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Epidermal lipids are important for skin homeostasis. However, the entire picture of the roles
of lipids, particularly nonceramide lipid species, in epidermal biology still remains obscure.
Here, we report that PLA2G2F, a functionally orphan-secreted phospholipase A, expressed

in the suprabasal epidermis, requlates skin homeostasis and hyperplasic disorders. Pla2g2f~/-
mice had a fragile stratum corneum and were strikingly protected from psoriasis, contact
dermatitis, and skin cancer. Conversely, Pla2g2f-overexpressing transgenic mice displayed
psoriasis-like epidermal hyperplasia. Primary keratinocytes from Pla2g2f~/~ mice showed
defective differentiation and activation. PLA2G2F was induced by calcium or IL-22 in kerati-
nocytes and preferentially hydrolyzed ethanolamine plasmalogen-bearing docosahexaenoic
acid secreted from keratinocytes to give rise to unique bioactive lipids (i.e., protectin D1 and
9S-hydroxyoctadecadienoic acid) that were distinct from canonical arachidonate metabolites
(prostaglandins and leukotrienes). Ethanolamine lysoplasmalogen, a PLA2G2F-derived marker

product, rescued defective activation of Pla2g2f-/~ keratinocytes both in vitro and in vivo.
Our results highlight PLA2G2F as a previously unrecognized regulator of skin pathophysiology
and point to this enzyme as a novel drug target for epidermal-hyperplasic diseases.

The epidermis is a highly organized stratified
epithelium consisting of basal, spinous, granular,
and cornified keratinocyte layers. Survival in a
terrestrial dry environment requires an adapted
permeability barrier for regulated permeation of
water and electrolytes in the stratum corneum
(SC). Corneocytes are embedded in a lipid-rich
extracellular matrix that forms lamellar mem-
branes composed of ceramides, cholesterol, and
fatty acids in an acidic environment (Elias et al.,
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2008). Perturbation of cutaneous lipid metabo-
lism variably and often profoundly affects SC
barrier or keratinocyte homeostasis, leading to
skin disorders such as ichthyosis, psoriasis, atopic
dermatitis, and cancer (Jobard et al., 2002;
Vasireddy et al., 2007).

Linoleic acid (LA; C18:2), by far the most
abundant polyunsaturated fatty acid (PUFA) in
the SC, is esterified to the w-hydroxyl group of
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ceramides, which, along with ultra-long-chain fatty acids, are
essential for formation of the cornified lipid envelope (Elias
et al., 2014). Fatty acids are also important for SC acidification
(Mao-Qiang et al., 1996; Fluhr et al., 2001, 2004). Dysregulated
production of PUFA- or lysophospholipid-derived lipid me-
diators can be linked to skin disorders including alopecia, in-
flammation, and cancer (Nagamachi et al., 2007; Inoue et al.,
2011). Release of fatty acids and lysophospholipids from phos-
pholipids is catalyzed by phospholipase A, (PLA,) enzymes,
which are classified into several families (Murakami et al., 2011).
However, the roles of PLA,-driven lipid products in epidermal
homeostasis and diseases are still not well understood.

The secreted PLA, (sPLA,) family consists of 11 members
with distinct localizations and substrate specificities (Murakami
et al., 2011, 2015). Recent gene targeting of sPLA,s has re-
vealed their distinct roles in various biological events, such as
immunity, host defense, atherosclerosis, metabolic disorders,
and reproduction (Labonté et al., 2006; Henderson et al., 2007;
Escoffier et al., 2010; Sato et al., 2010, 2014; Ait-Oufella et al.,
2013; Miki et al., 2013; Taketomi et al., 2013; Boudreau et al.,
2014; Pernet et al., 2014). In skin biology, SPLA,s have been
suggested to supply bulk fatty acids for formation of the SC
acid mantle (Fluhr et al., 2004; Hachem et al., 2005), an idea
that stems primarily from the finding that SC acidity is per-
turbed by nonspecific sPLA, inhibitors (Mao-Qiang et al.,
1996; Fluhr et al., 2001). Furthermore, transgenic (T'G) mice
overexpressing group IIA (PLA2G2A) or group X (PLA2G10)
sPLA, develop skin abnormalities (Grass et al., 1996; Mulherkar
et al., 2003; Yamamoto et al., 2011b). However, the findings
that the C57BL/6 mouse strain lacks PLA2G2A due to a nat-
ural mutation (MacPhee et al., 1995) and that endogenous
PLA2G10 is located in hair follicles (Yamamoto et al., 2011b)
cast doubt on the intrinsic roles of these sSPLA,s in the epider-
mis. Overall, it remains unclear whether sPLA, indeed regulates
epidermal lipid processing, and if so, which sPLA, isoform is
important, which lipid species serve as its substrates and prod-
ucts, and how sPLA,-driven lipid metabolism affects skin ho-
meostasis and diseases.

It has recently been reported that group IIF sPLA,
(PLA2G2F), a functionally orphan sPLA,, is expressed in the
skin and that its genetic deletion perturbs SC acidification
and delays barrier recovery (Ilic et al., 2014; Man et al., 2014).
We now show that PLA2G2F is a bona fide epidermal sPLA,
that controls keratinocyte differentiation, hyperproliferation,
and function by mobilizing unique lipid products rather than
by supplying fatty acids as a whole. Aberrant PLA2G2F
expression is associated with epidermal hyperplasia in skin
inflammation and cancer. Our results highlight a previously un-
recognized sPLA,-driven lipid pathway underlying epidermal-
hyperplasic diseases.

RESULTS

PLA2G2F is preferentially expressed

in the suprabasal epidermis

We took advantage of epidermal-hyperplasic PLA2G10%'* mice
(Yamamoto et al., 2011b) to identify particular lipase-related
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genes whose expression levels were altered in TG skin com-
pared with control skin and whose in vivo functions are cur-
rently unknown. Microarray gene profiling revealed that
several lipase-related genes showed increased expression in
PLA2G10%’* skin (Table S1).We were interested in Pla2¢2f, as
it was by far the most abundant sPLA,; in control C57BL/6 skin
and was increased in hyperplasic PLA2G10%’* skin (Fig. 1 A),
a finding that was verified by Northern blotting (Fig. 1 A, inset)
and immunohistochemistry (Fig. 1 B). In control skin (P25),
the outermost layer of the epidermis was stained with anti-
PLA2G2EF, but not the control antibody, whereas PLA2G2F
staining in PLA2G10%/* skin was more intense and distrib-
uted in the thickened epidermis and cysts (Fig. 1 B).

Quantitative RT-PCR demonstrated preferential expres-
sion of Pla2¢2fin the skin (and only at trace levels in the small
and large intestines) in C57BL/6 mice (Fig. 1 C). Develop-
mental expression of Pla2¢2f in mouse skin was far greater
than that of other sPLA,s, gradually increasing before birth to
reach a maximum level by postnatal day 5 (P5; Fig. 1 D).
Separation of the epidermis and hair follicles (P8) by laser-
capture microdissection followed by quantitative RT-PCR
revealed the expression of Pla2¢2f in the epidermis rather
than in hair follicles, whereas that of other sPLA,s was low or
undetectable in both compartments (Fig. 1 E). In situ hybrid-
ization confirmed the epidermal location of Pla2¢2f, which
was already detectable at embryonic day 14.5 (E14.5) when
epidermal morphogenesis had started (Fig. 1 F). Confocal
microscopy of mouse skin showed that PLA2G2F was colo-
calized with loricrin (a cornified and granular layer marker)
and keratin 1 (a granular and spinous layer marker), but not
with keratin 5 (a basal layer marker; Fig. 1 G), indicating that
PLA2G2F is located in differentiated keratinocytes.

As in mouse skin, PLA2G2F was the most abundant
sPLA, in normal human skin, although PLA2G2A was also
expressed at a relatively low level (Fig. 1 H). Expression of
PLA2G2F, but not that of PLA2G2A, tended to be higher
in the psoriasiform skin that expressed higher levels of the
psoriasis-associated genes S100A49, IL17A, and IL22 (Fig. 1 H).
In humans, PLA2G2F immunoreactivity was distributed in the
uppermost region of normal skin and increased in the thick-
ened epidermis of psoriasiform skin (Fig. 1 I). Thus, PLA2G2F
is a major sPLA, expressed in the epidermis across species,
and its expression increases during epidermal hyperplasia.

Pla2g2f19/* mice display alopecia and psoriasis-like
epidermal hyperplasia
To assess the potential in vivo roles of PLA2G2F, we gener-
ated Pla2¢2f%’* mice on a C57BL/6 background (Fig. 2 A).
Pla2¢2f expression was elevated in various tissues of Pla2g2f%/*
mice relative to WT mice, with a ~5-fold increase in the TG
skin (Fig. 2 B). Pla2¢2f%'* mice were born normally, showed
no early mortality, were fertile, and had normal serum bio-
medical parameters (unpublished data).

