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Expression analysis of Dickkopf-related protein 3 (Dkk3) suggests
its pleiotropic roles for a secretory glycoprotein in adult mouse
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Abstract Dickkopf-related protein 3 (Dkk3) is the third

member of the Dkk gene family and identical to the gene,

whose expression was reduced in immortalized cells.

Therefore, its another name is reduced expression in

immortalized cells. Since the intratumoral introduction of

Dkk3 inhibits tumor growth in mouse models of cancers,

Dkk3 is likely a tumor suppressor gene. However, the func-

tions of Dkk3 in vivo remain unclear. As the first step to

decipher the physiological roles of this gene, we examined the

expression pattern ofDkk3 in various tissues from adult mice.

In situ hybridization showed that Dkk3 mRNA was detected

in the brain, retina, heart, gastrointestinal tract, adrenal

glands, thymus, prostate glands, seminal vesicles, testes, and

ovaries in a regionally specific manner. Furthermore, we

raised anti-mouse Dkk3 antibody and performed immuno-

histochemistry. Cytoplasmic localization of Dkk3 protein

was observed in the cells of the adrenal medulla, while Dkk3

immunoreactivity was observed in the lumen of the stomach

and intestine, implying that the Dkk3 protein may be secreted

into the lumen of the gastrointestinal tract. These results

suggest that Dkk3 has pleiotropic roles for a secretory gly-

coprotein that acts primarily in the gastrointestinal tract,

thymus, endocrine and reproductive organs of the mouse.

Keywords Dkk3 � REIC � In situ hybridization �
Immunohistochemistry � Mouse

Introduction

The Dickkopf-related protein 3 (Dkk3) gene is a member of

the Dkk gene family, which comprises five members: Dkk1

through Dkk4, and Dkk like 1 (Dkkl1 or Soggy1). This gene

family name stems from the ability of its founding mem-

ber, Dkk1, to induce head formation in Xenopus embryos

(Glinka et al. 1998). Dkk proteins are secretory glycopro-

teins that contain an N-terminal signal peptide. In addition,

all Dkk proteins, except Dkkl1, have two conserved cys-

teine-rich domains, although the exact functions of these

domains remain elusive. The overall amino acid sequence

homology between Dkk3 and the other Dkk proteins ranges

from 37 to 40%, and this is less than the homology between

Dkk1, Dkk2, and Dkk4 (46–50%) (Krupnik et al. 1999).

Accordingly, Dkk1, Dkk2, and Dkk4 have been shown to

antagonize Wnt-mediated b-catenin stabilization by bind-

ing to Wnt co-receptors (Bafico et al. 2001; Mao and

Niehrs 2003; Niehrs 2006). In contrast, Dkk3 does not bind

the co-receptors at the cell surface membrane (Veeck and

Dahl 2012; Fujii et al. 2014), although it downregulates

Wnt/b-catenin signaling in mouse testis (Das et al. 2013)

and human cancers (Lee et al. 2009; Veeck et al. 2009;

Xiang et al. 2013; Hara et al. 2015; Wang et al. 2015).
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Another aspect of Dkk3 is having a potential for the

tumor suppressor, which is a contrast to Dkk1 and other

components of Wnt signaling involved in tumor progres-

sion (Li et al. 2011; Zhou et al. 2016). The human Dkk3

gene exhibits reduced expression in immortalized cells

(Tsuji et al. 2000), and thus is called REIC. Consistently,

Dkk3 expression is reduced in a broad range of human

cancers (Veeck and Dahl 2012), although increased

immunolocalization of Dkk3 protein was reported in oral

carcinoma (Fujii et al. 2011). Based on these findings,

Dkk3 reexpression strategies have been attempted as a

cancer therapy. Overexpression of human Dkk3/REIC gene

induces apoptosis in prostate and testicular cancers, but not

in normal cells (Abarzua et al. 2005; Tanimoto et al. 2007).

The mechanisms for this tumor-specific apoptosis have

been elucidated as through endoplasmic reticulum (ER)

stress, activation of c-Jun-NH2-kinase (Abarzua et al.

2005; Tanimoto et al. 2010) or anticancer immune

responses by inducing the formation of dendritic cells

(Watanabe et al. 2009).

A number of studies has been clarified the Dkk3

expression pattern in embryonic and adult normal tissues.

