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first identified as a retinal pigment epithelium-derived protein
with neuronal differentiating activity [8]. Recently, PEDF has been
shown to have potent anti-angiogenic activity in cell culture and in
animal models. PEDF inhibits retinal endothelial cell growth and
migration, and it suppresses ischemia-induced retinal neovascu-
larization [9]. In addition, we reported that PEDF inhibits
malignant melanoma growth by suppressing tumor angiogenesis
[10]. These observations led us to hypothesize that an imbalance in
anti-angiogenic factors potentially involving PEDF may contribute
to the pathogenesis of psoriasis. PEDF also shows anti-inflamma-
tory activity, suggesting an additional, ameliorative role in the
control of inflammation and keratinocyte proliferation.

In this study, we examined PEDF protein production in psoriasis
lesions and in normal skin, and we investigated the effect of PEDF
on keratinocyte proliferation in vitro and on psoriatic skin in a
murine xenograft model. We also report the identification of low
molecular weight PEDF peptides that show anti-angiogenic
activity after topical application.

2. Experimental procedures
2.1. Patients

Sera were obtained from 21 psoriasis patients (13 males and 8
females, and mean age 46.9 years) and 14 healthy volunteers
(males 7 and females 7, and mean age 42.2 years) from the
Department of Dermatology, Hokkaido University Hospital. The
diagnosis of psoriasis was made on the basis of clinical images and
histopathological findings from skin biopsies. The enrolled
patients had generalized plaque psoriasis, which were evaluated
by a single qualified dermatologist. Three skin tissue specimens
were obtained from each psoriatic lesion. Normal skin tissues also
were obtained from healthy volunteers. Informed consent was
obtained from each volunteer according to the Declaration of
Helsinki Principles. All the experiments using human samples
were performed under the approval of the ethical committee of
Hokkaido University.

2.2. Experimental mice

The C.B-17/Icr-scid/scid]cl SCID mouse (Clea, Tokyo, Japan) was
used for xenotransplantation experiments. All the animal experi-
ments were performed under the approval of the ethical
committee for animal studies in Hokkaido University.

2.3. Immunohistochemistry

The paraffin-embedded skin tissues from psoriasis patients
were cut into 4 pm-thick sections. The sections were deparaffi-
nized, incubated with 0.1% trypsin at 37 °C for 15 min. Endogenous
peroxidase activity was inhibited by pretreatment with 3%
hydrogen peroxide. The sections were then treated with 10%
normal goat serum at room temperature for 30 min, followed by
incubation with the anti-PEDF antibody (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA) at 4 °C overnight. After washing, the sections
were incubated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG at room temperature for 30 min and the PEDF-
positive staining visualized with diaminobenzidine (Dojin, Kuma-
moto, Japan) as a chromogen and hematoxylin as a counterstain.

For immunofluorescence, skin tissues were immediately
embedded in optimal cutting temperature (OCT) reagent (Sakura
Finetechnical, Tokyo, Japan) and snap-frozen in liquid nitrogen.
Cryosections of 5 wm were prepared, washed with PBS, and then
fixed in cold acetone for 10 min at —20 °C. Primary and secondary
antibodies were applied at room temperature for 1 h. The sections
were finally washed with PBS and mounted on microscope slides.

The samples were analyzed using a Fluoview confocal laser
scanning microscope (Olympus, Nagano, Japan). The following
antibodies were used: rat anti-mouse CD31 antibody, anti-mouse
CD3 antibody, anti-mouse Gr-1 antibody, and anti-mouse CD11b
antibody (BD Biosciences, San Jose, CA), rabbit polyclonal anti-
pankeratin antibody (PROGEN Biotechnik, Heidelberg, Germany),
rabbit polyclonal anti-Ki67 antibody (Novocastra, Newcastle, UK),
FITC-conjugated goat anti-rabbit antibody, FITC-conjugated goat
anti-rat antibody (Jackson ImmunoResearch, West Grove, PA),
TRITC-conjugated anti-rabbit antibody (Southern Biotechnology
Associates, Birmingham, AL).

2.4. Immunoblots

Skin tissues of normal volunteers and psoriasis patients were
treated with 1M sodium hydroxide at 4 °C overnight, and the
epidermal sheets easily removed from the dermal components.
These tissues were frozen and then homogenized in PBS. Samples
obtained from epidermis and dermis were electrophoresed on
SDS-PAGE. Proteins on the gel were electrophoretically transferred
to a nitrocellulose membrane (Bio-Rad, Hercules, CA) and the
membranes probed with first antibody at 4 °C overnight, washed
three times for 5 min, and then incubated with HRP-conjugated
secondary antibodies at room temperature for 1 h. Proteins were
visualized with a Konica immunostaining kit (Konica, Tokyo,
Japan). The following antibodies were used: anti-PEDF and anti-
VEGEF rabbit polyclonal antibody (Santa Cruz Biotechnology), anti-
a-tubulin mouse monoclonal antibody (Sigma, St. Louis, MO),
HRP-conjugated goat anti-rabbit IgG, and HRP-conjugated goat
anti-mouse IgG (Biosource, Camarillo, CA). We used anti-PEDF at
1:200, and the secondary antibodies at 1:1000 dilutions.

2.5. RT-PCR analysis

RNA (0.5 pg) was used to produce cDNA using a reverse
transcription kit (Sigma, Poole, Dorset, United Kingdom). PCR was
done using a 2400 thermocycler (Perkin-Elmer, Norwalk CT) with
conditions set to 40 s at 94 °C, 60 s at 55 °C, and 60 s at 72 °C (30
cycles). The quality of DNA was verified by 0.59 kb B-actin PCR
products using primers (forward 5-ATGATATCGCCGCGCTCGTC-
3", reverse 5'-CGCTCGGTGAGGATCTTCA-3’). PEDF forward and
reverse primers were 5-GGTGCTACTCCTCTGCATT-3' and 5'-
ACTGAACCTGACCGTACAAGAAAGGATCCTCCTCCTC-3". PCR pro-
ducts were separated by 2% agarose gel and visualized under
UV light following ethidium bromide staining.

2.6. Preparations of PEDF proteins

The PEDF proteins were purified as described previously [9].
Briefly, 293T cells (ATCC, Rockville, MD, USA) were transfected
with the recombinant vector pBK-CMV-C terminally hexahisti-
dine-tagged PEDF using FUGENE® 6 transfection reagent (Roche
Diagnostics, Mannheim, Germany) according to the manufac-
turer’s instructions. The PEDF proteins were purified from
conditioned media by a Ni-NTA spin kit (Qiagen, Hilden, Germany)
according to the manufacturer’s recommendation. Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of puri-
fied PEDF proteins revealed a single band with a molecular mass of
about 50 kDa, which showed positive reactivity with monoclonal
antibodies directed against human PEDF (Transgenic, Kumamoto,
Japan).

2.7. PEDF enzyme-linked immunosorbent assay

A PEDF enzyme-linked immunosorbent assay was performed as
previously reported [11]. Briefly, a 96-well microtiter plate (Nalge
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Fig. 2. Intradermal PEDF administration reduced the thickness of grafted epidermis in xenotransplanted SCID mice. Acanthosis was significantly reduced both in psoriatic (A,
B) and normal (C, D) skin when compared to PBS or BSA injected groups. Scale bar, 50 m. Values shown are means and SDs based on four to six measurements per histological
section in four histological sections per mouse from duplicate mice transplanted with skin samples from four donors (*p < 0.05).

dressing and then with a standard bandage. Dressing material and
sutures were removed 7 days after transplantation.

Grafted mice received recombinant PEDF in 50 wl of PBS by
intradermal injection around the xenograft lesion at 30 p.g/mouse
every three days for three weeks. The PEDF dose was well tolerated
without any evident side effects. Mice in the control group received
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the same volume of PBS or BSA (30 g). The day after the last
injection, biopsies were collected from the transplants from both
treatment and control groups. The skin tissues were immediately
embedded in OCT reagent and snap-frozen in liquid nitrogen.
Cryosections of 5um were then prepared for histological and
immunohistochemical staining.
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Fig. 3. Intradermal PEDF administration reduced angiogenesis of grafted epidermis. CD31-positive cells (capillary endothelial cells) were enumerated by
immunofluorescence after the treatment of psoriatic (A, B) and normal skin (C, D) with PEDF or PBS. Quantification of CD31-positive blood vessels per 100x
microscopic field in human skin grafted areas. The data are presented as mean CD31-positive blood vessel numbers per 100x microscopic field, +5SD (*p < 0.05).
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2.11. Identification of functional PEDF peptides

