equal amounts of homogenates were dissolved in
20l of Tris-HCL, 50mm (pH 6.8), containing 2-mercaptoethanol
(1%), SDS (2%), glycerol (20%) and bromophenol blue (0.04%),
and then were heated to 100 °C for 5 minutes. The samples were then
subjected to SDS-PAGE and electrophoretically transferred onto a
nitrocellulose membrane. The membranes were blocked with 2.5%
non-fat dry milk powder in phosphate-buffered saline, probed with
antibodies against MIF (Shimizu et al., 1996) and subsequently
reacted with secondary IgG antibodies coupled with horseradish
peroxidase. The resultant complexes were processed for the ECL
detection system (Amersham Biosciences, Buckinghamshire, UK).
The relative amounts of proteins associated with specific antibodies
were normalized according to the intensities of B-actin (Sigma).

Cell culture

Skin specimens were obtained from the dorsal surfaces of newborn
MIF Tg, MIF KO, and WT mice. The skin specimens were cut into
3-5mm pieces and placed on a large Petri dish with the
subcutaneous side down, followed by tissue incubation for 1 week
in a humidified atmosphere of 5% CO, at 37°C. Once sufficient
numbers of fibroblasts had migrated out of the skin sections, pieces of
the skin were removed and the cells were passaged by trypsin
digestion in the same manner as wound-harvested fibroblasts.
Fibroblasts were grown in DMEM containing 10% fetal calf serum
and 1% penicillin/streptomycin. After 3 passages, the fibroblasts were
used for the experiments. The fibroblasts from MIF KO and WT mice
were stimulated with MIF (100ngml™"), IL-4 (10ngml™"), or MIF
(100 ngml™") in combination with IL-4 (10 ngml~") for 24 hours. We
also stimulated the fibroblasts from MIF Tg, MIF KO, and WT mice
with IL-4 (5 or 10ng ml~") alone for 24hours. The cells were
analyzed using reverse transcriptase-PCR. Culture supernatants were
analyzed for eotaxin by ELISA.

Statistical analysis

Values are expressed as the means +SD of the respective test or
control group. The statistical significance of differences between the
control and test groups was evaluated by either Student’s t-test or
one-way analysis of variance.
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ABSTRACT: Mutations in ABCA12 have been described
in autosomal recessive congenital ichthyoses (ARCI)
including harlequin ichthyosis (HI), congenital ichthyo-
siform erythroderma (CIE), and lamellar ichthyosis (LI).
HI shows the most severe phenotype. CIE and LI are
clinically characterized by fine, whitish scales on a
background of erythematous skin, and large, thick, dark
scales over the entire body without serious background
erythroderma, respectively. To date, a total of 56
ABCA12 mutations have been reported in 66 ARCI
families including 48 HI, 10 LI, and 8 CIE families of
African, European, Pakistani/Indian, and Japanese origin
(online database: http://www.derm-hokudai.jp/ABCA12/).
A total of 62.5% of reported ABCA12 mutations are
expected to lead to truncated proteins. Most mutations in
HI are truncation mutations and homozygous or
compound heterozygous truncation mutations always
results in HI phenotype. In CIE families, at least one
mutation on each allele is typically a missense mutation.
Combinations of missense mutations in the first ATP-
binding cassette of ABCA12 underlie the LI phenotype.
ABCA12 is a keratinocyte lipid transporter associated
with lipid transport in lamellar granules, and loss of
ABCA12 function leads to a defective lipid barrier in the
stratum corneum, resulting in an ichthyotic phenotype.
Recent work using mouse models confirmed ABCA12
roles in skin barrier formation.

Hum Mutat 31:1090-1096, 2010. © 2010 Wiley-Liss, Inc.

KEY WORDS: ABCA12; congenital ichthyosiform
erythroderma; harlequin ichthyosis; lamellar ichthyosis

Introduction

Severe autosomal recessive congenital ichthyoses (ARCI) can
be devastating to patients’ quality of life in those seriously
affected, even though other organs are uninvolved. ARCI
comprises three major subtypes, harlequin ichthyosis (HI; MIM#
242500), congenital ichthyosiform erythroderma (CIE; MIM#
242100), and lamellar ichthyosis (LI; MIM#s 242300, 604777,

Additional Supporting Information may be found in the online version of this article.
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601277, 606545) [Akiyama and Shimizu, 2008]. HI is the most
devastating congenital ichthyosis, and affected newborns show
large, thick, plate-like scales over the whole body with severe
ectropion, eclabium, and flattened ears [Akiyama, 2006a]. Patients
with CIE demonstrate fine, whitish scales on a background of
erythematous skin over the whole body. Conversely, LI is clinically
characterized by large, thick, dark scales over the entire body surface
without a serious background erythroderma [Akiyama et al., 2003].

Because transglutaminase 1 gene (TGMI; MIM# 190195)
mutations were identified as the cause in LI in 1995 [Huber
et al., 1995; Russell et al., 1995], significant progress has recently
been made in the understanding of the molecular basis of the
human epidermal keratinization processes, and mutations in
several other genes have also been identified in ARCI. In HI cases,
only ABCA12 mutations have been reported as underlying genetic
defects [Akiyama and Shimizu, 2008]. In contrast, CIE and LI are
both heterogeneous genetic disorders and several causative or
underlying molecules including ABCA12 have been identified
[Jobard et al., 2002; Lefévre et al., 2003, 2004; Lefevre, 2006].
Mutations in six genes have been described in non-HI ARCI to
date, including TGMI [Huber et al., 1995; Russell et al.,, 1995],
ABCA12 [Lefévre et al., 2003; Natsuga et al., 2007], NIPAL4 (also
known as ICHTHYIN) [Lefevre et al., 2004], CYP4F22 [Lefevre,
2006], ALOX12B and ALOXE3 [Jobard et al., 2002]. Among them,
TGM1 is thought to be the most prevalent causative gene [Fischer,
2009; Herman et al., 2009]. TGM1 encodes transglutaminase 1,
which is expressed in the upper epidermis and catalyzes
crosslinking of cornified cell envelope precursor proteins to form
a cornified cell envelope in the stratum corneum [Herman et al.,
2009]. NIPAL4 (or ICHTHYIN) encodes a protein of unknown
function. ALOX12B and ALOXE3 encode for arachidonate 12(R)-
lipoxygenase and arachidonate lipoxygenase-3, respectively. The
protein product of CYP4F22, a cytochrome P450 protein, and the
two lipoxygenases arachidonate 12(R)-lipoxygenase and arachi-
donate lipoxygenase-3 are part of the lipid metabolism pathway
involved in the formation of ®-hydroxyceramides from arachi-
donic acid [Brash et al., 2007]. ABCA12 (MIM# 607800) missense
mutations leading to defects in the ATP-binding cassette were
reported in LI cases (type 2 LI [MIM# 601277]) [Lefevre et al.,
2003] and ABCA12 truncation mutations were reported under-
lying HI patients [Akiyama et al., 2005; Kelsell et al, 2005].
Recently, we reported that ABCAI2 missense mutations are a
major cause of CIE cases in the Japanese population [Akiyama
et al., 2008; Natsuga et al., 2007; Sakai et al., 2009]. Thus, ABCAI2
mutations lead to all three ARCI clinical phenotypes including HI,
LI and CIE and ABCA12 mutations are highlighted as one of the
major causes of ARCI.