During mouse development, transcription of the Dkk genes

is temporally and spatially regulated with overlapping

expression domains, suggesting their involvement in

interactions between epithelial and mesenchymal cells

(Monaghan et al. 1999). In adult murine tissues, Dkk3

mRNA has been detected in brain, eye, heart, lung, ovary,

skeletal muscle, and uterus with reverse transcription PCR

analysis (Monaghan et al. 1999). In human tissues, Dkk3 is

expressed in the placenta, pancreas, adrenal, trachea, spinal

cord, thyroid, and stomach, as well as in the brain and heart

according to Northern blot analysis (Krupnik et al. 1999).

However, detailed localization studies for Dkk3 mRNA or

protein within tissues are quite limited (Krupnik et al.

1999; Du et al. 2011; Kataoka et al. 2012), and Dkk3

knockout mice are viable without apparently deteriorate

phenotypes (Barrantes et al. 2006), which remained to be

further analyzed. As the first step to decipher the physio-

logical roles for Dkk3, here we examined the expression

pattern of Dkk-3 in various tissues from adult mice by

in situ hybridization (ISH) and immunohistochemistry.

Materials and methods

Animals

All animal care and experiments were carried out in

accordance with the Guidelines for Animal Experiments of

Okayama University, and were approved by the Ethics

Committee of Okayama University for Animal Research

(approval numbers: OKU-2013189, OKU-2013270, and

OKU-2014106). Organs were obtained from male and

female C57BL/6 or 129S6 mice (ranging in age from 10 to

25 weeks). Each experiment was performed at least in

duplicate and using at least two individual animals. The

mice were housed in separate cages and had access to food

and water ad libitum. Histology evaluations were per-

formed with hematoxylin-eosin staining (not shown). Tis-

sues from Dkk3 knockout (Dkk3-/-) mice (129S6/

SvEvTacDkk3\tm1Tfur[, RBRC02847, Riken Biore-

source Center, Tsukuba, Japan) deposited by Dr. Takahisa

Furukawa (Institute for Protein Research, Osaka Univer-

sity) were used as negative controls in both immunohis-

tochemistry and Western blot analyses.

Frozen sections

Mice were fixed with 4% paraformaldehyde (PFA)/phos-

phate buffered saline (PBS) via transcardial perfusion.

Subsequently, tissues were collected and fixed in 4% PFA/

PBS on ice for 6 h, then equilibrated in PBS containing

15% sucrose until the tissues sank down. After an over-

night incubation in PBS containing 30% sucrose, the fixed

tissues were embedded in optimal cutting temperature

compound (Sakura Finetek Japan, Tokyo, Japan). After the

embedded tissues were frozen in a dry-ice cooled ethanol

bath, the frozen blocks were sectioned (14 lm) with a

cryostat. The tissue sections placed on Superfrost Plus

glass slides (Thermo Fisher Scientific, Waltham, MA) were

stored at -20 �C until further use.

ISH

Riboprobes for ISH were synthesized by in vitro tran-

scription using the coding region of the mouse Dkk3 cDNA

(1047 base pairs, encoding 349 amino acids) as a template

and T7 or T3 RNA polymerase (Roche, Basel, Switzer-

land). The ISH was performed essentially as reported

previously (Schaeren-Wiemers and Gerfin-Moser 1993).

Briefly, mouse organ sections were thawed, air dried, fixed

with 4% PFA/PBS, and treated with 8 lg/ml proteinase K

(Roche) at room temperature (RT). After 10 min, the sec-

tions were fixed with 4% PFA/PBS for an additional

10 min before being incubated in an acetylation solution

(1.2% triethanolamine [Sigma-Aldrich, St. Louis, MO]/

0.25% acetic acid [Wako Pure Chemical Industries, Osaka,

Japan]). After 10 min, the sections were incubated with

hybridization buffer (50% formamide [Wako], 59 saline-

sodium citrate [SSC] buffer, 59 Denhardt’s solution

[Sigma], 250 lg/ml baker’s yeast RNA [Sigma], and

500 lg/ml herring sperm DNA [Sigma]) at 72 �C for 3 h.

