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K6PC-5 as a sphingosine kinase activator induces

both keratinocyte differentiation and fibroblast proliferation in skin

Jong Kyung Youm
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Sphingosine-1-phosphate (S1P), a bioactive sphiigolmetabolite, regulates
multiple cellular responses such as *Casignaling, growth, survival and
differentiation. Because sphingosine kinase (SKhés enzyme directly responsible
for the production of S1P, many factors have béentified that regulate its activity
and subsequent S1P levels. In this study, it wamodstrated that a newly-
synthesized SK activator, K6PC-5, induces both tkevayte differentiation and
fibroblast proliferation in skin through intracdin C&* signaling in keratinocytes
and fibroblasts. K6PC-5, a hydrophobic compoundngbally named N-(1,3-

dihydroxyisopropyl)-2-hexyl-3-oxo-decanamide, inddc intracellular  C&



concentration ([C&];) oscillations in HaCaT cells and human fibroblasi®th
dimethylsphingosine (DMS) and dihydroxysphingos{HS), SK inhibitors, and
transfection of small interfering RNA for SK1 (SKIRNA) blocked the K6PC-5-
induced [C&; increases. The K6PC-5-induced fGaoscillations were dependent
on thapsigargin-sensitive Eastores and CGa entry, but independent of classical
phospholipase C-mediated pathway. The* Ceesponses of K6PC-5 in both
keratinocytes and fibroblasts showed the sametsedukxt, to study the effect of
K6PC-5 on keratinocyte differentiation, HaCaT keratytes in vitro and
hyperproliferative murine modéh vivo were used. K6PC-5 enhanced the expression
of involucrin and filaggrin, specific differentiath-associated marker proteins in
HaCaT cells, while transfection of siRNA-SK1 blodk&he increase of involucrin.
Topical K6PC-5 also enhanced the expression ofluevim, loricrin, filaggrin, and
keratin 5, and induced &amobilization, in intact murine epidermis. K6PC-5
inhibited epidermal hyperplasia induced by repedtgd stripping. The increase of
both epidermal thickness and PCNA-positive keratytes was inhibited by topical
K6PC-5. These results suggest that K6PC-5 actegolate both differentiation and
proliferation of keratinocytes via [€%; responses through S1P production. Finally, to
study the effect of K6PC-5 on fibroblast proliféoat, human neonatal fibroblasts
vitro and intrinsically-aged murine modéh vivo were used. K6PC-5 promoted
fibroblast proliferation and procollagen productiona dose-dependent manner in

human fibroblasts. Topical application of K6PC-5 fhweeks to intrinsically-aged



hairless mice (56 weeks old) enhanced fibroblaglifpration, collagen production,
and eventually increased dermal thickness. K6PG& @omoted specific epidermal
differentiation marker proteins, including involirgrloricrin, filaggrin, and keratin 5,
without any alterations in epidermal barrier fuonti These results suggest that
K6PC-5 acts to regulate fibroblast proliferationa viC&"]; responses through
intracellular S1P production, and can further prtenkeratinocyte differentiation.
Thus, these results reveal that K6BPC-5 inducesdpaieal effects on the epidermis
and dermis through SK1-mediated S1P production,samggiest that S1P regulation
may represent a novel approach for the treatmerskiof disorders such as atopic

dermatitis, psoriasis, and skin aging.

Key words : sphingosine kinase, sphingosine-1-phasp C& signaling,

keratinocyte differentiation, fibroblast prolifei@t
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I.INTRODUCTION

Sphingosine-1-phosphate (S1P) is derived from gguisime, and represents a
potent bioactive sphingolipid metabolite. S1P astsa multifunctional mediator of a
variety of cellular responses including “amobilization, proliferation, survival,
motility, and differentiatior{reviewed by Spiegel et al.)S1P functions as both an
extracellular ligand for a family of five G protetoupled receptors (GPCRs) and an
intracellular second messenger. S1P receptors ateguhany physiological and

pathophysiological processes, such as vascular ratimto, cardiac development,



angiogenesis, immunity, and cell migrafioh S1P also shows a universal *Ca
signaling role through receptor-dependent and peddent pathways Cellular
levels of S1P are tightly regulated in a spatiogeral manner both through synthesis,
catalyzed by sphingosine kinases (SKs), and detiopaday S1P lyase and specific
S1P phosphohydroladeIwo SK isoforms, SK1 and SK2, are known to reguthe
relative levels of S1P, sphingosine, and ceramidehie sphingolipid metabolic
pathway ®.

As SK is directly responsible for the productionS#P, many factors have been
identified that alter its activity and regulate sequent S1P levél§ For example,
SK is activated by ligands of GPCRS including S1P itself, agonists of growth
factor receptor tyrosine kinas&g® cross-linking of immunoglobulin recepté&*
and the endogenous ganglioside GMAIlthough in some cases the mechanisms are
unknown, many other biologically active agents alstivate SK including estrog&n
TNF-o?", vitamin D;?®, phorbol estéf" * aluminum fluoride (AIF2)* serurfi, and
oxidized low density lipoprotefh To date, there are no reports to demonstrate a
chemically-induced, direct activation of SK. Altlgihul2-O-tetradecanoylphorbol-13-
acetate (TPA) showed direct effect on SK activaiionotal lysate and fractionated
lysates of Balb/c 3T3 fibroblasts, it is unclearetiter this upregluation of SK occurs
through direct SK activation by the phorbol ester, through an enhanced
transcription of SK. In this study, it is suggested that a newly sgstred K6PC-5

shows a direct SK activation and S1P-mediated*[Caegulation in both



keratinocytes and fibroblasts.

S1P is an evolutionally-conserved “Csignaling molecule in yeast, plants, and
mammals, that uses specific ‘Caignaling to initiate diverse cellular resportses
Acting as an agonist at GPCR, S1P increases thac@ilular C&" concentration
([Ca*])) through the classical phospholipase C (PLC)-déeenpathway, as well by
PLC-independent pathways such as SK. Intracell8IE? also mobilizes Cafrom
intracellular stores by an as yet unknown mechatighmight involve a novel Ga
channel. These PLC-independent pathways do not included®im-coupled S1P
receptors, and [Gd; signaling by many agonists requires SK-mediated® S1
production. This study suggests that a direct ativof SK may help to resolve these
outstanding issues regarding the relationship whirand extra-cellular S1P targets.
In mammalian skin, Ca serves as a regulator for keratinocyte proliferatand
differentiation as well as a signaling molecule &pidermal permeability barrier
homeostasis. It is well established that*Cean potentially induce keratinocyte
differentiation and repress cell groit#® In addition, C& is an important signal
that facilitates the repair of barrier functionlésling acute injury?.