© 2010 WILEY-LISS, INC.
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ABCAI12 is a member of the large superfamily of the ATP-
binding cassette (ABC) transporters [Annilo et al., 2002], which
bind and hydrolyze ATP to transport various molecules across a
limiting membrane or into a vesicle [Borst and Elferink, 2002].
The ABCA subfamily members are thought to be lipid
transporters [Peelman et al., 2003]. ABCA12 was recognized as a
key molecule in keratinocyte lipid transport [Akiyama et al., 2005;
Sakai et al., 2007]. ABCAI12 is a keratinocyte transmembrane lipid
transporter protein associated with lipid transport in lamellar
granules to the apical surface of granular layer keratinocytes
[Akiyama et al., 2005]. In this article, the importance of ABCAI2
mutations as a cause for ARCI is reviewed and a genotype/
phenotype correlation of ARCI with ABCAI2 mutations is
discussed.

ABCA12 Mutations

A review of the literature was performed to identify all of the
known ABCA12 mutations. To date, 56 ABCAI2 mutations have
been described (online database: http://www.derm-hokudai.jp/
ABCA12/) in 66 unrelated families including 48 HI, 10 LI and
8 CIE families (Supp. Table S1 and Fig. 1). Nucleotide numbering
reflects cDNA numbering with +1 corresponding to the A of the
ATG translation initiation codon in the reference sequence
(GenBank NM_173076.2), according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.
Mutations have been reported among ARCI patients with African,
European, Pakistani/Indian, and Japanese backgrounds, from
almost all over the world. Of the 56 mutations, 36% (20) are
nonsense, 25% (14) are missense, 20% (11) comprise small
deletions, 11% (6) are splice site, 5% (3) are large deletions, and
4% (2) are insertion mutations. At least, 62.5% (35) of the total
reported mutations are predicted to result in truncated proteins.
There is no apparent mutation hot spot in ABCAI12, although
mutations underlying LI phenotype are clustered in the region of
the first ATP-binding cassette [Lefévre et al., 2003].

The most common reported mutation in ABCA12 is ¢.7322delC
(p.Val2442SerfsTer28) in exon 49, which has been reported in
seven HI families with Pakistani background [Kelsell et al., 2005;
Thomas et al., 2006, 2008]. This mutation has been identified only
in the Pakistani population. Thomas et al. [2008] reported that
80% of HI patients and parents (10 screened) originated from the
Pakistani/Indian area had the mutation 7322delC. Microsatellite-
based haplotype analysis of the genomic region harboring
ABCAI2 in three patients homozygous for the mutation
c.7322delC suggested that ¢.7322delC is a possible founder
mutation in the Pakistani population [Thomas et al., 2008]. The
second most common reported ABCAI2 mutation is a missense
mutation p.Asn1380Ser in Walker A motif of the first ATP-binding
cassette, which is essential for the transporter function of ABCA12
[Lefevre et al., 2003]. This missense mutation p.Asn1380Ser has
been identified in five LI families from Africa (three families from
Morocco and two families from Algeria) [Lefevre et al., 2003].
Haplotype analysis confirmed that p.Asn1380Ser is a founder
mutation in the patients from Morocco/Algeria region [Lefévre
et al., 2003]. Out of further 10 different ABCA12 mutations, each
mutation has been identified in two unrelated families from
certain geographic regions. Among these 10 mutations, 5 ABCA12
mutations, ¢.2021_2022del2, ¢.3295—2A>G, p.Thr1387del,
p.Argl1950Ter, and p.Arg2482Ter, were found in two independent
patients from Japan [Akiyama et al., 2005, 2006a, 2007a; Sakai
et al, 2009]. As for the other five mutations, p.Trp1294Ter,
p.Gly1651Ser, p.Tyr1090Ter, ¢.2025delG, and p.Trpl1744Ter were

found in two independent families with Pakistani [Rajpar et al.,
2006; Thomas et al., 2006], Algeria [Leféevre et al., 2003], Albanian/
Bosnian [Thomas et al., 2008], Anglo-Saxon [Thomas et al., 2006],
and native American [Kelsell et al., 2005] origins, respectively. These
data suggest the presence of founder mutations in patients in
Pakistani/Indian, African, European, and Japanese origins.

Clinical Significance; Prevalence of ABCA12
Mutations as a Causative Gene for ARCI Patients

ARCI is a basket diagnosis, and HI, CIE, and LI are the major
subtypes comprising the ARCI group. Among the 48 HI families
in whom ABCAI2 mutation analysis has been reported (Supp.
Table S1), ABCA12 mutations have been identified in all HI
families; the ABCA12 mutation detection rate is 100% (48/48) in
the HI families. Kelsell et al. [2005] reported one HI patient in
whom ABCAI2 mutation was not detected by direct sequencing
analysis. However, multiplex PCR and oligonucleotide array
analysis subsequently revealed deletion of exon 8 in this patient
[Thomas et al., 2006]. In this context, HI is thought to be
genetically homogeneous for causal ABCAI2 mutations.

In contrast, CIE and LI, the other two ARCI subtypes, to date,
six genes, ABCAI2 [Leféevre et al, 2003], TGM1 [Huber et al.,
1995; Russell et al.,, 1995], ALOXI12B (MIM# 603741) [Jobard
et al, 2002], ALOXE3 (MIM# 607206) [Jobard et al., 2002],
ICHTHYIN (MIM# 609383) [Lefévre et al., 2004] and FLJ39501
(MIM# 611495) [Lefevre, 2006], have been reported to cause CIE;
and four out of these six, ABCA12 [Lefevre et al., 2003], TGM1
[Huber et al., 1995; Russell et al., 1995], ALOX12B [Jobard et al.,
2002], and ICHTHYIN [Lefévre et al., 2004], are also known to
underlie LI. Recently, Fischer [2009] reported that in her cohort of
520 patients from 520 independent families with LI and CIE,
causative mutations were detected by direct sequencing analysis in
78% of the patients. Only 5% of the patients were harbored
ABCA12 mutations although only exons 28-32 of ABCAI2 were
sequenced for the majority of the patients in this study [Fischer,
2009]. The results suggest that ABCA12 is rather a minor cause for
ARCI probably in the European and African populations,
although the exact ethnic background of the 520 families was
not provided in the report. Different from the situation in Europe,
from the results of our mutation search, ABCA12 mutations were
frequently found in CIE families, but not in LI families, at least in
the Japanese population [Sakai et al., 2009]. Thus, there might be
a difference in the prevalence of causative genes for CIE and LI
between the global subpopulations.

Genotype—Phenotype Correlation in ABCA12
Mutations

Several genotype/phenotype correlations with ABCAI2 mutations
have now come to light.

In HI (Supp. Fig. S1A), 44 ABCA12 mutations were reported to
date. Among them, most mutations are truncation mutations
including nonsense mutations, frameshift mutations (deletion/
insertion mutations), and splice site mutations (Table 1). Other
mutations reported in HI families are missense mutations, exon
deletions, and single amino acid deletions.

Most truncation or deletion mutations underlying HI are
thought to lead to severe loss of ABCAI12 protein function
affecting important nucleotide-binding fold domains and/or
transmembrane domains. Thus far, in HI patients, at least one
mutation on each allele must be a truncation or deletion mutation
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Figure 1. ABCA12 mutations associated with autosomal recessive congenital ichthyosis. A: Reported ABCA12 mutations and their

localization within the ABCA12 cDNA sequence. Mutations in black, red, and blue characters underlie HI, CIE, and LI, respectively. Mutations in
green letters lead to two distinct phenotypes, p.Arg1950Ter and p.Arg2482Ter both result in CIE and HI phenotypes; p.Arg1514His underlies both
CIE and LI phenotypes. Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon
in the reference sequence (GenBank NM_173076.2), according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.
B: ABCA12 protein structure and domains. Analysis of the ABCA12 predicted protein disclosed features that are typical of ABCA transporters,
and the position of the conserved ATP-binding cassettes as well as that of the two transmembrane domains, each composed of six well-defined
hydrophabic helices [Annilo et al., 2002]. See Supp. Table S1 for a complete list of mutations with both DNA and protein names.

within a conserved region to cause serious loss of ABCAI2
function [Akiyama et al., 2005, 2006a,b, 2007a, b; Castiglia et al.,
2009; Kelsell et al., 2005; Rajpar et al., 2006; Thomas et al., 2006,
2008]. Complete loss of ABCA12 function due to homozygous or
compound heterozygous truncation mutations always results in
the HI patient phenotype (Table 1).