Full-length human PEDF cDNA was divided into three parts.
Polymerase chain reaction (PCR) products digested by Ndel and
Sall were ligated into the multiple cloning site of expression vector
pGEX-6P-1 (Amersham Biosciences, Buckinghamshire, United
Kingdom). Sequences of the sense and antisense primers were:
5'-AAACATATGCAGGCCCTGGTGCTACTCCTCTGCAT-3' and 5'-CCC-
GTCGACTTATGACTTTTCCAGAGGTGCCACAAA-3' for amplifying F1
cDNA fragment, 5-AAACATATGTATGGGACCAGGCCCAGAGTCC-
TGA-3' and 5'-CCCGTCGACTTAGTCATGAATGAACTCGGAGGTGA-
3’ for F2, and 5-GGGCATATGATAGACCGAGAACTGAAGACCG-
TGCA-3' and 5-AAAGTCGACTTAGGGGCCCCTGGGGTCCAGAAT-3’
for F3. Each human PEDF fragment was purified according to the
method of Walker et al. [13]. Human PEDF peptides (see Fig. 6)
were synthesized (Sigma-Aldrich, Tokyo, Japan). MG63 human
osteosarcoma cells (Health Science Research Resources Bank,
Tokyo, Japan) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% of fetal bovine serum
(FBS) (ICN Biomedicals Inc., Aurora, OH, USA) and 100 units/ml
penicillin/streptomycin. PEDF fragment or peptide treatment was
carried out in a medium containing 0.1% of FBS. HUVECs and MG63
cells were treated with or without 100 nM PEDF protein, fragments
(F1-F3) or peptides (P1-P6, P5-1, P5-2, and P5-3) or VEGF (25 ng/
ml) for 24 h. HUVECs additionally were treated with 100 ng/ml
recombinant VEGF (R&D systems) for 2 and 4 days. Cells were
incubated with [3H]thymidine (Amersham Bioscience) or 5-
bromo-2'deoxyuridine (BrdU) (Roche, Basel, Switzerland) for the
last 4h of culture and proliferation assessed as described
previously [14,15].

For the analysis of p21 production, 50 g of whole cell
lysates were prepared and assayed for the expression of p21
and B-actin by Western blotting. Reaction with antibodies and
detection with an enhanced chemiluminescence detection system
(Amersham Biosciences) were performed as described previously
[16].
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2.12. Skin penetration of topical applied PEDF peptide

Biotin-labeled PEDF peptide (Sigma-Aldrich) was dissolved in
PBS (1 mM) and 70 .l applied to the mouse skin. After 2 h, the
applied site was removed and localization in the skin was
determined by rhodamine-avidin staining (BD Biosciences).
CD31 staining (BD Biosciences) was performed simultaneously
and the samples analyzed using a Fluoview confocal laser scanning
microscope (Olympus). The experiments of peptide application
were repeated 3 times, and 3 mice were used in each experiment.

2.13. Treatment of the grafted psoriatic lesions with PEDF peptide

PEDF peptide was dissolved in PBS (1 mM) and 70 p.l of the
solution was applied on the grafted site daily for 14 days. No side
effects were apparent at the applied sites. Mice in the control group
received the same volume of PBS. Biopsies were collected on the
day following the last injections and analyzed as described above.

2.14. Statistical analysis

Data were analyzed using unpaired, 2-tailed Student’s t test. Ap
value less than 0.05 was considered significant.

3. Results
3.1. PEDF is highly expressed in epidermal psoriasis lesions

Immunohistochemical analysis revealed that PEDF protein is
present in the cytoplasm of keratinocytes of both psoriatic and
normal skin (Fig. 1A). In the dermis, fibroblasts also were positive
for PEDF, but the staining was less intense than in the epidermis.
Western blotting analysis of human epidermal and dermal
proteins revealed a single band with a molecular weight of about
50 kDa (Fig. 1B). PEDF protein and mRNA levels were significantly
higher in psoriasis lesions when compared to normal skin (Fig. 1C).
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Fig. 4. Epidermal proliferation in basal keratinocytes is inhibited by PEDF. Ki-67-positive (proliferating) cells were stained and enumerated by immunofluorescence after the
treatment of psoriatic (A, B) and normal skin (C, D) with PEDF or PBS. The Ki-67-positive keratinocytes in the basal layer were enumerated and the percentage of Ki-67-

positive cells in basal layer calculated (*p < 0.05).
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Interestingly, PEDF protein levels of uninvolved lesion of psoriasis
patient were higher than that in psoriasis lesions (Fig. 1D). VEGF
also was increased in psoriatic skin, which is consistent with prior
reports [6].

3.2. PEDF secretion from cultured keratinocytes after
lipopolysaccharide stimulation

PEDF was constitutively secreted by cultured Keratinocytes
(Fig. 1E) and after LPS stimulation, its secretion was significantly
up-regulated in a dose-dependent manner (p < 0.05). Fibroblasts
by contrast failed to show up-regulation of PEDF secretion after LPS
or IL-1B stimulation (data not shown). These results imply that
keratinocytes but not fibroblasts secrete PEDF in a regulated
fashion in response to inflammatory stimulation. These data
contrast with a prior report that PEDF is detected primarily in the
dermis, with little protein evident in the epidermal layers [17].

3.3. PEDF levels in serum of psoriasis patients and normal controls

Serum VEGF levels have previously been reported to be
significantly elevated in psoriasis patients [6]. If elevated serum
VEGF values reflect cytokine overproduction in the skin that then
enters the systemic circulation, the pathogenesis in psoriasis
might relate not only to a disruption of local angiogenesis in the
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skin but also to angiogenesis at the systemic level. We next
examined whether serum PEDF serum levels also were elevated in
psoriasis patients, however we observed no significant difference
in PEDF levels between psoriasis patients (14.9 + 4.1 pg/ml)
(n=21) and normal controls (15.1 + 2.9 ug/ml) (n = 14). Further-
more there is no correlation between psoriasis severity and serum
PEDF concentration.

3.4. Intradermal injection of PEDF reduces acanthosis, dermal
angiogenesis and keratinocyte proliferation of grafted skin by

We hypothesized that PEDF produced by keratinocytes not only
regulates local angiogenesis, but also suppresses epidermal
proliferation and the resulting acanthosis in psoriatic inflamma-
tory lesions. To investigate this possibility in vivo, we studied a
psoriasis graft model in which patient-derived skin is xenografted
onto severe combined immunodeficient (SCID) mice. Recombinant
PEDF (30 pg) was injected intradermally in the area of the graft for
three weeks and epidermal thickness evaluated histopathological-
ly. The epidermal thickness of the grafted area was significantly
reduced after treatment with PEDF when compared to BSA or PBS
treated controls (Fig. 2). Injections of equivalent amounts of BSA, as
a non-specific protein control, did not reduce epidermal thickness.
Normal human skin transplanted to SCID mice also showed a
reduction of epidermal thickness after PEDF-treatment. On the
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Fig. 5. Anti-angiogeneic activity of PEDF peptides. Diagram of the PEDF peptides studied for their effect on the growth of MG63 cells (B-D) or HUVEC (E). MG63 cells or HUVEC
were treated with or without 100 nM PEDF, fragments or peptides and then [*H]thymidine (B) and BrdU incorporation into the cells (C, D) were measured. The percentage of
[*H]thymidine or BrdU incorporation is indicated on the ordinate and related to the value of the control. *p < 0.01 compared to the value with 100 nM PEDF protein.
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other hand vacuolar structure can be seen in basement membrane
on normal skin plantation stimulated with PEDF. We previously
reported cytotoxic effect of PEDF. PEDF directly induce tumor cell
apoptosis via Fas-FasL interaction [10]. Therefore PEDF affects
epidermis resulting vacuolization of dermal-epidermal junction.
Normal skin underwent more hyperproliferative response after
transplantation compared to psoriatic skin as previous reports
[18,19]. The mechanism underlying the hyperplastic response in
normal skin after transplantation is unknown at present. Some
degree of epidermal hyperplasia is often seen as part of the wound-
healing response in the skin. Perhaps one or more growth factors
present in the healing murine skin is responsible for triggering
proliferation of epidermal keratinocytes in the transplanted
human tissue [19].

To evaluate the effects of PEDF on angiogenesis and epidermal
proliferation in this in vivo model, we enumerated the CD31+
capillary endothelial cells in the superficial dermis and the Ki-67+
proliferating keratinocytes by immunofluorescence. The number
of CD31 positive capillary endothelial cells in the papillary dermis
was significantly reduced after PEDF treatment (Fig. 3) in both
psoriasis and normal skin grafts. The frequency of proliferating Ki-
67-positive cells in the basal cell layer also was significantly
reduced after PEDF treatment (Fig. 4).

Since inflammatory cell infiltration is considered important in
the pathogenesis of psoriasis (refs), it is possible that the reduction
of epidermal thickening or acanthosis is due to the inhibition of
inflammatory cell infiltration. However, the number of T cells
(CD3+), neutrophils (Gr-1+) and monocytes (Cd11b+) in the
superficial dermis were not statistically different between the
treated and un-treated group (data not shown).

3.5. Improvement of clinical and histologic features of psoriasis by
topical application of PEDF peptide

Although intact skin is impermeable to many bio-molecules

such as proteins, compounds less than 1kDa in mass may pass
transcutaneously. Moreover, inflammatory changes in the skin, as

(A)

occur in psoriasis, frequently lead to reduced barrier function due
to aberrant epidermal cell differentiation and alterations in
ceramide content [20,21]. We thus considered that psoriasis skin
lesions may be amenable to topical application of low molecular
weight, PEDF-derived peptides [22].

