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Keratinocytes and Indirectly Regulates Matrix Metalloproteinase 1
Release from Fibroblasts
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Ultraviolet (UV) radiation-induced loss of dermal extracellular matrix is associated with skin
photoaging. Recent studies demonstrated that keratinocyte-releasable stratifin (SFN) plays a critical
role in skin collagen metabolism by inducing matrix metalloproteinase 1 (MMP1) expression in target
fibroblasts. In the present study, we examined whether SFN released from UVB-irradiated epidermal
keratinocytes increases MMP1 release from dermal fibroblasts, and whether these events are affected
by p-coumaric acid (p-CA), a natural phenolic compound with UVB-shielding and antioxidant properties.
HaCaT cells were exposed to UVB in the absence and presence of p-CA, and the conditioned medium
was used to stimulate fibroblasts in medium transfer experiments. The cells and media were analyzed
to determine the expressions/releases of SFN and MMP1. UVB exposure increased SFN release from
keratinocytes into the medium. The conditioned medium of UVB-irradiated keratinocytes increased
MMP1 release from fibroblasts. The depletion of SFN using a siRNA rendered the conditioned medium
of UVB-irradiated keratinocytes ineffective at stimulating fibroblasts to release MMP1. p-CA mitigated
UVB-induced SFN expression in keratinocytes, and attenuated the MMP1 release by fibroblasts in
medium transfer experiments. In conclusion, the present study demonstrated that the use of UV
absorbers such as p-CA would reduce UV-induced SFN-centered signaling events involved in skin

photoaging.
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INTRODUCTION

Intrinsic aging of human skin due to genetic factors and
the passage of time is inevitably exacerbated by extrinsic
skin aging resulting from environmental factors such as so-
lar radiation and pollutants [1]. Ultraviolet radiation (UV)
is a major cause of photoaging, a type of extrinsic skin ag-
ing, which involves changes in the composition of the der-
mal extracellular matrix [2]. Matrix metalloproteinases
(MMPs), a family of zinc endopeptidases, play a key role
in the turnover of extracellular matrix macromolecules
such as type I collagen [3,4]. Exposure to UV elevates the
expression of MMPs in skin cells [5], which can impair the
structural integrity of skin and trigger skin tissue remodel-
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ing, resulting in the formation of wrinkles and other pheno-
types of skin aging [6,7].

Keratinocyte-releasable stratifin (SFN), also known as
14-3-3 sigma protein, is known to play a critical role in the
induction of MMP1 expression in target fibroblasts by acti-
vating c-Fos and c-Jun through a p38 mitogen-activated
kinase-dependent mechanism [8,9]. Consequently, SEFN is
an important signaling molecule involved in communication
between keratinocytes and fibroblasts, especially concern-
ing the regulation of collagen turnover in the dermis. A re-
cent study demonstrated that increase of SFN due to UV
radiation is potentially related to premature skin aging
[10]. Thus, there is considerable interest in the develop-
ment of cosmetic ingredients which can attenuate UV-in-
duced, SFN-centered signaling events as a novel approach
to retard skin photoaging processes.

In the present study, we examined whether SFN released
from UVB-irradiated epidermal keratinocytes increases
MMP1 release from dermal fibroblasts, and whether these

ABBREVIATIONS: ELISA, enzyme-linked immunosorbent assay;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix
metalloproteinase; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide; p-CA, p—coumaric acid; PIP, procollagen type I
C-peptide; qRT-PCR, quantitative reverse transcription polymerase
chain reaction; SFN, stratifin; siRNA, small interfering RNA; UV,
ultraviolet.
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events are affected by p-coumaric acid (p-CA), a natural
metabolite produced in many plants such as Sasa quel-
paertensis Nakai and Vaccinium bracteatum Thunberg [11,12].
p-CA was chosen as a test material because its UVB-shield-
ing and anti-oxidant properties were previously demon-
strated in cultured cells [13,14] and animal models [15-17].
The results from the current study showed that p-CA miti-
gated UVB-induced SFN expression in keratinocytes, and
attenuated the MMP1 release by fibroblasts in medium
transfer experiments, suggesting its utility as an active cos-
metic ingredient.