In contrast, most mutations underlying LI and CIE are missense
mutations and are expected to affect ABCA12 function more
modestly.
1092
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In LI, five ABCAI2 mutations were reported in nine families
and all the patients were homozygotes or compound hetero-
zygotes for the mutations [Lefevre et al., 2003]. None of the LI
mutations was demonstrated to cause HI phenotype, although
one mutation p.Arg1514His was identified to result in both LI and
CIE phenotypes (Supp. Table S1). All the five mutations were
missense mutations resulting in only one amino acid alteration in
the first ATP-binding cassette of the ABCA12 peptide [Lefevre
et al., 2003] (Table 1). All the families were from Africa [Lefevre
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Table 1.
Erythroderma (CIE), and Lamellar Ichthyosis (LI)

Genotype/Phenotype Correlation in ABCA12 Mutations in Harlequin Ichthyosis (Hl), Congenital Ichthyosiform

Genotype — Phenotype
[truncation] + [truncation] HI
[truncation] + [exon or conserved amino acid deletion] HI
[exon or conserved amino acid deletion]+[exon or conserved amino acid deletion]  HI
[truncation] + [missense] HI, CIE
[exon or conserved amino acid deletion] + [missense mutation] HI, CIE
[missense] + [ missense] LI, CIE
Phenotype — Genotype
HI [truncation] + [truncation]
[truncation] + [exon or conserved amino acid deletion]
[exon or conserved amino acid deletion]+[exon or conserved amino acid deletion]
[truncation] + [missense mutation]
[exon or conserved amino acid deletion] + [missense mutation]
LI [missense] + [missense]
CIE [missense] 4 [missense]

[missense] + [truncation)
[missense mutation]+ [exon or conserved amino acid deletion]

et al., 2003]. These LI patients showed clinically generalized LI
with large dark pigmented scales, ectropion, palmoplantar
keratoderma and no erythema. They were born as collodion
babies.

CIE patients (Supp. Fig. S1B) were also reported to harbor
ABCAI2 mutations as the causative genetic defect [Akiyama et al.,
2008; Natsuga et al., 2007; Sakai et al., 2009]. To date, 10 ABCAI2
mutations have been reported in eight CIE families. Two mutations,
p.Argl950Ter and p.Arg2482Ter, were identified to cause both CIE
and HI disease phenotypes (Supp. Table S1). Only one mutation
p-Argl514His was reported to underlie both CIE and LI phenotypes
(Supp. Table S1). In CIE, most underlying mutations are missense
mutations. At least one mutation on each allele is a missense
mutation in CIE (Table 1). In the CIE cases with ABCAI2
mutations, the scales are slightly larger than those in typical CIE
cases and are classified as “medium sized” rather than “fine” scales.

Intrafamilial variation, for example, of CIE and HI cases from
one family, has never as yet been reported. Thus, there is no
evidence that any other gene(s) in these patients play a noticeable
role affecting the phenotypes.

Further accumulation of patients and their ABCAI2 mutation
data is needed to better elucidate genotype/phenotype correlations
and will aid in predicting patients’ prognosis.

Biological Significance; Pathomechanisms
of Ichthyosis Involving ABCA12 Mutations

In HI affected epidermis, several morphologic abnormalities
including abnormal lamellar granules in the keratinocyte granular
layer and a lack of extracellular lipid lamellae within the stratum
corneum had been reported [Akiyama et al., 1994, 1998; Dale
et al, 1990; Milner et al., 1992]. Lack of ABCA12 function
subsequently leads to disruption of lamellar granule lipid
transport in the upper keratinizing epidermal cells resulting in
malformation of the intercellular lipid layers of the stratum
corneum in HI [Akiyama et al., 2005] (Fig. 2). Cultured epidermal
keratinocytes from an HI patient carrying ABCAI2 mutations
demonstrated defective glucosylceramide transport, and this
phenotype was recoverable by in vitro ABCAI2 corrective gene
transfer [Akiyama et al, 2005]. To date, intracytoplasmic
glucosylceramide transport has been studied using cultured

keratinocytes from a total of three patients harboring ABCAI2
mutations. One patient was a homozygote for a splice site
mutation ¢.3295—-2A>G [Akiyama et al, 2005] and another
patient was a compound heterozygote for p.Ser387Asn and
p.Thr1387del [Akiyama et al, 2006a]. Only one heterozygous
mutation p.le1494Thr was identified in the other patient
[Natsuga et al., 2007]. Cultured keratinocytes from all the three
patients showed apparently disturbed glucosylceramide transport,
although this assay is not quantitative.

Interestingly, ABCA3, a member of the same protein super-
family as ABCA12, functions in pulmonary surfactant lipid
secretion again via the production of similar lamellar-type
granules within lung alveolar type II cells [Shulenin et al., 2004;
Yamano et al., 2001].

In addition, defective lamellar granule formation was observed
in the skin of two CIE patients with ABCA12 mutations [Natsuga
et al., 2007]. Electron microscopic observation revealed that, in the
cytoplasm of granular layer keratinocytes, abnormal, defective
lamellar granules were assembled together with some normal-
appearing lamellar granules [Natsuga et al., 2007].

Formation of the intercellular lipid layers is essential for
epidermal barrier function. In ichthyotic skin with ABCAI12
deficiency, defective formation of the lipid layers is thought to
result in a serious loss of barrier function and a likely extensive
compensatory hyperkeratosis [Akiyama, 2006b].

A study in one Abcal2 disrupted Abcal2~'— HI model mouse
indicated that a lack of desquamation of skin cells, rather than
enhanced proliferation of basal layer keratinocytes, accounts for
the fivefold thickening of the Abcal2Z~'~ stratum corneum using
in vivo skin proliferation measurements [Zuo et al, 2008]. It
was suggested that this lack of desquamation was associated with
a profound reduction in skin linoleic esters of long-chain
-hydroxyceramides and a corresponding increase in their
glucosylceramide precursors. ®-hydroxyceramides are required for
correct skin barrier function, and these results from the HI model
mice establish that ABCA12 activity is required for the generation
of long-chain ceramide esters that are essential for the development
of normal skin structure and function [Zuo et al., 2008].

One hypothetical pathomechanism for ABCA12 deficient in
ARCI is the differentiation defect theory (Fig. 2), derived from the
clinical features of HI patients. Fetuses affected with HI start
developing their ichthyotic phenotype while they are in the
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Figure 2. Physiological role(s) of ABCA12 in lipid trafficking of epidermal keratinocytes and the model of ichthyotic pathogenetic
mechanisms underlying ABCA12 deficiency. A: Model of how ABCA12 transports lipids for keratinocyte differentiation and epidermal barrier
function. ABCA12 in the limiting membrane of lamellar granules transports lipid into the lamellar granules. Accumulated lipid contents in the
lamellar granules are secreted to the intercellular space forming the intercellular lipid layers, which are important for epidermal barrier function.
B: Model of how loss of ABCA12 function leads to lipid abnormality and lipid barrier malformation in the upper epidermis. Loss-of-function
mutations in ABCA12 disrupts lipid accumulation into the lamellar granules and normal lamellar granule formation, resulting in disturbed lipid
transport and secretion to the extracellular space and abnormal lipid deposit in the cytoplasm. C: Disruption of epidermal barrier function and
epidermal differentiation defects result from malformation of the stratum corneum lipid layers and abnormal intracellular lipid accumulation,
respectively. It is hypothesized that lipid barrier defects and disturbed keratinocyte differentiation coordinately cause hyperkeratosis and the

ichthyosis phenotype.

amniotic fluid where stratum corneum barrier function is not
required. Thus, barrier defects cannot be involved directly in the
pathogenesis of HI phenotype, at least during the in utero fetal
period. In this context, disturbed keratinocyte differentiation is
speculated to play an important role in the pathogenesis of HI
phenotype. In fact, three dimensional culture studies revealed that
HI keratinocytes differentiate poorly using morphologic criteria,
and show reduced expression of keratin 1 and defective conversion
from profilaggrin to filaggrin [Fleckman et al., 1997].