Pla2¢2f%/* displayed robust skin abnormalities with appar-
ent hair loss at 3—4 wk of age (Fig. 2 C), as seen in PLA2G10%/*
mice (Yamamoto et al., 2011b).The dorsal skin of Pla2g2f%/*
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Figure 1.

PLA2G2F is expressed in the suprabasal epidermis. (A) Expression of sPLA,s in PLA2G 109+ (TG) and WT skins at P25, as evaluated by mi-
croarray. (inset) Northern blotting of Pla2g2f, with ribosomal RNA (rRNA) in an agarose gel with ethidium bromide as a control. (B) Immunohistochemis-
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try of PLA2G2F in PLA2G 109+ and WT skins at P25 (bars, 100 pum). Boxes (middle) are magnified on the right. (C) Quantitative RT-PCR of Pla2g2fin

various tissues of 8-wk-old C57BL/6 mice. (D) Quantitative RT-PCR of sPLA,s in developmental skins of C57BL/6 mice, with expression of Pla2g2f at PO as 1.
(E) Microdissection followed by quantitative RT-PCR of sPLA,s in the epidermis (n = 5) and hair follicles (n = 6) of C57BL/6 mice at P8. (F) In situ hybrid-
ization of C57BL/6 skin with an antisense or sense probe for Pla2g2f (bar, 50 pum). (G) Confocal immunofluorescence microscopy of PLA2G2F (red), kerati-
nocyte markers (green) and their merged images (yellow) in newborn C57BL/6 skin (bar, 100 um). (H) Quantitative RT-PCR of sPLA,s and psoriasis markers
in normal and psoriatic human skins, with expression in normal skin as 1 (n = 7). (I) Immunohistochemistry of PLA2G2F (red) in human normal and psori-
atic skins, with DAPI counterstaining (blue; bar, 100 um). Data are from one experiment (A, E, and H) or are representative of two experiments (C, D, and A

[inset]; mean + SEM; * P < 0.05; **, P < 0.01). Images are representative of two experiments (B, F, G, and I). ND, not detected.
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Figure 2. Psoriasis-like epidermal hyperplasia in Pla2g2ft9/* mice. (A) Generation of Pla2g2f®/* mice. Mouse Pla2g2f cDNA was inserted into the
pCALNLS vector. The plasmid, containing the transgene downstream of a neomycin cassette (Neo’) with LoxP sites at both ends, was excised at the Hindlll
and Sall sites to produce a 6-kb CAG-LoxP-Neo'™-LoxP-Pla2g2f (LNL-Pla2g2f) fragment. After removal of the Neo’ cassette by Cre recombinase, a 1.6-kb
fragment amplified from the silent form (LNL-Pla2g2f9/*) was shifted to a 0.65-kb fragment amplified from the active form (Pla2g2f'9/#). (B) Quantitative
RT-PCR of Pla2g2fin Pla2g2f'9/+ (TG) and WT tissues at P25 (n = 5). (C) Gross appearance of Pla2g2f'9/+ (TG) and WT mice. (D) Hematoxylin-eosin staining
of TG and WT skin sections at P25 (bar, 100 um). (E) Microarray gene profiling of TG versus WT skins at P25. Results are from two experiments (ex1 and
ex2). The heat maps are globally normalized for all genes shown in each panel, and the color code shows signal intensity. (F) Quantitative RT-PCR of kera-
tinocyte marker genes in TG and WT skins at P25, with expression in WT skin as 1 (n = 6). (G-K) ESI-MS of phospholipids (n = 5; G), lysophospholipids
(n=5; H), PUFA metabolites (n = 6; 1), and 9-HODEs and PD1 (n = 6; | and J) in WT and TG skins at P25. Relative amounts, with values for WT skin as 1
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mice at P25 exhibited epidermal and sebaceous gland hyper-
plasia, hair follicle distortion and cyst formation, with the up-
permost layer of the epidermis displaying hyperkeratosis with
a highly thickened SC (Fig. 2 D). Microarray gene profiling
(Fig. 2 E and Table S2) and quantitative RT-PCR (Fig. 2 F)
supported the overall tendency for epidermal and sebaceous
gland hyperplasia, as well as alopecia in Pla2¢2f%¢’* skin. A
dramatic increase in the expression of S100a9, a marker of
hyperproliferated and activated keratinocytes in psoriasis
(Schonthaler et al., 2013), or Il1f6, which encodes the psoriasis-
related keratinocyte cytokine IL-36a (Tortola et al., 2012;
Fig. 2, E and F), indicated that the epidermal hyperplasia in
Pla2¢2f®/* mice has some features of psoriasis. We also gener-
ated skin-specific K14-Pla2¢2f*’* mice and obtained similar
results (unpublished data), implying that PLA2G2F has a skin-
intrinsic role. The smaller body size of Pla2¢2f%/* mice at P25
might be a result of up-regulation of thermogenic processes
for temperature maintenance at the expense of fuel economy,
an event often observed in hairless mice (Smith et al., 2000).
Although the phenotypes observed in sPLA, TG mice
may not necessarily reflect the intrinsic functions of endoge-
nous sPLA,s, they are useful for screening their potential in vivo
substrates (phospholipids) and products (lysophospholipids,
fatty acids, and their metabolites; Yamamoto et al., 2011a, b).
Electrospray ionization mass spectrometry (ESI-MS) of skin
lipids revealed that diacyl and plasmalogen (P-) forms of phos-
phatidylethanolamine (PE) with docosahexaenoic acid (DHA;
C22:6), but not other phospholipids, were significantly reduced
in Pla2¢2f%* mice relative to WT mice (Fig. 2 G). Accord-
ingly, there were concomitant increases in the acyl and plas-
malogen forms of lysophosphatidylethanolamine (LPE and
P-LPE, respectively), but not lysophosphatidylcholine (LPC),
in TG skin (Fig. 2 H). These results suggest that the overex-
pressed PLA2G2F hydrolyzes PE and P-PE species with DHA
as preferred substrates rather than acting on all phospholipids
randomly. Of the oxygenated PUFA metabolites, the level of
protectin D1 (PD1), a DHA metabolite that facilitates survival
and renewal of epithelial cells (Serhan et al., 2006, 2014, 2015;
Bazan et al., 2010), but not arachidonic acid (AA; C20:4)—
derived or eicosapentaenoic acid (EPA; 20:5)—derived me-
tabolites, was noticeably increased in Pla2¢2f%’* skin (Fig. 2,
I and J). Although the levels of LA-containing phospholipids
were similar in both genotypes (Fig. 2 G), the level of 9S-
hydroxyoctadecadienoic acid (HODE), a LA metabolite that
activates keratinocytes (Hattori et al., 2008), was increased in
TG skin relative to control (Fig. 2, I and J). Cutaneous ex-
pression of Alox12 and Alox15, which encode lipoxygenases
(LOXs) that convert LA and DHA to 9S-HODE and PD1,
respectively, was substantially higher in Pla2¢2f®%* mice than
in WT mice (Fig. 2 K). These results suggest that the increases
of these metabolites are caused by an increased supply of PUFA
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precursors and/or the increased expression of PUFA-
metabolizing LOXs in TG skin. Thus, among the potential
PLA,-driven lipids detected so far, LPE, P-LPE, PD1, and
9S-HODE appear to be specific metabolites that are increased
in Pla2¢g2f®* skin. We therefore focused on these lipid me-
tabolites in subsequent studies.