As S1P is an important lipid mediator that has hiegslicated in many biological
processes including cell growth, survival, andedihtiatiory 2 this study has been
performed to investigate the potential benefitSDP in skin disorders. Manggau et al.
reported that d,25-dihydroxyvitamin 0 protects keratinocytes from apoptosis

induced by ceramides, ultraviolet irradiation, oNF«, and additionally this



cytoprotection is mediated via the formation of $1Nogler et al. reported that all
five S1P receptors (S1F) are expressed in keratinocytes, and that S1Pneaba
keratinocyte differentiation and exerts anti-pmlitive effects by protecting cells
from programmed cell dedfh Conversely, S1P also enhances proliferation of
primary fibroblasts, increases matrix protein fotimaincluding fibronectin and PAI-
1%, and is involved in cytoprotective actions of daiol in human fibroblast¥.
Furthermore, it is well established that S1P ragslacell growth in a variety of
fibroblast cell line¥ %

To investigate the potential benefits of S1P in ifying skin disorders, this study
has focused on the key enzymatic step in its sgigh&K. It is anticipated that
activation of SK and subsequent elevation of Si®llwill induce diverse cellular
responses in the dermis and epidermis for treatmeskin disorders. However, to
date there are no reports that have demonstratadically-induced, direct activation
of SK. Most factors related to SK activation regeléhe activity of SK and the
production of S1P by extracellular stimuli targgtiplasma membrane receptors.
Recently it is reported that a newly synthesizetimound, KEPC-5, as a SK activator,
activates SK obtained from C57BL/6 murine bltod

In this study, investigating was performed to fmat whether a newly-synthesized
SK activator, K6PC-5, induces both keratinocytefedédntiation and fibroblast
proliferation in skin through [C¥]; signaling in keratinocytes and fibroblasts. K6PC-

5 was synthesized as a short chain pseudocerantiieh vinduces keratinocyte



differentiatiort?, but the activity of SK was found. [€% signaling in keratinocytes
and fibroblasts was investigated to confirm SKhaistiinduced by K6PC-5, and a
hyperproliferative murine model and intrinsicallyeal mice were used to elucidate

the potency of K6PC-5 on skin disorders.

[I. MATERIALSAND METHODS

1. Materials

Ciglitazone was purchased from Cayman Chemical tabdes (Ann Arbor, Ml,
USA); troglitazone was from Biomol Laboratoriesyidbuth, PA, USA). Affinity-
purified rabbit primary antibody specific for humaphingosine kinase 1 was
purchased from BabCo (Richmond, CA, USA); mousedfikin, loricrin, and
involucrin were from Covance Research (Berkeley, C/SA); keratin 5, PCNA,
matrix metalloproteinase 13 (MMP-13) were from %a@tuz Biotechnology (Santa
Cruz, CA, USA); collagen type | was from CalbiochéBan Diego, CA, USA).
Secondary goat anti-rabbit IgG-horseradish per@ddand diaminobenzidine were
from Dakoctomation (Glostrup, Denmark). All reagerior RT-PCR were from
Takara Korea Biomedical (Otsu, Japan). All reagéotgrotein isolation and western
immunoblotting were from Pierce Biotechnology (RimcH, IL, USA). All reagents

for immunohistochemistry were from DakoCytomatioRluorescein-FragEL™



apoptosis detection kit was from Oncogen Researotiuets (San Diego, CA, USA).
Sphingosine-1-phosphate (S1P), thapsigargin, 2-@ettioxydiphenyl borate (2-
APB), U73122, U73343, G-418 and pertussis toxin{PWere purchased from
Sigma; RPMI 1640, penicillin, streptomycin, Dulbesc Modified Eagle Medium
(DMEM), and fetal bovine serum (FBS) were purchafech Invitrogen (Carlsbad,
CA, USA); Furaz-acetoxymethyl ester (Fura-2, AM)swaurchased from Teflabs
(Austin, TX, USA). All other chemicals were of reaq grade. Adult female hairless
mice, 8~10 weeks of age and 56 weeks of age, warehased from the animal
laboratory of Yonsei University (Seoul, Korea). Time of animals was approved by

the Institutional Review Board of Yonsei Universiigllege of Medicine.

2. Cdl culture

HaCaT cells were purchased from the American Typdtu@ Collection
(Manassas, VA, USA) and were cultured in RPMI 184@plemented with 2 mM
glutamine, 25 mM glucose, 1Q@/ml penicillin, 25 ng/ml streptomycin and 10%
FBS.

Fibroblasts were cultured primarily from human &kie (Chungnam University,
Daejeon, Korea) in DMEM. The primary cultured fiblasts were used within 10
passages for [G§; measurements, cell proliferation and collagentssis.

For [C&']; measurements, the cells were seeded on 60 mnreuishes and

maintained at 37°C in humidified 5% G@nd 95% air and were used at 80%



confluence. The cells were serum-starved for 24brbecach experiment.

For the other experiments, the cells were cultureBMEM supplemented with
5% FBS. For treatment with K6PC-5 and S1P, appratety 1x10 cells were seeded
on 100 mm culture dishes at approximately 80% cemnite. Cells were starved of

serum for 24 h, and treated with K6PC-5 or S1Remim-free medium.

3. Intracellular Ca?* concentration ([Ca®'];) measurement

Cells were loaded with 3.pM fura-2, AM for 1hr at room temperature (RT) in
physiologic salt solution (PSS) containing: 140 nNACI; 5 mM KCI; 1.2 mM
MgCl,; 1 mM CaC}; 10 mM HEPES; and 10 mM glucose, titrated to p# with
NaOH. C&'-free PSS contained 1 mM EDTA and 1 mM ethylenagjhpis-(3-
aminoethylether)-N, N, N N’'-tetra acetic acid without CaClThe fura-2, AM-
loaded cells were mounted on the chamber of antedienicroscope (Nikon, Tokyo,
Japan) for C4 imaging. The excitation wavelength was alterndietiveen 340 nm
and 380 nm and the emission wavelength was moditate510 nm with a CCD
camera using MetaFlour system (Universal Imaging, ®, USA). Fluorescence
images were obtained at 3s intervals. Backgroumardiscence was subtracted from
the raw intensity at each excitation wavelenggfore calculating the fluorescence

ratio as follows: Ratio = F340/F380.

4. SIRNA down regulation of SK1 expression
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Small interfering RNA for SK1 (siRNA-SK1) was constted using the
psiSTRIKE vector system (Promega Corporation, MadisVI, USA). The siRNA-
SK1 target specific sequences were: sense 5-ACCBECGAGGTTATGGATTT
CAAGAGAATCCATAACCTCGACCCGCTTTTTC-3'; reverse 5-GGMMAAAAG
CGGGTCGAGGTTATGGATTCTCTTGAAATCCATAACCTCGACCCG-3'. dlis
were co-transfected with siRNA-SK1 (@/ml) and green fluorescent protein (eGFP-
N1) (1 ng/ml) using Lipofectamine 2000 reagent (Invitrogesmd cultured for 48 h
in serum-free RPMI 1640 including opti-MEM; cellsere selected using G-418
(Invitrogen). In keratinocytes, depletion of endoges SK1 by siRNA was confirmed

by RT-PCR, western blotting and eGFP fluorescence.