METHODS
HaCaT cell culture

HaCaT cells were grown in Dulbecco’s modified Eagle me-
dium containing Nutrient Mixture F-12 (DMEM/F-12) me-
dium (GIBCO-BRL, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum, 100 U mL" penicillin, 0.1 mg
mL" streptomycin, 0.25 «g mL" amphotericin B, and 10 «g
mL"' hydrocortisone. Cells were cultured at 37°C in a hu-
midified atmosphere containing 5% CO..

UVB-exposure of HaCaT cells

HaCaT cells were seeded on a 6-well plate at a density
of 3x10° cells per well and grown in the culture medium
for 24 h. The cells were washed twice with PBS and exposed
to UVB by using PBS as the irradiation medium. UVB irra-
diation was carried out under a cell culture hood using a
UVB lamp (Model UVB-18; ULTRA*LUM Inc., Claremont,
CA, USA) with maximum intensity at 300 nm. The in-
tensity of UV radiation was determined using a UV light
meter (Model UV 340A; Lutron Electronic Enterprise Co.
Taipei, Taiwan). Cells were irradiated with UVB at a fixed
intensity of 80 «W cm™ for varied durations to provide dif-
ferent doses of UVB (5, 10, or 15 mJ cm™) [18]. Following
irradiation, the medium was changed to the growth me-
dium, and the cells were incubated for 24 h. These cells
were subjected to various assays as detailed below. The con-
ditioned media from the control or the UVB-irradiated
HaCaT cells were harvested and clarified by centrifugation
at 1300xg for 5 min.

Transfection of HaCaT cells with a small interfering
RNA (siRNA)

Human SFN siRNA #1299001, HSS142243), human p53
siRNA #1299001, HSS110905) and a negative control siRNA
with scrambled sequences (#12935200) were purchased
from Invitrogen (Grand Island, CA, USA). The nucleotide
sequences of siRNAs were as follows: SFN (GenBank ac-
cession number NM_006142.3) 5-UCU CAG UAG CCU
AUA AGA ACG UGG U-3’ (sense) and 5-ACC ACG UUC
UUA UAG GCU ACU GAG A-3 (antisense). For trans-
fection, HaCaT cells were treated with a mixture of 20 nM
siRNA and 1.25 L mL" Lipofectamine RNAIMAX (Invit-
rogen) in Opti-MEM (Invitrogen) for 4 h followed by a 24
h recovery in the growth medium.

UVB irradiation of HaCaT cells in the presence of
p-CA

p-CA was purchased from Sigma-Aldrich (St. Louis, MO,
USA). HaCaT cells were exposed to UVB radiation at 15
mdJ cm? or not, in PBS containing p-CA at the specified
concentrations. After irradiation, cells were incubated in
the growth medium without p-CA for 24 h.

Cell viability assay

Cell viability was assayed using 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT). Briefly, cul-
tured cells were washed with PBS and incubated in 1.0 mL
culture media supplemented with 1.0 mg mL' MTT for 3
h. Following MTT incubation, the medium was discarded,
and the accumulated formazan inside the cells was ex-
tracted with isopropanol and quantified by measuring the
absorbance at 595 nm with a microplate reader (Model 550;
Bio-Rad, Hercules, CA).

Culture of human dermal fibroblasts

Human dermal fibroblasts from adult skin were obtained
from Cascade Biologics (Portland, OR, USA). The cells were
cultured using Iscove’s modified Dulbecco’s medium (GIBCO-
BRL) containing 10% fetal bovine serum, 100 U mL" pen-
icillin, 0.1 mg mL" streptomycin, and 0.25 ~g mL' ampho-
tericin B.

