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Abstract. Our previous studies revealed that REIC/Dkk-3
was expressed various tissues, including skin keratinocytes.
The aim of the present study was to identify the factors that
regulate the expression of the dickkopf Wnt signaling pathway
inhibitor 3 (REIC/Dkk-3) tumor suppressor gene in normal
human skin keratinocytes (NHKSs). Several growth factors and
cytokines that have previously been reported to be involved
in the growth and differentiation of keratinocytes were
screened as potential regulators. Western blot analysis was
performed using protein from NHKs cultured with/without
various factors including the epidermal growth factor, tumor
necrosis factor-a, transforming growth factor-p, interleukin
(IL)-1F9, IL-6, IL-8 and Ca*". The results indicated that only
TNF-a downregulated REIC/Dkk-3 expression in NHKs.
Subsequently, TNF-a was confirmed to reduce the expression
levels of REIC/Dkk-3 in mouse skin tissue and hair culture
models. TNF-a-mediated downregulation of REIC/Dkk-3
expression in NHKs was abrogated by the addition of a
TNF-a-specific antibody. In conclusion, the results indicate
that TNF-a downregulates REIC/Dkk-3 expression in normal
skin keratinocytes.

Introduction

Dickkopf Wnt signaling pathway inhibitor 3 (Dkk-3) is a
member of the dickkopf (Dkk) family, and is also known as
REIC due to its reduced expression in immortalized cells (1).
Overexpression of REIC/Dkk-3 using an adenovirus vector
has been demonstrated to induce growth suppression and/or
apoptosis in a variety of cancer cells (2,3). Other Dkk family
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members, including Dkk-1, Dkk-2 and Dkk-4, interfere with
the Wnt signaling pathway (4); however, the physiological
function of REIC/Dkk-3 remains unclear. Previous studies
investigating the expression pattern of REIC/Dkk-3 in normal
and pathological skin tissues have demonstrated that the
expression levels of REIC/Dkk-3 were evidently reduced,
not only in skin cancer cells, but also in the normal skin
keratinocytes surrounding cancer nodules (5,6). In addition,
the level of REIC/Dkk-3 expression was reduced in normal
skin keratinocytes under inflammatory conditions (5). Other
researchers also reported that negative or very low expression
of REIC/Dkk-3 was observed in cutaneous squamous cell
carcinoma tissues (7). However, the role of REIC/Dkk-3 in
normal and/or cancer skin tissues is still unclear. Furthermore,
cornified skin tissues were observed to express REIC/Dkk-3
at varying levels (6). These previous findings indicate that
normal and/or cancer cells secrete a factor(s) that regulates
REIC/Dkk-3. These unknown regulators of REIC/Dkk-3
expression may be potential therpeutic targets for skin cancer.
Therefore, the aim of the present study was to identify the
factors involved in the regulation of REIC/Dkk-3 in normal
skin keratinocytes.

Materials and methods

Reagents. Recombinant human epidermal growth factor
(EGF), transforming growth factor-f (TGF-p3), tumor necrosis
factor-a (TNF-a) and interleukin (IL)-6 were purchased
from Peprotech, Inc. (Rocky Hill, NJ, USA). Recombinant
IL-1F9 and IL-8 were purchased from R&D Systems, Inc.
(Minneapolis, MN, USA).

Animals. A total of 12 female C57BL/6 mice (age, 6-8 weeks;
body weight, 16-22 g) were purchased from Clea Japan, Inc.
(Hamamatsu, Japan) and maintained at 18-23°C with 40%
humidity and a 12 h light/12 h dark cycle. Mice were fed
with a normal mouse diet supplied by Clea Japan, Inc. and
sacrified using excess amount of the anesthetic drug. For
anesthesia, 2,2,2-tribromoethanol (cat. no. T1420; Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) was injected
intraperitoneally at a dose of 200 mg/kg body weight. Animal
experiments were approved and performed in accordance
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with the guidelines of Okayama University (Okayama, Japan;
permit no. OKU-2011105).