Pla2g2f~/- mice have fragile SC
To investigate the physiological roles of endogenous PLA2G2F
in vivo, we generated Pla2¢2f '~ mice (Fig. 3 A). Heterozy-
gous mice carrying a mutated Pla2¢2f allele (Pla2g2f*'~) were
backcrossed onto a C57BL/6 background (n > 12). Success-
ful ablation of the Pla2¢2f gene was confirmed by PCR ge-
notyping from tail biopsy specimens (unpublished data) and
by absence of its protein in the isolated SC (Fig. 3 B) and skin
tissue (Fig. 3 C) of Pla2¢2f~/~ mice. Skin expression of other
sPLA,s was unaffected by Pla2¢2fablation (unpublished data).
The ratio of genotypes of heterozygous male and female off-
spring exhibited Mendelian proportions, and homozygous-null
mice were indistinguishable from WT mice in terms of survival,
fertility, behavior, and serum parameters (unpublished data).
A recent study has reported that PLA2G2F participates
in formation of the SC barrier and acidity (Ilic et al., 2014).
In our studies, Pla2¢2f~/~ mice from the embryonic to adult
(8-wk-old) stages appeared grossly normal, and transmission
electron microscopy revealed no ultrastructural abnormality
in the dorsal skin of adult Pla2¢2f~’~ mice (unpublished data).
Nonetheless, we noticed several unusual ultrastructural features
in the SC of abdominal skin in Pla2¢2f~/~ mice. In contrast
to the well-organized SC structure with 7-8 cornified layers
interspaced by lipid matrices in the abdominal skin of Pla2g2f*/*
mice, the SC of Pla2¢2f '~ mice had only a few layers with signs
of disorganized desmosomes, decreased stratification, acceler-
ated desquamation, and edematous intercorneous spaces
(Fig. 3 D). Trans-epidermal water loss (TEWL; Fig. 3 E) and
cutaneous pH (Fig. 3 F) were higher in the abdominal, but
not dorsal, skin of Pla2¢2f /= mice than that of Pla2¢2f*/* mice,
indicating that the mutant mice have perturbation of the SC
barrier and acidification only in the abdominal skin. In com-
parison, deficiency of other sPLA,s did not affect TEWL
signficantly (Fig. 3 E). Although tape-stripped corneocytes
from Pla2¢2f~/~ dorsal skin appeared normal in shape, short-
term sonication resulted in more rapid collapse of Pla2¢2f~/~
cells than Pla2¢2f*'* cells (Fig. 3 G), suggesting that Pla2¢2f~/~
mice have a fragile SC. Likely as a result of this SC fragility,
epidermal layers beneath the SC of Pla2¢2f '~ abdominal
skin became thickened (Fig. 3 D), which may reflect a com-
pensatory adaptation to the SC barrier defect, an event often
seen in skin disorders characterized by SC abnormalities.
ESI-MS revealed that the levels of ceramides, which are
prerequisite for the SC barrier, and fatty acids, which are

(G and 1), or quantified amounts per milligram of tissue (H and J) are shown. (K) Quantitative RT-PCR of LOXs in TG and WT skins at P25 (n = 6). Data are
representative of two (B, F, J, and K) or three (G-1) experiments (mean + SEM; *, P < 0.05; **, P < 0.01). Images are representative of three experiments
(Cand D). ND, not detected. HETE, hydroxyeicosatetraenoic acid; HHTrE, hydroxyheptadecatrienoic acid; LT, leukotriene; LX, lipoxin; TX, thromboxane.
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A g _m [ E B+ - (l:lé/)\; C __ PLA2G2F Ab Figure 3. SC abnormalities in Pla2g2f~/~ mice.
75 o (A) Generation of Pla2g2f~/~ mice. The Pla2g2f-targeting
++ P vector was constructed with the Neo’ gene that was
—50 S inserted between exons 1 and 2 of the Pla2g2f gene.
:g; = After mating with CAG-Cre'’* mice, the exons 2 and 3
. -1, plus the Neo' casette were removed to generate Pla2g2f-
~10 null mice. Arrows indicate primer positions for genotyp-
ing. (B) Immunoblotting of PLA2G2F protein in the SC of

E 8-wk-old =

adult Pla2g2f*+ and Pla2g2f~/~ mice. (C) Immunohisto-
chemistry of PLA2G2F in Pla2g2f** and Pla2g2f~/~ skins
at PO (bars, 100 um). (D) Transmission electron micros-
copy of abdominal skins of Pla2g2f*+ and Pla2g2f -/~
mice (bar, 5 um). Boxes are magnified on the right.

(E) TEWL of dorsal and abdominal skins from various
SPLA,-null or WT mice. (F) pH of dorsal and abdominal
skins from Pla2g2f+* and Pla2g2f~/~ mice. (G) Micro-
scopic images of corneocytes (CEs) after sonication for
the indicated periods (bar, 50 um). (right) Percentages of
intact cells (n = 7). (H and 1) ESI-MS of ceramides (n = 6;
H) and fatty acids (n = 6; 1) in newborn and adult (dorsal
and abdominal) Pla2g2f*+ and Pla2g2f~/~ skins, the
values for WT skin being 1. (J and K) ESI-MS of LPE and
P-LPE (J) or 9-HODE and PD1 (K) in abdominal Pla2g2f+/*
and Pla2g2f~/~ skins (n = 6). Data are representative
from two experiments (G-K) or compiled from three
experiments (E and F; mean + SEM; *, P < 0.05;

* P < 0.01). Representative images of one or two
experiments are shown (B, C, D, and G). Cer, ceramide;
60 GleCer, glucosylceramide.
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important for SC acidification, were not altered in newborn
or adult dorsal skin, whereas most of them were significantly
reduced in the adult abdominal skin of Pla2¢2f~/~ mice com-
pared with Pla2¢2f** mice (Fig. 3, H and I). Collectively,
these data suggest that although epidermal differentiation and
SC barrier formation occur almost normally in Pla2¢2f /=

1906

Cer(18:0)
Cer(24:0)

8-wk-old, abdominal

*
m

*
X

18:0 18:1 18:2 20:4 20:5 22:6

mice under normal conditions, the SC of the null mice is vul-
nerable to mechanical or other environmental stresses (e.g.,
exposure to floor friction), leading to collapse of the abdomi-
nal SC and thereby perturbation of skin barrier and acidity,
with concomitant decreases in multiple ceramide and fatty
acid species. Notably, regardless of the distinct skin locations,
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the levels of LPE, P-LPE, 9-HODE, and PD1, which were
higher in Pla2¢2f*’* mice (Fig. 2, H-]), were reciprocally
lower in Pla2¢2f~/~ mice than in controls (Fig. 3, ] and K).
Therefore, we speculated that the altered metabolism of par-
ticular lipid products, rather than the hydrolysis of skin phos-
pholipids as a whole, may underlie the mechanistic actions
of PLA2G2F.

Abnormal differentiation and activation of Pla2g2f/-
keratinocytes in culture

To explore the expression and function of PLA2G2F further,
we used keratinocytes in primary culture. An epidermal Ca**
gradient regulates keratinocyte differentiation and barrier
function (Tu et al.,2012). Indeed, Ca?* treatment of Pla2¢2f*/*
keratinocytes resulted in marked induction of various markers
of keratinocyte differentiation or activation (Krt14, Krt1, Lor,
1116, and S100a9), as well as Pla2g2f (Fig. 4 A). Importantly, this
Ca?*"-induced response was markedly impaired in Pla2¢2f /=
keratinocytes (Fig. 4 A). Microarray analysis using Pla2¢2f*/*
and Pla2¢2f~ '~ keratinocytes further supported this view, where
the expression levels of many if not all Ca?*-induced genes
were down-regulated in Pla2¢2f~/~ cells (Fig. 4 B and Table S3).
Consistent with these observations, treatment of WT kerati-
nocytes with a sPLA, inhibitor (LY315920 derivative) that
broadly inhibits sPLA,s (Oslund et al., 2008), but not its pla-
cebo, suppressed S100a9 induction (Fig. 4 C). The impaired
Ca?*-driven keratinocyte activation in Pla2¢2f /~ culture was
restored by recombinant mouse PLA2G2F dose-dependently
or by 9S-HODE, a potential PLA2G2F-driven product
(Fig. 4 D). P-LPE also increased Ca**-induced S100a9 and
Kirt1 expression in Pla2¢2f™'* cells and restored it in Pla2¢2f /'~
cells, whereas 108,17 S-dihydroxy-DHA (10,17-diHDoHE,
a commercially available PD1 stereoisomer) augmented the
expression of these genes in Pla2¢2f"'*, but not in Pla2¢2f /-,
cells (Fig. 4 E).

It has been reported that differentiated keratinocytes se-
crete lipids (e.g., ceramides, cholesterol, and phospholipids)
from lamellar granules for extracellular hydrolysis and that this
extracellular phospholipid pool may serve as a substrate for
sPLA, (Fluhr et al., 2004). Lipidomics studies of keratinocyte
supernatants in serum-free culture revealed that WT kerati-
nocytes did secrete phospholipids, particularly PE (Fig. 4 F),
whereas the release of phosphatidylcholine (PC) was small
(not depicted). The release of phospholipids was markedly
lower in Pla2¢2f~/~ than in Pla2¢2f*/* cultures (Fig. 4 F), sug-
gesting that this event relies on proper PLA2G2F-dependent
keratinocyte differentiation. Probably because of the impaired
substrate secretion or keratinocyte differentiation, the release
of LPE, P-LPE, LA, DHA, and 9-HODE was also compro-
mised in Pla2¢2f~/~ cells, whereas AA release was relatively
low and LPC release was similar in both genotypes (Fig. 4 G).
The failure to detect PD1 despite the robust release of DHA
in WT culture suggests that the expression of LOXs respon-
sible for the conversion of DHA to PD1 is low in keratinocytes
or that its production requires the co-presence of other cell
types in vivo. Thus, 9-HODE or LPE species may represent

JEM Vol. 212, No. 11

Article

particular lipid metabolites responsible for PLA2G2F-dependent
keratinocyte differentiation or activation.