5. Reversetranscriptase-PCR in keratinocytes

Total RNA was extracted from cultured HaCaT cel&ng Trizol (Invitrogen)
according to the manufacturer’s protocol. Equal am® of RNA (2 nug) were
reverse-transcribed using a RNA PCR kit (AMV) (Taka Semiquantitative PCR
was performed using the following specific primdreman SK1 (5-ATGGATCCAG
TGGTCGGTTG-3 and 5-TCTTCATTGGTGACCTGCT-3’); humanvolucrin (5’
GGACGGACAACTAAAACAT-3' and 5-AGCGGACCCGAAATAAG-3’) human
filaggrin (5-GTTCACATTTATTGCCAAAAGA-3 and 5-GAGCCAACTTGAATA
CCAT-3"); and GAPDH as an internal control (5-TGAGGAACGGGAAG-3’ and

5-CTGTAGCCAAATTCGTTGT-3’). cDNAs, SK1, involucrinfilaggrin, GAPDH,

11



and p-actin, were amplified using 35, 35, 40, 30, 250 &9 cycles, respectively.
Reaction products were separated in 2% agaroseagdlvisualized with ethidium

bromide.

6. Western immunablotting

Cells were lysed in protein extraction reagentrg&iddiotechnology Inc., Rockford,
IL, USA). Lysates were centrifuged at 12,000xg I6r min, and supernatants were
collected for western immunoblotting. Protein cortcations were determined using
the BCA assay (Pierce). Equal protein amountsfOvere separated by 10% SDS-
polyacrylamide gel electrophoresis and blotted d?itDF membranes. Membranes
were subsequently blocked with 5% skim milk in TB$%20 mM Tris-HCI, pH 7.6;
137 mM NacCl; 0.1 % Tween 20) and incubated seqalgntivith primary antibody (3
h), followed by horseradish peroxidase-conjugatecbsdary antibody (2 h) at RT.

Blotting proteins were visualized by enhanced chaminescence (Pierce).

7. Fibroblast praoliferation and collagen synthesis

Primary cultures of human dermal fibroblasts wemeppred from neonatal
foreskins. All experiments were performed with 3passage cultures. The effect of
K6PC-5 on the fibroblast proliferation was deterednby MTT assay. Fibroblasts
(1x10' cells/well) were seeded into 96-well plates in DMIEith 5% FBS for 48h,

and incubated with K6PC-5 in DMEM serum-free metba 24h at 37°C. After

12



addition of 20pl/well of MTT solution (10 mg/ml in phosphate buiéel saline),
plates were incubated for 4h at 37°C. Supernateet®e then removed and the
formazan crystals were dissolved in 10®f dimethylsulfoxide. Optical density was
determined at 540 nm using a microplate reader cfspgdax 340PC; Molecular
Device Co., Sunnyvale, CA, USA). Collagen produttio cultured fibroblasts was
determined using procollagen type | c-peptide ELK#ATakara Shuzo, Otsu, Japan).
The collagen (procollagen type 1) and collagendd®iR-13) expression were
determined in murine skin by western immunoblottibgrmal skin was lysed using
protein extraction reagent (Pierce Biotechnology.,IfRockford, IL, USA). Lysates
were centrifuged at 12,000xg for 15 min, and sugiamts were collected for western
blotting. Protein concentration of samples was rdeiteed by BCA assay according to
the supplier's protocol (Pierce Biotechnology). Bgamounts of protein (2Qg)
were separated by 10% SDS-polyacrylamide gel elpboresis and blotted onto
PVDF membranes. Membranes were subsequently bloei®d5% skim milk in
TBS/T (20 mM Tris-HCI [pH 7.6]), 137 mM NacCl, 0.1%ween 20) and incubated
sequentially with primary antibody (3h), followeg¢t aBn HRP-conjugated secondary
antibody (2h) at room temperature. Blotting progeimere visualized by enhanced
chemiluminescence (ECL) using SuperSignal® Westo P€hemiluminescent

Substrate (Pierce Biothechnology Inc., Rockford UISA).

8. Animal model for epidermal hyperplasa
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Epidermal hyperproliferation was achieved by repeéatpplications of D-
squames® to the flanks of hairless mice (8~10 wetlkme) twice daily for 5 days
until transepidermal water loss reached 40 m@kras determined with Tewameter
(Courage and Khasaki, Cologne, Germ&hyAfter each tape stripping sequence,
animals (n = 5 in each group) were treated with%d.R6PC-5, or 1 mM S1P
dissolved in propylene glycol:ethanol (7:3 ratioy),vehicle alone to one flank, twice
daily, for the last 3 days. A third control groupnsisted of non-tape-stripped and
non-treated animals (n=3). Harvesting of tissueptemwas achieved 6 h after the

last treatment.

9. Animal model for intrinsically aged skin

Intrinsically aged female hairless mice (56 weekage) were housed in a standard
environment, with temperature maintained at 225t °C, relative humidity at 60 +
5 % and a 12h/12h light and dark cycle. Seventged anice were randomly divided
into 3 groups and treated topically twice daily fao weeks with: i) group K (n=6,
1% K6PC-5); ii) group V (n=6, vehicle (PEG:EtOH=W);3iii) group C (n=2, non-

treated).

10. Immunohistochemistry
Paraffin-embedded sections of hairless mice skiopdies were used for

immunohistochemistry with specific antibodies fovalucrin, loricrin, filaggrin and

14



keratin 5. After deparaffination and rehydratiorections were incubated with
Peroxidase Blocking Reagent (DakoCytomation, GlpstDenmark) for 30 min to
block endogenous peroxidase activity. Nonspecitiitbady activity was blocked by
incubation with serum-free Protein block (DakoCyation, Glostrup, Denmark) for
15 min at RT, the primary antibodies (anti-invoia¢r anti-loricrin, anti-
filaggrin,1:500 [Covance Research], and anti-K%00: [Santa Cruz biotechnology])
were applied for 30 min at 37°C, followed by hoestish peroxidase-conjugated
secondary antibody (30 min) at RT. Staining forstheroteins was detected by
diaminobenzidine (DAB) as the substrate. Prolifagakeratinocytes were visualized
with anti-PCNA antibodies, following the same metho detect proliferating cells.
PCNA-positive cells were counted in the basal anutabasal layers in five images

from each section (200x magnification).

11. Ca*" mobilization in murine epidermis

The effect of KBPC-5 on Gamobilization in epidermis was visualized using a
method reported previouéfy An agarose gel membrane (2%) containingugml
Calcium Green 1 (Molecular Probes, Eugene, OR, UBA3 formed on the slide
glass, and a frozen section of whole skinu@® thick) was placed directly on the gel
membrane. A fluorescence photomicrograph was takéimn 2 h with excitation

wavelength 546 nm.

15



12. Microscopy and imaging

Skin samples were obtained from anesthetized asimalafter euthanasia, and
fixed in 10% formalin. Six-um thick paraffin seati®were stained with hematoxylin
and eosin (H&E) and five images (200x) were takéreach section. Fibroblast
numbers were counted for each photograph and etdclfor each sample (cells per
3x3 cnf). Epidermal thickness was determined as the disténom the basal layer to
the stratum granulosum/stratum corneum (SC-SG)tipmcand dermal thickness as
the distance from the subcutaneous fat to dermdeapal junction, respectively.
Thickness was measured in each photograph at rasidesn(10 sites for epidermis; 3
sites for dermidf. The collagen fibers were visualized using Massmirome

staining and analyzed using Photoshop software.