Treatment of fibroblasts with the conditioned medium
of HaCaT cells

Human dermal fibroblasts were seeded on a 6-well plate
at a density of 2x10° cells per well and grown in culture
medium for 24 h. The fibroblasts were cultured for another
24 h after the growth medium was replaced with the con-
ditioned medium of HaCaT cells.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

Total cellular RNA was extracted using the RNeasy Kit
(Qiagen). To prepare the cDNA, 1 «g cellular mRNA was
reverse transcribed using the High Capacity cDNA Archive
Kit (Applied Biosystems, Foster City, CA, USA). PCR am-
plification was conducted using the StepOnePlus™ Real-Time
PCR System in reaction mixtures (20 #L) containing SYBR”
Green PCR Master Mix, 60 ng ¢cDNA, and 2 pmol gene-spe-
cific primer sets (Macrogen, Seoul, Korea). The primers
used for PCR analysis are as follows: MMP1 (GenBank ac-
cession numbers NM_001145938.1) 5-CAT ATA TGG ACG
TTC CCA AAA TCC-3” (forward) and 5-GTG CGC ATG TAG
AAT CTG TCT TTA A-3” (reverse); SFN (NM_006142.3)
5-AGA GAC ACA GAG TCC GGC AT-3" (forward) and
5-ATG TCC TCA TAG CGT TCG GC-3” (reverse); glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH; NM_ 0020-
46.3) 5-ATG GGG AAG GTG AAG GTC G-3” (forward) and
5-GGG GTC ATT GAT GGC AAC AA-3’ (reverse). Reactions
were performed under the following conditions: 50°C for
2 min, 95°C for 10 min, 40 amplification cycles (95°C for
15 s and 60°C for 1 min), followed by a dissociation step.
Melting curve analysis showed single peaks, which sup-
ported the homogeneity of amplicons. The mRNA expression
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level relative to the internal control GAPDH was calculated
using the comparative threshold cycle method.

Western blot

Whole cell lysates of HaCaT cells and human dermal fi-
broblasts were prepared using a lysis buffer (10 mM Tris-Cl,
pH 7.4, 120 mM NaCl, 256 mM KCI, 2 mM EGTA, 1 mM
EDTA, 0.5% Triton X-100, and protease inhibitor cocktail).
The total protein concentration was determined by the
Lowry method. Aliquots of cell lysates (30 g protein), or
conditioned medium of HaCaT cells (40 «L) were subjected
to sodium dodecyl sulfate-polyacrylamide gel -electro-
phoresis (SDS-PAGE) under denaturing conditions. Pro-
teins separated on the gel were transferred to polyvinylidene
fluoride membranes and stained with the Ponceau S re-
agent (Sigma-Aldrich). The membrane was incubated with
an appropriate primary antibody overnight at 4°C, followed
by a secondary antibody conjugated to horseradish perox-
idase for 1 h at room temperature. Immuno-reactive bands
were detected using a picoEPD Western Reagent kit (ELPIS-
Biotech, Daejeon, Korea) and subjected to densitometric
analysis. The mouse monoclonal SFN antibody (ab14123)
and the rabbit polyclonal MMP1 antibody (ab38929) were pur-
chased from Abcam (Life Sciences-Biotech, Cambridge, UK).
The rabbit polyclonal caspase 3 antibody (#9662) was pur-
chased from Cell Signaling (Danvers, MA, USA). The mouse
monoclonal £ -actin antibody #A5441) was purchased from
Sigma-Aldrich.

Enzyme-linked immunosorbent assay (ELISA)