To identify potential PEDF peptides that might exhibit anti-
psoriatic properties, we screened peptides derived from the
proteolytic fragmentation of PEDF for their anti-proliferative
action on MG63 cells, which previously have been shown to be
sensitive to the growth inhibitory action of PEDF [14]. As shown in
Fig. 5A and B, PEDF fragment F3, but not F1 or F2, significantly
inhibited the growth of MG63 cells at concentrations comparable
to intact PEDF protein (Fig. 5B). The PEDF-derived peptide, P5 also
exhibited an anti-proliferative properties on MG63 cells (Fig. 5C).
P5-1 (381-387, MW: 841), P5-2 (388-393, MW: 770) or P5-3
(388-393, MW: 770) peptides had similar growth-inhibitory
activity when compared with the P5 peptide (Fig. 5D).

To investigate the inhibitory activity of PEDF peptides on
angiogenesis, we first assessed endothelial tube formation in vitro.
P5-2 and P5-3 but not P5-1 showed significant inhibitory effects
on tube formation (Fig. 6A). The active PEDF peptides inhibited
endothelial tube formation concentrations of 100 and 500 nM. To
investigate the cooperative effects of VEGF and PEDF, we added
PEDF peptide and VEGF simultaneously in endothelial tube
formation assay. P5-2 and P5-3 but not P5-1 normalized VEGF-
induced tube formation (Fig. 6A). All of these peptides also
inhibited the proliferation of endothelial cells (Fig. 6B), however
this suppressive effect was in concentrations that were in the uM
range. We and others have previously reported that PEDF inhibits
VEGF-stimulated endothelial cell proliferation, whereas only PEDF
has only a minimal effect on endothelial cell proliferation in the
absence of VEGF stimulation [9,14]. Therefore PEDF peptides might
be required to be present in high concentration to inhibit
endothelial cell proliferation. A peptide control with the same
amino acid content and a randomized sequence did not show any
effect. PEDF has been reported to suppress VEGF-stimulated
endothelial proliferation via cell cycle inhibition [23]. We therefore

123
2 90 120
g . * *
5 60 * * % 80
=
o
2 30 40
[=]
g o 0
£(MM) 0 1 10 100 500 0 1 10 100 500 0 10 100 500 0 1 10 100 500 g g $
= U 4
= P5-1 P5-2 P5-3 Control peptide = N ©
+VEGF
(B8) (C)
0.8 c 0.5
©
306 e
A [-=%
2 i = 0.25
s N
5 0.4 * * * o
2
0
<02 7 :
P21 e Sl S—
0 3
(M) 0 1 10 100 0 1 10 100 0 1 10 100 0 1 10 100 B-actin gIeewe (. -
L - S,
P5-1 P5-2 P5-3 Control peptide VEGF = + *
ps.1 - -+

Fig. 6. (A) The endothelial tube formation assay. PEDF 1-3 showed a level of anti-angiogenic activity comparable to recombinant PEDF (*p < 0.05). (B) Diagram of the PEDF
peptides studied for their effect on the growth of HUVEC. HUVEC were treated with or without 100 nM PEDF, fragments or peptides and then BrdU incorporation into the cells
was measured. The percentage of BrdU incorporation is indicated on the ordinate and related to the value of the control. *p < 0.01 compared to the value with no addition.



190 R. Abe et al./Journal of Dermatological Science 57 (2010) 183-191

w Topical Intradermal
application [ injection
®
[a] &
(&} + v
L
T -
)
B
a
©
Q
w
=)
w
a
o
2
[}
£

w
[=]
o

200

100

Epidermis thickness (um) @

PBS P5-1 P5-2 P5-3
* p<0.05

8

Number of CD31+ cells/HPF

PBS P5-1 P5-2 P5-3
* p<0.05

Fig. 7. Topically applied PEDF peptides penetrate into skin and reduce epidermal thickness and angiogenesis. (A) Biotin-labeled PEDF peptide (P5-1 ) was applied to the skin
and its localization studied 2 h later using rhodamine-avidin staining as described in Section 2. Co-localization with PEDF peptide and endothelial cells (CD31+) is indicated
by the arrows. The P5-2 and P5-3 also penetrated into the skin (data not shown). (B) Local application of PEDF peptide reduced thickness of grafted epidermis in
xenotransplanted SCID mice. (*p < 0.05). (C) CD31-positive cells (capillary endothelial cells) were enumerated by immunofluorescence. The PEDF-treated group showed

significantly reduced number of CD31+ cells (*p < 0.05).

analyzed the expression of the p21, cyclin-dependent kinase
inhibitor [16]. PEDF peptide increased the expression of p21,
suggesting that its inhibitory effect is mediated at least in part via
p21 induction (Fig. 6C).

We next examined whether PEDF-derived peptides penetrate
into the skin. Biotin-labeled PEDF peptide was applied to murine
skin and its localization analyzed 2 h later using rhodamine-avidin
staining. The PEDF peptide was detected in the dermis and co-
localized with endothelial cells (Fig. 7A); the staining pattern was
similar to that observed after the intradermal injection of the
peptide. In addition, endothelial cells express PEDF receptor [24].
Therefore PEDF peptides might colocalize with endothelial cells.

Finally, we assessed the therapeutic potential of PEDF peptides
after their topical application to human psoriatic skin grafted onto
SCID mouse. PEDF peptides were dissolved in PBS (1 mM) and
70 pl of peptide applied to the grafted site each day for 10 days.
Mice in the control group received the same volume of PBS. After
two weeks of treatment, the epidermal thickness of the grafted
area was significantly reduced in the P5-2 and P5-3-treated group
(Fig. 7B). The number of CD31-positive capillary endothelial cells in
the papillary dermis was significantly reduced in the all PEDF
peptide-treated groups (Fig. 7C).

4. Discussion

In this study, we demonstrate that PEDF is produced both
within the human epidermis and dermis, and that significantly
higher levels are present in the psoriatic epidermis. Cultured
keratinocytes and fibroblasts constitutively secrete PEDF; howev-
er, incubation with the model inflammatory stimulus LPS increases
PEDF production only by keratinocytes. In addition, the local
administration of PEDF reduces both acanthosis in psoriasis lesions
and the hyperplasia of normal skin in a xenograft transplant model.
This effect appeared to due to the inhibition of dermal capillary
angiogenesis and epidermal proliferation. Finally, we identified a
low-molecular weight, anti-angiogenetic PEDF peptide showed
that its topical application reduced the proliferative and inflam-
matory features of psoriatic lesions. .

Inappropriate angiogenesis has been proposed to contribute to
the pathogenesis of psoriasis [4,5], although the precise cellular
and molecular basis for this response remains unclear. Angiogenic
processes are regulated by a delicate balance of pro-angiogenic and
anti-angiogenic factors [25]. Under conditions such as tumor
formation, wound healing, and possibly psoriasis, the positive
regulators of angiogenesis predominate and vascular endothelial
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cells become activated. In psoriasis, angiogenic factors such as
VEGF are up-regulated and anti-angiogenic factors such as PEDF
are simultaneously up-regulated to maintain a homeostatic
balance. However, the overexpression of angiogenic factors may
overcome and surmount this balance in psoriasis, resulting an
acceleration of angiogenesis [4,5].

Interestingly, the level of PEDF protein in uninvolved lesions
was observed to be much higher than that in psoriatic lesions.
These data suggest that the angiogenic balance is maintained by an
up-regulated expression of PEDF in uninvolved lesions, whereas
insufficient up-regulation of PEDF may contribute to the psoriatic
phenotype. The regulation of PEDF may be an innate feature of
psoriasis rather than a consequence of inflammation.

We found no significant differences in the serum levels of PEDF
between psoriatic patients and normal controls. A previous report
has suggested that circulating PEDF has the capacity to inhibit
angiogenesis at the systemic level [23]. Our investigations showed
that PEDF is up-regulated in the psoriatic epidermis, which likely
affects the local microenvironment; however, local PEDF produc-
tion by keratinocytes was not sufficient to lead to an increase in the
serum concentration of this mediator. We hypothesize that VEGF
levels in psoriatic skin may overcome the inhibitory action of PEDF
on angiogenesis, resulting in a pro-angiogenic switch in the
microenvironment around psoriasis lesions. In cultured keratino-
cytes, PEDF is up-regulated by LPS stimulation, suggesting that
PEDF production by keratinocytes might occur in response to
inflammatory activation.

We showed herein that PEDF was detected in both the
epidermis and dermis, which contrasts with a previous paper
that reported that PEDF was only detected in dermal layers, and
not in normal epidermis [17]. In our immunohistochemical
studies, PEDF was highly expressed in psoriatic keratinocytes,
although the normal, steady-state epidermis showed only weak
staining. We confirmed that PEDF is secreted by cultured
keratinocytes and induced LPS stimulation, suggesting that PEDF
production by keratinocytes might depend on inflammatory
activation. By contrast, cultured fibroblasts constitutively secrete
PEDF regardless of LPS activation. Accordingly, we hypothesize
that fibroblasts are major contributors to PEDF production under
normal conditions, and that keratinocytes contribute to PEDF
production in certain inflammatory conditions.