13. Electron microscopy

After biopsy, murine skin samples were fixed in iified Karnovsky’s fixative
overnight, and post-fixed with 2% aqueous osmiutmoxgde, containing 1.5%
potassium ferrocyanide, as described previdtishfter further counterstaining with
lead citrate, ultrathin sections were examined urade electron microscope (Joel,
Japan) operating at 80kV. Corneodesome density urexhsCD length at random
from the first and second cell layers of the 10\8&. The ratio of the total length of
intact CD to the total length of cornified envelepgas determined by planimetry, as

described’.

16



14. Functional studies

Transepidermal water loss (TEWL), skin surface cdapace and skin pH were
measured using MPA-5 (Courage & Khazaka, Cologrermany) after two week
topical application of test samples. Recovery afm@ability barrier function was
determined by measuring TEWL immediately after {t=hd 3, 6h after barrier
disruption by tape stripping. SC integrity was deti@eed by measurement of TEWL

after 5 sequential strippings with D-Squame thpe

15. Satistics

Statistical analyses were performed using InStabfdwvare (GraphPad Software
Inc., San Diego, CA, USA). Non-paired two-taileddstnt’s t-tests or ANOVA test
were performed to calculate the statistical sigaifice. Values are reported as means

+ SEM.
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1. RESULTS

1. K6PC-5induces[Ca?]; ocillationsin keratinocytes and fibroblasts.

Before determining whether SK-mediated S1P produocis responsible for the
[Ca®"]; signaling, the [CH]; signals induced by K6PC-5 were characterized tacin
HaCaT keratinocytes and primary neonatal fibroblasirst, [C&]; oscillations were
induced by K6PC-5 concentrationsZ5 uM) in HaCaT cells (Figure 1.a). In addition,
the percentage of responding cells was dependethieoi6PC-5 concentrations: i.e.,
10.3 +1.5% at 2GM (n = 9); 47.9 + 15.6 % at 56M (n = 9); and 94.4 + 7.95 % at
100uM (n = 12) (Figure 1.c). However, the amplitudetloé spikes was unaffected
by the K6PC-5 concentration in the range of 25 @0 iM, while a spike-plateau
response was observed at a K6PC-5 concentratidé@iM. In addition, the K6PC-
5-induced [C&]; oscillations were reversible (Figure 1.b). Therage lag time
between K6PC-5 exposure and the generation dfJj@asponses was 1.5 + 1.0 min.
Since 50uM K6PC-5 did not induce cell death and generallgdoiced reliable
[Ca™]; oscillations in HaCaT cells, this concentrationswased to analyze the
mechanism by which K6PC-5 induced f{asignaling.

Next, [C&"]; responses were induced by K6PC-5 concentration§ (iM) in
human fibroblasts (Figure 2.a). In addition, thecpatage of responding cells was
dependent on the K6PC-5 concentration; i.e., 313334 % at JuM (n = 4); 74.1

3.34 % at 1QuM (n = 4); 84.7 £ 4.67 % at 28 (n = 4); and 97.9 + 2.68 % cells at
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Figure 1. K6PC-5 induced [Ca?"]; oscillations in HaCaT cells. HaCaT cells were loaded
with fura-2 as described under “materials and n#shcand changes in [¢% were measured
using ratiometric fluorescence imaging. Cells wexposed to 10, 25, 50, or 10 K6PC-5

(a). 50uM K6PC-5 was applied, washed out with PSS, andopdied (b). The percentage of

responding cells to K6PC-5 was calculated (c). Resue depicted as mean + S.E.
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Figure 2. K6PC-5 induced [Ca?"; ocillations in fibroblast cells. Human fibroblasts were
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100uM (n = 4) (Figure 2.b). However, the amplitude loé spikes was unaffected by
the K6PC-5 concentration in the range of 5 to (LBD) while a spike-plateau response
was observed at a K6PC-5 concentration of @O0 In addition, the K6PC-5-induced
[Ca™]; oscillations were reversible (Figure 2.c). The agerlag time between K6PC-
5 exposure and the generation of {;aesponses was ~1 min. Since;l K6PC-5
did not induce cell death and generally producéidbie [C&"]; increase in human
fibroblasts, this concentration was used to analigemechanism by which K6PC-5
induced [C47; signaling.

These results reveal that K6PC-5 induces {ICascillations in both keratinocytes
and fibroblasts, and that the fibroblasts are nserssitive than on keratinocytes to the

K6PC-5-induced [CH]; responses when compared to prior study (Figure 1.)

2. K6PC-5-induced [Ca?"]; oscillationsinvolve SK 1 activation.

S1P is a highly bioactive lipid that exerts numerduiological effects both
intracellularly as a second messenger and extrdadiyl by binding to specific G-
protein-coupled receptors of the endothelial déffgéiation gene (EDG) famify,
Intracellular S1P is generated by SK-dependent gifmylation of sphingosine.
Although intracellular targets for S1P have yetbt identified, the production of
intracellular S1P, but not iRinositol 1,4,5-trisphosphate), mobilizes intrackiliu
ca" * To clarify the possibility that the K6PC-5-actigd [C&']; oscillations and

intracellular S1P levels are related, we used pot8K inhibitors, N,N-
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dimethylsphingosine (DMS) and DL-threo-dihydrosgtaine (DHS). Both DMS
and DHS inhibited the K6PC-5-mediated fGaoscillations in both HaCaT cells
(Figure 3.a) and human fibroblasts (Figure 4.a).

The [C&"]; signaling mechanism of K6PC-5 was further investd by using
siRNA to examine the functional consequences ofaligm of SK1. Transfection of
SiRNA-SK1 suppressed the expression of mRNA anteprdevel of SK1 in HaCaT
cells. In addition, shown in Figure 3.b, siRNA-Skilocked the [C&]; responses
whereas [CH]; oscillations persisted in empty vector-transfeatetls. SIRNA-SK1
also inhibited the [C&]; oscillations in human fibroblasts whereas empiytaredid
not (Figure 4.b).

Therefore, the effects of K6PC-5 on fC]aosciIIations are S1P-dependent, through

activity of SK1, in both HaCaT cells and human ditlasts.

3. K6PC-5-induced [Ca®]; oscillations do not involve PLC/IPsrelated
pathway.
Numerous studies also have shown that S1P-induteases in [CF; signals
involve a G-PLC-mediated pathway **> To determine whether K6PC-5-induced
[Ca™]; responses involve a BLC-mediated pathway, cells were treated with
U73122, a PLC inhibitor, and as control its inaetignalogue U73343. First, in
HaCaT cells (Figure 5.a), U73122, but not U73342vented only the exogenous

S1P-evoked [(fé]i oscillations, with no effect on the K6PC-5-indu@aants. HaCaT
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Figure 3. K6PC-5-induced [Ca®]; oscillations involved SK 1 activation in HaCaT cells.
After pretreatment of 1M DMS or 1 uM DHS, HaCaT cells were exposed pil K6PC-5
(a). [C&"); responses of transfected cells with siRNA of SEIRKA-SK1, left) or psiSTRIKE
(empty vector, right) were measured (b), and mRMA&)(and protein (right) levels of SK1
were also measured by RT-PCR and western blotthgeGFP expressed cells (transfected
cells, dotted) and non-transfected cells (solidjenmeasured [G§; signal with the treatment
of 50 uM K6PC-5 and 1QuM ATP. The arrow means the point of chemicals trestt.
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Figure 4. K6PC-5-induced [Ca?"]; oscillations involved SK1 activation in fibroblasts.
After pretreatment of 1M DMS or 1 uM DHS, human fibroblasts were exposed |1
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cells were also pretreated with pertussis toxin{? & G inhibitor®. PTX inhibited
the [C&"]; responses induced by exogenous S1P, whereas B@-Bénduced [CH];
responses were not affected (Figure 5.b). Nexthjuman fibroblasts (Figure 5.c),
neither 1 uM U73122 nor 1uM U73343 prevented the K6PC-5-evoked {Ga
oscillations.