Subsequently, the sections were incubated with

hybridization buffer containing digoxigenin-labeled RNA

probes at 72 �C overnight. The following day, the sections
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were washed with 0.29 SSC buffer. Hybridization signals

were detected with an alkaline phosphatase-conjugated

antibody (Roche) and a solution of nitro-blue tetrazolium

and 5-bromo-4-chloro-30-indolyphosphate (Roche). Tris–

EDTA buffer (pH 9.5) was used to stop the staining reac-

tion. Micrograph images were taken with a DS-Ri1 digital

camera (Nikon, Tokyo, Japan) equipped with a DM5000B

microscopy (Leica Microsystems, Wetzlar, Germany) and

processed using Adobe Photoshop CS 5.1 (Adobe Systems,

San Jose, CA).

Antibody production

Recombinant full-length mouse Dkk3 protein was synthe-

sized in E. coli, purified, and used for the immunization of

New Zealand white rabbits (Medical and Biological Lab-

oratories, Nagoya, Japan). IgG fractions were purified from

serum samples collected from the rabbits by ammonium

sulfate precipitation followed by caprylic acid precipitation

(Momotaro-Gene Inc., Okayama, Japan).

Western blotting

Adult (11 weeks) male mice were anesthetized and per-

fused with ice-cold PBS before tissues were resected and

frozen in liquid nitrogen. After the frozen tissues were

pulverized with a hammer at-20 �C, they were solubilized
in ice-cold lysis buffer (10 mM Tris–HCl [pH 7.4], 0.15 M

NaCl, 1% nonylphenoxypolyethoxylethanol, 0.1% sodium

dodecyl sulfate [SDS], 0.1% sodium deoxycholate, 1 mM

EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 lg/ml

leupeptin, and 5 lg/ml pepstatin A). Total protein (50 lg
each) from brain, eye, heart, stomach, adrenal glands, skin,

testis, and spleen extracts collected from wild-type and

Dkk3-/- mice (Fig. 5), was denatured by heating for 5 min

at 95 �C with sample buffer containing b-mercaptoethanol.

The denatured proteins were subjected to 10% SDS–poly-

acrylamide gel electrophoresis and then transferred elec-

trophoretically onto polyvinylidene difluoride (PVDF)

membranes (Millipore, Waltham, MA). The membranes

were subsequently incubated with anti-mouse Dkk3 anti-

body (diluted 1:10,000) or anti-Cyclophilin B antibody

(Cell Signaling Technology [CST], Danvers, MA) (diluted

1:1000) at 4 �C overnight. After the membranes were

washed, they were incubated with a horseradish peroxidase-

conjugated goat anti-rabbit IgG (CST) (diluted 1:5000) at

RT for 1.5 h. All antibodies were diluted in Immunoshot

reagent (Cosmo Bio, Tokyo, Japan). Immunoreactive bands

were visualized with Immunostar LD reagent (Wako) and a

C-DiGit Blot Scanner (LI-COR, Lincoln, NE). The PVDF

membranes were stained with Coomassie Brilliant Blue

(CBB) for protein detection. Preliminary data showed that

the antibody detected a heterogeneous set of bands in mouse

wild-type heart and brain extracts, but not in the wild-type

liver or in the equivalent tissues obtained from Dkk3-/-

mice (data not shown).

Immunohistochemistry

Tissue sections were incubated with PBS containing 0.25%

Triton X-100 (PBST) 3 times for 5 min each at RT. The

sections were then incubated with blocking reagent (PBST

containing 5% normal goat serum) for 1 h, followed by an

appropriate primary antibody diluted in blocking reagent

for 3 h at RT and then overnight at 4 �C. The antibodies

used are listed in Table S1. The next day, the sections were

rinsed with PBST and incubated with Alexa Fluor

488-conjugated or Alexa Fluor 568-conjugated secondary

antibodies (Thermo Fisher Scientific) at RT for 1.5 h. After

the sections were washed, they were mounted with Vec-

tashield containing 40, 6-diamidino-2-phenylindole (DAPI)

(Vector Laboratories, Cambridgeshire, UK). To visualize

mucous neck cells of the stomach, Alexa Fluor 594-con-

jugated lectin Griffonia simplicifolia-II (GSII) (Thermo

Fisher Scientific) was used at a concentration of 1 lg/ml.