A receptor for PEDF has been recently reported [24], however
we could not detect the expression of this protein in keratinocytes
using RT-PCR (data not shown). Because PEDF has not only anti-
angiogenic but also anti-proliferative effects on many cell types,
we speculate that PEDF may interact with multiple receptors in
addition to the one previously reported. It has been reported that
the anti-angiogenic effects of PEDF reside in the N-terminus within
residues 24-57, which is distinct from the sequence we report
herein [26]. Residues 24-57 are included in the F1 fragment of
PEDF in the present study, however F1 did not show the inhibitory
activity of PEDF (Fig. 5). We nevertheless were successful in
identifying low-molecular weight peptides (MW < 850 Da) that
penetrate the skin and show a significant anti-angiogenic effect in
vitro and in vivo.

We demonstrated that acanthosis of human psoriatic skin was
significantly reduced by local administration of PEDF in a mouse

xenograft model, and that this effect appeared due to reduced
angiogenesis and basal cell proliferation. These results suggest that
a PEDF-based, topical therapeutic might be an effective therapy for
psoriasis. We identified PEDF peptides with molecular weights
<850 Da that penetrate the skin and showed these peptides to
have anti-angiogenic activity and to reduce psoriatic epidermal
hyperplasia. In addition, drug delivery system is one of the most
critical issue about clinical application. Small peptide is rapidly
degraded in vivo, so we have to develop a slow-release system such
as biodegradable gelatin microspheres.

In conclusion, these studies provide the first report of a role for
PEDF in the pathogenesis of psoriasis. Furthermore, low molecular
weight peptides derived from PEDF show anti-angiogenic activity
in psoriatic skin in an in vivo model of disease, and may offer a
novel therapeutic approach for the treatment of psoriasis.
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ABSTRACT: Autosomal recessive hypotrichosis (ARH) is
characterized by sparse hair on the scalp without other

hair on the scalp, sparse to absent eyebrows and eyelashes, and
sparse axillary and body hair. Wali et al. [2007] noted clinical
similarities among three genetically distinct forms of hypotricho-

abnormalities. Three genes, DSG4, LIPH, and LPAR6
(P2RY5), have been reported to underlie ARH. We
performed a mutation search for the three candidate genes
in five independent Japanese ARH families and identified
two LIPH mutations: c.736T> A (p.Cys246Ser) in all five
families, and ¢.742C > A (p.His248Asn) in four of the five
families. Out of 200 unrelated control alleles, we detected
c.736T>A in three alleles and c.742C> A in one allele.
Haplotype analysis revealed each of the two mutant alleles
is derived from a respective founder. These results suggest
the LIPH mutations are prevalent founder mutations for
ARH in the Japanese population. LIPH encodes PA-
PLA;a (LIPH), a membrane-associated phosphatidic acid-
preferring phospholipase A;a. Two residues, altered by
these mutations, are conserved among PA-PLA;x of
diverse species. Cys**® forms intramolecular disulfide
bonds on the lid domain, a crucial structure for substrate
recognition, and His**® is one amino acid of the catalytic
triad. Both p.Cys246Ser- and p.His248Asn-PA-PLAa
mutants showed complete abolition of hydrolytic activity
and had no P2Y5 activation ability. These results suggest
defective activation of P2Y5 due to reduced 2-acyl
lysophosphatidic acid production by the mutant PA-PLA o
is involved in the pathogenesis of ARH.

Hum Mutat 31:602-610, 2010. © 2010 Wiley-Liss, Inc.

KEY WORDS: LIPH; Lysophosphatidic Acid; Phosphati-
dic Acid; Lid Domain; Catalytic Triad; LAH2; LAH

Introduction

sis, localized autosomal recessive hypotrichosis (LAH), and
proposed that the forms mapped to chromosome 18ql2.1,
3q27.2, and 13q14.11-q21.32 are designated as LAH1, LAH2,
and LAH3, respectively. Recently, causative genes for all three
forms were identified. Mutations in the desmoglein-4 gene (DSG4;
MIM# 607892) lead to LAH1 [Kljuic et al., 2003; Rafique et al.,
2003]. Mutations in LIPH (MIM# 607365), which encodes
membrane-associated phosphatidic acid-preferring phospholipase
Ajo (PA-PLA,o[LIPH]), underlie LAH2 [Ali et al, 2007;
Kazantseva et al., 2006]. Most recently, Pasternack et al. [2008]
and Shimomura et al. [2008] reported that mutations in the
lysophosphatidic acid receptor 6 gene LPAR6 (P2RY5; MIM#
609239) caused LAH3.

In this study, we searched for mutations in the DSG4, LIPH,
and LPARG6 genes in five unrelated Japanese families with ARH.
Surprisingly, we found two prevalent missense mutations in the
LIPH gene in all of the families. Furthermore, one mutation
¢.736T>A (p.Cys246Ser) was found in all five families, and the
other mutation ¢.742C> A (p.His248Asn) was detected in four of
the five families. We clarified that these two mutations are strong
founder mutations in LIPH in the Japanese population. In
addition, we evaluated the enzyme activity of mutant PA-PLA,o
derived from the two mutant alleles. We also analyzed the abilities
of the mutant PA-PLA;a to activate lysophosphatidic acid
receptor 6 (P2Y5), to clarify the pathogenetic pathway of ARH.

Materials and Methods

Subjects

Five unrelated nonconsanguineous Japanese families A, B, C, D,
and E (Fig. 1) with ARH were seen in our hospital or referred to
us for the past 5 years. Families A, C, and D were from Hokkaido,

Autosomal recessive hypotrichosis (ARH; MIM#s 607892,

607903, 611452) is a rare form of alopecia characterized by sparse the northern most major island of Japan. Families B and E were

from western and central Japan, respectively. The medical ethics
committee of Hokkaido University approved all the described
studies. The study was conducted according to the Declaration of
Helsinki Principles. The patients gave written informed consent.

*Correspondence to: Masashi Akiyama, Department of Dermatology, Hokkaido
University Graduate School of Medicine, North 15 West 7, Sapporo 060-8638, Japan.
E-mail: akiyama@med.hokudai.ac.jp
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Figure 1. Clinical features of five Japanese families with ARH and identification of mutations in the LIPH gene. A, B, E, H, K, N: All the
affected individuals have features of ARH, which is characterized by sparse hair on the scalp and slightly sparse to absent eyebrows and
eyelashes. C, F, I, L, 0: Pedigrees of the families. Family A (C), Family B (F), Family C (I}, Family D (L), and Family E (O) are consistent with
autosomal recessive inheritance. Direct sequencing of the LIPH gene revealed that patients A-1, A-2, B-1, D-1, and E-1 had compound
heterozygous missense mutations involving c.736T >A and ¢.742C > A, whereas patient C-1 had a homozygous ¢.736T >A missense mutation. D,
G, J, M, P: Mutant-allele-specific amplification (MASA) analysis. (Upper) With c.736T >A mutant allele-specific primers, the amplification bands
from the ¢.736T >A mutant alleles are detected by direct sequencing as 301 bp fragments only in the patients and their family members who had
the ¢.736T>A missense mutation, confirming the presence of the mutation. (Middle) With c.736 wild-type allele-specific primers, no PCR
product was detected in patient C-1, who was homozygous for ¢.736T>A. PCR products from the other patients who were compound
heterozygous for the two missense mutations ¢.736T >A and ¢.742C > A, from unaffected family members and from the normal control (N.C.)
were amplified by wild-type allele-specific amplification. (Lower) With ¢.742C> A mutant-allele-specific primers, the amplification bands from
the ¢.742C > A mutant alleles were detected as 297 bp fragments only in the PCR products from the DNA samples of the patients and their family
members who had the ¢.742C > A missense mutation, confirming the presence of the mutation.
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Mutation Detection

DSG4, LIPH, and LPAR6 mutation search was performed as
previously reported [Moss et al., 2004; Pasternack et al., 2008;
Shimomura et al., 2008, 2009b]. Briefly, genomic DNA (gDNA)
isolated from peripheral blood was subjected to polymerase chain
reaction (PCR) amplification, followed by direct automated
sequencing using an ABI PRISM 3100 genetic analyzer (Advanced
Biotechnologies, Columbia, MD), and verification of the mutations
by mutant-allele-specific amplification (MASA) analysis.

Oligonucleotide primers were designed using the Website program
(www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The
entire coding regions of DSG4, LIPH, and LPARG, including the
exon/intron boundaries, were sequenced using gDNA samples
from patients and their family members, after fully informed
consent. For normal controls, 100 healthy unrelated Japanese
individuals (200 normal alleles) were studied.