These results suggest that K6PC-5-induced‘[Cascillations are independent of

the PLC/IR-related pathway in both HaCaT cells and humarofilasts.

4. K6PC-5-induced [Ca®]; oscillations are dependent on Ca®* release from

thapsigar gin-sensitive Ca”* storesand Ca’* entry.

G protein-coupled agonists induce two types of?{ascillations; i.e., those
acutely dependent on €ainflux and those largely involving Earelease and
reuptake into the ER with minimal contribution o&Cinflux®*. To identify the
source of the [C&]; mobilization by K6PC-5, Ca was removed from physiologic
salt solution (C&-free PSS). Depletion of intracellular Ty thapsigargin (Tg), a
specific inhibitor of the sarcoplasmic endoplasmgticulum C&" ATPase (SERCA)
pump”®, prevented the K6PC-5-induced f(Ja oscillations in both HaCaT cells
(Figure 6.a; n = 25) and human fibroblasts (Figluee n=4). In a paired experiment,
it was found that depleting the ER by means of @ition with 100uM K6PC-5 in
the absence of external Tarevented the Gainflux caused by 1M Tg. These

results indicate that the intracellular’Cstores responsible for the K6PC-5-induced
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Figure 5. K6PC-5-induced [Ca®']; oscillations did not involve PLC/IP5-related pathway.
S1P- or K6PC-5-treated HaCaT cells were treated WjitM U73122 (solid) or uM U73343

(dotted) at the point of the arrow (U) (a). Afterepreatment of 100 ng/ml pertussis toxin
(PTX) for 6 h, HaCaT cells were applied 100 nM $détted) or 5auM K6PC-5 (solid) (b).
Human fibroblasts were also exposed toM U73122 or 1uM U73343, and treated with 10

uM KBPC-5 (c).
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[Ca®"]; oscillations are Tg-sensitive in both cells. Treant of cells with 10QuM
K6PC-5 with or without external €4 revealed that the K6PC-5-induced’Ca
amplitude decreased in the absence 6f G&5) (Figure 6.b, Figure 7.b). To further
delineate the source of the fCJaincrease, cells were first treated with K6PC-Bhia
presence of external &afollowed by C&'-free PSS; re-addition of &ayielded
[Ca™]; oscillations again in both cells (Figure 6.b; b=Figure 7.b; n = 4). These
results suggest that extracellular?Calso is a source for K6PC-5-induced {ga
oscillations in both HaCaT cells and human fibretda To examine whether the
K6PC-5-induced [C4]; signal occurs through plasma membrané& €aannels, cells
were exposed to 76M 2-APB and 1uM Gadolinium (Gd") (non-selective Ca
channel blockers). Both 2-APB (n=17) and>G¢h =16) prevented the generation of
[Ca™]; oscillations by K6PC-5 in both HaCaT cells (Figére). Gd* also prevented
the generation of [G§; oscillations by K6PC-5 in human fibroblasts (Figdr.c; n =
4).

These results reveal that Tg-sensitive’’Catores and C4 entry are each
responsible in part for the observed K6PC-5-indJ&sd"]; signaling in both HaCaT

cells and human fibroblasts, which is independéthe PLC/IR pathway.

5. K6PC-5increases differentiation-related marker proteinsin keratinocytes.
To determine whether K6PC-5 as a SK activator &ffeeratinocyte differentiation

through SK-mediated S1P production involving {Gasignaling, reverse

27



o

. Kepcs (100 LM)/Ca’ free Tg (1pM)/Ca’ free
=
2
& 101
S
<
on
N 08 -
8
5]
& 6 Tg (1uM) K6PC-5 (50 pM)
04 T T T . 1 Ti T T T i 1
400 800 1200 1600 0 400 800 1200 1600
Time (sec) Time (sec)
K6PC-5 (100 uM) K6PC-5 (50 uM)
1.2 ——1.2mM C&" 12 0 12 Ca"(mM)
=
(=]
o0
(o8]
(=}
<t
<
.8
5
~
."-.-
04 T T T 1 T T T T 1
500 1000 1500 2000 0 500 1000 1500 2000
Time (sec) Time (sec)
C
Lo KEPC-5 (50 uM) K6PC-5 (50 uM)
= 2-APB (75 pM) Gd*'(1 pM)
0.8 4
Z ¢ l
(=}
<t
0.6
8
5
~ 0.4 4
02 T T T v 1 T T T T ¥ 1
600 1200 1800 2400 0 600 1200 1800 2400
Time (sec) Time (sec)

Figure 6. K6PC-5-induced [Ca®"]; oscillations were dependent on both thapsigargin-
sensitive Ca?" stores and Ca” entry in HaCaT cells. HaCaT cells were exposed touM
thapsigargin (Tg) followed by 100M K6PC-5 in a nominally Cé-free PSS (a, left). In a
complementary experiment, . Tg applied for depleting the ER (a, right). pPl K6PC-5
applied to the cells with 1.2 mM (solid line) ontM C&* (dotted line) (b). In the presence of
50 uM K6PC-5, cells were treated with 71 2-APB (c, left) and 1M Gd** (c, right).
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transcriptase PCR and western blotting were peddrir6PC-5 and exogenous S1P
increased the mMRNA levels of keratinocyte diffelaittn-associated marker proteins
including involucrin and filaggrin in HaCaT cellBi§ure 8.a). The expression levels
of these proteins were also promoted by K6PC-5S# (Figure 8.b).
K6PC-5-induced keratinocyte differentiation wastlier investigated by using
siRNA-SK1-transfected cells to confirm the functidbeonsequences of SK-mediated
S1P production by K6PC-5. SIRNA-SK1 blocked theregpion of involucrin as a
differentiation marker protein, while empty vectdid not alter expression (Figure
8.c). Interestingly, extracellular S1P-induced elifintiation also was blocked in
siRNA-SK1-transfected cells, suggesting that esiatar S1P induces SK1-
mediated keratinocyte differentiation. These ressiltggest that the effects of K6PC-
5 are dependent on an S1P-related mechanism thr8Kdh correlating with the

[Ca®"]; responses induced by siRNA-SK1 (c.f. Figure 4.b).

6. KG6PC-5 enhances production of differentiation marker proteinsin murine

epidermisin vivo, and also induces Ca*" mobilization.