In an ABCA12 ablated organotypic coculture system, an in vitro
model of HI skin, expression of keratinocyte late differentiation-
specific molecules was dysregulated [Thomas et al, 2009].
Expression of specific proteases associated with desquamation,
kallikrein 5 and cathepsin D, was dramatically reduced in the
ABCA12 ablated organotypic coculture system [Thomas et al.,
2009]. In the model system, ABCAI2 ablation resulted in a
premature terminal differentiation phenotype [Thomas et al.,
2009]. Furthermore, in the mutant mice carrying a homozygous
spontaneous missense mutation, loss of Abcal2 function led to
premature differentiation of basal keratinocytes [Smyth et al,
2008]. In contrast, in our Abcal2™’~ HI model mice, immuno-
fluorescence and immunoblotting of Abcal2™'~ neonatal epider-
mis revealed defective profilaggrin/filaggrin conversion and
reduced expression of the differentiation-specific molecules,
loricrin, kallikrein 5, and transglutaminase 1, although their
mRNA expression was upregulated [Yanagi et al, 2010]. These
data suggest that ABCA12 deficiency may lead to disturbed
keratinocyte differentiation during fetal development, resulting in
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an ichthyotic phenotype at birth. From these observations,
ABCA12 deficiency might have global effects on keratinocyte
differentiation, resulting in both impaired terminal differentiation
and premature differentiation of the epidermis.

Animal Models

Recently, bioengineered disease models were established to
investigate ichthyotic pathomechanisms due to ABCA12 defective
function and to aid development of innovative treatments for
ichthyosis with ABCA12 deficiency.

We transplanted cultured keratinocytes from patients with HI
and succeeded in reconstituting HI skin lesions in immunodefi-
cient mice [Yamanaka et al., 2007]. These reconstructed HI lesions
showed similar changes to those observed in HI patients’ skin. In
addition, we generated Abcal2 disrupted (Abcal2™'~) mice and
our Abcal2™'~ mice closely reproduced the human HI phenotype,
showing marked hyperkeratosis with eclabium and skin fissure
[Yanagi et al, 2008a]. Lamellar granule abnormalities and
defective ceramide distribution were remarkable in the epidermis.
Skin permeability assays of Abcal2™'~ mouse fetuses revealed
severe skin barrier dysfunction after the initiation of keratiniza-
tion. Surprisingly, Abcal2™'~ mice also demonstrated lung
alveolar collapse immediately after birth. Lamellar bodies in
alveolar type I cells from Abcal2™'~ mice lacked normal lamellar
structures [Yanagi et al., 2008a]. The level of surfactant protein B,
an essential component of alveolar surfactant, was reduced in the
Abcal2™'~ mice [Yanagi et al., 2008a]. Another group independently
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developed Abcal2™'~ mice and the mice also confirmed the
clinical features of HI [Zuo et al., 2008]. In addition, a mouse
strain carrying a homozygous spontaneous missense mutation was
reported to show skin manifestations similar to ichthyosis [Smyth
et al.,, 2008]. Lipid analysis in Abcal2 mutant epidermis revealed
defects in lipid homeostasis, suggesting that Abcal2 plays a crucial
role in maintaining lipid balance in the skin [Smyth et al., 2008].
The cells from the Abcal2 mutant mouse have severely impaired
lipid efflux and intracellular accumulation of neutral lipids
[Smyth et al., 2008]. Abcal2 was also demonstrated as a mediator
of Abcal-regulated cellular cholesterol efflux [Smyth et al., 2008].
Injection of a morpholino designed to target a splice site at the
exon 4/intron 4 junction to block Abcal2 pre-mRNA processing
induced altered skin surface contours, disorganization of the
melanophore distribution, pericardial edema and enlargement of
the yolk sac at 3 days postfertilization in the larvae of the
zebrafish. It was also associated with premature death at around
6 days postfertilization. These results suggest that Abcal2 is an
essential gene for normal zebrafish skin development and provide
novel insight into the function of ABCAI2 [reported at the
Annual Meeting of the Society for Investigative Dermatology
2010; Abstract, Frank et al. ] Invest Dermatol 2010;130:586].

HI patients often die in the first 1 or 2 weeks of life. However,
once they survive beyond the neonatal period, HI survivors’
phenotypes improve within several weeks after birth. In order to
clarify mechanisms of the phenotype recovery, we studied grafted
skin and keratinocytes from Abcal2-disrupted (Abcal2™'~) mouse
[Yanagi et al, 2010]. Abcal2™'~ skin grafts kept in a dry
environment exhibited dramatic improvements in all the
abnormalities seen in the model mice. Increased transepidermal
water loss, a parameter of barrier defect, was remarkably decreased
in grafted Abcal2™'~ skin. 10 passage-subcultured Abcal2™'~
keratinocytes showed restoration of intact ceramide distribution,
differentiation-specific protein expression, and profilaggrin/filaggrin
conversion, which were defective in the primary culture [Yanagi
et al., 2010]. These observations suggested that, during matura-
tion, Abcal2™'~ epidermal keratinocytes regain normal differ-
entiation processes, although the exact mechanisms of this
restoration is still unknown [Yanagi et al., 2010].

We tried fetal therapy with systemic administration of retinoid
or dexamethasone, which are effective treatments for neonatal HI
and neonatal respiratory distress, respectively, to the pregnant
mother mice; however, neither improved the skin phenotype or
extended the survival period [Yanagi et al., 2008a]. Retinoids were
also ineffective in in vivo studies using cultured keratinocytes
from the model mice [Yanagi et al., 2010].

Prenatal Diagnosis of Harlequin Ichthyosis

In families with a history of HI, the parents’ request for prenatal
diagnosis is not easily ignored.

Before the causative gene for HI was identified, prenatal
diagnosis had been performed by fetal skin biopsy and electron
microscopic observation during the later stages of pregnancies at
19-23 weeks estimated gestational age for more than 20 years
[Akiyama et al., 1994, 1999; Blanchet-Bardon et al., 1983; Shimizu
et al., 2005]. The late timing of prenatal testing was a heavy
burden on the pregnant mothers. In addition, when a fetus was
diagnosed as affected, it was a major problem to induce a
therapeutic termination at that late stage of pregnancy. After
identification of ABCAI2 as the causative gene for HI, it has
become feasible to perform DNA-based prenatal diagnosis for HI
by chorionic villus or amniotic fluid sampling at a much earlier

\

stage of pregnancy, with a significantly lower risk to fetal health
and a reduced burden on mothers [Akiyama et al., 2007b]. Indeed,
prenatal diagnosis and exclusion of HI by DNA testing were
performed in our laboratory [Akiyama et al., 2007b; Yanagi et al.,
2008b].

