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Abstract
Dermal–epidermal interaction plays a role in many pathophysiological processes, such

as tumor invasion and psoriasis, as well as wound healing, and is mediated at least in

part by secretory factors. In this study, we investigated the factor(s) involved. We

found that stanniocalcin-1 (STC1), a cytokine, is expressed at the basal layer of epider-

mis. Knockdown of STC1 with siRNA in HaCaT cells decreased matrix

metalloproteinase 1 (MMP1) expression, suggesting that STC1 serves as an autocrine

factor, maintaining MMP1 mRNA expression in the epidermal layer. In dermal fibro-

blasts, STC1 increased MMP1 mRNA expression and decreased collagen1A1 and

elastin mRNA expression. These actions were inhibited by SP600125, a jun kinase

(JNK) inhibitor. Nuclear translocation of AP-1, a downstream signal of JNK, was

implicated in the actions of STC1. In a coculture system of HaCaT cells and fibro-

blasts, used as a model of dermal–epidermal interaction, knockdown of STC1 in

HaCaT cells with siRNA reduced the negative effects (i.e., induction of MMP1 and

decrease of collagen1A1 and elastin) of STC1 on fibroblasts. These results suggest that

STC1 secreted from the epidermal layer is a mediator of dermal–epidermal interaction.
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1 | INTRODUCTION

Epidermal–dermal interaction plays an important role in skin
development and maintenance of skin condition.1 For exam-
ple, in the wound healing process, epithelial cells act to ter-
minate hypertrophy of the dermal layer by modifying dermal
fibroblast function, including inhibition of production of
type 1 collagen, a major component of the dermal layer, and
increase of matrix metalloproteinase 1 (MMP1), which
degrades type 1 collagen.2,3 Factors secreted from the epi-
dermal side are thought to mediate these changes,4,5 and if

the changes are delayed, fibrosis may occur. On the other
hand, in epithelial cancer invasion (e.g., squamous cell carci-
noma, SCC), epithelial cells secrete multiple factors that
weaken the dermal layer by increasing MMP1 production
and inhibiting matrix production.6 Therefore, modulation of
these secretory factors has potential clinical value, and stud-
ies are required to identify them.

STC1 is a glycoprotein secreted from a variety of tissues
and is conserved from fish to human.7,8 It is thought to show
both autocrine and paracrine actions, being involved in
inflammation,9 metabolism,10 development,11 and angiogen-
esis.12 It is expressed in various types of human epithelial
cell-derived malignancies, such as lung cancer,13 esophageal
cancer,14 and breast cancer.15 It is also related to metastasis

Abbreviations: JNK, jun kinase; MMP1, matrix metalloproteinase 1;
STC1, stanniocalcin-1.
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of renal cancer.16 Furthermore, in renal carcinoma cells,
inhibition of STC1 expression reduced invasive activity.17

Thus, STC1 secretion may regulate invasion of epithelial
cells into the connective tissue layer.

Therefore, in this study, we investigated the role of STC1
in dermal–epidermal interaction by means of epidermal–
dermal cell coculture, quantitative real-time PCR measure-
ments of mRNA expression, and histological observation.

2 | METHODS

2.1 | Materials

Neonatal human dermal fibroblasts were purchased from
Lonza (Walkersville, MD). SP600125 and fetal bovine
serum (FBS) were purchased from Sigma (St. Louis,
MO). HaCaT cells were obtained from Deutsches
Krebsforschungszentrum (DKFZ, Heidelberg, Germany)
with a material transfer agreement. Neonatal human
keratinocytes were purchased from Lonza (Walkersville,
MD) and cultured with Epilife GIBCO/BRL (Carlsbad,
CA). Superscript VILO, Lipofectamine, and DMEM were
from GIBCO/BRL (Carlsbad, CA). Cell culture flasks,
dishes, and Transwells were purchased from Falcon
(Franklin Lakes, NJ). RNeasy Protect Kit and QIAzol
were purchased from Qiagen (Valencia, CA). Rabbit anti-
phospho-c-JUN antibody and fluorescein-labeled anti-
mouse IgG antibody were purchased from Cell Signaling
Technology (Boston, MA). Stanniocalcin-1 was pur-
chased from Biovendor (Candler, NC).