As in mouse keratinocytes, the expression of PLA2G2F,
but not other sPLA,s, was induced in human keratinocytes after
Ca?* treatment (Fig. 4 H). A PLA2G2F-specific, but not a
scramble, siRNA reduced the Ca**-induced expression of
KRT1, LOR, and S100A9, as well as PLA2G2F (Fig. 4 I).
Thus, the role of PLA2G2F in keratinocytes may also be rel-
evant in human epidermis.

Substrate selectivity of PLA2G2F

To better address the substrate specificity of PLA2G2F, we
performed in vitro enzymatic assays using recombinant mouse
PLA2G2F (Singer et al., 2002). Given that sSPLA,s act on ex-
tracellular phospholipids such as lipoproteins and microparti-
cles (Boudreau et al., 2014; Sato et al., 2014), we incubated
the serum-free culture medium of WT keratinocytes with
PLA2G2F to examine the hydrolysis of phospholipids secreted
from keratinocytes. After incubation, there was robust pro-
duction of P-LPE species in comparison with other lysophos-
pholipids (Fig. 5 A), indicating that PLA2G2F preferentially
hydrolyzes P-PE secreted from the cells. Upon addition of a
low dose of PLA2G2F to skin-extracted lipids, P-PE species
containing DHA were preferentially hydrolyzed to yield
P-LPE, whereas this substrate selectivity was apparently lost
when a higher dose of PLA2G2F was added to the assay, with
most species of PE with different fatty acid species being hy-
drolyzed to various degrees (Fig. 5, B-D). Taking the in vitro
and in vivo results altogether, it appears that PLA2G2F has a
substrate preference for DHA-containing P-PE secreted from
keratinocytes under physiological conditions.

PLA2G2F promotes epidermal hyperplasia in psoriasis

and contact dermatitis

Given the psoriasis-like phenotype in the skin of Pla2¢2f%/* mice
(Fig. 2) and the impaired induction of psoriasis-associated
genes in Pla2¢2f~'~ keratinocytes (Fig. 4), we next examined
whether endogenous PLA2G2F participates in relevant skin
pathologies. Psoriasis, one of the most common chronic
inflammatory skin diseases, is characterized by epidermal
hyperplasia (acanthosis) caused by aberrant proliferation and
differentiation of keratinocytes, scaling, erythematous plaque
formation, and infiltration of immune cells such as Th17
cytokine-producing lymphocytes (Lowes et al., 2014). In a
model of imiquimod (IMQ)-induced psoriasis (Tortola et al.,
2012), IMQ challenge onto the ears of WT mice elicited dermal
swelling and acanthosis, accompanied by marked increases of’
Pla2¢2f mRNA and its protein in the thickened epidermis,
where PLA2G2F was colocalized with loricrin that was dis-
tributed diffusely throughout the suprabasal layers (Fig. 6,
A and B). The IMQ-induced ear edema and epidermal thicken-
ing (Fig. 6, C-E) as well as IMQ-induced expression of vari-
ous keratinocyte markers (S100a9, Defb3, Lor, Tnf, 116, 111f6,
and I11f9; Fig. 6 F) were significantly less marked in Pla2¢2f~/~
mice than in Pla2¢2f*/* mice. However, dermal migration of
neutrophils, macrophages, and y3T cells expressing IL-17A
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Figure 4.

Impaired differentiation and activation of Pla2g2f~/~ keratinocytes. (A) Quantitative RT-PCR of Pla2g2f and keratinocyte markers in

Pla2g2f+* and Pla2g2f~/~ keratinocytes after culture for 2 d with (differentiated) or without (control) T mM CaCl, (n = 5). (B) Microarray gene profiling
of Pla2g2f++ (WT) and Pla2g2f~/~ (KO) keratinocytes. Ratios of differentiated to control cultures in WT cells and those of KO to WT cells after differentia-
tion are shown. The heat maps are globally normalized for all genes and the color code shows signal intensity. (C-E) Quantitative RT-PCR of S700a9 or
Krt1 after 2-d culture of WT cells with 10 nM sPLA, inhibitor or placebo (n = 5; C), KO cells with various doses of PLA2G2F or 10 nM 95-HODE (n = 5; D),
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or IL-22 was not affected by Pla2¢2f deficiency (unpublished
data), implying that the primary defects caused by Pla2¢2f
ablation are specific for keratinocytes.

Lipidomics revealed that P-LPE was markedly increased
after IMQ challenge and significantly more abundant in
Pla2¢2f** skin than in Pla2¢2f~/~ skin, whereas neither LPE
nor LPC differed regardless of IMQ challenge or genotype
(Fig. 6 G). 9-HODE and PD1 were also markedly elevated
in IMQ-treated skin relative to vehicle-treated skin, yet un-
like in normal skin (Fig. 3 K), their levels were not affected
by Pla2¢2f deficiency (Fig. 6 G), probably because Alox15b
expression was equally elevated in the psoriatic skins of both
genotypes (Fig. 6 F) or because other PLA,s in massively in-
filtrated leukocytes might be responsible for their production.
AA-derived eicosanoids were also increased in IMQ-treated
skin, with no influence by Pla2¢2f deficiency (Fig. 6 G). Thus,
P-LPE is the only metabolite that correlates with Pla2¢2f ex-
pression in psoriatic skin.

To circumvent the bias arising from the presence of other
cell types in the psoriatic skin in vivo, we again took advan-
tage of primary keratinocytes. We found that IL-22, a psoria-
sis-associated Th17 cytokine (Lowes et al., 2014), induced
Pla2¢2f expression markedly (Fig. 7 A) and that the induction
of §100a9 and 1l1f6 by Th17 cytokines was abrogated by
Pla2¢2f deficiency (Fig. 7 B). Lipidomics of the culture su-
pernatants revealed attenuated release of P-LPE and 9-HODE
in IL-22—treated Pla2¢2f~/~ cells, whereas PD1 was unde-
tectable even in WT cells (Fig. 7 C). The defective IL-22—
induced S100a9 expression in Pla2¢2f~'~ cells was partially
restored by P-LPE, but not by 9S-HODE or the PD1 isomer
10,17-diHDoHE (Fig. 7 D). Moreover, topical application of
P-LPE onto the Pla2¢2f~/~ skin rescued the defective IMQ-
induced epidermal hyperplasia (Fig. 7, E and F) and keratino-
cyte activation (Fig. 7 G) in vivo, whereas LPE, 9-HODE,
and 10,17-diHDoHE had no effect (Fig. 7 H). These results
suggest that PLA2G2F is induced by IL-22 in keratinocytes
and promotes keratinocyte activation by mobilizing P-LPE
in psoriasis.

We also evaluated the effects of Pla2¢2f ablation on
hapten-induced contact dermatitis, in which application of dini-
trofluorobenzene (DNFB) to abdominal skin followed by a
second application of the same antigen to ear skin induced
ear swelling (Miki et al., 2013). Expression of Pla2¢2f mRINA
and its protein was markedly elevated in the epidermis of
DNEFB-challenged WT skin relative to vehicle-treated skin,
again being colocalized with loricrin (Fig. 8, A and B). The
DNFB-induced ear thickening and epidermal hyperplasia
were significantly milder in Pla2¢2f '~ mice than in Pla2¢2f*/*

Article

mice (Fig. 8, C—E). DNFB-induced expression of markers for
keratinocytes, but not those for immune cells, was significantly
lower in Pla2¢2f~’~ mice than in Pla2¢2f*/* mice (Fig. 8 F),
again revealing the keratinocyte-specific effects of Pla2¢2f
ablation. Among the lipid products on which we focused,
only P-LPE was increased in DNFB-treated Pla2¢2f*/* skin,
whereas this event occurred only partially in Pla2¢2f~/~ skin
(Fig. 8 G). Collectively, we conclude that PLA2G2F pro-
motes the aggravation of epidermal hyperplasia in psoriasis
and contact dermatitis and that P-LPE represents a particular
lipid product that mirrors the epidermal expression and func-
tion of PLA2G2F.