We collected fluorescent images using a LSM 780 confocal

laser-scanning microscope (Carl Zeiss Microscopy, Jena,

Germany) (Figs. 6, 7) or a BZ-X700 fluorescence micro-

scope (Keyence, Osaka, Japan) (Fig. S7). In addition to

corresponding tissues from Dkk3-/-mice, normal rabbit

IgG (Vector) was used at a concentration of 1 lg/ml as

negative controls (Fig. S7).

Results and discussion

Our ISH results showed that the tissue or cell-specific

expression pattern of Dkk3 was observed in the brain,

retina, and heart as reported previously (Supplementary

Figs. S1, S2) (Krupnik et al. 1999; Barrantes et al. 2005). In

the cerebellum, we found that Dkk3 was expressed by

Purkinje cells (Fig. S1c–f). This study has further clarified

spatial expression domains of Dkk3 at the mRNA and/or

protein level in the gastrointestinal tract (Figs. 1, 2),

adrenal glands (Fig. S3i–o), thymus (Fig. 3e–h), testes

(Fig. 4a–f), prostate glands (Fig. 4g–i; Fig. S5), seminal

vesicles (Fig. 4j–l), and ovaries (Fig. 4m–o) of the adult

mouse as described below.

Digestive organs

In the longitudinal sections of the stomach plus anterior

duodenum, Dkk3 mRNA was detected in the simple

columnar epithelium and more intensely in the duodenum

(Fig. 1a, b). Dkk3 was expressed in the mucosa, more

specifically, the epithelium of the forestomach (Fig. 1c–f),
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the gastric corpus (Fig. 1g–m) and the pylorus (Fig. 1n–q).

In the gastric corpus, more intense signals for Dkk3 mRNA

were observed in the cells below GSII-positive neck

mucous cells, that is, in the chief cell layer (Fig. 1k–m). In

the pylorus, more intense signals for Dkk3 mRNA were

observed in the pyloric glands (Fig. 1n–q). In the duode-

num, Dkk3 is abundantly expressed in the columnar

epithelial cells and Brunner’s glands (Fig. 1r–u). In the

gallbladder, Dkk3 was intensely expressed in the mucosa,

while weaker expression of Dkk3 mRNA was observed in

the muscle layer of the gallbladder (Fig. 2a–d). The Dkk3

mRNA signals in the gastrointestinal mucosa gradually

weakened from the intestine toward the rectum (Fig. 2e–p).

The submandibular gland and the liver showed no

detectable signals for Dkk3 mRNA (Fig. S4a–h). It was

reported that expression of Dkk3 mRNA was detected in

Fig. 1 ISH of mouse stomach

and duodenum to detect Dkk3

mRNA. Longitudinal sections

of the stomach (a, b),
forestomach (c–f), gastric
corpus (g–m), pylorus (n–q),
and duodenum (r–u) were
hybridized with antisense (a, c,
d, g, h, k, m, n, o, r, s) and
sense (b, e, f, i, j, p, q, t,
u) probes. The open square

outlines shown in panel (a)
represent the areas that are

shown as magnified views in c,
g, n, r, respectively. Panels d, h,
o, s are magnified views of an

area in panels c, g, n, r,
respectively. The panels for

sense probes are shown in the

same way. l, m Localization of

lectin GSII is shown in red.

m Merged view of k and l. BG
Brunner’s glands; CCL chief

cell layer; GP gastric pits; IV

intestinal villi; MsL muscle

layer; PCL parietal cell layer;

PG pyloric glands; SSEp

stratified squamous epithelium.

Scale bars 100 lm
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human deep gastric glands and colon (Byun et al. 2005).

This study has illuminated the broader domain of Dkk3

expression throughout the gastrointestinal tract and the

gallbladder in the mouse.

Endocrine and lymphatic organs

Relatively low level of Dkk3 expression was observed in

follicular epithelial cells of the thyroid gland (Fig. S3a, b),

compared with the control result obtained by the sense

probe (Fig. S3c, d). In the pancreas, the acinar cells rather

than islet cells weakly expressed Dkk3 mRNA (Fig. S3e–

h). The medulla of the adrenal glands expressed higher

amount of Dkk3 mRNA than the cortex, as reported for

human (Fig. S3i–l) (Suwa et al. 2003). Immunolabeling

after ISH showed that Dkk3-expressing cells were less

positive for Phenylethanolamine N-methyltransferase

(PNMT), the enzyme that converts noradrenaline to

Fig. 2 ISH of mouse

gallbladder and intestines to

detect Dkk3 mRNA.