2.2 | Coculture system

HaCaT cells and fibroblasts were cultured in Dulbecco's
modified Eagle's medium containing 10% (w/v) FBS in a
humidified atmosphere of 5% CO2 in air at 37�C. When cells
became subconfluent, they were harvested with 0.025% tryp-
sin and 0.01% EDTA and plated. HaCaT cells were plated at
a density of 25,000 cells/cm2. Cell abundance was measured
by alamarBlue assay18(Wako; Tokyo, Japan) according to
the instruction manual. Dermal fibroblasts were plated on
Transwells (Falcon; Franklin Lakes, NJ) at a density of
1,250 cells/cm2. After 24 hr, HaCaT cells were transfected
with siRNA by using Lipofectamine according to the
instruction manual. Twelve hours later, fibroblasts were
layered onto the HaCaT cells. Two days later, fibroblasts in
the upper well were harvested with QIAzol. siRNA for
STC1 (sequence: CTGCTTAAACAAAGCAGTATA) and
negative control siRNA were purchased from Qiagen
(Valencia, CA).

2.3 | Quantitative real-time PCR

RNA was extracted using a RNeasy Protect Kit and trans-
lated to cDNA using Superscript VILO according to the
manufacturer's instructions. 28S rRNA was quantified as an
internal control, and quantification of cDNA for each
selected gene was conducted by real-time PCR amplification
using a LightCycler.19 The cycle threshold values
(Ct values) calculated by LightCycler software ver. 3.5 were
normalized to 28S rRNA for each sample. Primers and pro-
bes used in this study were: MMP1 forward ATTTG
CCGACAGAGATGAAGTCC, reverse GGGTATCCGT
GTAGCACATTCTG; STC1 forward ATGAGGCGGAG
CAGAATGAC, reverse GTTGAGGCAACGAACCACTT;
COL1A1 forward AGCAGGCAAACCTGGTGAAC,
reverse AACCTCTCTCGCCTCTTGCT; ELN forward
TGTCCATCCTCCACCCCTCT, reverse CCAGGAAC
TCCACCAGGAAT; and 28S rRNA forward ACGGTA
ACGCAGGTGTCCTA, reverse CCGCTTTCACGGTCT
GTATT.

2.4 | Histological observation

Skin specimens were excised from the inner side of an upper
arm of eight Japanese female subjects in their 20s. All stud-
ies were approved by the ethics committee of Shiseido
Research Center. Informed consent was obtained from each
subject prior to all studies. Eight Caucasian females, in their
40s, with abdominal skin samples were purchased from
Biopredic International (Rennes, France). Samples had been
prepared from skin obtained during cosmetic surgery
according to the French Law L.1245 CSP “product and ele-
ment of human body taken during surgical procedure and
used for scientific research.” The specimens were fixed with
acetone and embedded in paraffin according to the AMeX
procedure.20 Sections of 5 μm were deparaffinized,
rehydrated through graded alcohols, and stained with
hematoxylin–eosin (HE) or stained with rabbit anti-human
STC1 polyclonal antibody (HPA023918; Sigma), followed
by detection with fluorescein-labeled anti-rabbit IgG anti-
body (Cell Signaling Technology, Boston, MA) or Envision
+ (Dako, Carpinteria, CA).

2.5 | Statistical analysis

All data were expressed as means ± SEM. Differences
between groups were examined for statistical significance by
using Student's t test or Dunnett's test as a multiple com-
parison test. A p value of less than .05 was considered to
indicate a significant difference.
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3 | RESULTS

3.1 | STC1 is expressed at the basal layer of
epidermis and serves to maintain MMP1
expression in epidermal cells

Immunofluorescence and immunohistochemical studies indi-
cated that STC1 is specifically localized at the basal layer of
the epidermis in skin specimens from sun-protected areas at the
inner side of the upper arm and the abdomen (Figure 1),
whereas STC1 was not detected in dermal fibroblasts. To clar-
ify the role of STC1 in epidermal cells, STC1 expression was
knocked down with siRNA in HaCaT cells (Figure 2). Cell
proliferation measured by alamarBlue assay and differentiation
measured by mRNA expression analysis of differentiation
markers (cytokeratins, involucrin, and loricrin) were unaffected
(data not shown). On the other hand, MMP1 mRNA expres-
sion in HaCaT cells was significantly inhibited (Figure 2). Sim-
ilar findings were obtained with a different siRNA for STC1
(data not shown). We also confirmed that addition of STC1 to
HaCaT cells in which STC1 expression had been knocked
down with siRNA significantly restored MMP1 expression
(Figure SS1**). Thus, STC1 may have an autocrine function
to maintain MMP1 gene expression in these cells.