In the near future, it is hoped that much earlier prenatal
diagnosis by completely noninvasive analysis of DNA from fetal
cells in maternal circulation [Uitto et al., 2003] and preimplanta-
tion genetic diagnosis [Fassihi et al., 2006; Wells and Delhantry,
2001] will be available for HI.
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Lamellar ichthyosis (LI) is a genetically heteroge-
neous, severe genodermatosis showing widespread
hyperkeratosis of the skin. Transglutaminase 1
(TGasel) deficiency by TGasel gene (IGM1) muta-
tions is the most prevalent cause of LI. Screening of
TGasel deficiency in skin is essential to facilitate the
molecular diagnosis of L. However, cadaverine, the
most widely used substrate for TGase activity assay, is
not isozyme specific. Recently, a human TGasel-spe-
cific highly preferred substrate peptide K5 (pepK5)
was generated. To evaluate its potential as a diagnostic
tool for LI, we performed pepK5 labeling of TGasel
activity in normal human and LI skin. Ca®**-depen-
dent labeling of FITC-pepK5 was clearly seen in the
upper spinous and granular layers of normal human
skin where it precisely overlapped with TGasel im-
munostaining. Both specificity and sensitivity of
FITC-pepKS5 labeling for TGasel activity were higher
than those of FITC-cadaverine labeling. FITC-pepK5
labeling colocalized with involucrin and loricrin
immunostaining at cornified cell envelope forming
sites. FITC-pepKS5 labeling was negative in LI patients
carrying TGM1 truncation mutations and partially
abolished in the other LI patients harboring mis-
sense mutations. The present results clearly indi-
cate that pepK5 is a powerful tool for screening LI
patient TGasel deficiency when we make molecular
diagnosis of LI. (4m J Patbol 2010, 176:1592-1599; DOI:
10.2353/ajpatb.2010.090597)
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One of the essential events during terminal differentiation
of epidermal keratinocytes and skin barrier formation is
the production of a 15-nm-thick layer of protein on the
inner surface of the keratinocyte cell membrane, termed
the cornified cell envelope (CCE). The CCE is assembled
by the accumulation of several precursor proteins includ-
ing involucrin and loricrin." It is known that the precursor
proteins are cross-linked together by the formation of
N®-(y-glutamyl) lysine isodipeptide bonds catalyzed by
the action of transglutaminase isoforms. Transglutami-
nase 1 (TGase1) is a key enzyme in CCE formation in the
epidermis.

Lamellar ichthyosis (LI) is a major subtype of autoso-
mal recessive congenital ichthyosis and clinically char-
acterized by large, thick, dark scales over the entire body
without serious background erythroderma.? Since the
identification of TGasel gene (TGM7) mutations in a
number of families with LI in 1995°%% more than one
hundred TGM1 mutations have been reported in LI fam-
ilies. TGase1 deficiency attributable to TGM1 mutations is
a major underlying causative factor in LI patients,>®
although LI is thought to be a genetically heteroge-
neous disorder and several causative molecules includ-
ing TGase1 have been identified.®>*78~"" Although ge-
notype/phenotype correlations in autosomal recessive
congenital ichthyosis including LI with TGM17 mutations
have been studied for years, the exact nature of the
relationship has yet to be fully elucidated.>®2=° Thus, it
is difficult to know whether a causative gene is TGM17 or
not in each LI patient from each patient’s clinical features
alone.
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To date, to facilitate molecular diagnosis in LI patients
with TGM1 mutations, in situ transglutaminase (TGase)
activity assays have been performed using cadaverine
as a substrate to detect TGase1 activity in the patients’
skin,'®~2° despite the fact that cadaverine is not an
isozyme-specific probe, and detects total TGase activity
in the epidermis. Recently, a human TGase1 specific,
highly preferred substrate peptide K5 (pepK5) was gen-
erated.2’ We hypothesized that, as previously shown in
mouse skin, pepK5 would detect in situ TGase1 activity
with high specificity and sensitivity in the human epider-
mis. If it is the case, pepK5 can be a useful tool to detect
TGase1 deficiency in LI patients with TGM7 mutations.

In the present study, we demonstrated that pepK5 can
be used as an efficient probe to detect TGase1 activity in
the human epidermis. In addition, we performed in situ
TGase1 activity assay using pepK5 in skin specimens
from LI patients with TGM1 mutations and clearly re-
vealed that this preferred substrate for TGase1, pepK5 is
a powerful tool for evaluation of TGase1 activity in LI
patients and for molecular diagnosis of LI.

Materials and Methods

Synthesis of Transglutaminase Substrate
Peptides

PepK5, peptide K5QN (pepK5QN), and peptide form T26
(pepT26) were synthesized as previously described.?"??
Briefly, a phage-displayed random peptide library was
used to screen primary amino acid sequences that are
preferentially selected by human TGasel. The pep-
tides selected as glutamine donor substrate exhibited a
marked tendency in primary structure, conforming to the
sequence: QxK/RyxxxWP (where x and ¢ represent non-
conserved and hydrophobic amino acids, respectively).
Using glutathione S-transferase (GST) fusion proteins
of the selected peptides, several sequences were
identified as preferred substrates and confirmed that
they were isozyme-specific. The 12-aa peptide pepK5
(YEQHKLPSSWPF) was synthesized. Even in peptide
form, K5 appeared to have high and specific reactivity
as substrate. In addition, a mutant peptide in which
glutamine was substituted by asparagine was also
synthesized as pepK5QN (YENHKLPSSWPF). pepT26
(HQSYVDPWMLDH) was synthesized as the transglu-
taminase 2 (TGase?2) preferred substrate peptide for
comparison.?? Finally, these synthesized peptides
were conjugated with FITC.?"

In Situ TGase1 Activity Assay

Skin sections were prepared from skin biopsy patient
specimens and normal control specimens using stan-
dard methods.2"2® The frozen sections were dissected
into 6-um slices and stored frozen at —80°C until use.
Sections were dried and then blocked with 1% BSA in
NaCl/Pi at room temperature. The sections were incu-
bated for 90 minutes with a solution containing 100
mmol/L Tris/HCI pH 8.0, 5 mmol/L CaCl, or 1 mmol/L
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EDTA, and 1 mmol/L dithiothreitol, in the presence of 5
umol/L (or other concentrations) of FITC-labeled sub-
strate peptide or FITC-cadaverine (Sigma-Aldrich, St.
Louis, MQ). This in situ TGase1 activity assay works by
measuring the fluorescence of fluorescein isothiocyanate
(FITC)-labeled substrate peptide incorporated into cellu-
lar proteins by cross-linking catalyzed by TGase1. After
washing with NaCl/Pi three times for 5 minutes, antifading
solution was added to the sections, which were then
sealed with a cover glass and mountant. In addition, we
performed the above-mentioned pepK5 labeling using
normal human skin specimens and LI patients’ skin sam-
ples under various incubation conditions (pH 7.4, 8.0 and
8.4; temperature 25°C, 33°C and 37°C).

Double Labeling for in Situ TGase1 Assay and
Immunofiuorescence Staining

For double labeling (in situ TGase1 activity assay and im-
munofluorescence), at first, we performed in situ TGasel
activity assay as described above, then the sections were
labeled with immunofluorescence methods below. Immuno-
fluorescence labeling was performed as described previ-
ously.?® Primary antibodies used in this study were as
follows: mouse monoclonal anti-TGase 1 antibody (B.C1;
Biomedical Technologies, Inc., Stoughton, MA), rabbit poly-
clonal anti-TGase1 antibody (Novus Biologicals, LLC, Little-
ton, CO), anti-loricrin antibody (Covance Lab., Richmond,
CA), and anti-involucrin antibody (Biomedical Technolo-
gies, Inc., Stoughton, MA). We used FITC-conjugated or
tetramethylrhodamine-isothiocyanate  (TRITC)-conjugated
rabbit anti-mouse immunoglobulin (Jackson ImmunoRe-
search Laboratories, Inc. West Grove, PA) or donkey anti-
rabbit immunoglobulins (DAKO, Glostrup, Denmark), as
secondary antibodies.