The human MMP1 ELISA Kit was purchased from Abcam.
Human procollagen type I C-peptide (PIP) EIA Kit was pur-
chased from Takara Bio, Inc. (Otsu, Japan). Human dermal
fibroblasts were seeded in 48-well culture plates at a den-
sity of 5x10" cells per well and grown in the conditioned
medium of HaCaT cells. After 24 h, the fibroblasts were
washed with PBS and fed fresh fibroblast growth medium
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without serum, followed by an additional 24 h of incubation.
The conditioned medium of the fibroblasts was collected,
and the concentrations of MMP1 protein and PIP were
measured using the aforementioned sandwich immuno-
assay Kkits according to the manufacturer’s instructions.
MMP1 protein samples (100 L conditioned medium or 25~
6000 pg mL"' standard MMP1 protein) were transferred to
microplate wells containing immobilized MMP1 antibody.
The wells were washed and solutions of biotinylated MMP1
antibody and horseradish peroxidase-conjugated streptavi-
din were added. After washing the wells, the 3,3",5,5"-tetra-
methylbenzidine substrate solution was added to the wells
to initiate enzymatic color development. After 30 min, the
reaction was terminated using the stop solution, and the
absorbance was measured at 450 nm. The PIP assay was
used as a measure of collagen synthesis. In this assay, PIP
antibody-peroxidase conjugate solution (100 L) and sam-
ples (20 «L conditioned medium or 10~320 ng mL"' of
standard PIP) were added to the microplate well containing
monoclonal PIP antibody. After a washing step, the sub-
strate solution was added and the mixture was incubated
for 15 min. Absorbance at 450 nm was measured after the
addition of the stop solution.

Statistical analysis

Data are presented as the mean+the standard error of
three or more independent experiments. The significance
of differences between groups was determined using the
Student’s t-test, at a level of p<0.05.

RESULTS

To examine cellular changes due to UVB irradiation,
HaCaT cells were cultured and exposed to UVB at doses
ranging from 5 to 15 mJ cm™ The effects of UVB on SFN
expression at the mRNA and protein levels were determined
by qRT-PCR analysis and western blotting, respectively.

Fig. 1. Effects of UVB irradiation
SFN expression/release of HaCaT
cells. HaCaT cells were irradiated
with UVB at 5~15 mJ cm” and in-
cubated for 24 h. (A) SFN mRNA

levels were determined by qRT-PCR

SFN

analysis using GAPDH as a control.
(B) SFN protein levels were deter-

mined by Western blot analysis of
whole cell lysates using A-actin as a
control. (C) The released SFN protein
levels were determined by Western
blot analysis of the conditioned media
derived from HaCaT cells exposed to
different doses of UVB. For detection
of total protein, the transferred me-

| UVB (mJ-cm?) ‘ 0 | 5 ‘10 ‘ 15 ‘

mbrane was stained with Ponceau S.
Data are presented as fold changes

UVB (mJ-cm?) ‘ 0 \ 5 ]10 ] 15 [

versus the non-irradiated control
(Mean+SE, n=3). *p<0.05 versus
non-irradiated controls.
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Fig. 3. An essential role for SFN derived from UVB-irradiated HaCaT keratinocytes in stimulating fibroblasts to express/release MMP1
protein. (A, B) HaCaT cells were transfected with a SFN siRNA or negative control siRNA for 24 h, followed by exposure to UVB at 15
md cm? After a 24 h incubation period, the intracellular (A) and released SFN protein levels (B) were determined by western blots of
whole cell lysates and the conditioned media, respectively. For detection of total protein, transferred membrane was stained with Ponceau
S. (C, D) Fibroblasts were cultured for 24 h in their own growth medium or the conditioned medium derived from HaCaT cells. The medium
was then replaced by the fibroblasts growth medium without serum. After 24 h of incubation, MMP1 (C) and PIP (D) in the conditioned
medium of fibroblasts were quantified using sandwich immunoassay kits. Data are presented as fold changes versus the control cells without
medium transfer (Mean+SE, n=3). *p<0.05; n.s., not significant.
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The results showed that UVB exposure increased both
mRNA and protein levels of SEN (Figs. 1A and 1B), indicat-
ing that SFN expression was stimulated by UVB at the
transcription level. The level of SFN protein released was
determined by western blot analysis of the conditioned me-
dium derived from HaCaT cells. As shown in Fig. 1C, SFN
protein release increased in a UVB dose-dependent manner.
In contrast, the content of total soluble proteins stained
with Ponceau S showed no significant changes due to UVB
exposure.