3.2 | STC1 negatively regulates matrix-related
gene expression in dermal fibroblasts through
the JNK pathway

**As STC1 was expressed in the basal epidermal layer, we
next investigated the influence of STC1 on dermal cells,
fibroblasts. We found that STC1 concentration dependently
increased MMP1 mRNA expression in fibroblasts
(Figure 3a). STC1 also inhibited mRNA expression of both
the collagen1a1 component of Type 1 collagen and elastin
(Figure 3b,c). These results indicate that STC1 secreted from
epidermis may be a negative regulator of the dermal layer.
To investigate the mechanism of STC1 action on dermal
fibroblasts, we examined the effects of various inhibitors of
intracellular signaling molecules, such as NF-kB and MAP
kinase. JNK inhibitor SP600125 significantly inhibited the
effects of STC1 (Figure 4a–c). Furthermore, we observed
nuclear translocation of AP-1, a transcription factor that is

known to enhance MMP1 gene transcription and decrease
collagen1A1 and elastin gene transcription, and a down-
steam signaling molecule of JNK (Figure 4d).21–23 Thus,
STC1 appears to negatively regulate dermal fibroblast
matrix-related gene transcription via the JNK-AP-1 pathway.

3.3 | STC1 mediates the negative influence of
epidermal cells on dermal fibroblasts

To confirm that STC1 from epidermal cells is a negative reg-
ulator of dermal fibroblasts, we constructed a coculture sys-
tem of HaCaT cells and fibroblasts, separated by a
permeable membrane (Figure 5a). In this system, the two
cell types cannot contact each other directly, but signaling
molecules can pass through the permeable membrane. When
fibroblasts were cocultured with HaCaT cells, mRNA
expression of MMP1 was significantly increased, while
expression of collagen1A1 and elastin mRNAs was
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FIGURE 1 STC1 is expressed at the basal
layer of epidermis. (a) Immunofluorescence and
(b) immunohistochemical staining of STC1 in a
representative acetone-fixed specimen of
abdominal skin or skin from the inner side of the
upper arm of a female subject. Nuclei were stained
with DAPI or hematoxylin, respectively
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FIGURE 2 STC1 contributes to maintenance of MMP1
expression in HaCaT cells
(a) Knockdown of STC1 mRNA with siRNA in HaCaT cells. mRNA
abundance at 48 hr after transfection of siRNA for STC1 (STC),
negative control siRNA (Nega), or no transfection (Cont) was
expressed as mean ± SEM of three wells in each group. (b) MMP1
mRNA was decreased in the siRNA-treated HaCaT cells. The statistical
significance of differences between groups was determined by
Dunnett's test. *: p < .05, ***: p < .001 compared with Nega
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FIGURE 3 STC1 negatively regulates
dermal fibroblast matrix-related gene expression.
mRNA abundance of (a) MMP1, (b) collagen1A1,
and (c) elastin in human dermal fibroblasts at 48 hr
after addition of STC1, expressed as mean ± SEM
of three wells in each group. The statistical
significance of differences between groups was
determined by Dunnett's test. n.s., Not significant;
*, p < .05; **, p < .01; ***, p < .001 compared
with control
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FIGURE 4 STC1 negatively influences
dermal fibroblasts though the JNK pathway.
mRNA abundance of (a) MMP1, (b) collagen1A1,
(c) elastin in dermal fibroblasts treated with 5 μM
JNK inhibitor (SP600125) for 3 hr, followed by
treatment with 10 μg/mL STC1 for 24 hr. The
negative influence of STC1 on mRNA expression
in dermal fibroblasts (STC1) was significantly
reversed by SP600125 (STC + SP), whereas
SP600125 alone (SP) had no effect. mRNA
abundance was expressed as mean ± SEM of three
wells in each group. The statistical significance of
differences between groups was determined by
Dunnett's test. *: p < .05, ***: p < .001 of (STC
+ SP) compared with (STC1). (d) STC1 induces
AP-1 nuclear translocation (downstream signal of
JNK). Phospho-c-JUN was immunocytochemically
stained in dermal fibroblasts at the indicated time
after addition of STC1. Nuclei were stained
with DAPI
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significantly decreased in the fibroblasts (Figure 5b–d). We
further confirmed that normal epidermal cells significantly
increase mRNA expression of MMP1 and significantly
decrease collagen1A1 and elastin mRNA expression in
fibroblasts in the same manner as HaCaT cells in the
coculture system (Figure S2**). When STC1 expression in
the HaCaT cells was knocked down with siRNA, the
changes in mRNA expression of MMP1, collagen1A1, and
elastin in fibroblasts were partially reversed. These results
are consistent with the idea that STC1 from epidermal cells
is a negative regulator of dermal fibroblasts.