The complementary DNA (cDNA) nucleotides and the amino
acids of the protein were numbered based on the previous sequence
information (GenBank accession number, DSG4; AY177664.1, LIPH;
AY093498.1, LPAR6; AF000546.1) [Jin et al., 2002; Whittock and
Bower, 2003]. Nucleotide numbering reflects cDNA numbering with
+1 corresponding to the A of the ATG translation initiation codon
in the reference sequence, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.

Mutant Allele-Specific Amplification Analysis

For verification of the mutation, using PCR products as a
template, mutant allele specific amplification analysis was
performed with mutant allele-specific primers carrying the
substitution of a base at the 3/-end [Hasegawa et al., 1995; Xu
et al., 2003], as follows: ¢.736T >A mutant allele-specific forward
primer, 5'-CCAAGGATTTCAGTATTTTAAAA-3'; ¢.736 normal
allele-specific forward primer, 5-CCAAGGATTTCAGTATTT-
TAAAT-3'; ¢.742C>A mutant allele-specific forward primer,
5'-GGATTTCAGTATTTTAAATGTGACA-3'; reverse primer, 5'-
GTGCCCAGCAGAAAAACAAG-3.

PCR conditions were as follows: 94°C for 5 min, followed by 35
cycles at 94°C for 1 min, 60°C (for ¢.736T >A mutant amplifica-
tion) or 64°C (for ¢.742C>A mutant amplification) for 1 min,
and extension at 72°C for 7min. Only 301- and 297-bp fragments
derived from the mutant alleles were amplified with these primers
and the PCR condition, respectively.

Haplotype Analysis

To determine whether the mutations ¢.736T>A and c.742C > A
are founder mutations, we performed haplotype analysis. We
constructed linkage disequilibrium (LD) blocks containing the
LIPH gene using genotype data from the HapMap database
(International HapMap Consortium, 2005). The haplotype
structure with its tag-single nuclotide polymorphisms (SNPs)
was determined using Haploview [Barrett et al., 2005]. We
genotyped 10 tag-SNPs using the ABI PRISM 3100 genetic
analyzer (Advanced Biotechnologies). Oligonucleotide primers
were designed using the website program (www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi).

Construction of Mutated LIPH Gene Expression Vectors

Normal human full-length LIPH ¢cDNA was amplified by
reverse transcription-PCR using human colon-derived total RNA
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[Sonoda et al., 2002]. The DNA fragment covering the coding
region of PA-PLA,a (EcoRI-EcoRI fragment) was subcloned into
the EcoRI site of pCAGGS mammalian expression vector (kindly
donated by Dr. Junichi Miyazaki, Osaka University) [Hiramatsu
et al., 2003]. Short LIPH fragments (64 bp) (c.695-758) including
either the ¢.736T >A or the ¢.742C> A mutation were synthesized
by IDT Inc. (Coralville, IA). pCAGGS vector including the rest of
the LIPH gene was amplified with specific primers as follows:
forward (5'-CCTGTACCTGTCTTCCCTGAG-3') and reverse
(5'-CAGGTTGATCCAATCCTCCA-3'). PCR was carried out using
KOD-Plus-Ver.2 (Toyobo, Osaka, Japan) according to the
instructions. Finally, the synthesized mutated DNA fragments
were ligated with the amplified pCAGGS vector including the
LIPH gene without 64 bp oligonucleotide (c.695-758) using a
Ligation-Convenience Kit (Nippon Gene Co., Tokyo, Japan).

Expression of Mutated PA-PLA;o in HEK293 Cells

To investigate the molecular defects underlying the mutations
that were identified in this study, we synthesized p.Cys246Ser or
p.His248Asn mutations in PA-PLA o expression constructs and
compared mutant protein expression with wild-type (WT) and
p.Ser154Ala PA-PLA,o protein. Previously, Sonoda et al. [2002]
reported that Ser'>* was the active catalytic residue and that the
p.Ser154Ala mutant PA-PLA;o0 had complete loss of enzyme
activity, although the amount of p.Ser154Ala mutant protein
expressed was almost the same as that of WT protein. Thus, we
used the p.Ser154Ala mutant as a loss-of-function mutant control
in this study.

HEK293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with antibiotics and 10% fetal bovine
serum under an atmosphere of 5% CO, at 37°C. The resulting
cDNAs were used to transfect HEK293 cells using Lipofect AMINE
2000 reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. HEK293 cells were transfected with
WT, p.Ser154Ala (control loss-of-function mutant) [Sonoda et al.,
2002], p.Cys246Ser or p.His248Asn PA-PLA 0.

Preparation of Cell Supernatants and Lysates and Western
Blotting

HEK293 cells transfected with pCAGGS vector were maintained
for an additional 24 hr after the medium was changed to serum-free
medium ExCell302 (JRH Biosciences, Lenexa, KS). After 24 hr of
incubation, the media were collected and precipitated with
trichloroacetic acid. Precipitated protein was collected by centrifu-
gation at 15,000 x g for 20 min, followed by washing with acetone
twice; then, the pellet was redissolved in sodium dodecyl sulfate
(SDS) sample buffer A (62.5mM Tris-HCI [pH 6.8], 10% Glycerol,
2% SDS, 5% 2-mercaptoethanol (2ME), 10 pg/mL phenylmethyl-
sulphonyl fluoride [PMSF]) and boiled for 5min. HEK293 cells
were harvested 48 hr after transfection and SDS sample buffer B
(62.5mM Tris-HCI [pH 6.8], 4 M Urea, 10% Glycerol, 2% SDS, 5%
2ME, 10 pg/mL PMSF) was added directly to the cell pellet. The
pellet was then sonicated and boiled for 5 min.

These protein samples of cell supernatants and lysates were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membrane. The nitrocellulose
membrane was blocked with Tris-buffered saline containing
5% (w/v) skimmed milk and 0.05% (v/v) Tween 20, incubated
with anti-PA-PLA;o. monoclonal antibody [Sonoda et al., 2002],
and then treated with antirat IgG antibody conjugated with
horseradish peroxidase. Proteins bound to the antibodies were



visualized with an enhanced chemiluminescence kit (ECL,
Amersham Biosciences, Piscataway, NJ) by LAS4000 Luminescent
Image Analyzer (Fujifilm, Tokyo, Japan) [Sonoda et al., 2002].

PA-PLA;a Enzyme Activity Assay

PA-PLAa produces 2-acyl lysophosphatidic acid (LPA) and
free fatty acid (FFA) concurrently from phosphatidic acid (PA)
[Sonoda et al., 2002]. In the present study, the hydrolysis activity
was determined measuring oleic acids, which are concurrently
produced from dioleoyl PA by PA-PLA,0. We added the super-
natant from HEK293 cells transfected with WT, p.Serl54Ala,
p.Cys2468Ser, or p.His248Asn PA-PLA,x to the medium including
100 uM PA. After 12 hr incubation at 37°C, the amount of oleic
acids was measured with NEFA C-Test Wako test kit (Wako
Chemicals Co., Osaka, Japan).

P2Y5 Activation Ability Assay

We cotransfected alkaline-phosphatase-tagged transforming
growth factor-o (AP-TGFu) (kindly provided by Dr. Higashiyama,
Ehime University, Japan) [Tokumaru et al., 2000], recombinant
P2Y5 and WT, p.Serl54Ala, p.Cys246Ser, or p.His248Asn PA-
PLA,a to HEK293 cells, and we quantified free AP-TGFo induced
by a disintegrin and metalloprotease (ADAM) in the HEK293 cells
to examine the P2Y5 activation ability of LPA produced by mutant
PA-PLA, . Cells were cultured in 100 pL of serum-free medium
Opti-MEM (Gibco BRL, Grand Island, NY) in individual wells of
a 96-well plate. After 24 hr of incubation, 80 pL of the conditioned
medium in each well was transferred and AP activities in both the
conditioned media and the transfected cells were measured using
p-nitrophenyl phosphate (p-NPP). In the case of phorbol ester,
12-O-tetradecanoylphorbol-13-acetate  (TPA)-stimulation, the
transfected cells were treated with 100nM 1h before medium
transfer. The AP reaction was performed in p-NPP buffer (5 mM
p-NPP, 20mM Tris-HCl (pH 9.5), 20mM NaCl, and 5mM
MgCl,) at 37°C for 1 hr and the increases in the reaction product,
p-nitrophenol, were quantified by monitoring absorbance at
405nm with VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA). The amount of AP-TGFo. released was expressed
as a ratio of AP activity in the conditioned media to total AP
activity in each well.

Results

Clinical Findings

All six affected individuals in the five unrelated Japanese
families showed features typical of ARH (Fig. 1A, B, E, H, K, and
N). The patients were less than 10 years of age at the time of
the study. Affected individuals had tightly curled hair, which
grew slowly and stopped growing after a few inches. Their
eyebrows and eyelashes were a little sparse to absent. Nails, teeth,
sweating, and hearing were normal in all the affected individuals.
Heterozygous carriers had normal hair. The pedigrees of all the
families were consistent with autosomal recessive inheritance
(Fig. 1C, E 1, L, and O).