We previously showed that the conditioned medium of
UVB irradiated HaCaT cells stimulated the MMP1 protein
expression in fibroblasts [18]. In the current study, we re-
peated the identical medium transfer experiments and ob-
served that fibroblasts grown in transferred condition me-
dium had significantly augmented MMP1 mRNA (Fig. 2A)
and protein expressions (Figs. 2A and 2B) compared to the
control groups of fibroblasts without medium transfer and
those treated with the conditioned medium of non-irradi-
ated HaCaT cells. In addition, the release of MMP1 from
fibroblasts into the extracellular space increased by the
transfer with the conditioned medium of UVB-irradiated
HaCaT cells (Fig. 2C).

Collagen molecules are synthesized from procollagen pre-

cursors, which contain additional N- and C-terminal pro-
peptide sequences [19]. These propeptides are cleaved from
collagen molecules towards the end of the collagen matura-
tion process. Thus, the concentration of propeptides such
as PIP directly correlates with collagen synthesis. This rela-
tionship was employed to measure the effects of the con-
ditioned medium of UVB-irradiated HaCaT cells on fibro-
blast release of PIP into the extracellular space. The results
showed a depressed release of PIP (Fig. 2D) from fibroblasts
into the extracellular space.

In order to determine whether SFN released from UVB-ir-
radiated keratinocytes plays a critical role in stimulating
fibroblasts to release MMP1, HaCaT cells were transfected
with SFN siRNA under various conditions. As shown in Fig.
3A, SFN expression in the SFN siRNA-transfected HaCaT
cells was much lower than in the control cells, under both
non-irradiated and UVB-irradiated conditions. In addition,
the quantity of SFN protein in the conditioned medium of
UVB-irradiated HaCaT cells was lowered by SFN siRNA
treatments (Fig. 3B). The depletion of SFN rendered the
conditioned medium of UVB-irradiated HaCaT cells in-
effective at stimulating fibroblasts to release MMP1 (Fig.
3C) without significantly affecting the levels of PIP (Fig. 3D).

In additional experiments, the effects of p-CA on UVB-in-
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Fig. 6. Effects of the conditioned medium of HaCaT cells UVB-irradiated in the presence of p-CA on the releases of MMP1 and PIP from
fibroblasts. HaCaT cells were irradiated with UVB at 15 mJ cm? or not, in the absence or the presence of p-CA at the indicated concentrations.
The cells were then cultured in the fresh medium without p-CA for 24 h to harvest the conditioned medium. Fibroblasts were cultured
for 24 h in the conditioned medium derived from HaCaT cells, and then the medium was replaced with fibroblast growth medium without
serum. After incubating for 24 h, MMP1 (A) and PIP (B) in the fibroblasts conditioned medium were quantified using sandwich immunoassay
kits. Data are presented as fold changes versus the control cells (mean+SE, n=3). *p<0.05.

duced cytotoxicity and SFN-centered signaling events were
examined. We reported in a previous study [18] that HaCaT
cell viability was reduced by UVB exposure, and this change
was accompanied by the activation of caspases involved in
apoptosis [20,21]. In the present study, p-CA was included
in the irradiation medium at 3~30 xg mL" during UVB
exposure of HaCaT cells at 15 mJ cm™ to examine its effects
on apoptotic cell death induced by UVB. p-CA attenuated
the UVB-induced cell death of HaCaT cells in a dose-de-
pendent manner (Fig. 4A). As expected, UVB irradiation
increased cleavage of procaspase-3 to its cleaved active
form, and this change was attenuated by p-CA in a dose-de-
pendent manner (Fig. 4B). In the absence of UVB irradi-
ation, p-CA has no effects on cell viability and caspase 3
activation.

We then examined the effects of p-CA on the SFN ex-
pression and release by HaCaT cells irradiated with UVB.
As shown in Fig. 5A, p-CA had no significant effects on
basal SFN mRNA expression but it suppressed UVB-stimu-
lated SFN expression in a dose-dependent manner. It also
decreased SFN protein release from the UVB-irradiated
HaCaT cells into the conditioned medium in a dose-depend-
ent manner (Fig. 5B).