Ichthyosis Patients Involved in the Present Study

In total, four unrelated LI patients with TGM17 mutations
were included in this study. Patient 1 was a recently
examined LI case and the other three patients were re-
ported previously.®2924 As controls, two TGM7-unrelated
autosomal recessive congenital ichthyosis patients har-
boring ABCA12 mutations® were also included in the
present study.

Fully informed consent was obtained from the partici-
pants or their legal guardians for this study. This study
had been previously evaluated and approved by the
ethics committee at Hokkaido University Graduate School
of Medicine and was conducted according to the Declara-
tion of Helsinki Principles.

Mutation Search

TGM1 mutation search was performed as previously re-
ported.'® Briefly, genomic DNA isolated from peripheral
blood was subjected to polymerase chain reaction am-
plification, followed by direct automated sequencing and
verification of the mutation by restriction enzyme diges-
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tions. Most oligonucleotide primers used for amplification
of all 15 exons of TGM1 have been reported elsewhere'?
and partially modified for the present study.’® The entire
coding regions of TGM1 including the exon/intron bound-
aries were sequenced using genomic DNA samples from
patients and their family members. One hundred normal
alleles (50 unrelated, healthy Japanese individuals) were
sequenced as normal controls.

Results

In Situ Assay Using pepK5 Detected TGasel
Activity with High Specificity and Sensitivity in
the Upper Epidermis of Normal Human Skin

With the presence of CaCl, in the reaction mixture, we
detected specific incorporation of FITC-labeled pepK5
(FITC-pepK5; 5 umol/L) into substrate proteins in the
epidermis, mainly at the cell periphery of the upper spi-
nous and granular layers of normal human skin (Figure
1A). No signal was detected in the presence of EDTA
(Figure 1B), or when we used FITC-conjugated pepK5QN
mutant peptide (FITC-pepK5QN; Figure 1C), which indi-
cated that the cross-linking reaction was catalyzed
specifically by TGase1. Using FITC-conjugated pepT26
(FITC-pepT26), a preferable substrate for TGase2, only
faint labeling was obtained around the granular layer
cells and this labeling was abolished in the presence of
EDTA (data not shown). Under various incubation condi-
tions, pH 7.4, 8.0, and 8.4, temperature 25°C, 33°C, and
37°C, no significant difference in the pepK5 labeling
intensity was observed in normal human epidermis (data
not shown).

The FITC-pepK5 labeling pattern corresponded well
with the localization of TGase1 by immunostaining with
anti-TGase1 antibody. Double labeling for in situ TGase1
activity assay using FITC-pepK5 and immunostaining
for TGase1 molecule showed completely overlapping
colocalization of these moieties at the cell periphery
of both the upper spinous and granular layer cells
(Figure 1, D-F).

Double Labeling for TGase1 Activity with pepK5
and CCE Precursor Proteins Demonstrated that
pepK5 Labeling Precisely Localized to Sites of
CCE Formation

Immunofluorescence labeling for involucrin, a major CCE
precursor protein, was seen in the upper half of the
epidermis (Figure 1H). Double labeling for in situ TGase1
activity assay using pepK5, and involucrin immunolabel-
ing showed that, in the upper spinous and granular cell
layers, pepK5 labeling and involucrin co-localized at the
cell periphery (Figure 1, G-I). In addition, double labeling
for the in situ TGase1 activity assay using pepK5, and
immunolabeling for loricrin, another major CCE precursor
protein, revealed almost complete colocalization of
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Figure 1. PepK5 labeling detected in situ TGasel activity with high speci-
ficity and sensitivity at CCE forming sites in normal human skin. A-C: In situ
TGasel activity detected by pepKS5 in normal skin. Detection of in situ TGase
1 activity using FITC-labeled pepK5 (5 umol/L) showed intense membrane-
restricted staining within the upper spinous and granular layer keratinocytes
of a normal human skin (A). In the presence of EDTA, the pepKS5 labeling
was completely abolished (B). No labeling was observed with FITC-labeled
mutant K5 peptide (pepK5QN; ©). Specific labeling, green (FITC); nuclear
stain, red (propidium iodide). White dots, basement membrane zone. D-F:
Double labeling with pepKS and anti-TGasel antibody in normal human
skin. Both pepKS5 labeling (D, green, FITC) and anti-TGase1 antibody (B.C1)
labeling (E, red, TRITC) are seen in the upper epidermis, mainly in the
granular layers. The merged image clearly demonstrates that both labeling
patterns almost completely overlap (yellow) each other on the cell mem-
brane of the upper epidermal keratinocytes (F). pepK5 labeling, green
(FITC), anti-TGasel antibody labeling, red (TRITC); nuclear stain, blue
(TOPRO). White dots, basement membrane zone. G-L: Double labeling with
anti-CCE precursor protein antibodies and pepK5 in normal human skin.
Anti-involucrin antibody labeling (H, red, TRITC) is seen in the upper half of
the epidermis, although pepK5 labeling (G, green, FITC) is observed mainly
in the uppermost spinous and granular cell layers. Involucrin and pepK5
labeling overlap each other (yellow) on the cell membrane of the uppermost
spinous and granular cell layer keratinocytes in the merged image (). Both
pepK5 labeling (J, green, FITC) and anti-loricrin antibody labeling (K, red,
TRITC) are seen mostly within the uppermost spinous and granular layers.
The merged image shows that loricrin and pepKS5 labeling clearly overlap
(yellow) each other on the cell membrane of the granular layer keratinocytes
(L). FITC-pepKS5 labeling, green; anti-involucrin and anti-loricirn antibodies,
red (TRITC); nuclear stain, blue (TOPRO). White dots, basement membrane
zone. M-R: Detection of TGase1 activity in normal human skin sections using
graded concentrations of pepK5 or cadaverine. Intense labeling is seen in the
upper epidermis with 10 umol/L (M) and 5 umol/L (N) of FITC-pepKS5. Only
the granular layer keratinocytes are labeled with 1 umol/L (O) of FITC-
pepK35. Using 10 umol/L (P) of FITC-cadaverine, all epidermal keratinocytes
are labeled. With 5 pmol/L (Q) of FITC-cadaverine, entire epidermis is faintly
labeled. No labeling is observed with 1 umol/L (R) of FITC-cadaverine. M—O:
FITC-pepK5 labeling, green; P-R: FITC-cadaverine labeling, green; nuclear
stain, red (propidium iodide). Substrate concentrations, 10 umol/L (M, P), 5
umol/L (N, Q), 1 pmol/L (O, R). Scale bars = 50 wm.



A Ui patients with TGM? mutations included in the present study

PepK5 TGase1 Assay in Ichthyosis 1595
AJP April 2010, Vol. 176, No. 4

Patient

Skin hyperkeratosis

Age | Sex TGM1 mutations Ph yp References

No. severity | localization
1 0 M pArg106XJ+H{GIn234X] | Li (severe} severe generalized this study Figure 2. TGM1 mutations and clinical features
2z lsalF SRS e T 1"Rei No. 24 of LI patients in the present study. A: Summary
cl371delAl 1) (severs) | severe genere of the TGM1 mutations and phenotypes of the LI
3 0| M pfArg307 Trpl+{=] Li {mild) mild localized {trunk)| Ref. No. 6 patients included in the present study. Note Pa-
4 56 | F |piLeu205Gin)+[Arg307Tr mild mild localized (trunk)| Ref No.20 tients 1 and 2 harbored truncation mutations in
B L Pl Lk zed ¢ ) both alleles and exhibited a severe phenotype,

Compound heterozygous TGMT mutations in Patient 1

©.316C>T (p.Ag106X) Wild-type ¢.700C>T (p.Gin234X)
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il

Patient 1, exon 2 Patient 1, exon 4

C TGase1 molecular structure and TGM7? mutations in the present study
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Normal control, exon 4

TGM1 gene structure

and Patients 3 and 4 carried missense mutations

in both alleles exhibiting a milder phenotype. An
Wild-type underlined mutation was a novel mutation. B:
Direct sequence analysis of exons 2 and 4 of
Patient 1 revealed heterozygous nonsense mu-
tations, ¢.316C>T (p.Argl06X) and ¢.700C>T
(p.GIn234X). C: Schematic sequential arrange-
ment of the domain structure of the TGasel
polypeptide. Mutations in the present LI patients
are marked by arrows. Red characters and
arrows indicate novel mutations and black ones
are previously reported mutations. Note that
three truncation mutations are located upstream
to the catalytic core domain. Two missense mu-
tations are in the B-sandwich domain and the
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TGase1 activity and loricrin in the cell periphery of the
upper spinous and granular layer cells (Figure 1, J-L).