Gallbladder (a–d), small

intestine (e–h), colon (i–l), and
rectum (m–p) sections were
hybridized with antisense and

sense probes as indicated.

Panels b, f, j, n are magnified

views of an area in panels a, e, i,
m, respectively. The panels for

sense probes are shown in the

same way. GC goblet cells; IG

intestinal glands; IV intestinal

villi; LIG large intestinal glands;

McL mucosal layer;MsL muscle

layer. Scale bars 100 lm

Fig. 3 ISH of mouse lymphatic

organs to detect Dkk3 mRNA.

Spleen (a–d), thymus (e–h), and
lymph node (i–l) sections were
hybridized with antisense and

sense probes as indicated. The

open square outlines shown in

the first and third columns

represent the areas that are

shown as magnified views in the

second and fourth columns. Cor

cortex; Med medulla; RP red

pulp; WP white pulp. Scale bars

100 lm
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adrenaline in the adrenal medulla (Fig. S3m–o). In the

lymphatic organs, patchy patterns of Dkk3 expression were

observed in the spleen, which appeared to be unrelated to

the red/white pulp structure (Fig. 3a–d). In the thymus,

distinct expression of Dkk3 was detected in the medulla

(Fig. 3e–h). The lymph nodes exhibited diffuse expression

of Dkk3 mRNA (Fig. 3i–l). A previous study has shown

that Dkk3 has a crucial role in CD8 T cell tolerance (Pa-

patriantafyllou et al. 2012). Localization of Dkk3 mRNA in

the thymic medulla may correlate with the role of Dkk3 in

T cell tolerance.

Male and female reproductive organs

In the testis, positive signals for Dkk3 mRNA were

observed in cells on the basal side of the seminiferous

tubule (Fig. 4a–c). It was reported that Dkk3 mRNA is

expressed in primate testicular Sertoli cells as revealed by

PCR analysis (Das et al. 2013). However, in the mouse,

Dkk3-expressing cells were not immunoreactive against

Vimentin, a Sertoli cell marker (Fig. 4d–f). Thus, Dkk3 is

expressed by spermatogenic cells such as spermatocytes in

the mouse seminiferous tubule.

Fig. 4 ISH of mouse

reproductive organs to detect

Dkk3 mRNA. Tissue sections of

testis (a–f), dorsal prostate
gland (g–i), seminal vesicle (j–
l), ovary (m–o), and uterine

body (p–r) were hybridized

with antisense (a, b, d, f, g, h, j,
k, m, n, p, q) and sense (c, i, l,
o, r) probes. e, f Localization of

Vimentin is shown in green.

f Merged view of d and e. Ant
antrum; BM basement

membrane; CT connective

tissue; Em endometrium; Ep

epithelium; Mm myometrium;

O oocyte; S stroma; SeT

seminiferous tubule; SG stratum

granulosum; SM: smooth

muscle; SZ spematozoa; TCC

tall columnar cells; TF theca

folliculi. Scale bars 25 lm in d–
f; 100 lm in other panels
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The mouse prostate glands are composed of three por-

tions, the anterior (coagulating), dorsal, and ventral glands.

In the dorsal prostate gland (Fig. 4g–i; Fig. S5a–d) and

seminal vesicle (Fig. 4j–l), intense expression of Dkk3

mRNA was observed in the epithelium facing the lumen. In

contrast, the expression signal for Dkk3 mRNA was

extremely weak in the ventral prostate gland (Fig. S5e–h).

Moderate level of Dkk3 expression was observed in the

anterior prostate gland (Fig. S5i–l). The morphology of the

dorsal prostate is similar to that of the human prostate,

while the anterior prostate and seminal vesicles have sim-

ilar histological features in the mouse. It is tempting to

speculate that the expression of Dkk3 is related to the

maintenance and integrity of epithelial cells of the acces-

sory genital glands in males.

In female mice, intense signals for Dkk3 mRNA were

observed in the ovarian follicular cells and the granulosa

cells (Fig. 4m–o), which produce estrogens and contribute

to follicle maturation. Furthermore, the columnar and

glandular epithelia of the uterine body moderately

expressed Dkk3 mRNA (Fig. 4p–r, Fig. S6a–e). It was

reported that Dkk3 protein is abundantly observed in

human uterine cervical squamous epithelial cells and

downregulated in uterine cervical cancer (Ryu et al. 2013).