To elucidate the potency of K6PC-5 in vivo, we usadwell-established
hyperproliferative murine model, as reported prasig®. Again, both K6PC-5 and
S1P accelerated the expression of differentiataspaiated specific proteins
including involucrin, loricrin, filaggrin, and ketia 5 (Figure 9.). These results

correlate well with the in vitro results above (&fgure 8.), and suggest that K6PC-5
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Figure 8. K6PC-5 increased differentiation-related marker proteins in HaCaT cells.

mMRNA (a) and protein (b) levels of Involucrin (INnd filaggrin (FIL), as marker proteins of
keratinocyte differentiation, induced by K6PC-5 a®&iP, were measured by reverse
transcriptase PCR and western blotting, respegtivéC; normal control. The expression of

involucrin in siRNA-SK1-transfected cells was measliby western blotting (c).



and S1P can promote epidermal differentiation tadnskin. Topical treatment of
K6PC-5 in normal hairless mice skin yielded similesults (data not shown). Next,
Ccd" signaling was also studied in vivo by topical treent of intact hairless mice
skin with K6BPC-5 and S1P. K6PC-5 increased th& @mbilization, visualized by
calcium green-1 fluorescence (Figure 10.), an emmethat was eliminated by 3 h.
S1P also yielded an equivalent result, althougheffext was less intense than that of
K6PC-5. The difference of time and intensity of KBB and S1P may reflect the
relative hydrophobicity of K6PC-5, which affects ipenetration through the intact

stratum corneum (SC).

7. K6PC-5 decreases epidermal hyperplasia by inhibiting Kkeratinocyte

proliferation.

Prior studies have shown that repeated removaitloérethe whole SC or the SC
intercellular lipids results in an increased epiolr thickness, stemming from
increased keratinocytes proliferatfdnTo elucidate the possible activity of KBPC-5
in certain skin disorders, we used this hyperpedifive murine model. Both KEPC-5
and S1P attenuated the increase in epidermal #dskinduced by sequential tape-
stripping (Figure 11.a), and correspondingly intgéiithe increase of PCNA-positive
and proliferating keratinocytes (Figure 11.c). TH&E images confirmed these
results (Figure 11.b, d). Together, these resuljgast that K6PC-5 and S1P decrease

epidermal hyperplasia by inhibiting keratinocytesliferation.

32



Vehicle S1P K6PC-5

Figure 9. K6PC-5 enhanced the production of differentiation marker proteinsin murine
epidermis in vivo. The expression levels of differentiation-associapeoteins induced by
topical applications of 1% K6PC-5 and 1 mM S1P airless mouse skin were analyzed by
immunohistochemistry. Involucrin (INV), loricrin @QR), filaggrin (FIL) and keratin 5 (K5)

were used as marker proteins of epidermal difféagan.
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Figure 10. K6PC-5 induced Ca®" mobilization in murine epidermis. The image of K6PC-
5-induced C& mobilization in murine epidermis was measured ajcdm Green-1. 1%
K6PC-5 and 1 mM S1P were applied topically on kasl mouse skin, and tissue biopsies

were performed 30 min and 60 min after applicatiespectively.
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8. KG6PC-5 promotes proliferation and collagen synthesis in cultured human

fibroblasts.

Extracellular S1P induced proliferation and mapiotein formation by primary
fibroblasts obtained from juvenile foreskinGiven that K6PC-5 has been shown to
increase SK activity, the effect of KBPC-5 on hurfibnoblasts in vitro was studied.
K6PC-5 promoted fibroblast proliferation in MTT dyessay (Figure 12.a); e.g.,
K6PC-5 (10uM) induced approximately a 30% increase in optaahsity (Figure
12.a), consistent with increased proliferation. c8inboth decreased collagen
production and collagen degradation are charatiteffisatures of chronologically-
aged and photo-damaged sRifi’, the effects of KBPC-5 on collagen levels was
investigated. K6PC-5 promoted collagen synthesss,meeasured by procollagen
typel C-peptide (PICP), with approximately a 30% increasel0 uM K6PC-5
(Figure 12.b). Consistent with these results, SiRilegly promoted fibroblast
proliferation and collagen synthesis, effects thare more potent than K6PC-5,
comparing by concentration. These results sugpestk6PC-5 and exogenous S1P

induce similar effects on fibroblasts by activatiBig.

9. K6PC-5 increases both collagen production in fibroblasts and dermal
thickness of aged mouse skin.
To confirm the dermal effect of KEPC-5 in skin, dd®irless mice were used as an

intrinsic model. The mice for the intrinsic modedn& reared for 56 weeks without
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Figure 12. K6PC-5 promoted fibroblasts proliferation and collagen synthesis in vitro.

After human fibroblasts were incubated with thei¢ated concentration of K6PC-5 and S1P

for 24h, MTT solution was added. Optical densityMfT dye was determined as described

(a). Collagen synthesis was determined by a prgenlitype | c-peptite ELISA kit as

described (b). 5@g/ml vitamin C (AA) was used as positive contrdlbe value are presented

as percentage of control (0 concentration) andrerenean + SEM of results from at least four

experiments, each run in triplicate. *p<0.05, **p&0, ***p<0.001
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any UV light. 1% K6PC-5 was applied topically fom@eks. This K6PC-5 treatment
significantly increased both the number of dermibldblasts (Figure 13.a) and
collagen production (Figure 13.c, d, e), althoughisi unclear whether K6PC-5
inhibited matrix metalloprotease-3 (data not showh$ a consequence, dermal
thickness also increased significantly (Figure L3Tese results correlate well with
the in vitro results above (c.f. Figure 12.), angjgest that S1P production by SK
activation have positive effects on aged skin tgtouthe dermal fibroblast

proliferation.

10. K6PC-5 enhances specific differentiation marker proteinsin aged murine

epidermis.

To confirm the epidermal effect of KEPC-5 on agédh,simmunostaining for
various differentiation marker proteins was perfednincluding involucrin, loricrin,
filaggrin, and keratin 5. As shown in Figure 146RC-5 promoted the expression of
differentiation-associated proteins. This resulswaincident with the previous study
in young mouse skin (c.f. Figure 9), and revealat tK6PC-5 also promotes
differentiation in aged mouse epidermis. The pstoidy showed that topical K6PC-5
increased the Gi mobilization, which was visualized by calcium greke
fluorescence, depending on time (c.f. Figure 10)islanticipated that the same

mechanism will be operative in aged mouse skin.
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Figure 13. K6PC-5 increased fibrablasts, collagen production, and eventually dermal
thicknessin the der mis of aged mouse skin. After topical 2-week applications of 1% K6PC-
5 and vehicle on hairless mouse skin, skin specimesre biopsized. Hematoxylin and eosin
stain were used to measure fibroblast number @)denmal thickness (b), as described under
“materials and methods”. Collagen density was messin Masson-trichrome stain (d, e-
blue). Results shown are shown as mean + SEM (rHi8.expression of type | procollagen

in each experiment group was also measured by mesi@tting (c).
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Figure 14. K6PC-5 increased the specific differentiation marker proteins in the
epidermis of aged mouse skin. The expression levels of differentiation-associatearker
proteins induced by topical applications of 1% Ke®P@nd vehicle for 2 weeks on hairless
mouse skin were shown by immunohistochemstry. bmwah (INV), loricrin (LOR), filaggrin

(FIL), and keratin 5 (K 5) were used as specifickeaproteins of epidermal differentiation.
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11. K6PC-5 doesnot induce barrier alterationsin aged mouse epider mis.