PepK5 Detected in Situ TGase1 Activity
Efficiently Compared with Cadaverine

We also compared the reactivity of FITC-pepK5 and
FITC-cadaverine, which has been previously used for
detection of in situ TGase activity in normal human skin at
various concentrations, 10, 5, 1, and 0.1 umol/L (Figure
1, M-R). At 10 wmol/L and 5 umol/L concentrations,
intense FITC-pepK5 labeling was observed mainly in the
cell periphery of the upper spinous and granular layer
keratinocytes in the normal human epidermis. At 1 umol/L
concentration, FITC-pepK5 labeled only the granular
layer keratinocytes, and at 0.1 umol/L concentration (data
not shown) no FITC-pepK5 labeling was seen in the
normal human epidermis. In contrast, using FITC-cadav-
erine at 10 umol/L concentration, the entire epidermis
was labeled, and at 5 umol/L concentration only faint
FITC-cadaverine labeling was seen in all of the layers of
normal human epidermis. At 1 pmol/L or 0.1 umol/L (data
not shown) concentration, no FITC-cadaverine labeling
was obtained in the epidermis. These results suggest that
FITC-pepK5 detects endogenous TGasel activity with
greater sensitivity, at least more than ten times higher
than FITC-cadaverine in human epidermis. In addition,
considering the labeling patterns in the epidermis by the
two substrates, specificity of pepK5 to TGase1 seemed
to be much higher than that of cadaverine.

TGM1 Mutations and Clinical Features of LI
Patients Involved in the Present Study

TGM1 mutations and clinical features of the patients in-
cluded in the present study are summarized in Figure 2,

e

bareit e Bbameli e

TGase1 molecular structure

B

enzyme activity.

A-C. Patients 1 and 2 showed a typical, classic LI phe-
notype. Patients 3 and 4 had a mild LI phenotype with
mild hyperkeratosis mainly on the trunk. Patient 4 had a LI
phenotype termed as “bathing suit ichthyosis”?® with re-
stricted affected regions on the trunk.

Patient 1 was a newly examined LI case. Patient 1 was
compound heterozygous for the two TGM7 nonsense
mutations, p.Arg106X and p.GIn234X (c.[316C>T]+
[700C>T]; p.[Arg106X]+[GIn234X]; Figure 2B) and
showed a typical classic form of LI. One mutation
p.GIn234X was a novel mutation and the other mutation
p.Arg106X was previously reported.?” These mutations
were not found in 100 normal control alleles (50 unrelated,
healthy Japanese individuals) and were not thought to be
polymorphisms. The three other patients included in the
present study had been reported previously to have a total
of three TGM1 mutations including p.Arg307Trp, a preva-
lent TGM1 mutation in the Japanese population.6:29-24

PepK5 Labeling Clearly Detected Defective
TGasel Activity in the Skin of LI Patients

In Patients 1 and 2, membranous TGase 1 activity de-
tected by FITC-pepKS5 in the upper spinous and granular
layers of the patients’ epidermis was completely lost (Fig-
ure 3, A and B). In Patient 3, membranous TGase 1
activity detected by FITC-pepK5 in the upper spinous
and granular layers of the patient's epidermis was ob-
served, but remarkably weaker (Figure 3C) than that of
normal control human epidermis (Figure 3E). In Patient 4,
membranous TGase1 activity demonstrated by FITC-
pepKS5 in the upper spinous and granular layers of the
patient’'s epidermis was present, but restricted solely to
the granular layer cells and cells just below the granular
layer and was significantly weaker (Figure 3D) than that
of normal control human epidermis (Figure 3E). In the
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Patient 1 Patient 2 Patient 3 Patient 4 Normal human
i . . . epidermis
TGM‘{ nons;ense deleﬂoni:uncatzon mfss)?nse mfss;anse (positive control)
mutations nonsense deletionftruncation missense missense
pepK5
anti-TGase1
antibody

Figure 3. TGasel deficiency detected by pepK5 labeling in the LI patients. A and F: Patient 1, a compound heterozygote for two TGM1 nonsense mutations:
FITC-pepKS5 labeling (green) shows complete absence of TGasel activity in the upper epidermis (arrows; A), and TGasel immunostaining (green) is also negative
in the upper epidermis (arrows; F). B and G: Patient 2, a homozygote for a TGM1 deletion mutation causing truncation of the peptide: FITC-pepKS labeling
(green) reveals completely abolished TGase1 activity in the upper epidermis (arrows; B) and no TGasel immunolabeling (in green) is seen in the upper epidermis
(arrows; G). C and H: Patient 3, a2 homozygote for a TGM1 missense mutation: detectable, but reduced membranous TGasel activity is seen in the upper
epidermis (arrows) by FITC-pepK5 labeling (green; C). TGasel immunostaining (green) in the upper epidermis (arrows) confirms expression of TGasel
molecule (H). D and I: Patient 4, 2 compound heterozygote for two 7GM 1 missense mutations: FITC-pepKS5 labeling (green) shows faint TGase1 activity restricted
to the granular layers (arrows; D). Immunofluorescence labeling for TGasel (green) reveals a positive staining in the granular layer (arrows) in the patient’s
epidermis (I). E and J: In a normal human skin without any 7GMI mutations, intense TGase 1 activity is seen in the upper epidermis (arrows) using FITC-pepK5
labeling (green; E). TGasel immunolabeling (green) is also positive in the upper epidermis (arrows; J). A-E: FITC-pepK5 labeling, green; F-J: rabbit polyclonal

anti-TGasel antibody staining, green (FITC); A-J: nuclear stain, red (propidium iodide). Scale bar = 50 um.

epidermis of the two patients with ichthyosis caused by
ABCA12 mutations, other than TGM1 mutations, intense
membrane TGase1 activity was normally observed in the
upper spinous and the granular layers by pepKb5 labeling
(data not shown).

Immunofluorescent labeling using rabbit polyclonal
anti-TGasel1 antibody revealed that TGasel immuno-
staining was not seen in the epidermis of Patients 1 and
2 (Figure 3, F and G). In the epidermis of Patients 3 and
4, positive immunostaining for TGase1 molecule was ob-
served mainly in the granular layer (Figure 3, H, |, and J).
From the results of pepK5 labeling and immunostaining
for the TGasel molecule, in Patients 1 and 2, it was
thought that immunoreactive, intact TGase1 molecule
was absent from the epidermis, resulting in the absence
of FITC-pepK5 labeling. In Patients 3 and 4, although
immunoreactivity for TGase1 was detected in the epider-
mis, FITC-pepK5 labeling was remarkably weak, sug-
gesting reduced enzyme activity of TGasel molecules
expressed in the epidermis of these patients.

In the epidermis of any LI patient, no significant differ-
ence in pepK5 labeling pattern and intensity was seen
under various experimental conditions, pH 7.4, 8.0, and
8.4, temperature 25°C, 33°C, and 37°C (data not shown).