Cell culture. Normal human keratinocytes (NHKs) were
purchased from Kurabo Industries, Ltd. (cat. no. KK-4009;
Osaka, Japan) and cultured in HuMedia-KG2 (Kurabo
Industries, Ltd.). NHKs were maintained at 37°C with 5%
CO, and incubated with 10 ng/ml of a specific neutralizing
antibody against TNF-a (cat. no. D2H4; monoclonal rabbit
antibody; Cell Signaling Technology, Inc., Danvers, MA,
USA) for 24 h to abrogate TNF-a activity. Treatment of
NHKs with the aforementioned recombinant protein factors
was achieved by culturing NHKs with various concentra-
tions of EGF (0, 10, 50 and 100 ng/ml), TGF-p (0, 1, 5,
10 ng/ml), TNF-a (0, 10, 50 and 100 ng/ml), IL-6 (0, 10, 50
and 100 ng/ml), IL-8 (0, 10, 50 and 100 ng/ml), IL-1F9 (0, 10,
50 and 100 ng/ml) and Ca** (0, 0.5, 1.5 and 5 mM) for 24 h.
The concentrations used in the experiments were determined
by previous studies (8,9).

Tissue culture. Mice were clipped and skin tissue was
collected from the back using an 8 mm biopsy punch (Maruho,
Co., Ltd., Osaka, Japan). As shown in Fig. 1A, the mouse skin
tissue was then placed on a piece of filter paper (Advantec
MES, Inc., Tokyo, Japan), and both edges of the paper were
immersed in Dulbecco's modified Eagle's medium (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum, 100 pxg/ml kanamycin (Meiji
Seika Pharma Co., Ltd., Tokyo, Japan) and 0.5 pg/ml ampho-
tericin B (Gibco;Thermo Fisher Scientific, Inc.). Hematoxylin
and eosin staining of frozen tissue sections was performed
using conventional methods (5,6). Preliminary experiments
demonstrated that the structure of skin tissue on the filter
paper was maintained for 24 h (Fig. 1B). Skin tissue extracts
were treated without or with 100 ng/ml recombinant TNF-a.
Hair follicles were plucked from the mouse upper lip with
tweezers and incubated in the ¢ 35 mm culture dish (Corning
Incorporated, Corning, NY, USA) without or with 100 ng/ml
TNF-a in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum, 100 pg/ml kanamycin and
0.5 ug/ml amphotericin B for 24 h.

Immunocytochemical and immunohistochemical analyses.
Immunocytochemical detection of REIC/Dkk-3 in NHKs
cultured on glass slide culture vessels (Thermo Fisher
Scientific, Inc.) and tissue culture specimens was conducted
as described previously (5,6). Briefly, samples were fixed in
cold acetone for 10 min, washed with phosphate-buffered
saline containing 0.05% Tween 20 (PBST), and incubated with
a blocking solution (10% skim milk, 6% glycine and 0.01 N
KOH in PBST) at room temperature for 1 h. Subsequently, the
slides were incubated with goat polyclonal antibody against
REIC/Dkk-3 (cat. no. AF1118; R&D Systems, Inc.) at a 1:50
dilution at room temperature for 1 h. Subsequent to washing
with PBST, the tissue sections were again incubated with the
blocking solution, followed by probing with polyclonal donkey
antibody against goat IgG (H+L) labeled with Alexa Fluor
488 dye (cat. no. A11055; Thermo Fisher Scientific, Inc.) at a
1:500 dilution. After washing with PBST, the tissue sections
were mounted using VECTASHIELD with DAPI (Vector
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Figure 1. Mouse skin tissue culture model. (A) Schematic illustration of the
method used to culture adult mouse skin tissue extracts. (B) Hematoxylin and
eosin staining of mouse skin tissues at 0 and 24 h of incubation. D, dermis;
E, Epidermis.

Laboratories, Inc., Burlingame, CA, USA). Normal goat IgG
was used as a negative control for the primary antibody.