Functional studies of the skin barrier are indigadate for evaluating potential
side-effects of topical agents that may induce skiitation and/or barrier
disturbance(s). To determine possible additiorfalces of K6PC-5 in intact epidermis,
functional studies of the skin barrier were perfednK6PC-5 did not alter basal
TEWL (Figure 15.a), skin hydration or skin pH (da@t shown), and there was no
difference in epidermal thickness and PCNA-posikeeatinocytes between K6PC-5
and vehicle-treated skin (data not shown); these atas no difference in recovery
rate for these animals following acute abrogatiérthe barrier by tape-stripping
(Figure 15.b). However, stratum corneum (SC) iritggras increased in K6PC-5-
treated skin (Figure 15.c), although no increaseomeodesmosome (CD) density
was evident by electron-microscopy (Figure 15.djPK-5 inhibited the attenuation
of SC integrity by vehicle, but there was no diffiece with CD density, a major
factor affecting SC integrif{. It is anticipated that the strengthened SC iitiedy
K6PC-5 might be due to the increased keratinocyfferdntiation, a process that
includes the cross-linking of proteins such as meon and loricrin to form the
cornified envelope. Together, these results sugtedt K6PC-5 does not induce
barrier disturbance. As K6PC-5 induces epidermdferintiation through the
paradoxical effect of S1P on intact skin, it isiraated that there will be few side-
effects from this agent, contrasting with the walbwn retinoid-induced epidermal

hyperplasig’.
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Figure 15. K6PC-5 did not induce barrier disturbance in the epidermis of aged mouse

skin. After topical applications of 1% K6PC-5 and vehifbr 2 weeks on hairless mice skin,
basal TEWL (a) was measured. Barrier recovery (t@tend SC integrity (c) was determined
by TEWL after tape stripping. Corneodesmosome (@Bsity (d) was measured through
electron microscope images, as described underetialst and methods”. Results shown are

the mean + SEM (n=5 for each experimental group).
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V. DISCUSSION

This study reports the results of a novel SK1 attiy K6PC-5, on G signaling
in human keratinocytes and fibroblasts as well esatinocyte differentiation and
fibroblast proliferation in both cultured cells amdirine skin. SK-activating profile of
K6PC-5 was found when new chemicals derived fromattive and short-chain
pseudoceramides were being developed to promotikecytes differentiatich.
However, K6PC-5 represents a compound with novidliies not anticipated from
its simple short-chain pseudoceramide structureP®®6 activated SK in a dose-
dependent manner, inducing the conversion of Chihgpsine to C17-STE Since
SK1 knockout mice show no SK activity in whole oD this result revealed K6PC-
5 to be a direct activator of SK1.

In this study, K6PC-5-induced [€% oscillations in both HaCaT keratinocytes and
human fibroblasts were blocked by the SK inhibit@sS and DHS. Moreover, both
cells transfected with siRNA-SK1 did not responKi®PC-5. These results further
reveal that K6PC-5 is a direct activator of SK, exsglly SK1. Distinct [C&];
mobilization by K6PC-5 also was evident in muripédermis. In addition, PTX and
U73122 did not prevent [€§; oscillations by K6PC-5, but both of these compaund
inhibited the S1P-induced effects in HaCaT cellsese findings suggest that KEPC-5
can enhance the role of S1P as an intracellulasnsemessenger. Although many

activators of SK have been identified, most of thewolve upstream cell membrane
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receptor& However, there is no evidence that K6PC-5 indumeltular response
through a membrane receptor. In fact, the hydrojghpboperty of K6PC-5 may
allow easy passage into and through the cell memabiais therefore suggested that
K6PC-5 is a unique compound having direct effects)SK1 enzyme activity in
epidermal keratinocytes and dermal fibroblastsof.s

S1P has been shown to operate via both PLC-deperatah -independent
pathways to increase [€% signaling. Blom et al. also reported recently thaj i®
the major [C4]; releasing second messenger in an exogenous Sdfattng
system, effects that are dependent on both PLCtledsubsequent generation of
intracellular S1F. Additionally, endogenous S1P also affects’[Gancreases in
HEK-293 cell§®. Although an intracellular target(s) for S1P hasé yet to be
identified, several investigations have shown dirfga’"]; mobilizing effects of
intracellular S1P %X However, the mechanism of which intracellular $débilizes
[C&a”™]; from intracellular stores is also unknown, althowgnovel C& channel has
been reportéd. The current studies reveal another possible nmsmafor these
effects. Specifically, since the K6PC-5-induced {Gaesponse was dependent on
both Tg-sensitive G stores and extracellular €aand since both 2-APB and &d
prevented the [C4; oscillations by K6PC-5, intracellular S1P produtgdkK6PC-5
appears to release arom intracellular stores using an alternate pathwrhe
[C&a’™]; signal induced by K6PC-5 is distinct from the slaal PLC/IR pathway

because these K6PC-5 effects are independenPa@iGand PLEB. Although KEPC-
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5 induced S1P-evoked [€3 signaling, there was no evidence that S1P bindsity
to the IR receptor to release intracellular C#o the cytoplasm. In fact, this effect
may reflect indirect Ca signaling of intracellular S1P, which Blom et pteviously
suggested to explain results in their sy$tem

The study of S1P-mediated events is challengingt dsinctions both as an
extracellular ligand for a family of five GPCRs arah intracellular second
messengér Exogenous S1P affects its receptors on cell mengyras its structural
characteristics preclude its direct penetratiomugh cell membranes. Conversely,
since, as shown here, K6PC-5 can readily peneteltanembranes to activate SK1
and increase endogenous S1P levels, this novel @amdpshould be useful for
studying the intracellular roles and fCasignals induced by S1P.

Vogler et al. previously reported that S1P enhardiéferentiation of cultured
keratinocytes and possesses anti-proliferative ceffihat protects cells from
programmed cell death Kim et al. also showed that S1P inhibits humanatieocyte
proliferation via Akt/protein kinase B inactivatin Therefore, similar effects of
K6PC-5 can be anticipated on keratinocytes viadsction of S1P levels. This study
shows that K6PC-5 and S1P increased mRNA and prédeels of involucrin and
filaggrin as specific differentiation markers in €&l cells, and that sSiRNA-SK1
blocked the expression of involucrin induced by K&F and S1P. Their respective
protein expression is elevated by K6PC-5 topicahttnent in murine epidermis.

Interestingly, exogenous S1P also vyielded similasults. Moreover, using an
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establishedn vivo model, the hyperplasia induced by tape strippimidirless mouse
epidermis was significantly inhibited by both K6BGnd S1P, with a corresponding
inhibition of PCNA staining. These results revaattK6PC-5 and S1P have anti-
proliferative effect on the epidermis of murine rskunder hyperproliferative
conditions.

Although that the extent to which impaired epiddrpraliferation plays a role in
the pathogenesis of certain skin diseases remaig@of debate, the present results
suggest that the regulation of S1P levels may semtea useful, novel approach for
the treatment for such skin diseases by reguldtoth epidermal differentiation and
proliferation. Interestingly, K6PC-5 increased eegwion of specific differentiation-
associated marker proteins which are downregulitettte skin of atopic patients
including K5, K10, involucrin, and filaggrih Moreover, K6PC-5 decreases the
epidermal thickness and PCNA-positive cells in ainauhyperproliferative model.
Together, these findings suggest that S1P repsesanattractive sphingolipid for the
regulation of both differentiation and proliferatiof epidermal keratinocytes.