Using FITC-conjugated pepT26 (FITC-pepT26), a pref-
erable substrate for TGase2, only faint labeling was ob-
tained around the granular layer cells in all of the skin
samples from the patients (data not shown).

Discussion

In the first half of the present study, we examined the
ability of pepK5 to detect endogenous TGase1 activity in
normal human skin sections. Ca®"-dependent incorpora-
tion of FITC-pepK5 into glutamine acceptor substrates
was clearly seen in human epidermal keratinocytes,
mainly in the upper spinous and granular layers. To date,
detection of cross-linked TGase products using tissue
sections has used an FITC-labeled primary amine (FITC-
cadaverine) or FITC-labeled substrate peptides.?®2° The
pattern of TGase activity that we observed was consistent
with that seen in the skin using FITC-cadaverine.®® In
addition, the staining sensitivity of pepK5 was remark-
ably higher than that of cadaverine in normal human
epidermis.

As observed in immunostaining analysis, TGase1 pro-
tein localizes to the peripheral regions of the keratino-
cytes in the granular and upper spinous layers, consis-
tent with previous reports.*®*" Double fluorescence
staining clearly indicated that TGase1 activity labeled
with pepK5 precisely colocalized with TGase1 immuno-
labeling at these sites. In addition, TGase1 activity dem-
onstrated with pepK5 overlapped with the major CCE
precursor proteins, loricrin and involucrin. These findings
confirm that pepK5 labeling specifically demonstrates
TGasel activity at sites of CCE formation. In the in vitro
assay with TGase2, pepK5 reacted to a small extent at
high peptide concentration.?! Thus, in the present study,
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it was necessary to check endogenous TGase2 activity in
the skin samples and we confirmed that there was no
significant TGase2 activity in the skin sections by FITC-
labeled pepT26 labeling. From these results, we con-
clude that pepK5 can act as a highly sensitive and spe-
cific probe to detect in situ endogenous TGase1 activity in
the human epidermis.

In the last half of the present study, to assess the
efficacy and usefulness of pepK5 as a preferred sub-
strate for TGase1 in evaluating TGase1 activity in LI
patients, we performed in situ TGase1 activity assays
using pepK5 as a substrate in four LI patients with
TGM1 mutations.

From the nature and sites of TGM7 mutations in each
patient and their effect on TGase1 activity, according to
the protein modeling of TGase1 based on the structure of
the human factor Xllla subunit,32 a level of remnant
TGasel activity was theoretically speculated in each
case as follows.

Patient 1 is a compound heterozygote for TGM1 non-
sense mutations (Figure 2). Both nonsense mutations led
to truncation of the catalytic core domain and are ex-
pected to result in a complete loss of function of TGase1
activity. Patient 2 is a homozygote for a TGM1 deletion
mutation resulting in a frameshift and premature termina-
tion in an upstream of the catalytic core domain (Figure
2). Thus, TGase1 activity is also expected to be com-
pletely abolished in the epidermis of Patient 2. In addi-
tion, all of the three truncation mutations in Patients 1 and
2 led to early termination codons. This would probably
lead to complete lack of the polypeptide in the present
Patients 1 and 2. Furthermore, genomic premature termi-
nation codon mutations are subject to nonsense-medi-
ated mRNA decay resulting in mRNA degradation in
some instances, depending on the mutation site.33-34

Patient 3 is a homozygote of a missense mutation in
the center of catalytic core domain of TGase1 peptide
(Figure 2). Homozygosity of this mutation is expected
to result in a significant, but not complete loss of
TGase1 function. Patient 4 is a compound heterozygote
harboring a missense mutation in the B-sandwich do-
main, and the missense mutation in the center of catalytic
core domain, identical to the mutation harbored by Pa-
tient 3 (Figure 2). As described above, the latter mutation
in the catalytic core domain is expected to lead to a
significant but only partial loss of activity of TGase1. The
former mutation p.Leu204Gin in the B-sandwich domain
is considered to alter protein folding, which in turn affects
the protein stability of TGase 1, as suggested in other
missense mutations in the B-sandwich domain.'? This
instability may result in rapid degradation of the TGase1
polypeptide and reduce TGase1 activity in the patient's
epidermis, although the reduction in activity might not be
as serious compared with truncation mutations in Patients
1 and 2. In addition to this simplistic view based on the
position of missense mutations in the primary structure, it
has been demonstrated that TGM1 mutations in specific
residues have their specific effects on the TGase1 activ-
ity, leading to specific phenotypes. For example, the
distinct phenotype of self-healing collodion baby can be
caused by compound heterozygous TGM1 mutations
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p.Gly278Arg and p.Asp490Gly.®> Molecular modeling
and biochemical assays suggested that the high hydro-
static pressure in utero significantly inhibit the mutant
TGase1 activity. After birth, the mutant TGase1 molecules
become partially active under ordinary hydrostatic pres-
sure, resulting in the dramatic improvement of skin symp-
toms in a self-healing collodion baby.*® In addition, sev-
eral TGM1 missense mutations in specific residues were
reported to cause another specific phenotype, bathing
suit ichthyosis, characterized by pronounced scaling re-
stricted to the bathing suit areas.?®-3® The affected sites
are warmer body areas, and bathing suit ichthyosis is
thought to be a temperature-sensitive phenotype.?® A
marked decrease of in situ TGase1 activity was revealed
at high temperature (37°C) in the patients with bathing
suit ichthyosis.?® Recent findings have shown that wild-
type TGase1 activity is clearly reduced at 25°C compared
with 37°C by in vivo activity analysis with cadaverine as a
substrate. On the other hand, in case of reconstituted
mutant TGase1 molecules with the specific mutations
in bathing suit ichthyosis, such as p.Arg307Gly, the
TGase1 activity is increased at 33°C (and even higher
at 31°C) compared with 37°C.37 In the present study,
under various temperature incubation conditions, 25°C,
33°C, and 37°C, no significant difference in the pepK5
labeling intensity was observed in normal human epidermis
or in the epidermis of any LI patient, although Patient 4 had
a missense mutation in Arg307 (p.Arg307Trp) in which
another mutation p.Arg307Gly causing bathing suit
ichthyosis phenotype was previously reported.?® We
think these discrepancies on temperature sensitivity
between previous reports?®37 and our present results
may be attributable to the fact that fluorescence label-
ing is not completely a quantitative method. In addition,
we incubated tissue sections with a substrate solution
for 90 minutes in our in situ TGasel activity assay.
Thus, we cannot exclude the possibility that the long-
time incubation might make the enzymatic reaction
almost saturated and make it difficult to detect fine
difference in TGase1 activity.

As the results of the present study, in situ TGase1
activity assays using pepK5 demonstrated a remarkably
reduced or a complete lack of membrane-associated
labeling in the epidermis in all patients with TGM1 muta-
tions compared with normal human epidermis and ich-
thyosis patients with TGM7-unrelated genetic defects.
The present results indicate that pepKS5 labeling can
distinguish LI patients with TGM1 mutations from normal
healthy individuals and from ichthyosis patients with other
causative gene mutations. In this context, specific and
sensitive detection of TGase1 activity using pepK5 is
thought to be a powerful tool for screening TGase1 defi-
ciency in LI patients. Furthermore, in the present LI pa-
tients, we demonstrated that the TGase1 molecule was
missing in a compound heterozygote and a homozy-
gote for TGM1 nonsense/truncation mutations and was
present in a compound heterozygote and a homozygote
for missense mutations. Accordingly, pepK5 labeling was
missing in the patients with nonsense/truncation muta-
tions, although there were weaker pepKS5 signals in the
patients with missense mutations. In this context, it might
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