4 | DISCUSSION

In this study, we found that STC1 is expressed at the basal
layer of the epidermal layer and plays an autocrine role in
maintaining MMP1 expression in epidermal cells. It also down-
regulates the expression of matrix-related genes in dermal
fibroblasts. These results are consistent with the idea that STC1
is an epidermal secretory factor that plays a negative regulatory
role in modulating the condition of the dermal matrix.

Although STC1 is expressed in healthy subjects, it could
also have a pathological role. Secretory factors that are

increased in wound healing, tumor invasion, and psoriasis
have been investigated, but stably secreted factors could also
have a significant role in these diseases; for example, the
concentration of such a factor could be locally increased due
to an increase of the epidermal layer, as seen in the rete
ridges or in psoriasis. Furthermore, the dermal layer is sepa-
rated from the epidermal layer by the basal membrane,
which regulates communication between the two layers.
Thus, when basement membrane is impaired, such as during
wound healing or tumor invasion, cytokines may directly act
on the dermal layer even if their concentration is unchanged.
Therefore, STC1 could be an important player in dermal–
epidermal interaction in various situations.

SCC cells have been reported to increase MMP1 in the
adjacent dermal layer.24 Although the factor(s) mediating this
action has not been identified, it is known that the JNK–AP1
pathway is induced in dermal fibroblasts.17 These results are
consistent with our findings in this study that STC1 activates
the JNK–AP1 pathway to induce MMP1 in dermal fibro-
blasts. A further study is needed to confirm the intracellular
signaling pathway of STC1 in SCC, but our results suggest
that STC1 may be a key regulator of MMP1. These findings,
together with the decreasing effect of STC1 on expression of
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FIGURE 5 Inhibition of STC1 in HaCaT
cells reduces the negative influence of HaCaT cells
on matrix-related gene expression of dermal
fibroblasts in the coculture model. (a) Dermal
fibroblasts were cocultured with or without HaCaT
cells in Transwells. After 2 days of coculture, the
abundance of (b) MMP1, (c) collagen1A1, and
(d) elastin mRNAs in dermal fibroblasts was
negatively influenced (Cont) compared with
fibroblasts alone (blank). The changes were
significantly ameliorated in dermal fibroblasts
cocultured with HaCaT cells transfected with
siRNA for STC1 (STC) compared with dermal
fibroblasts cocultured with HaCaT cells transfected
with negative control siRNA (Nega). The statistical
significance of differences between groups was
determined by Dunnett's test. ***: p < .001 (STC)
versus (Nega)
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collagen and elastin in the dermal layer, suggest that STC1
plays a central role in epidermal expansion into the dermal
layer, as seen in SCC invasion and psoriasis.

Stratafin, interferon, and CXCL5 have already been
identified as mediators of epidermal–dermal interaction,25

and our present results indicate that STC1 can be added to
this list. It is noteworthy that the epidermal layer induces
aberrant angiogenesis in the dermal layer in SCC and
psoriasis and during wound healing,26 and STC1 has
been reported to induce angiogenesis.12 Thus, targeting
STC1 and/or signaling molecules induced by STC1
could be a new therapeutic strategy for controlling dis-
eases involving dysregulation of epidermal and dermal
interactions.
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