PLA2G2F exacerbates skin carcinogenesis
Skin-specific TG mice for mouse PLA2G2A (K 14-Pla2g2a'¢’%)
are susceptible to a model of chemical carcinogenesis induced
by 9,10-dimethylbenz(a)anthracene (DMBA) and 12-O-
tetradecanoylphorbol-13-acetate (TPA; Mulherkar et al., 2003).
Given that PLA2G2F is a major skin sPLA,, we applied DMBA/
TPA to Pla2¢2f~/~ and Pla2¢2f*'* mice on a BALB/c back-
ground, a strain that is more sensitive to this model of carci-
nogenesis. Pla2¢2f expression was induced by TPA in WT
keratinocytes (Fig. 9 A) and tended to increase in DMBA/
TPA-treated WT skin relative to control skin at 4 wk (Fig. 9 B).
At 24 wk, Pla2¢2f~/~ mice were highly protected from the
development of skin tumors, in which epidermal thickening
was markedly attenuated (Fig. 9, C and D). PLA2G2F stain-
ing in the WT tumor was distributed throughout the thick-
ened epidermis (Fig. 9 E). Although tumor incidence and
multiplicity were similar in both genotypes over time (Fig. 9 F),
the tumors in Pla2¢2f~’~ mice were smaller than those in
Pla2¢2f*'* mice, large tumors (>50 mm?) being absent at 24
wk (Fig. 9 G), suggesting that Pla2¢2f deficiency retarded tumor
growth. Expression of keratinocyte differentiation, hyperpro-
liferation, or activation markers was lower in Pla2¢2f '~
than in Pla2¢2f*/* tumors (Fig. 9 H). Moreover, expression
of immune cell markers, indicative of tumor infiltration by
immune cells, was reduced in Pla2¢2f /'~ mice (Fig. 9 H), pos-
sibly as a result of attenuated tumor progression. Indeed, the
lower expression of Cd206 (Fig. 9 H), a marker of tumor-
associated macrophages that accelerate tumor growth (Condeelis
and Pollard, 2006), and the reduced infiltration and degranu-
lation of mast cells (Fig. 9 I), which diversely affect cancer
(Marichal et al., 2013), may contribute to the reduced tumor
size in Pla2¢2f~/~ mice.

Lipidomics revealed that P-LPE, 9-HODE, and PD1 were
markedly increased in the Pla2¢2f*/* tumors, whereas these
changes were less evident in the Pla2¢2f~/~ tumors (Fig. 9 J).

or WT and KO cells with 10 nM P-LPE or 10,17-diHDoHE (n = 5; E). (F and G) ESI-MS of phospholipids (F) and metabolites (G) in keratinocyte supernatants
after differentiation culture for 2 d (n = 5). (H) Quantitative RT-PCR of sPLA,s in human keratinocytes. Fold increases after culture for 2 d with 1 mM
CaCl,, with that of PLA2G1B as 1, are shown (n = 6). (I) Quantitative RT-PCR of keratinocyte genes in human keratinocytes that were pretreated with
PLA2G2F or scrambled siRNA, and then cultured with or without 1 mM CaCl, for 2 d (n = 4). In A, C-E, and |, expression was normalized with Rn18s, the
values for the control culture being 1. Data are from one experiment (B and C) or are representative of two (H and I) or three (A and D-G) experiments

(mean + SEM: * P < 0.05; **, P < 0.01). ND, not detected.
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Figure 5. Substrate selectivity of PLA2G2F in vitro. (A) ESI-MS of
lysophospholipids after incubation of keratinocyte supernatants with
PLA2G2F (20 ng) for 30 min (n = 5). (inset) Quantified data (n = 5).

(B-D) Evaluation of the substrate specificity of PLA2G2F toward phospho-
lipids extracted from mouse skin. After incubation of skin-extracted lipids
for 30 min with 20 or 100 ng of PLA2G2F, phospholipids (B and C) and
lysophospholipids (D) were analyzed by ESI-MS (n = 5). Values represent
percentages with the control (no PLA2G2F) as 100% (B) or are quantified
values (C and D). Data are representative of two experiments (mean +
SEM; * P < 0.05; **, P < 0.01). ND, not detected.

The tumor-associated increases of prostanoids were similar in
the two genotypes (Fig. 9 J). Thus, the aforementioned stud-
ies show that several lipid metabolites can be affected by
PLA2G2F in different experimental settings, with P-LPE
appearing as a common PLA2G2F-related biomarker and
bioactive metabolite. Collectively, our results suggest that
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PLA2G2F is an intrinsic skin sPLA, that contributes to mul-
tiple epidermal disorders, including psoriasis, contact derma-
titis, and cancer, by driving a unique lipid pathway.

DISCUSSION
Studies over the past decade have revealed the pathophysio-
logical functions of various sPLA,s, as exemplified by group
IB, ITA, IID, IIE, III, V, and X sPLA,s acting as digestive, in-
flammatory or bactericidal, resolving, metabolic, reproductive
or anaphylactic, metabolic or Th2-prone, and reproductive
or asthmatic sPLA,s, respectively (Labonté et al., 2006;
Henderson et al., 2007; Escoffier et al., 2010; Sato et al., 2010,
2014; Ait-Oufella et al., 2013; Miki et al., 2013; Taketomi et al.,
2013; Boudreau et al., 2014; Pernet et al., 2014). In this study,
we have provided comprehensive insights into PLA2G2F, an
orphan sPLA, whose expression, target substrates and products,
and functions in vivo have remained largely unknown. Our
results reveal a previously unrecognized role of PLA2G2F, an
epidermal sPLA,, in skin homeostasis and diseases and point
to this enzyme as a novel drug target for skin disorders char-
acterized by epidermal hyperplasia such as psoriasis and can-
cer. Therefore, the skin phenotypes observed in TG mice
for PLA2G2A (Grass et al., 1996; Mulherkar et al., 2003) or
PLA2G10 (Yamamoto et al., 2011b) suggest that these en-
zymes mimic the intrinsic actions of PLA2G2F when artifi-
cially overexpressed in skin, or that endogenous PLA2G2F is
up-regulated in the hyperplasic epidermis of these TG mice.
Previous pharmacological studies have suggested the po-
tential role of sPLA,s in SC acidification (Mao-Qiang et al.,
1996; Fluhr et al., 2001), and a recent preliminary study using
Pla2¢2f~/~ mice showed that this sSPLA, may be involved in
this process (Ilic et al., 2014). In the present study, we con-
firmed that PLA2G2F is a major sPLA, expressed in the supra-
basal epidermis of both mouse and human. In contrast to other
sPLA,s that are active at neutral to alkaline pH, PLA2G2F ex-
hibits nearly full activity within a pH range in line with skin
acidity (Valentin et al., 1999). Notably, mice null for PLA2G2F,
but not for other sPLA,s, have SC abnormalities with per-
turbed acidity and barrier function, although this phenotype is
evident only in the abdominal (but not dorsal or newborn)
skin of Pla2¢2f/~ mice under normal conditions. It is there-
fore likely that PLA2G2F contributes to SC stability or recov-
ery from SC perturbation in response to environmental stress
(e.g., friction against the floor or prolonged exposure to mi-
crobiota) rather than to the central program of epidermal dif-
ferentiation or basal SC barrier function and acidity.
Nevertheless, keratinocytes in culture fail to show proper
differentiation and activation when PLA2G2F is ablated ge-
netically or pharmacologically, a phenotype that is partially
restored by PLA2G2F or its lipid metabolites. The more pro-
found effects of Pla2¢2f deficiency on keratinocytes in vitro
than in vivo suggest that some mechanisms compensating for
the lack of PLA2G2F might exist in vivo, as reported for
mice null for several molecules crucial for skin homeostasis
(Koch et al., 2000; Gareus et al., 2007). For instance, other
(one or more) sPLA,s together with PLA2G2F might be
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involved in fatty acid release for SC acidification, and defi-
ciency of PLA2G2F alone might not fully impair this process
in vivo. Importantly, in several models of skin diseases,
PLA2G2F expression is increased in the thickened epidermis

JEM Vol. 212, No. 11

and its ablation attenuates epidermal hyperplasia in all of them.
Thus, together with the findings that Pla2¢2f is induced in
keratinocytes by [L-22 and that Pla2¢2f%’* mice spontaneously
develop psoriasis-like skin, it appears that aberrant PLA2G2F
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P-LPE rescues defective skin phenotypes in Pla2g2f-/~ mice. (A and B) Quantitative RT-PCR of Pla2g2f (A) or S100a9 and /116 (B) in

keratinocytes after culture with or without Th17 cytokines (20 ng/ml) for 48 h (n = 5). (C) ESI-MS of lipid metabolites in culture medium of Pla2g2f** and
Pla2g2f~/~ keratinocytes after stimulation with IL-22 for 48 h (n = 6). (D) Quantitative RT-PCR of S700a9 in Pla2g2f*+ and Pla2g2f~/~ keratinocytes
treated for 48 h with various lipids (10 nM) in the presence or absence of IL-22 (n = 5). (E) Hematoxylin-eosin staining of IMQ-treated Pla2g2f+* and
Pla2g2f~/~ ears with or without P-LPE(18:0) at day 5 (bar, 100 um). (F) Epidermal thickness of Pla2g2f** and Pla2g2f~/~ ears treated with or without
(control) IMQ or P-LPE(18:0) for 5d (n = 8). (G) Quantitative RT-PCR of Pla2g2f+/* and Pla2g2f~/~ ears treated with or without IMQ or P-LPE(18:0) for 5 d.
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Rn18s or Gapdh, the values for the control WT group being 1. Data are representative of two (A-C and E) or three (D) experiments, or are compiled from
two experiments (F-H; mean + SEM; *, P < 0.05; **, P < 0.01). ND, not detected.

expression, itself, can trigger keratinocyte hyperplasia and ac-
tivation. Persistent abnormalities in keratinocyte activation
and barrier function by the absence of PLA2G2F may stimu-
late downstream inflammation by secondary mechanisms
(e.g., inflammatory cytokine production).

