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The aim of this study was to examine the effects of carba cyclic phosphatidic acid (ccPA) on cornified
envelope (CE) formation and keratinocyte differentiation. ccPA-treated keratinocytes showed higher mRNA
and protein levels of differentiation markers and CE components than untreated cells. These results suggest
that ccPA could serve as therapeutic targets for treating skin barrier dysfunction because of their roles in
upregulating genes and proteins associated with CE formation and keratinocyte differentiation.
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INTRODUCTION

The stratum corneum as the outermost layer of skin serves
as a barrier to prevent the entry of UV radiation, and chemical
and mechanical stress from the environment, as well as the
exit of water via evaporation from below. Therefore, its func-
tion is critical for human survival. Intercellular lipids and the
cornified envelope (CE) are involved in the barrier function
of the stratum corneum.? These intercellular lipids consist
of ceramide, cholesterol, and fatty acids. These lipids fill the
intercellular space in the stratum corneum and play functional
roles in this tissue. CE is an insoluble membrane formed by
crosslinking proteins present in the membrane surface of
corneocytes. The protein component of CE consists of about
70% loricrin, along with filaggrin, involucrin, keratin, small
proline-rich proteins (SPRRs), and cystatin A. These proteins
are expressed throughout the skin from the granular layer
to the basal layer during keratinocyte differentiation. Both
keratin (K) 5 and K14 as well as K1 and K10 occur in pairs
and form fibrils in the basal layer and spinous layer, respec-
tively. The fibrils assemble together with filaggrin and form a
structure called the keratin pattern in the keratinocyte, which
confers physical and chemical strength on this cell. Filaggrin
is first synthesized as profilaggrin, which then undergoes
dephosphorylation and hydrolysis to form mature filaggrin.®
One protein that is responsible for protein modifications in the
granular layer is transglutaminase (TGase), which creates iso-
peptide bonds between lysine residues and glutamine residues.
Additional structural modifications can be observed in which
w-hydroxyl ceramide and w-hydroxyl fatty acids are ester-
bound outside of the CE in a structure called the cornified cell
lipid envelope (CLE), which serves as a base when intercel-
lular lipids form a lamellar structure. If CE formation is insuf-
ficient, this can decrease the ability of the stratum corneum to
function as a barrier.

Cyclic phosphatidic acid (cPA) has a cyclic phosphate group
at the sn-2 and sn-3 positions of its glycerol structure and has
a structure similar to that of lysophosphatidic acid (LPA). cPA
is a phospholipid mediator.¥ Both cPA and LPA can transmit
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signals through the LPA receptor, a G protein-coupled recep-
tor present on cell membranes. Six types of LPA receptor have
been identified to date (LPAI to LPA6),>® of which LPAIl
to LPAS can be used by cPA, although the resulting physi-
ological response triggered differs from that activated by LPA.
LPA promotes cell growth,” invasion and metastasis of cancer
cells,'” and neuritis regression.”) In contrast, cPA inhibits cell
growth,'? inhibits invasion and metastasis of cancer cells,'*'¥
and promotes nerve cell differentiation.'”” In skin fibroblasts,
cPA has been reported to promote hyaluronan production.'®
cPA is likely to be exchanged for LPA when a fatty acid
bound to cPA is hydrolyzed by phospholipase and the cyclic
phosphoric acid groups of cPA are exposed.”” To counteract
such destabilization, a more stable derivative of cPA, carba cy-
clic phosphatidic acid (ccPA), has been synthesized, in which
the oxygen atom of the phosphate group binding the sn-2 and
sn-3 positions of the glycerol structure is replaced by a methy-
lene group.” ccPA can also transmit a signal through the
LPA receptor with the same efficiency as cPA. By virtue of its
increased stability, ccPA is reported to be more effective at in-
hibiting invasion by and metastasis of cancer cells than cPA."”

In this study, we focused on stratum corneum barrier func-
tion in the CE and studied the effects of ccPA on CE forma-
tion and keratinocyte differentiation.

MATERIALS AND METHODS

Materials ccPA (2ccPA 18:1, purity 99.3%) was provided
by SANSHO Co., Ltd. (Tokyo, Japan). An anti-rabbit S-actin
antibody (#4970) was purchased from Cell Signaling Tech-
nology (Danvers, MA, U.S.A.). Anti-rabbit loricrin (ab85679)
was purchased from Abcam (Cambridge, U.K.). An anti-rabbit
TGasel antibody (12912-3-AP) was purchased from Protein-
tech (Chicago, IL, U.S.A.).

Cell Culture and Treatments Normal human epidermal
keratinocytes (NHEKS) were cultured in EpiLife® Medium
(Thermo Fisher Scientific, MA, U.S.A.) supplemented with the
human keratinocyte growth supplement kit (Thermo Fisher
Scientific) at 37°C in a humidified atmosphere of 5% CO,.
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Effects of ccPA Treatment on mRNA Levels of Differentiation Markers and CE Components

mRNA levels of (a) K5, (b) K10, (c) involucrin, (d) cystatin A, (e) profilaggrin, (f) loricrin, (g) SPRRIA, (h) SPRR2A, and (i) TGase in NHEKs were determined by
quantitative real-time PCR. Values were normalized to levels of the housekeeping gene GAPDH and compared with the levels in untreated cells. Values shown represent
the mean = S.D. of three experiments. *p <0.05, ** p <0.01, ***p <0.001, versus untreated cells, Tukey’s post hoc multiple comparison test.