In the mouse uterine cervix, Dkk3 mRNA was expressed in

the stratified squamous epithelium (Fig. S6a, f, g). Higher

expression of Dkk3 was detected in the basal layers of the

cervical epithelium (Fig. S6i–k). These data suggest that

altered expression of Dkk3 may be associated with uterine

endometrial cancer as well.

Respiratory and urinary organs

In these organs, we could not detect obvious Dkk3

expression (Fig. S4i–x). In the lung, very weak expression

of Dkk3 mRNA was observed in the epithelial cells facing

the pulmonary alveolus (Fig. S4i–l), while a distinct Dkk3

mRNA signal was not detected in the cells of the trachea

(Fig. S4m–p). When the kidney (Fig. S4q–t) and bladder

(Fig. S4u–x) were examined, neither organ exhibited a

definitively positive signal for Dkk3 mRNA.

Verification of anti-Dkk3 antibody

To determine localization of Dkk3 protein in vivo,

immunostaining assays were performed with an antibody

raised against recombinant full-length mouse Dkk3 protein.

Initially, we examined whether the anti-mouse Dkk3 anti-

body to be used would detect the expected molecular weight

of Dkk3 protein in a Western blot assay. Previously, it was

reported that secretion of a Dkk3 protein from HEK293T

cells transfected with human Dkk3 (encoding 350 amino

acids) migrated as a heterogeneous set of bands that ranged

from 45 to 65 kDa due to post-translational N-glycosylation

modifications (Krupnik et al. 1999). In our Western blot

assays, the antibody used detected a heterogeneous set of

bands ranging in size from 38 to 65 kDa in mouse wild-type

brain, eye, heart, stomach, adrenal, and skin extracts (Fig. 5).

The same bands were essentially not detected in the equiv-

alent tissues obtained fromDkk3-/-mice (Fig. 5). However,

in testis and spleen, multiple bands were also detected in the

Fig. 5 Western blotting of Dkk3 in mouse various tissues. Expres-

sion of Dkk3 protein in wild-type (WT) and Dkk3 knockout (KO)

mouse brain, eye, heart, stomach, adrenal gland, skin, testis, and

spleen is shown. The bracket indicates a heterogeneous set of bands

ranging from 38 to 65 kDa detected in the wild-type brain, eye, heart,

stomach, adrenal, and skin extracts, and these bands were not detected

in the equivalent tissues from the KO mice. In the testis and spleen,

however, multiple bands below 50 kDa were detected even in the

extracts from the KO mice. Western blot analysis of Cyclophilin B

(20 kDa in most tissues; 25 kDa in eye extract) and CBB staining

verifies that the same amount of proteins was loaded in each lane and

processed for Western blot analysis. In the skin, Cyclophilin B is not

expressed
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extracts from Dkk3-/- mice. Accordingly, when this poly-

clonal antibodywas used in immunohistochemistry assays, a

considerable amount of fluorescence signals was observed in

sections of testis and spleen from the KO mice (data not

shown), indicating that the antibody detected proteins other

than Dkk3 as well in these organs. Therefore, in this study,

tissues with distinct expression domains of Dkk3 mRNA

were subjected to immunostaining and the corresponding

tissues from Dkk3 KO mice served as negative controls.

Immunohistochemistry

In the brain, fluorescence signals indicating Dkk3

immunoreactivity were observed in the hippocampus

(Fig. 6a, b) and cerebral cortex (Fig. 6e, f), which is con-

sistent with the ISH results obtained. In the retina, the

ganglion cell layer, the inner nuclear layer, and layer of

rods and cones were found to distinctly express Dkk3

protein (Fig. 6i, j). In the heart, Dkk3 immunoreactivity

was abundantly observed in the atrium and slightly in the

ventricles (Fig. 6m, n). These signals were not observed

when control rabbit IgG was used instead of the anti-Dkk3

antibody (Fig. S7) or when Dkk3-/- tissues were processed

(Fig. 6, third and fourth columns).