Preparation of protein lysates and western blot analysis.
Protein extracts (10 ug) were obtained by lysing cells in
mammalian protein extraction reagent (M-PER; Thermo Fisher
Scientific, Inc.), and were subsequently used for western blot
analysis. Protein from the tissue culture medium was prepared
as described previously (10). Briefly, the culture medium was
mixed with an equal volume of acetone and incubated at -20°C
for 24 h. Protein in the medium was precipitated by centrifu-
gation at 12,000 x g for 20 min at 4°C and the pellet was
reconstituted into the same volume (~50 ul) of M-PER as that
of the cell extracts. The concentration of protein extracts from
the cell lysates and the tissue culture medium was determined
using a Bio-Rad protein assay (cat. no. 500-0006JA; Bio-Rad
Laboratories, Inc., Hercules, CA, USA), and the same volume of
proteinextract (10 g protein extract) obtained from both samples
was used for western blot analysis. Western blot analysis was
performed using 10 pg of protein extracts and the procedures
described previously (5). Briefly, extracted protein samples
were separated by 4-20% polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes (GE
Healthcare Life Sciences, Chalfont, UK). After blocking in
10% skim milk, the membranes were incubated with primary
antibodies at a 1:500 dilution at 4°C overnight. The membranes
were then washed with PBS, incubated with secondary anti-
bodies at a 1:1,000 dilution at room temperature for 1 h and
rinsed with PBS. The antibodies used were as follows: Rabbit
anti-REIC/Dkk-3 antibody raised in our laboratory (Okayama
University of Science, Okayama, Japan), monoclonal mouse
anti-tubulin antibody (cat. no. T5168; Sigma-Aldrich, St Louis,
MO, USA), and horseradish peroxidase-linked anti-rabbit IgG
secondary antibody (cat. no. 7074; Cell Signaling Technology,
Inc.) or anti-mouse IgG secondary antibody (cat. no. 7076; Cell
Signaling Technology, Inc.). Signals were visualized using
the Enhanced Chemiluminescence Plus detection reagent
(GE Healthcare Life Sciences).
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Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. Total RNA was isolated from cultured NHKSs using
the SV Total RNA Isolation system (Promega Corporation,
Madison, WI, USA) and pretreated with DNase I according
to the manufacturer's instructions. RT to generate cDNA was
performed using the SuperScript II First-Strand Synthesis
system (Thermo Fisher Scientific, Inc.). Total RNA was
incubated with oligo dT primer, dINTP mixture and reverse
transcriptase at 42°C for 50 min. PCR analysis of human
REIC/Dkk-3 mRNA expression levels was conducted using
isolated RNA (10 pg) as described previously (11). Briefly,
cDNA was amplified by ExTaq (cat.no.RR001; Takara Bio, Inc.,
Otsu, Japan) under the following conditions: Initial incubation
at 94°C for 4 min followed by 30 cycles at 94°C for 30 sec, 55°C
for 30 sec, 72°C for 30 sec,and then a final step at 72°C for 5 min.
GAPDH was used as an internal control. The primers used for
PCR analysis were as follows: Human REIC/Dkk-3, forward
5'-CAGTTATCACATCTGTGGGAGACGAA-3' and reverse
5'-AACTTCATACTCATCGGGGACCTCT-3'; GAPDH,
forward 5-GGGTGTGAACCATGAGAAGTATGA-3' and
reverse 5-TGCTAAGCAGTTGGTGGTGC-3". The PCR
products were examined for specificity via 1.5% agarose gel
electrophoresis and visualized by ethidium bromide.

Results

Screening of factors regulating REIC/Dkk-3 expression in
human keratinocytes. In order to identify factors that regulate
REIC/Dkk-3 expression in normal human skin keratinocytes,
NHK cells were treated with growth factors and cytokines
that are reportedly involved in keratinocyte growth and
differentiation, including EGF, TGF-f3, TNF-a., IL-1F9, IL-6,
IL-8 and Ca*" (8.,9). The protein expression levels were then
determined by western blot analysis (12,13). As shown in
Fig. 2, among these seven factors, only TNF-a was observed to
downregulate REIC/Dkk-3 protein expression levels in NHKSs.
Downregulation of REIC/Dkk-3 by TNF-a was observed in
both the cell extracts and tissue culture medium. IL-8 treat-
ment appeared to increase REIC/Dkk-3 expression in the cell
extract, but not in the culture medium.