For experiments, NHEKs were seeded in six-well plates at
1.2-1.4 X 10° cells/well. For the evaluation of gene expression
levels, NHEKs were cultured with standard medium only as
a control or with the addition of either ccPA at 1, 3, or 10uM
for 6, 24, and 72h. For evaluating protein expression levels,
NHEKSs were cultured with either normal medium only as a
control or it supplemented with 10uM ccPA after 0, 48, and
96h of incubation. Cells were incubated for a total of 120h.
RNA Extraction and Real-Time PCR Total RNA
was isolated from NHEKs using RNAiso Plus (TaKaRa
Bio, Otsu, Japan). Total RNA was reverse-transcribed into
cDNA using the PrimeScript® RT Reagent Kit (TaKaRa
Bio). Real-time PCR was carried out using the SYBR®
Premix Ex Taq™ (TaKaRa Bio). The following primers
(Thermo Fisher Scientific)y were used: glyceraldehyde-
3-phosphate  dehydrogenase (GAPDH), forward primer
5'-GAAGGT GAA GGTCGG AGT-3/, reverse primer 5-GAA

GATGGTGATGGGATTTC-3'; K5, forward primer 5'-GAG
CTGAGAAACATGCAGGA-3', reverse primer 5-TCTCAG
CAGTGGTACGCTTG-3'; K10, forward primer 5-CCATCG
ATGACCTTAAAAATCAG-3', reverse primer 5'-GCA GAG
CTACCTCATTCTCATACTT-3'; involucrin, forward prim-
er 5-TGCCTGAGCAAGAATGTGAG-3', reverse prim-
er 5“TTCCTCATGCTGTTCCCAGT-3’; cystatin A, for-
ward primer 5-CCAAACCCGCCACTCCAGAAATC-3,
reverse primer 5-CAGTAGCCAGTTGAAGGAATC AGA
ACAC-3'; profilaggrin, forward primer 5-CCATCATGG
ATCTGCGTGG-3', reverse primer 5-CACGAGAGGAAG
TCTCTGCGT-3’; loricrin, forward primer 5-TCATGA
TGCTACCCGAGGTTTG-3', reverse primer 5-CAGAAC
TAGATGCAGCCGGAGA-3"; SPRRIA, forward primer
5'-CACCCCAAAGTGCCTGAG-3', reverse primer 5-TTC
TGCTTGGTCTTCTGCTG-3; SPRR2A, forward primer
5'-AGTGCCAGCAGA AATATCCTCC-3, reverse primer
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Effects of 120h of Treatment with Either ccPA on the Protein Levels of Differentiation Markers and CE Components

(a) Protein levels were measured by Western blotting and the intensities of Western blotting bands were quantified using ImagelJ software (b, c). (b) loricrin and (c)
TGasel protein levels in NHEKs. NHEKs were treated for 120h with 10 4M ccPA and then the protein levels were normalized to the level of the housekeeping protein
P-actin, followed by comparison to those of untreated control cells. Values shown represent the mean = S.D. of three experiments. **p <0.01, ***p < 0.001, Student’s ¢-test.

5'"TGCTCTTGGGTGGATACTTTGA-3". TGase, forward
primer 5-TCTTCA AGA ACCCCCTTCCC-3', reverse primer
5'"TCTGTAACCCAGAGCCTTCGA-3." The mRNA ex-
pression levels of each target gene were normalized to the
GAPDH mRNA level and calculated using the AACt method.

Western Blotting Proteins were then separated on a
10-20% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and subsequently transferred to a
polyvinylidene difluoride (PVDF) membrane and blocked in
5% powdered-skim milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T). f-Actin, loricrin and TGasel were detect-
ed with primary antibodies, followed by the appropriate sec-
ondary antibodies. All bands were then detected using ECL™
Prime Western blotting Detection Reagents (Amersham) and
Chemidoc XRS Plus (Bio-Rad, Hercules, CA, U.S.A.).

Statistical Analysis All results are shown as the
mean =* standard deviation (S.D.) of three experiments. Statis-
tical analysis was performed using Tukey’s post hoc multiple
comparison test with SAS version 9.2.