In one scenario, free fatty acids in the SC interfaces may
be generated by sPLA,-catalyzed release from bulk phospho-
lipids secreted from keratinocytes (Mao-Qiang et al., 1996;
Fluhr et al., 2001, 2004; Ilic et al., 2014; Man et al., 2014).
Our results, although partially supportive of this idea, rather
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fit with the view that particular lipid metabolites driven by a
given sPLA, influence keratinocyte functions, thereby affect-
ing epidermal pathophysiology. We found that PLA2G2F
preferentially cleaves a specific class of phospholipid, P-PE
(plasmalogen), secreted from keratinocytes to yield P-LPE
(lysoplasmalogen) and DHA, rather than hydrolyzing all
phospholipid species nonselectively as has been previously
thought. Moreover, the levels of its hydrolytic products, par-
ticularly P-LPE, are associated with those of Pla2¢2f expres-
sion in distinct models. Thus, in line with our previous studies
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(Miki et al., 2013; Sato et al., 2014), several sSPLA,s act selec-
tively on particular phospholipids to generate specific prod-
ucts other than canonical AA metabolites, which may underlie
their distinct functions.

Although little is known about the biological activity of
P-LPE, we show here that it can rescue the hyperproliferation
and activation defects of Pla2¢2f~/~ keratinocytes both ex vivo
and in vivo. We therefore speculate that P-LPE itself, or after
conversion to other lipid metabolites, may behave like a lipid
mediator that regulates skin inflammation and cancer, as well
as barrier homeostasis. It is also possible that PLA2G2F may
affect skin pathophysiologies through mobilization of some
other unidentified lipid products, whose molecular identity
awaits future studies. Nonetheless, our results have revealed
P-LPE to be a novel biomarker and driver of skin diseases in
which PLA2G2F is involved.

Hydrolysis of P-LPE by PLA2G2F gives rise to DHA and
its metabolite PD1 in the skin in several if not all models.
Because our MS analysis did not precisely discriminate PD1
(10R,17S-diHDoHE) and its stereoisomer (10S,17S-diHDoHE
or protectin DX), the possibility that we measured the mix-
ture of PD1 and 10S,17S-diHDoHE cannot be ruled out,
although the latter is not the major product of human cells
(Serhan et al., 2000; Hong et al., 2003). PD1 and its isomer
have been shown to stop neutrophil recruitment, reduce in-
flammation, and stimulate resolution (Serhan, 2014; Serhan
et al., 2015). Although PD1 or its isomer may not be involved
in psoriatic epidermal hyperplasia, PD1 formation in the skin
as discovered in the present work may be relevant in limiting
acute inflammation and stimulating resolution of skin inflam-
mation and the return to homeostasis. In this regard, our re-
sult showing an increase in Ca?*-induced Krt1 expression by
the PD1 isomer may reflect its role in adequate keratinocyte
differentiation and barrier homeostasis.

As LA is crucial for skin homeostasis (Elias et al., 2014),
some of the phenotypes observed in Pla2¢2f~/~ mice may be
based on the disturbed LA metabolism. Indeed, one of the
PLA2G2F-driven lipid products, 9S-HODE, increased Ca’*-
dependent, but not IL-22—induced, S100a9 expression in
keratinocytes, underscoring the key and distinct roles of this
LA metabolite in PLA2G2F-regulated epidermal biology.
However, given the substrate selectivity of PLA2G2F, the
PLA2G2F-dependent changes in LA metabolism may largely
or even solely reflect an indirect consequence of altered kera-
tinocyte differentiation or activation. From this viewpoint, other
PLA,s or lipases may be responsible for the supply of a large
pool of LA in association with keratinocyte differentiation.
Candidate genes for this process include ABHDS5, PNPLAT,
and LIPN, which belong to the lipase family, are expressed in
keratinocytes, and cause ichthyosis when mutated (Akiyama
et al., 2003; Israeli et al., 2011; Grall et al., 2012).

Current therapies for psoriasis involve biologics that target
cytokines, such as TNF, IL-17, or IL-23, and their efficacy has
been proven in clinical trials (Lowes et al., 2014). However,
inhibition of these cytokines may render individuals susceptible
to infection due to undesirable immune defects, underlining
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the need for tissue-specific targets. Nonsurgical management
for skin cancer includes the use of chemotherapy, in which
currently used agents may have survival benefits but also un-
desirable adverse effects. Given that PLA2G2F is expressed in
the epidermis rather specifically, blocking PLA2G2F may be
a novel approach for specific treatment of psoriasis, skin cancer,
or other conditions characterized by epidermal hyperplasia.

MATERIALS AND METHODS

Mice. All mice were housed in climate-controlled (23°C) specific patho-
gen—free facilities with a 12-h light/dark cycle, with free access to standard
laboratory food (CE2; Laboratory Diet; CLEA Japan) and water. Male mice
were used in most studies. All procedures involving animals were performed
in accordance with protocols approved by the Institutional Animal Care and
Use Committees of the Tokyo Metropolitan Institute of Medical Science,
Showa University, and the University of Washington.

Generation of Pla2g2f%®/* mice. The strategy for the generation of TG
mice for SPLA,s has been reported previously (Yamamoto et al., 2011b). In
brief, the cDNA for mouse Pla2¢2f was inserted into the EcoR1 site (down-
stream of the CAG [cytomegalovirus immediate early enhancer-chicken
B-actin hybrid] promoter) in the pCALNL5 vector (Kanegae et al., 1996;
Fig. 2 A). The plasmid, containing the transgene downstream of a neomycin
cassette (Neo") with LoxP sites at both ends, was excised at the HindIII and
Sall sites to produce a 6-kb CAG-LoxP-Neo'™-LoxP-Pla2¢2f (LNL-Pla2¢2f)
fragment. Then, the DNA was injected into fertilized eggs. Genotyping was
performed on genomic DNA from tail biopsies by PCR using the primer
pairs 5'-TGGTTATTGTGCTGTCTCATCATTT-3" and 5'-CACCAT-
GGACTTCAGGTTCAG-3’ (Sigma-Aldrich), which amplified a 1,600-bp
fragment specific for LNL-Pla2g2f. The reaction was 95°C for 10's, and then
35 cycles of 95°C for 0 s and 65°C for 1 min on an Applied Biosystems 9800
Fast Thermal Cycler (Applied Biosystems). The PCR products were ana-
lyzed by 1.5% (wt/vol) agarose gel electrophoresis with ethidium bromide.
Male founders were mated with female C57BL/6 mice (Japan SLC) to con-
firm germ line transmission by PCR genotyping, and those with successful
germ line transmission (LNL-Pla2¢2f%/*) were then crossed with female
CAG-Cre®’* mice, which carry the Cre recombinase transgene under con-
trol of the CAG promoter (Kanegae et al., 1996). This step resulted in re-
moval of the Neo" cassette from the LNL-Pla2¢2f transgene, thereby allowing
activation of the Pla2¢2f transgene in the whole body of the offspring
(Fig. 2, A and B). All of the Pla2¢2f%’* mice were inbred with C57BL/6
mice. Phenotypes that appeared in Pla2¢2f’* mice, which carried the active
Pla2¢2f transgene, but not in LNL-Pla2¢2f**/* mice, in which the Pla2¢2f
transgene remained silent, were regarded as events caused by the overex-
pressed PLA2G2F. For skin-specific TG overexpression, LNL-Pla2g2f"¥/*
mice were crossed with K14-Cre®’* mice (Andl et al., 2004). PLA2G10%/*
mice were reported previously (Yamamoto et al., 2011b).

Gene targeting of Pla2g2f. The Pla2¢2f-targeting vector was constructed
with the Neo" gene that was inserted between exons 1 and 2 of the Pla2¢2f
gene with LoxP sites at both ends (Fig. 3 A). ES cell transfection and embryo
injections were performed by the Transgenic Resources Program (Depart-
ment of Comparative Medicine, University of Washington). ES clones with
homologous recombination were screened by PCR and Southern blotting.
The founder heterozygous mice (129 x C57BL/6 background) with germ
line transmission were crossed with CAG-Cre'®’* mice to delete exons 2
and 3 plus the Neo' cassette in the offspring. Genotyping was performed
on genomic DNA from tail biopsies by PCR using the primer pairs 5'-
CAGTCAGCTGCCCTCTTTTAGAA-3" and 5'-GTGGGTCATCCT-
GGGTTTGT-3" (Sigma-Aldrich), which amplified a 490-bp fragment
specific for the WT allele, and 5'-CATCCGGCTAAGGACAACAGA-3’
and 5'-GTGGGTCATCCTGGGTTTGT-3', which amplified a 325-bp
fragment specific for the mutant allele. Pla2¢2f*/~ mice were backcrossed to
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C57BL/6 or BALB/c mice (Japan SLC) for more than 12 generations and
then intercrossed to obtain Pla2¢2f /'~ and Pla2¢2f"/* mice. This Pla2¢2f '~
mouse line was used in a previous study (Ilic et al., 2014). Knockout mice
for other sPLA,s were described previously (Yamamoto et al., 2011b; Miki
et al., 2013; Sato et al., 2014).