Downregulation of REIC/Dkk-3 in skin tissues by TNF-a.
Since the study identified that TNF-a treatment was able
to reduce the expression of REIC/Dkk-3, its effect in tissue
culture models of mouse skin were further investigated.
Following in vitro incubation with 100 ng/ml TNF-a for 24 h,
REIC/Dkk-3 expression in the mouse epidermis was down-
regulated when compared with that in the untreated epidermis
tissue extracts (Fig. 3). Consistent with these observations,
plucked hair follicles incubated with 100 ng/ml TNF-a exhib-
ited a reduction in REIC/Dkk-3 expression compared with the
untreated mouse hair follicles (Fig. 4).

Abrogation of TNF-a-mediated downregulation of
REIC/Dkk-3 using a neutralizing anti-TNF-a antibody.
In order to verify the effect of TNF-a treatment on the
expression levels of REIC/Dkk-3, a competition assay
was performed in NHKSs using a specific neutralizing
antibody against TNF-a. Immunocytochemical analysis
demonstrated that treatment of NHKs with the anti-TNF-a
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Figure 2. Identification of factors that regulate REIC/Dkk3 in NHKs and
mouse skin tissue extracts. Western blot analysis was used to determine the
REIC/Dkk-3 protein expression in cultured NHK cells following treatment
with EGF, TGF-f, TNF-a, IL-1F9, IL-6, IL-8 and Ca?". Tubulin was used
as a control for the amount of protein in preparations. Cell ext., culture cell
extract; Medium, culture medium; REIC/Dkk-3, dickkopf Wnt signaling
pathway inhibitor 3; NHK, normal human keratinocyte; EGF, epidermal
growth factor; TGF-f, transforming growth factor-f; TNF-a, tumor necrosis
factor-a; IL, interleukin.

antibody abrogated the TNF-a-mediated downregulation
of REIC/Dkk-3 expression (Fig. 5). Similar results were
obtained by western blot (Fig. 6A) and RT-qPCR analyses
(Fig. 6B) of the REIC/Dkk-3 protein and mRNA expression
levels in NHK cells, respectively.

Discussion

REIC/Dkk-3 is considered to be a tumor suppressor gene
as its expression levels are reduced in numerous human
malignancies (1). Previous studies have demonstrated that
the REIC/Dkk-3 promoter region is frequently methylated
in several malignant tissues, particularly in breast cancer
tissues (14,15). However, Saeb-Parsy et al (16), reported that
knockdown of the membrane type-1 matrix metalloproteinase
induced upregulation of REIC/Dkk-3 expression in human
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Figure 3. Downregulation of REIC/Dkk-3 expression in the intrafollicular
epidermis of mouse skin tissue by TNF-a. Skin tissue obtained from adult
mice was cultured with or without 100 ng/ml TNF-a for 24 h. Skin tissue
sections were stained for REIC/Dkk-3 (green), and IgG was used as a nega-
tive control. Nuclei were stained with DAPI (blue). REIC/Dkk-3, dickkopf
Whnt signaling pathway inhibitor 3; TNF-a, tumor necrosis factor-o.
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(no TNF-a)

TNF-u
100 ng/ml

Figure 4. TNF-a-mediated downregulation of REIC/Dkk-3 expression in
mouse hair follicles. Hair follicles were plucked from the mouse upper lip
and incubated without or with 100 ng/ml TNF-a for 24 h. Incubated follicles
were stained for REIC/Dkk-3 (green). Arrowheads indicate the positive
signals at the isthmus region of the plucked hair follicles. IgG was used as
a negative control. TNF-a, tumor necrosis factor-a; REIC/Dkk-3, dickkopf
Wnat signaling pathway inhibitor 3.

urothelial carcinoma cells. Thus, the mechanisms by which
REIC/Dkk-3 expression is regulated in normal and cancer
cells are not fully understood.

In the present study, a number of growth factors and cyto-
kines were screened as potential regulators of REIC/Dkk-3
expression in normal skin keratinocytes. Among the seven
factors screened, only TNF-a was observed to downregulate
REIC/Dkk-3 expression in NHKs. The skin tissue culture
model employed in the present study maintained a high level of
REIC/Dkk-3 expression for 24 h. A reduction in REIC/Dkk-3
expression following TNF-a treatment was confirmed using
this skin tissue culture model, as well as the incubated hair
follicles, via by immunohistochemistry analysis (Figs. 3
and 4). In addition, TNF-a-mediated downregulation of
REIC/Dkk-3 in NHKs was abrogated by the treatment of cells
with a neutralizing TNF-a-specific antibody.