Mutation Detection

Direct sequencing analysis of exons and intron—exon boundaries
of LIPH revealed that affected members of Families A, B, D, and E
were compound heterozygous for the two missense mutations

¢.736T>A {p.Cys246Ser) and c.742C> A (p.His248Asn) (Fig. 1C,
E I L, O). The affected individual in Family C was homozygous for
¢.736T>A. All the parents whose DNA was available for mutation
search were heterozygous carriers of one of the two mutations
(Fig. 1C, B I, L, and O). We confirmed these LIPH mutations by
MASA analysis (Fig. 1D, G, ], M, and P). Both amino acid residues
altered by the two missense mutations were highly conserved
among diverse species (Fig. 2A). One of the mutations was found
in 4/200 normal unrelated alleles (100 healthy Japanese indivi-
duals) by direct sequence analysis (minor allele frequency,
¢.736T>A, 0.015 (3/200); c. 742C> A, 0.005 (1/200); combined
genotype 0.02 (4/200)), although there was no control individual
who had compound heterozygous or homozygous mutations (data
not shown). No other pathogenic mutation was found in the entire
exon or intron/exon borders of the DSG4, LIPH or LPAR6 gene.

Haplotype Aanalysis

The haplotype block structure containing the LIPH gene was
constructed using genotype data from the HapMap database
(Fig. 3B). The haplotype block was represented by five haplotypes
with > 1% frequency (Fig. 3C). The haplotype of the chromo-
some containing the LIPH ¢.736T >A mutation was found to have
resulted from parent-to-child transmission in all five families
(Table 1). The chromosome containing the LIPH c.736T>A
mutation had haplotype I (ATCAACCGGA), which is seen in
37.8% of the Han Chinese and ethnic Japanese populations.
Likewise, we determined the haplotype of the chromosome
containing the LIPH ¢.742C>A mutation in four families (A, B,
D, E). The chromosome containing the LIPH c.742C > A mutation
had haplotype III (GCTCGTGAGG), which is seen in 28.9%.
Thus, these missense mutations ¢.736T>A (p.Cys246Ser} and
¢.742C> A (p.His248Asn) in Japanese patients appear to represent
founder effects in this island nation.

Expression of PA-PLA o in Mammalian Cells

Immunoblot analysis revealed that transfection of p.Cys246Ser
and p.His248Asn mutant constructs into HEK293 cells resulted in
the secretion of 55-kDa mutant PA-PLA,« at a level similar to that
of the WT and of the p.Ser154Ala mutant (Fig. 4A). In addition,
the same amounts of mutant PA-PLA,o proteins were also
recovered from the cell lysate. These results indicated that there
was no significant difference in protein yield between WT and
mutant PA-PLA .

Analysis of PA-PLA,a Hydrolytic Activity

The hydrolysis activity was determined measuring FEA which
are concurrently produced from PA by PA-PLA,o. The quantities
of FFA produced by the p.Cys246Ser and p.His248Asn mutant
LIPH constructs were similar to those by the mock and
p.Ser154Ala mutant constructs, suggesting that the p.Cys246Ser
and p.His248Asn mutant PA-PLA,o had no hydrolytic activity
(Fig. 4B).

P2Y5 Activation Ability of PA-PLA;o Mutants

In this study, we cotransfected AP-TGFa, recombinant P2Y5
and WT, p.Ser154Ala, p.Cys246Ser, or p.His248Asn PA-PLA,a
constructs to HEK293 cells. To examine the P2Y5 activation
potency of mutant PA-PLA,0, AP-TGFa release into conditioned
media via ADAM, which was triggered by activation of P2Y5, was
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Figure 2. Conservation of the mutated residues and the three-dimensional protein structure around the mutation sites. A: Multiple amino acid
sequence alignments of PA-PLA,o of diverse species. Amino acid residues Cys?*® and His**® altered by the present two mutations are highly
conserved among PA-PLA; o of diverse species. Amino acid residues that are conserved between the seven species are shown in yellow. The
12 residues that comprise the lid domain are surrounded by a black rectangle. One of the amino acids of the catalytic triad, His**®, is marked
with a black dot. Cys?*® and His?*® are in red and indicated by arrows. B: The three-dimensional-structure model of PA-PLA,o protein. Cys?*® and
His**® residues are in red. Lid domain and B9loop are in green. Catalytic triad consists of Ser™ (purple), Asp'”® (purple) and His?*®, Cys**® forms
intramolecular disulfide bonds on the lid domain.
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Figure 3. The linkage disequilibrium (LD) block and the haplotype structure around L/PH in Han Chinese and ethnic Japanese populations.
LIPH structure (A) and the LD block within L/PH (B) were evaluated using genotype data from the HapMap database. C: The haplotype structure
with 10 tag-SNPs was determined using Haploview.
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Table 1.

Identified Haplotype with the LIPH c.736T>A and ¢.742C> A Mutation

Family Mutation  rs6788865 157615714 1512233604 rs12233487 rs12233490 1512233622 112233623 rs1837882 1s9790230 rs497680 Haplotype
A c736T>A AlG TIC CIT A/C AIG CIT C/IG G/A GIG AlG I
c.742C>A AlIG T/C CIT A/C AIG CIT CIG G/A G/IG AIG /I
B c.736T>A A T C A A C C G G A 1
c.742C>A G Lo} T C G T G A G G 111
C c736T>A A T C A A C C G G A 1
(homozygote)
D c.736T>A A T C A A C C G G A 1
c742C>A G C T C G T G A G G 11
E c.736T>A AIG T/IC C/IT A/C AIG CIT CIG G/A GIG AIG 1
c.742C>A AIG T/C CIT A/IC AIG CIT C/G G/A G/G AIG I/

Nucleotide numbering starts at +1 corresponding to the A of the ATG initiation codon in the reference sequence AY093498.1 (www.hgvs.org/mutnomen). SNP, single-

nucleotide polymorphism.
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Figure 4. Expression of PA-PLAja in HEK293 cells and its

hydrolytic activity. A: Expression of mutant PA-PLA;o in HEK293 cells.
HEK293 cells were transfected with wild-type (WT), p.Ser154Ala
(S154A), p.Cys246Ser (C2468), and p.His248Asn (H248N) L/IPH cDNA,
and the expression level of PA-PLAa protein derived from the
constructs in cell culture supernatant (upper panel) and cells (middle
panel) were evaluated by Western blot. There were no significant
differences in PA-PLA;o protein expression levels among cells
trasfected with WT, S154A, C246S, and H248N. a-tubulin expression
was used as a standard to assess the total amount of proteins from
cell lysate loaded on the gel (lower panel). B: Because PA-PLA;a
hydrolyzes the free fatty acid (FFA) from PA, we monitored the levels
FFA to determine whether there is a difference in the PA-PLAja
hydrolytic activity among WT and the three mutants of PA-PLA;a.
After 12-hr incubation of the supernatant from HEK293 cells
expressing WT, S154A, C246S, or H248N PA-PLA;o, with a medium
including 100 uM PA, the levels of FFA hydrolyzed by C246S and H248N
mutant PA-PLA;o were significantly lower than that by WT PA-PLAx
and similar to those produced by supernatant from HEK293 cells
transfected with control S154A mutant and an empty vector (mock).

quantified using p-NPP as a substrate for AP. The free AP-TGFo
from the P2Y5 mock transfected (P2Y5-) cells transfected with the
WT form of PA-PLA,o was more abundant than that from the
P2Y5— cells transfected with empty vector, which indicated that
the HEK293 cells had the ability to shed TGFa mediated by
intrinsic LPA receptor at some level (Fig. 5A). AP-TGFu release
from P2Y5 positive (P2Y5+) cells expressing the WT PA-PLA, o
was remarkably increased compared with mock or mutant PA-
PLA .. There were no significant differences between the data
obtained with cells expressing the mutants and the empty vector
(Fig. 5A). All the cells expressing AP-TGFo. responded equally to
TPA, confirming that expression of P2Y5 and PA-PLA,o. did not
affect PKC-dependent AP-TGFo release (Fig. 5B). These data
clearly indicated that these mutations resulted in the loss of P2Y5
activation activity of PA-PLA;o.

Discussion

The human LIPH gene encodes PA-PLA;a, which is a member
of the membrane-associated phosphatidic acid-preferring phos-
pholipase Ao [Hiramatsu et al., 2003; Jin et al., 2002; Sonoda
et al., 2002]. Similar to other phospholipase A;, PA-PLA ;o has N-
terminal domains that are essential for catalytic activity. Three
amino acid residues, Ser'>?, Asp”s, and His**®, which form the
putative catalytic triad, are located in the N-terminal domains
[Aoki et al., 2007; Jin et al., 2002; Kubiak et al., 2001; Sonoda et al.,
2002] (Fig. 2B). PA-PLA o has a 9 loop (the 13 amino acids from
p-206 to 218) and a short lid domain (the 12 amino acids from
p-234 t0245), each of which is considered a crucial structure for
substrate recognition [Aoki et al, 2007; Carriere et al., 1998;
Sonoda et al., 2002]. In addition, well-conserved cysteine residues
including Cysz‘m, which form intramolecular disulfide bonds, are
in the N-terminal domains.