Histological examination. Histochemistry of mouse skin sections was
performed as described previously (Yamamoto et al., 2011b). In brief, skin
samples were fixed with 100 mM phosphate buffer (pH 7.2) containing 4%
(wt/vol) paraformaldehyde, embedded in paraffin, sectioned, mounted on
glass slides, deparaffinized in xylene, and rehydrated in ethanol with increas-
ing concentrations of water. Hematoxylin and eosin staining was performed
on the 5-pm-thick cryosections. Paraffin-embedded tissue sections were in-
cubated with Target Retrieva Solution (Dako), and then with rabbit anti—
mouse PLA2G2F antibody (Degousee et al., 2002), which did not cross-react
with other sPLAs, or control antibody at 1:2,000 dilution in 10 mM Tris-
HCI (pH 7.4) containing 0.15 M NaCl and 0.1% (wt/vol) BSA (TBS-BSA)
overnight at 4°C. The sections were then treated with an EnVision+® Sys-
tem Staining kit (Dako) with diaminobenzidine substrate, followed by coun-
terstaining with hematoxylin. The stained sections were analyzed with a
BX61 microscope (Olympus). Epidermal layer thickness was measured using
DP2-BSW software (Olympus).

Immunofluoresence staining. 5-pum-thick mouse or human tissue sec-
tions were incubated with 1x Blockace (DS Pharma BioMedical) in PBS-T
for 30 min, washed three times with PBS-T for 5 min each, and incubated
with rabbit anti-mouse or —human PLA2G2F antibody (Degousee et al.,
2002) at 1:500-1,000 dilution in a 10-fold-diluted Blockace for overnight at
4°C. The sections were then washed 3 times with PBS-T for 5 min each
time and incubated with Alexa Fluor 647-labeled goat anti—rabbit IgG anti-
body (Molecular Probes; 1:1,000) at 20°C for 1 h. For double immunostain-
ing, the sections were washed three times with PBS-T for 5 min each and
incubated with rabbit antibodies against mouse loricrin, cytokeratin 1 and
cytokeratin 5 (PRB-145P, PRB-165P and PRB-160P [Covance], respec-
tively; 1:500) prelabeled with Alexa Fluor 555 (Zenon Labeling System;
Molecular Probes) at 20°C for 1 h. Counterstaining was performed with
4,6-diamino-2-phenylindole (DAPI; Vector Laboratories). Stained sections
were analyzed with a confocal laser-scanning microscope (LSM510 META,
Carl Zeiss). Human skin sections were obtained by surgery at Chiba Univer-
sity (Chiba, Japan) after approval by the Faculty ethics committee and in-
formed consents from patients.

Immunoblotting. The dorsal and abdominal skins of 10-mo-old mice
were washed with 10 ml/mouse of a urea buffer comprising 5 M urea, 2 M
thiourea, and 1 mM EDTA in PBS supplemented with a protease inhibitor
cocktail (Roche). The washed skins were scrapped with the edge of a slide
glass and continuously rinsed with 8 M urea solution. The buffer containing
corneocytes was collected in a container placed below the mice. Corneo-
cytes were removed by centrifugation at 3,000 g for 30 min at 4°C. The su-
pernatants were concentrated using an Amicon-ultra 10K (EMD Millipore).
Protein concentrations were determined with a BCA protein assay kit
(Thermo Fisher Scientific). The extracts (50-pg protein equivalents) were
subjected to NuPAGE-PAGE on 4-12% (wt/vol) gels (Life Technologies)
under reducing conditions and then electroblotted onto PVDF membranes
(Bio-Rad Laboratories) with a semi-dry blotter (Transblot SD; Bio-Rad
Laboratories). The membranes were blocked with 5% (wt/vol) skim milk in
PBS containing 0.05% (vol/vol) Tween-20 (PBS-T), probed with rabbit
anti-mouse PLA2G2F antibody (1:1,000) in PBS-T for 2 h, incubated with
horseradish peroxidase—conjugated anti—rabbit IgG (Invitrogen) at 1:5,000
dilution in PBS-T for 2 h, and then visualized using ECL Prime Western
blotting detection reagent (GE Healthcare Life Science) with LAS-4000
(Fuji Film).

Corneocyte stability. The SC samples were prepared by boiling of the
epidermis for 30 min in a buffer consisting of 20 mM Tris-HCL, pH 7.5,
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5 mM EDTA, 10 mM dithiothreitol (DTT), and 2% SDS. After centrifuga-
tion at 5,000 g, isolated corneocytes were washed twice at room temperature
with a buffer consisting of 20 mM Tris-HCL, pH 7.5, 5 mM EDTA, 10 mM
DTT, and 0.2% SDS. The corneocytes were suspended in 2% SDS solution
and counted. The corneocyte suspensions were sonicated by a ultrasonic
sonicator (EYEL4; Tokyo Rikakikai) for various time periods, and aliquots
were taken for microscopic analyses.

In situ hybridization. Pla2¢2f cDNA was subcloned into the pGEMT-
Easy vector (Promega), and used for generation of sense or anti-sense RNA
probes. Digoxigenin labeled-RNA probes were prepared with DIG RNA
labeling Mix (Roche). 6-um-thick paraffin-embedded sections of mouse
skin were hybridized with the digoxigenin-labeled RNA probes at 60°C for
16 h (Genostaff). The bound label was detected using the alkaline phosphate
color substrates nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3'-
indolylphosphatase p-toluidine salt. The sections were counterstained with
Kernechtrot (Muto Pure Chemicals).

Transmission electron microscopy. Tissues were fixed with 100 mM
phosphate buffer (pH 7.2) containing 1% (vol/vol) glutaraldehyde and 4%
(wt/vol) paraformaldehyde, post-fixed with 2% (wt/vol) OsO, in PBS, de-
hydrated through a graded ethanol series, passed through propylene oxide,
and embedded in Poly/Bed 812 EPON (Polyscience). 0.08-pm-thick ultra-
thin sections were stained with uranyl acetate and lead citrate, and then ex-
amined using an electron microscope (H-7600; Hitachi).

Quantitative RT-PCR. Total RNA was extracted from tissues and cells
using TRIzol reagent (Invitrogen). First-strand ¢cDNA synthesis was per-
formed using a High Capacity cDNA Reverse transcription kit (Applied
Biosystems). PCR reactions were performed using a Power SYBR Green
PCR system (Applied Biosystems) or a TagMan Gene Expression System
(Applied Biosystems) on the ABI7300 Quantitative PCR system (Applied
Biosystems). The probe/primer sets used are listed in Table S4.

Microarray analysis. Total RNA extracted from skins or keratinocytes
were purified using the RNeasy Mini kit (QIAGEN). The quality of RNA
was assessed with a 2100 Bioanalyzer (Agilent Technologies). cRNA targets
were synthesized and hybridized with Whole Mouse Genome Microarray
according to the manufacturer’s instructions (G4122A or G4846A; Agilent
Technologies). The array slides were scanned using a Laser Scanner GenePix
4000B (Molecular Devices) or a SureScan Microarray Scanner (Agilent
Technologies). Microarray data were analyzed with GenePix Software
(Molecular Devices) or Agilent’s Feature Extraction Software. The Gene
Expression Omnibus accession nos. for microarrays (Tables S1, S2, and S3)
are GSE71827, GSE71829, and GSE71826, respectively.

Lipid metabolome. Samples for ESI-MS of phospholipids/ceramides and
fatty acid derivatives were prepared separately and analyzed as described pre-
viously (Miki et al., 2013;Yamamoto et al., 2011b). In brief, for detection of
phospholipids and ceramides, tissues were soaked in 10 volumes of 20 mM
Tris-HCI (pH 7.4) and then homogenized with a Polytron homogenizer.
Lipids were extracted from the homogenates by the method of Bligh and
Dyer (Bligh and Dyer, 1959).As an internal standard for determination of re-
covery, 1 nmol LPC (17:0; Avanti) was added to each sample. The analysis was
performed using a 4000Q-TRAP quadrupole-linear ion trap hybrid mass
spectrometer (AB Sciex) with liquid chromatography (LC; NexeraX2 sys-
tem; Shimazu). The sample was applied to a Develosil C30-UG column (1 X
150 mm i.d., 3-pm particle; Nomura Chemical) coupled for ESI-MS/MS.
The samples injected by an autosampler (10 pl) were separated by a step gra-
dient with mobile phase A (acetonitrile/methanol/water = 1:1:1 [vol/vol/vol|
containing 5 pM phosphoric acid and 1 mM ammonium formate) and mo-
bile phase B (2-propanol containing 5 uM phosphoric acid and 1 mM am-
monium formate) at a flow rate of 80 pl/min at 50°C. Identification was
conducted using multiple reaction monitoring (MRM) transition and reten-
tion times, and quantification was performed based on peak area of the
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MRM transition and the calibration curve obtained with an authentic stan-
dard for each compound (Table S5).