TNF-a is a proinflammatory cytokine that is involved in the
early-phase reaction of skin inflammation (12,17,18). TNF-a is
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Figure 5. Abrogation of TNF-a-mediated downregulation of REIC/Dkk-3
using an anti-TNF-a antibody. Immunostaining of REIC/Dkk-3 in NHK
cells following treatment with TNF-a only or TNF-a in combination with a
neutralizing anti-TNF-a antibody. Inset images show NHK cells stained with
DAPI. TNF-a, tumor necrosis factor-a; REIC/Dkk-3, dickkopf Wnt signaling
pathway inhibitor 3; NHK, normal human keratinocytes.
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Figure 6. Abrogation of TNF-a-mediated downregulation of REIC/Dkk-3
in NHK cells using a neutralizing anti-TNF-a antibody as detected by
(A) western blot analysis and (B) reverse transcription-quantitative poly-
merase chain reaction (PCR) analysis of REIC/Dkk-3 protein and mRNA
expression levels, respectively. Lanes show the PCR products from indepen-
dent culture dishes. GAPDH was used as an endogenous control. TNF-a,
tumor necrosis factor-a; REIC/Dkk-3, dickkopf Wnt signaling pathway
inhibitor 3; NHK, normal human keratinocytes.

expressed in pathological skin tissues, including hyperprolif-
erative, ultraviolet-irradiated and wounded epidermis (19-21).
TNF-a inhibitors have been used previously for the treatment
of psoriasis and psoriatic arthritis (22,23). In a previous study,
enhanced REIC/Dkk-3 expression was observed in hyperprolif-
erative epidermal tissues, such as tissues in psoriasis and other
inflammatory diseases (5). In addition, a downregulation of
REIC/Dkk-3 expression was observed in skin tissues following
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wound healing. These results suggest that REIC/Dkk-3 may
serve a pivotal role in the regeneration of damaged skin tissues.

Following the exposure of skin keratinocytes, fibroblasts
and other cells to TNF-a in vitro, keratinocytes exhibited an
upregulation in mesenchymal markers and demonstrated an
increased migration potential (24). These features are indi-
cators of epithelial-mesenchymal transition (EMT), which
is observed during wound healing. Treatment of dermal
fibroblasts with TNF-a resulted in increased matrix metal-
loproteinase activity and enhanced cell migration capabilities
in vitro (25). In addition, TNF-a induced the production of
adhesion molecules and cytokines that mobilize immune
cells into skin tissue (26). Cytokines produced by immune
cells induced the proliferation and differentiation of kerati-
nocytes, which led to skin tissue remodeling. Furthermore,
stimulated keratinocytes produced cytokines to stimulate
the surrounding keratinocytes and immune cells (27). The
sequential stimulation of skin cells by secreted cytokines is
an essential event during skin inflammation and skin tissue
remodeling.

Lee et al (28), reported that activated human mesen-
chymal stem/stromal cells (hMSCs) secreted REIC/Dkk-3
to suppress the cell cycle progression in MDA-MB-231
breast cancer cells (28). In addition, it was demonstrated that
REIC/Dkk-3 protein expression levels were upregulated in
hMSCs following incubation of the cells with TNF-a (28).
However, these previous observations contradict the results
of the present study, where TNF-o was demonstrated to
decarease REIC/Dkk-3 protein expression levels. Since these
observations are contradictory, further studies are required
to understand REIC/Dkk-3 regulation in different cell types.

In conclusion, the present study demonstrated that TNF-a
reduced the expression of REIC/Dkk-3 in mouse skin kerati-
nocytes and NHKSs. This was confirmed by the observation
that TNF-a reduced the expression of REIC/Dkk-3 in tissue
culture models of mouse skin and hair. These results suggest
that REIC/Dkk-3 may serve a pivotal role in skin inflammation
and tissue remodeling.
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