RESULTS

Effects of ccPA Application on mRNA Levels of Dif-
ferentiation Markers and CE Components The mRNA
expression levels of differentiation markers (K5, K10, profilag-
grin) and CE components (cystatin A, involucrin, SPRRIA,
SPRR2A, loricrin, TGase) were determined in NHEKSs after
culturing with 1, 3, or 10 uM ccPA for 6, 24, or 72h. The level
of K5 mRNA after treatment with 10 uM ccPA for 24h was
0.5-fold that in control cells (Fig. 1A). ccPA treatment led to
a decrease of K/0 mRNA level after 6 and 24h of treatment,
but this level then appeared to increase after 72h of treat-
ment (Fig. 1B). In addition, the treatment of NHEKs with
10uM ccPA for 72h increased the profilaggrin mRNA level
by 2.3-fold (Fig. 1C). NHEK treatment with ccPA significantly
increased the mRNA levels of cystatin A, involucrin, loricrin,
SPRRIA, SPRR24, and TGase. Cystatin A mRNA levels after
24 and 72h of treatment with 10uM ccPA were higher than
that of control cells by 1.4- and 2.2-fold, respectively (Fig.
1D). The treatment of NHEKs with 10 uM ccPA increased in-

volucrin mRNA expression by 1.5-, 1.9-, and 3.4-fold after 6,
24, and 72h, respectively (Fig. 1E). However, treatment with
ccPA for 6 and 24h caused decreases in the loricrin mRNA
level, but this level was 4.7-fold higher than that of control
cells after 72h of treatment (Fig. 1F). The level of SPRRIA
mRNA increased with increasing 10 uM ccPA treatment time
(1.7-, 2.6-, and 2.7-fold higher than in control cells after 6,
24, and 72h, respectively), while the expression of SPRR2A
mRNA was decreased by 0.32-, 0.42- and 0.50-fold after 6,
24, and 72h of treatment, respectively (Figs. 1G, H). TGase
mRNA was most highly expressed (by 2.9-fold) after 6h of
ccPA treatment, but was only increased by 1.4-fold after both
24 and 72h, relative to the level of control cells (Fig. 11).
Effect of ccPA Treatment on Protein Levels of CE Com-
ponents The levels of the CE proteins loricrin and TGasel
relative to f-actin were determined by Western blotting in
NHEKSs either with or without treatment with 10uM ccPA
for 120h. Loricrin protein levels after ccPA treatment were
2.1-fold higher (Fig. 2B), while TGasel protein levels were
1.4-fold higher than the levels in control cells (Fig. 2B).

DISCUSSION

cPA has many effects on cells, including eliciting hyaluro-
nan production in fibroblasts'®*® and a potential role in the
barrier function of the skin. We therefore focused on kerati-
nocyte differentiation and CE, an important structure in the
barrier function of the skin, and examined the effects of ccPA
treatment. Our results suggest that ccPA induced keratinocyte
differentiation and CE formation.

Within the stratum corneum, the CE is a barrier structure
formed beneath the cell membrane of keratinocytes. Loric-
rin and SPRR family proteins are produced in the stratum
granulosum and are crosslinked by TGase3, after which
they translocate to the cell periphery where they crosslink to
the preexisting involucrin scaffold via TGasel. Loricrin and
SPRRs lack significantly ordered structures and therefore have
considerable levels of mobility and flexibility. This is crucial
to create a spring-like elasticity in the epidermis, while the
crosslinking of intramolecular and intermolecular residues by
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transglutaminase helps confer stability and mechanical resis-
tance. TGasel links extracellular lipids like ceramides onto
an involucrin scaffold, and eventually the ceramides replace
the lipid bilayer of the plasma membrane. Our results showed
that ccPA treatment increased the expression levels of the CE
components loricrin and SPRRs and increased the protein
level of TGasel, which is involved in CE protein crosslinking
in NHEKSs (Figs. 1F-I, 2). The expression of loricrin mRNA
showed a decreasing tendency 24 h after the addition of ccPA.
It is possible that a temporary decrease in gene expression
was observed during the process of keratinocyte transition to
differentiation. These results suggest that ccPA induced CE
formation.

LPA induces filaggrin expression in keratinocytes via the
LPAR1 and LPARS receptors and the downstream RHO-
Rho-associated protein kinase (ROCK)-serum response fac-
tor (SRF) pathway. LPA has also been reported to promote
keratinocyte differentiation.””? ccPA bind the same LPA
receptor.'”**2% Therefore, whether ccPA mediate the RHO-
ROCK-SRF pathway as with LPA, and how much stronger
their effects on keratinocyte differentiation are than that of
LPA, should be examined in detail. ccPA may convert to
LPA, which increases the mRNA levels of claudin 1 and oc-
cludin, two tight junction-forming proteins involved in barrier
function. This reaction may also increase intracellular Ca®"
concentrations by the binding of LPA to the LPA receptor and
the induction of epidermal cell differentiation. In the future,
we will seek to confirm the involvement of LPA receptors in
these processes using LPA receptor inhibitors and will need to
study the mechanism by which CE proteins form.

Our group previously found that treatment with ccPA im-
proved skin functional recovery after UVA irradiation (unpub-
lished data), a report on which is currently being prepared for
submission. The results in this study show that the inductive
effects of ccPA on keratinocyte differentiation and CE forma-
tion may improve the barrier function of the skin, suggesting
that ccPA are potential therapeutic targets to treat skin barrier
dysfunction.
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