Because the conditioned medium of UVB-exposed HaCaT
keratinocytes stimulated MMP-1 expression in fibroblasts
via paracrine effects, we tested if this effect can be counter-
acted by p-CA in the medium transfer experiments. The
conditioned medium from HaCaT cells, exposed to UVB in
the absence or presence of p-CA, was transferred to fibro-
blasts cultures, and the releases of MMP-1 and PIP from
fibroblasts were determined. As shown in Fig. 6A, the con-
ditioned media of HaCaT cells, UVB-irradiated in the pres-
ence of increasing doses of p-CA, were less effective at stim-
ulating fibroblasts to release MMP1 compared to the pos-
itive control medium of the cells UVB-irradiated in the ab-
sence of p-CA. The former medium was also less effective

decreasing PIP release than the positive control medium
(Fig. 6B). p-CA itself had no effects on the release of MMP1
or PIP from fibroblasts under non-irradiated conditions.

DISCUSSION

The present study clearly reveals that UVB irradiation
of cultured keratinocytes increased SFN release into ex-
tracellular medium. The stimulatory effects of the con-
ditioned medium of HaCaT cells on the MMP1 expression
in fibroblasts were largely dependent on the SFN level.

We observed that the conditioned medium from UVB-ir-
radiated HaCaT cells increased the MMP1 release while
decreasing PIP release from fibroblasts. This indicates that
UVB not only stimulates collagen degradation but also in-
hibits collagen synthesis in fibroblasts through mechanisms
mediated by the released factors from the UVB-irradiated
keratinocytes. Initially, we assumed that SFN released
from the UVB-irradiated keratinocytes might regulate both
collagen degradation and collagen synthesis in target
fibroblasts. However, both depletion and over-expression of
SFN in HaCaT cells only changed the MMP1, but not PIP,
release from fibroblasts. These results suggest that SFN
in the conditioned medium of the UVB-irradiated HaCaT
cells is a key regulator of MMP1 expression by fibroblasts,
and there may be other factors responsible for the in-
hibition of collagen synthesis. Another research group has
proposed that degraded collagen fragments inhibit collagen
synthesis [22].

The loss of components from the dermal extracellular ma-
trix due to over-activation of MMPs is considered an im-
portant mechanism in the tissue remodeling associated
with phenotypic changes during skin photoaging [6,7]. Thus,
the pharmacological targeting of MMPs, including MMP1,
is a promising strategy to retard the skin aging process.
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Because SFN derived from UVB-irradiated keratinocytes
plays a role in the regulation of MMP1 expression in fibro-
blasts, intervention of SFN expression or SFN-mediated
signaling pathways may be useful to control expression and
release of MMP1 from fibroblasts.

In the present study, p-CA was tested as a model com-
pound of naturally occurring UV absorbers. As expected
from its UV-absorbing property, p-CA mitigated UVB-in-
duced cytotoxicity and caspase 3 activation, in a dose-de-
pendent manner. This compound also suppressed SFN ex-
pression/release by UVB-irradiated HaCaT cells and in-
directly prevented MMP1 expression/release from fibro-
blasts, in a dose-dependent manner. Collagen biosynthesis
in fibroblasts, as monitored by PIP content, was also re-
stored by the inclusion of p-CA in the medium during UVB
exposure of HaCaT cells. Thus, the UVB-induced various
biochemical events including SFN-mediated signal trans-
duction leading to MMP1 activation can be avoided by using
effective UVB absorbers such as p-CA.

We have previously reported that p-CA formulated in a
form of cosmetic cream attenuated UVB-induced erythema
and subsequent pigmentation in hairless mouse and human
skin [15,23]. Other studies reported that SFN expression
level was higher in sun exposed human skin than in
sun-shielded skin, supporting a role of SEN as a contributor
to in skin photoaging [10]. It would be of interest to exam-
ine whether p-CA attenuates SFN expression and con-
sequent MMP1 expression in the skin in vivo, in the future
study.

CONCLUSION

In conclusion, the present study demonstrated that the
use of UV absorbers such as p-CA would be a promising
strategy to reduce UV-induced, SFN-centered signaling
events associated with dermal collagen loss during skin
photoaging.
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