For detection of fatty acids and their oxygenated metabolites, tissues
were soaked in 10 volumes of methanol and then homogenized with a Poly-
tron homogenizer. After overnight incubation at —20°C, water was added
to the mixture to give a final methanol concentration of 10% (vol/vol). As
an internal standard, 1 nmol of d5-labeled EPA and d4-labeled PGE, (Cay-
man Chemicals) was added to each sample. The samples in 10% methanol
were applied to Sep-Pak C18 cartridges (Waters), washed with 10 ml of
hexane, eluted with 3 ml of methyl formate, dried up under N, gas, and dis-
solved in 60% methanol. The samples were then applied to a Develosil C30-
UG column (1 X 150 mm i.d., 3-pm particles; Nomura Chemical) coupled
for ESI-MS/MS as described above. The samples injected by an autosampler
(10 pl) were separated using a step gradient with mobile phase C (water con-
taining 0.1% acetic acid) and mobile phase D (acetonitrile/methanol = 4:1;
vol/vol) at a flow rate of 50 pul/min at 45°C. Chiral HPLC analysis was
performed using a Chiralpak IA-3 column (4.6 X 150 mm i.d., 3-pum parti-
cles; Daicel) with mobile phase E (acetonitrile/methanol/H,O = 68:17:15
[vol/vol/vol] containing 0.1% acetic acid) at a flow rate of 0.2 ml/min at
25°C. Each lipid was detected and quantified as described above.

Keratinocyte culture. Keratinocytes were isolated from the whole skin of
newborn mice using 0.05% (wt/vol) collagenase A (Roche) in KGM (—)
medium (MCDB 153 medium [Sigma-Aldrich] supplemented with 0.5 pg/ml
hydrocortisone, 14.1 pg/ml phosphorylethanolamine, 0.2% [vol/vol] Matri-
gel [BD], 100 U/ml penicillin, and 100 mg/ml streptomycin) overnight at
4°C. Then, the cells were cultured with KGM (+) medium (KGM [—] me-
dium supplemented with 5 ng/ml insulin, 10 ng/ml EGF, and 40 pg/ml bovine
pituitary extract]. After 3 d, the cells were treated with 1 mM CaCl, or the
Th17 cytokines IL-17A, IL-17F or IL-22 (20 ng/ml; ProSpec) in KGM (+)
medium. After appropriate periods, RNA was extracted from the cells and sub-
jected to quantitative RT-PCR, and the supernatants were subjected to PLA,
assay and lipid metabolome. As required for experiments, the sSPLA, inhibitor
LY315920 (2-(3-(2-amino-2-oxoacetyl)-1-benzyl-2-ethyl-1H-6,7-benzoindol-
4-yloxy)acetic acid) or its placebo (2-(3-(2-N-methylamino-2-oxoacetyl)-1-
benzyl-2-ethyl-1H-6,7- benzoindol-4-yloxy) acetic acid; Oslund et al., 2008),
recombinant mouse PLA2G2F (Valentin et al., 1999; Singer et al., 2002), fatty
acid derivatives (9S-HODE or 10,17-DiHDoHE; Cayman Chemical), and
LPE species (LPE(18:0) or P-LPE(18:0); Avanti) were added to the culture.

Newborn human epidermal keratinocytes (NHEK; Kurabo) were cultured
in HuMedia KG2 Medium (Kurabo) for 1 d. NHEK cells were transfected
with 10 nM human PLA2G2F siRNA (Flexi Tube siRNA, Hs_ PLA2G2F_2;
5'-TACCAGGAACTCTTTGACCAA-3"; QIAGEN) or control siRNA
(All Stars Negative Control siRNA; QIAGEN) using Lipofectamine RINAIMAX
(Invitrogen), in accordance with the manufacturer’s instructions. After 3 d,
the medium was changed to Assay Medium (Japan Tissue Engineering) for
cell differentiation. After 2 d, RNA was extracted from the cells and sub-
jected to quantitative RT-PCR.

IMQ-induced psoriasis. Mice (BALB/c background; 8—12-wk-old males)
received a daily topical application of 12.5 pg of 5% IMQ or vehicle cream
(Mochida Pharma) on the dorsal and ventral surfaces of the ears over 4 d
(total 50 pg of IMQ cream per mouse). As required for the experiments,
10 nM lipids were topically applied to the ears every day. Ear thickness was
monitored at various time points with a micrometer. On day 6, the mice
were sacrificed and subjected to quantitative RT-PCR, histochemistry and
lipid metabolome analysis.

Hapten-induced contact dermatitis. On day —5, mice (C57BL/6 back-
ground; 8—12-wk-old, males) were sensitized with 50 pl of 0.5% (wt/vol)
DNEB in acetone/olive oil (4/1; vol/vol) on the shaved abdominal skin. On
day 0, the dorsal and ventral surfaces of the ears were challenged with 20 ul
of 0.3% DNFB. Ear thickness was monitored at various time points with a
micrometer. On day 3, the mice were sacrificed and subjected to quantita-
tive RT-PCR, histochemistry, and lipidomics analysis.
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DMBA/TPA-induced skin carcinogenesis. The back skin of mice
(BALB/c background, 8-wk-old, female) was shaved with an electric clip-
per. 1 wk later, 200 ul of 2 mM DMBA (Sigma-Aldrich) in acetone was ap-
plied to the shaved skin. After 1 wk, 200 ul of 80 uM TPA (Sigma-Aldrich)
in acetone was applied to the skin twice a week over 24 wk. Cutaneous pap-
illomas were counted and scored weekly. The mice were then sacrificed and
subjected to quantitative RT-PCR, histochemistry, and lipidomics analysis.

Flow cytometry. Mouse ear skin was incubated in 0.25% (wt/vol) trypsin/
EDTA solution (Sigma-Aldrich) for 1 h at 37°C for separation of the epi-
dermis from the dermis. RPMI-1640 medium (Sigma-Aldrich) containing
1.6 mg/ml collagenase IV (Worthington) was used to obtain dermal cell sus-
pensions, which were passed through a Cell Strainer 70-um Nylon (Falcon;
BD) and then centrifuged at 300 ¢ for 5 min at 4°C. For surface staining, the
cells were blocked with mouse BD Tc¢ Block and incubated with various cell
surface marker antibodies (listed in Table S6). For intracellular staining, the
cells that had been stained with surface marker antibodies were fixed, per-
meabilized with 1 pg/ml ionomycin, 25 ng/ml phorbol ester, and 0.5 ul/ml
GolgiStop (BD) for 4 h, and then stained with anti-cytokine antibodies
(listed in Table S5). Flow cytometry was performed with a FACSAria III
(BD) and FlowJo (Tree Star) software.

Other procedures. TEWL of mouse skin was determined using a Tewame-
ter TM300 (Courage and Khazaka). Cutaneous pH was measured with a
flat, glass surface electrode (Skin-pH-MeterPH 905; Courage and Khazaka).
Serum biochemical markers were analyzed using the clinical chemistry ana-
lyzer VetScan with V-DPP rotors (Abaxis). Laser-capture microdissection of
the epidermis and hair follicles from mouse skin and Northern blotting were
performed as described previously (Yamamoto et al., 2011b).

Statistical analyses. All values are given as the mean = SEM. Differences
between two groups were assessed by unpaired Student’s t-test using the
Excel Statistical Program File ystat 2008 (Igaku Tosho Shuppan). Differences
at p-values of <0.05 were considered statistically significant.

Online supplemental material. Table S1 shows microarray gene profiling
of lipase-related genes in PLA2G10%’* and WT skins. Table S2 shows mi-
croarray gene profiling of Pla2¢2f*/* and WT skins. Table S3 shows micro-
array gene profiling of Pla2¢2f*/* and Pla2¢2f '~ keratinocytes. Table S4 is a
list of primers for quantitative RT-PCR. Table S5 indicates MRM transi-
tions for the identification of lipids. Table S6 is a list of antibodies for flow
cytometry. Online supplemental material is available at http://www.jem
.org/cgi/content/full/jem.20141904/DCI1.
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