Here, the role of S1P in aged skin is also investid, again through topical
application of K6PC-5 as a SK activator. KEPC-5mpoted cell proliferation and
procollagen-I synthesis in primarily cultured hunmregonatal fibroblasts, in addition,
K6PC-5 induced a significant increase in fibroblasinber, collagen production, and
dermal thickness in aged murine skin after two week topical application. The

depletion of collagen synthesis and a decreaseibobbiast numbers are well-
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established for both chronologically-aged and plastmaged skin. Isolated
fibroblasts from aged human skin showed decreasetdifgoation and altered
appearanc& Collagen degradation was also observed in bdtmsically-aged and
photo-damaged skih As S1P up-regulates proliferation and survivdilmoblasts, it
may be suggested that the effects of KEBPC-5 onnmautdiermis are S1P-mediated
results through specific activation of SK1.

K6PC-5 also elevated the expression of differeintiaspecific marker proteins,
including involucrin, loricrin, filaggrin, and ketia 5 in aged mouse epidermis. This
effect is consistent with the prior study in youmgpuse skin, where K6PC-5 has
paradoxical effects on epidermis and dermis. Tipasadoxical results of KBPC-5 in
intrinsically aged skin (as an vivo model) correlate well with the previous vitro
result$®. S1P stimulates both keratinocyte differentiationl fibroblast proliferation,
which account for the opposing effects on epidetanid dermis. It may be suggested
that the paradoxical effect of S1P on epidermis @éeanis may provide additional
benefits to aged skin over other anti-aging agdfas.example, retinoids are widely
used in the treatment of skin aging to improve dérunction; i.e., to enhance both
fibroblast proliferation and collagen productiomdato decrease matrix metallo-
proteinase-mediated extracellular matrix degrad@ioHowever, retinoids also
induce epidermal hyperplasia Although Rittie et al. demonstrated that epiddrma
growth factor receptor activation mediates retifiadluced epidermal hyperplasia by

specific induction of its ligands, heparin-binditfgGF and amphiregulin, and
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suggested that EGFR inhibitors can mitigate thimot-induced scalin, retinoid-
induced scaling remains a major deterrent to ifctd use. It was investigated
whether K6PC-5 similarly induces epidermal hypesiaabut no such effect was
evident. Moreover, K6PC-5 did not increase epidétiniakness and PCNA-positive
(proliferating) keratinocytes. These results sugdkeat K6PC-5 may be a useful
treatment for skin aging without inducing epiderrhgperplasia and affecting barrier
function. Although mechanism(s) responsible forpheadoxical effects of S1P is not
known, these specific signals may provide many fsn&hen treating skin disorders
as compared to other compounds, such as retintitistestingly, K6PC-5 also
inhibited the vehicle-induced attenuation of SCegmity as a result of elevated
keratinocyte differentiation, although CD densitasmot affected. It is anticipated
that this represents another potential benefit@P&-5 in aged skin.

It has also been previously reported that the &d@ipplication of a KEPC-5 cream
improves eye-wrinkles of women volunteers in aichh study’. K6PC-5 of 1%
concentration cream, when used for 8 weeks, yieldsiynificant improvement of
eye wrinkles as assessed by video analysis of iliticas. This clinical result
suggested that K6PC-5 could be useful for treatnoérdaged skin, including sun-
exposed skin.

Recently, S1P is being recognized as an importghingolipid, along with
ceramide and sphingosine, each of which has divetsssiological functions,

including regulation of cell growth and survivahd regulation and roles of S1P and
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SK in many diseases including cancer, allgery, mathand the development of
vascular and neuronal system have recently beeiewed®. However, in skin
disorders, the roles of S1P and SK have not beequadely studied. Here, this study
reveals that K6PC-5 induces paradoxical effecttherepidermis and dermis through
SK-mediated S1P production, and suggests that &fiPation may represent a novel
approach for the treatment of skin disorders sichtapic dermatitis, psoriasis, and
skin aging.

Finally, for further studies, it has to be inveatgd what signal transduction
pathway(s) is/are involved in the intracellular *Gaduced keratinocyte
differentiation and fibroblast proliferation. Indeginocytes, it is well known that €a
is an important regulator of keratinocyte diffefatibn. Li et al. suggested that
intracellular C&" stores are important for inhibition of DNA syntigswhile
elevation of [C&]; stimulates the expression of differentiation-ased marker
proteins in cultured mouse keratinocyte&fimova et al. reported that activation of
involucrin transcription involves a pathway thatludes protein kinase C, Ras,
MEKK1, MEK3, and p38/RK’. Tu et al. also showed that the increase of the
extracellular C& leads to a rapid increase in fC]a and IR production and,
subsequently, to the expression of differentiatisiated genes in cultured human
keratinocyte§. In prior study, KBPC-5 showed that the phosptatigh of p42/44
extracellular signal-regulated kinase (ERK) andue-MN-terminal kinase (JNK) are

downstream signaling events following the increaseCa* in normal human
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kerationicyte®. It is anticipated that K6PC-5-induced [(Qa also induces
keratinocyte differentiation through a similar pa#ty in keratinocytes. In fibroblasts,
but, the roles of intracellular and/or extraceltue* for fibroblast proliferation are

little known. It has to be studied further inclugisignal transduction pathway(s).
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V. CONCLUSION

The aim of this study is to investigate the dffeicK6PC-5 as a SK activator on
keratinocyte differentiation and fibroblast protdgion in skin through [C&];

signaling.

1. KBPC-5 induces [Ca®]; oscillations through SK activation in human
keratinocytes and fibroblasts. K6PC-5 induced intracellular €asignaling in intact
HaCaT keratinocytes and primary neonatal fibroblastfects that are attenuated by
the SK inhibitors, DMS and DHS, and by siRNA-SK16RC-5-induced [Cd];
oscillations were dependent on both thapsigargisitiee C&" stores and Caentry,

but not PLC/IR-related pathway.

2. K6PC-5 actsto regulate both differentiation and proliferation of keratinocytes
through SK activation. K6PC-5 enhanced the expression of differentiation-
associated marker proteins, including involucrird dilaggrin, in both cultured
HaCaT keratinocytes and intact murine epidermisP®% also inhibited epidermal
hyperplasia induced by repeated tape stripping afldss mouse epidermis. The
increase of both epidermal thickness and PCNA-peskeratinocytes was inhibited

by topical K6PC-5.
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3. K6PC-5 acts to regulate fibroblast proliferation through SK activation. K6PC-

5 promoted proliferation and procollagen production human fibroblasts, and
enhanced both fibroblast procollagen production agermal thickness in
intrinsically-aged hairless mice (56 weeks oldeafivo weeks topical application.
K6PC-5 also promoted specific epidermal differeidimmarker proteins without any

alterations in epidermal barrier function.

These results demonstrated that K6PC-5 as a SkKvasmti induces both
keratinocyte differentiation and fibroblast profédigon in skin, and paradoxical
effects on the epidermis and dermis via {Gaesponses through intracellular S1P

production.
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