We performed DSG4, LIPH, and LPAR6 gene mutation analysis
and identified two prevalent missense mutations in the LIPH
gene in the five independent Japanese ARH families. One
mutation ¢.736T>A leads to an amino acid change within
conserved cysteine residue that forms intramolecular disulfide
bonds on the lid domain (p.Cys246Ser) (Fig. 2). The other
mutation c.742C > A results in alteration of one amino acid of the
catalytic triad (p.His248Asn) (Fig. 2B). These two residues, Cys246
and His?*®, are highly conserved among LIPH of diverse species
(Fig. 2A), suggesting that they play a critical role in enzyme
activity. We speculate that these mutations drastically affect PA-
PLA,a activity.
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Figure 5. P2Y5 activation ability of PA-PLA,o mutants. To monitor
P2Y5 activation level by mutant and wild-type (WT) PA-PLAa, we
used p-nitrophenyl phosphate as a substrate for cleavage of AP-TGFa
and measured the amount of AP-TGFo released from the HEK293
cells. A: The amount of free AP-TGFa produced by P2Y5 mock-
transfected (P2Y5—) cells that were also transfected with WT PA-
PLAa is significantly greater than that produced by P2Y5— cells
transfected with an empty vector (mock). This indicates that HEK293
cells act to shed AP-TGFo, an activity that might be mediated by
intrinsic LPA receptors. The amounts of AP-TGF released from P2Y5-
transfected (P2Y5+) cells expressing p.Ser154Ala (S154A), p.Cys246-
Ser (C246S), or p.His248Asn (H248N) mutant PA-PLA;o and P2Y5+
cells transfected with an empty vector (mock) are significantly lower
than that from P2Y5+ cells expressing WT PA-PLAo. B: TPA sheds
AP-TGFa independently from the P2Y5 pathway. Effects of the TPA-
induced shedding of AP-TGFu are similar in all the cells.

So far, 14 LIPH gene mutations have been reported, four of
which are prevalent [Ali et al., 2007; Horev et al., 2009; Jelani et al.,
2008; Kamran-ul-Hassan Naqvi et al., 2009; Kazantseva et al.,
2006; Nahum et al., 2009; Naz et al., 2009; Pasternack et al.,
2009; Petukhova et al.,, 2009; Shimomura et al., 2009a,b,c]. One
prevalent mutation, 985-bp deletion including exon 4 and the
flanking introns, was detected in a large number of ARH patients
from two ethnic groups, the Chuvash and Mari, in the Volga—Ural
region of Russia [Kazantseva et al., 2006]. The ancestors of the
Chuvash population settled in territory occupied by ancestral
Mari populations. To determine the frequency of the mutant
allele, they tested 2,292 chromosomes in the populations and
found the LIPH deletion in populations of Chuvash (mutant allele
frequency P=0.033) and Mari (mutant allele frequency
P=10.030) origin. The mutant allele was restricted to these
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Inner root sheath
of hair follice

Figure 6. Schematic signaling pathways of LPA produced by PA-
PLAo via the P2Y5 receptor. PA-PLA;o hydrolyzes PA and produces
LPA and FFA. LPA works as a ligand for P2Y5, a membrane-bound
G-protein-coupled receptor. It has been documented that ADAM
activation by P2Y5 results in ectodomain shedding of cell surface
proteins including those of the EGF ligand family, such as HB-EGF and
TGFo. These signal pathways are speculated to regulate proliferation
and differentiation of inner root sheath cells of hair follicles.
Abbreviations: PA, phosphatidic acid; FFA, free fatty acid; LPA,
2-acyl lysophosphatidic acid; ADAM, a disintegrin and metallopro-
tease; EGF, epidermal growth factor; HB-EGF, heparin binding EGF-like
growth factor; TGFo, transforming growth factor-o.

two populations and was not found in other Finno-Ugric
populations or Russian populations from distant geographic
regions [Kazantseva et al., 2006].

A deletion mutation exon7_8del has been identified in five
consanguineous Pakistani families and 1 Guyanese family [Jelani
et al., 2008; Petukhova et al., 2009; Shimomura et al., 2009b,
2009¢]. A small deletion mutation 659_660delTA has been
identified in several consanguineous Pakistani families and 1
Guyanese family [Jelani et al, 2008; Petukhova et al., 2009;
Shimomura et al., 2009b,c]. Both mutations were defined as
founder mutations shared in families from Pakistan and Guyana
by haplotype analysis using microsatellite markers close to the
LIPH gene [Jelani et al., 2008; Petukhova et al., 2009; Shimomura
et al., 2009b,c]. In fact, these Guyanese families with ARH were
descended from people who had come from India about 100 years
ago, and it is plausible that both mutations originated from the
Indian population [Shimomura et al., 2009c]. However, neither
exon7_8del nor 659_660del TA mutations were detected in healthy
control individuals of Pakistani origin and their minor allele
frequencies were thought to be low in the Pakistani population
[Jelani et al., 2008; Shimomura et al., 2009b].

All six of the Japanese ARH patients from the five families in the
present study were compound heterozygous for c.736T>A
(p.Cys2468Ser) and c.742C> A (p.His248Asn) or homozygous for
c.736T>A (p.Cys246Ser). c.736T>A (p.Cys246Ser) was found in
all five families, and c.742C> A (p.His248Asn) was detected in four
of the five families. Most recently, these missense mutations were
identified in three Japanese ARH families [Shimomura et al.,
2009a]. One family carries two heterozygous missense mutations,
c.736T>A and c.742C>A, and the other two families are
homozygous for the mutation c.736T>A. Thus, the missense
mutations ¢.736T >A (p.Cys246Ser) and c.742C> A (p.His248Asn)
are both suggested to be highly prevalent LIPH mutations in the
Japanese population. In the previous article, however, screening
assays with restriction enzymes excluded the existence of both



mutations in 100 unrelated healthy control individuals (200 alleles)
of Japanese origin [Shimomura et al, 2009a]. In this study, in
contrast, we used direct sequences and MASA analysis and
identified these mutations in four alleles out of 200 unrelated
control alleles (100 individuals) (minor allele frequency of
c.736T>A, 3/200 P=0.015; c. 742C>A, 1/200 P =0.005;
combined genotype, 4/200 P=0.020). In addition, the present
haplotype analysis revealed that the mutant alleles with ¢.736T>A
and those with c.742C>A had specific haplotypes, respectively,
which suggests that they derive from their own independent
founders (Fig. 3, Table 1). From these results, we consider that
the LIPH mutations c.736T>A (p.Cys246Ser) and c.742C>A
(p.His248Asn) are extremely prevalent founder mutations for ARH
in the Japanese population.

Previously, several deletion mutations and four missense
mutations were reported in the LIPH gene [Ali et al, 2007;
Horev et al., 2009; Jelani et al., 2008; Kamran-ul-Hassan Naqvi
et al., 2009; Kazantseva et al., 2006; Nahum et al., 2009; Naz et al.,
2009; Pasternack et al., 2009; Petukhova et al., 2009; Shimomura
et al., 2009a,b,c]. In previous cases, ARH patients exhibited wide
variability in the hypotrichosis phenotype, although most patients
showed wooly hair during early childhood [Shimomura et al,
2009b]. Even ARH patients with identical LIPH gene mutations
showed a wide variation in phenotype [Shimomura et al., 2009b].
In our cases, all the affected individuals had sparse, curled hair
that grew slowly from birth and then stopped growing after
reaching a few inches. There are no significant differences in
clinical features between families and patients. We cannot exclude
the possibility that differences in phenotype will emerge in the
future, because our patients were still less than 10 years of age. The
clinical features of the five families presented here are similar to
those of families with the other mutations in the LIPH gene, and
no apparent genotype/phenotype correlation was observed
between the patients with deletion mutations and those with
missense mutations.

PA-PLA o hydrolyzes PA and produces LPA and FFA concur-
rently [Sonoda et al., 2002]. The LPA that is produced by
PA-PLA, o acts as a ligand for P2Y5, one of the G-protein-coupled
receptors (GPCRs), which has been identified as another causative
gene for human hair growth deficiency [Pasternack et al., 2008;
Shimomura et al., 2008]. It has been documented that ADAM
activation by GPCRs introduces the ectodomain shedding of cell
surface proteins, including the epidermal growth factor (EGF)
ligand family whose members include heparin-binding EGF-like
growth factor (HB-EGF) and TGFa [Ohtsu et al., 2006] (Fig. 6).

In this study, we performed two different in vitro PA-PLA,a
enzyme activity analyses. One involved analyzing PA-PLA,x
hydrolytic activity by measuring FFA (unpublished data). The
p.Cys246Ser and p.His248Asn mutants showed complete abolition
of PA-PLA,o. hydrolytic activity, comparable with supernatant of
cells transfected with the empty vector only or with the control
loss-of-function mutant carrying p.Ser154Ala. The other involved
analyzing the P2Y5 activation ability of LPA produced by
PA-PLA,a by assaying free AP-TGFa (unpublished data). In this
analysis, the p.Cys246Ser and p.His248Asn mutant PA-PLA;a
had no ability to activate P2Y5. These results clearly indicated
that a loss of PA-PLA,a function leads to defective activation of
P2Y5 by LPA, resulting in ARH phenotype in ARH patients with
LIPH mutations. Thus, complete loss of P2Y5 activation due
to reduced LPA is thought to be involved in the pathogenesis
of ARH. )

While we were preparing the manuscript, Pasternack et al.
[2009] reported that PA-PLA;a derived from mutants with

¢.403_409 duplication frameshift mutation and in-frame muta-
tions including ¢.280_369dup and ¢.527_628del did not show the
enzymatic activity of converting PA to LPA in vitro, and that they
did not activate P2Y5. The results presented in this study
completely agree with their results, although the assay system
for enzymatic evaluation and P2Y5 activation used by Pasternack
et al. [2009] is quite different from ours. In addition, the affected
amino acids in the mutant PA-PLAa analyzed in this study were
quite different. Interestingly, our in vitro enzyme activity analysis
revealed that the present two missense mutations strikingly
affected the PA-PLA,a activity as much as frameshift mutations
and large deletion mutations like c.403_409 dup, ¢.280_369dup,
and c.527_628del. These results were consistent with the fact that
there is no significant difference in severity of hair loss between
the present patients with missense mutations and affected
individuals with frameshift mutations or large deletion mutations,
¢.403_409 dup, c.280_369dup, and c.527_628del. These results
clearly indicated that the loss of PA-PLA,a function caused by the
two present mutations leads to defective activation of P2Y5 by
LPA and suggest that loss of P2Y5 activation due to reduced LPA is
involved in the pathogenesis of ARH.
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Topical application of dehydroxymethylepoxy-
quinomicin improves allergic inflammation via
NF-«B inhibition

To the Editor:

Atopic dermatitis (AD) is a chronic, relapsing inflammatory
skin disease with significant morbidity and an adverse impact on
patient well-being. AD has become increasingly prevalent in
industrialized countries, where it now occurs in 10% to 20% of
children and 1% to 3% adults." Corticosteroids are generally
prescribed to control the symptoms, yet repeated use can cause
severe skin atrophy and susceptibility to infection.” Tacrolimus,
a calcineurin inhibitor, has recently gained widespread use as
an AD treatment that avoids the typical side effects associated
with topical corticosteroids.> However, refractory AD can remain
even in patients treated with both corticosteroid and tacrolimus.

Dehydroxymethylepoxyquinomicin (DHMEQ), a newly devel-
oped low-molecular-weight nuclear factor- kB (NF-kB) inhibitor,
is a 5-dehydroxymethyl derivative of the antibiotic epoxyquino-
micin C.* DHMEQ has been found to inhibit TNF-a—induced
NF-kB activation by suppressing nuclear translocation but not
IkB phosphorylation or degradation.” Recently the antitumor
effects of DHMEQ on breast,® thyroid,” and prostate® cancers as
well as its anti-inflammatory and immunosuppressive effects
have been reported in mice models.®'® In this study, we used atopic
dermatitis model mice to examine the antiallergic inflammation
efficacy of DHMEQ.

We confirmed that DHMEQ effectively inhibited the NF-xB
activity in macrophage-like cell line, RAW264.7 with LPS
stimulation (Fig 1, A).

First we examined whether DHMEQ suppressed contact hyper-
sensitivity response. Balb/c mice were sensitized with 2,4,6-
trinitrochlorobenzene (TNCB) to the dorsal skin and challenged 5
days later on the dorsal surface of the right ear. Immediately after the
challenge, DHMEQ (1 mg/mL in acetone) or tacrolimus ointment
(1%) was applied to the same ear. The DHMEQ-treated ears showed
significantly less ear swelling than the tacrolimus-treated ears (Fig
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1, B). The suppressive effect of DHMEQ was dose-dependent (Fig
1, C). Furthermore, expression of inflammatory cytokine mRNA
(IL-1B, IL-6, TNF-) in lesional skin was suppressed by DHMEQ
ointment as well as by tacrolimus ointment (Fig 1, D). These data
show that DHMEQ suppresses inflammation via suppression of in-
flammatory cytokine expression regulated by NF-«B.

We next examined whether DHMEQ would inhibit hapten-
induced Langerhans cell (LC) migration. Treatment with TNCB
caused a significant decline in epidermal LC density 4 hours after
application in the untreated mice (30.5%). In contrast, TNCB
treatment failed to provoke a significant epidermal LC migration
response in the DHMEQ-treated mice (13.1%; Fig 1, E). We fur-
ther evaluated LC morphology in the epidermal sheet prepara-
tions derived from the untreated and DHMEQ-treated mice. As
illustrated in Fig 1, F (left), at 4 hours after exposure to TNCB,
the LCs in the control mice appeared to be activated and to
have extended dendritic processes, whereas no such morphologic
changes were evident in the LCs examined in the DHMEQ-
treated mice (Fig 1, F, right). These data support that the DHMEQ
suppressed the contact hypersensitivity response at least in part by
inhibition of LC migration.

To determine whether DHMEQ has any therapeutic effect in
AD, we applied DHMEQ to AD-like lesions of NC/Nga mice and
evaluated the progression of skin changes. NC/Nga mice were the
spontaneous mouse models of AD. Another spontaneous mouse
model, the DS-Nh mouse, has a mutation of transient receptor po-
tential vanilloid 3,"! whereas the genetic defect of NC/Nga is not
known. We used conventional NC/Nga mice that presented severe
skin lesions very similar to those of human AD.'? Conventional
NC/Nga mice with moderate to severe AD were topically applied
with 1% DHEMQ in plastibase (5% polyethylene and 95% min-
eral oil), 0.1% tacrolimus ointment, or 0.12% betamethasone
ointment daily for 2 weeks. The clinical severity of skin lesion
was scored daily according to the 5 main clinical symptoms:
scratch behavior, erythema/hemorrhaging, edema, excoriation/
erosion, and scaling/dryness.lz Topical DHMEQ application sig-
nificantly improved the severity of skin lesions compared with the
ointment base as well compared with topical treatment with the
0.1% tacrolimus or 0.12% betamethasone ointment (Fig 2, A
and B). Improvement of clinical skin condition by DHMEQ
was also confirmed by histologic observation, which showed
amelioration of hyperkeratosis, acanthosis, dermal edema, and in-
filtration of the inflammatory cells compared with the ointment
base treatment (Fig 2, C). At the affected skin sites, the numbers
of eosinophils and mast cells were significantly lower in the
DHMEQ-treated mice than those in the control mice (Fig 2, C).

Potential side effects of topical application of NF-«B inhibition
might include susceptibility to infection via local immune
suppression. However NF-kB inhibitor presumably avoids the
typical side effects associated with topical corticosteroids as well
as tacrolimus.

Several reagents targeting NF-kB have been reported. For
example, NF-kB decoy oligodeoxynucleotides were reported to
be effective in resolving atopic skin lesions in NC/Nga mice.!?
IMD-0354, a selective IKK inhibitor, also improved AD manifes-
tation in model mice.'* In contrast with these, DHMEQ inhibits
NF-kB activation by suppressing nuclear translocation but not
IkB phosphorylation or degradation.” Because DHMEQ has a
unique mechanism to inhibit NF-«kB activation, DHMEQ might
be effective for AD that does not respond to tacrolimus or cortico-
steroid, and it might have additive effects with other reagents.
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FIG 1. Effect of DHMEQ on contact hypersensitivity response. A, DHMEQ effectively inhibited the NF-xB
activity in macrophagelike cell line RAW264.7 with LPS stimulation (10 pg/mL). B, DHMEQ, tacrolimus, or
ointment base was applied topically. All ear-swelling values are shown as means *+ SEs (n = 5). *P < .01;
**P < .005. C, DHMEQ was applied in various concentrations. D, The density of mRNA expression of skin
was analyzed by RT-PCR. E, The number of LCs was counted. *P < .05 (n = 4 for each group). F, LC morphol-
ogy in epidermal sheet preparations derived from untreated (left) and DHMEQ-treated (right) mice.

In conclusion, we clearly demonstrated that DHMEQ inhibits
the contact hypersensitivity response via suppression of inflam-
matory cytokines and decrease in LC migration. Furthermore,
DHMEQ was found to improve AD manifestation of model mice
with an efficacy equivalent to that of tacrolimus or betametha-
sone. DHMEQ may offer a novel therapeutic approach for the
treatment of AD.
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FIG 2. Improvement of atopic dermatitis model mice by DHMEQ. NC/Nga mice were applied topically with
DHMEQ, tacrolimus, or ointment base. A, Clinical features of each mouse. B, The clinical skin score of each
group is given as mean * SE. *P < .005. C, Specimens were collected from the dorsal skin and were stained
with hematoxylin and eosin, direct fast scarlet for eosinophils, or toluidine blue for mast cells.