In the adrenal gland, distinct Dkk3 immunoreactivity

was observed in the medulla that was labeled with an anti-

tyrosine hydroxylase antibody (Fig. 6q–t). In contrast, no

fluorescence was observed in the cortex, where low levels

Fig. 6 Fluorescent

immunostaining of mouse

nervous system, heart, and

adrenal gland. Hippocampus

and cortex levels of the brain

(a–d and e–h, respectively), as
well as retinal (i–l), heart (m–

p), and adrenal (q–t) tissue
sections, from wild-type and

knockout mice (as indicated)

were subjected to fluorescent

immunostaining with a Dkk3

antibody (green) and DAPI

staining of nuclei (blue). a–l, q–
t The open square outlines

shown in the first and third

columns represent the areas that

are shown as magnified views in

the second and fourth columns.

Similarly, panels n and

p represent a magnified view of

the outlined area shown in

panels m and o, respectively. q–
t The adrenal medulla was

labeled with anti-TH antibody

(shown in red). q, r Merged

image to indicate colocalization

of Dkk3 (green) and TH (red)

proteins. CA1 hippocampus

CA1 region; CC cerebral cortex;

Cor cortex; GCL ganglion cell

layer; INL inner nuclear layer;

LHA left heart atrium; LHV left

heart ventricle; Med medulla;

RHA right heart atrium; RHV

right heart ventricle. Scale bars

100 lm
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of Dkk3 mRNA expression were detected. A similar

localization pattern for Dkk3 mRNA and protein has been

reported in human adrenal glands (Suwa et al. 2003). We

further found that Dkk3 protein exhibited cytoplasmic

localization in cells of the adrenal medulla (Fig. 6r). It is

thought that the signal peptide of Dkk3 protein usually

mediates its extracellular secretion via the ER-Golgi

pathway in response to certain signals. However, Dkk3 also

Fig. 7 Fluorescent

immunostaining of mouse

gastrointestinal tract and skin.

Longitudinal sections of

stomach (a, b), forestomach (c–
f), gastric corpus (g–j), pylorus
(k–n), intestine (o–r), and skin

(s–x) tissue sections from wild-

type and knockout mice (as

indicated) were subjected to

fluorescent immunostaining

with a Dkk3 antibody (green)

and DAPI staining of nuclei

(blue). The stomach and

intestine sections were also

stained with an anti-smooth

muscle actin (SMA) antibody

(red). For panels c–r, the open

square outlines shown in the

first and third columns represent

the areas that are shown as

magnified views in the second

and fourth columns. s, v Skin

and subcutaneous muscle

tissues from wild-type and

knockout mice are shown,

respectively. Magnified views

of the skin and underlying

striated muscle in panels s and

v are shown in panels t, u and

w, x, respectively. CCL chief

cell layer; epi epidermis; der

dermis; GP gastric pits; hf hair

follicle; IG intestinal glands;

MsL muscle layer; PCL parietal

cell layer; SSEp stratified
squamous epithelium; IV

intestinal villi. Scale bars

100 lm
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interacts with the intracellular dynein light chain molecule,

Tctex-1 (Ochiai et al. 2011). Thus, it will be intriguing to

elucidate the signals that regulate the secretion of Dkk3

protein from adrenal medulla cells. These results, together

with the observed expression of Dkk3 in the atrium

(Fig. 6m), which is an endocrine tissue of heart that

secretes atrial natriuretic peptide, suggest that Dkk3 has

some endocrine-related roles in the mouse.

In the stomach (Fig. 7a, b), Dkk3 protein was localized

to the mucosa of the forestomach (Fig. 7c–f) and of the

gastric corpus (Fig. 7g–j), which is consistent with the

expression domains of Dkk3 mRNA. In contrast, no clear

fluorescence signal was detected in the mucosa of the

pylorus (Fig. 7k–n). In the lumen of the stomach and

intestine, significant immunoreactivity to the anti-Dkk3

antibody was observed (Fig. 7a, b, o–r). This signal was

not detected when control rabbit IgG was used instead of

the anti-Dkk3 antibody (Fig. S7) or when Dkk3-/- tissues

were processed (Fig. 7b, third and fourth columns). We

might have observed localization of Dkk3 protein after its

section into the lumen of the gastrointestinal tract in the

case of the pylorus and intestine. One explanation is that

Dkk3 protein is secreted or released together with sloughed

cells into the lumen of the stomach and intestine. Thus,

Dkk3 protein may function as a component of digestive

juices and tract mucus, which awaits further elucidation.

Since we did not succeed in ISH for skin sections

because of the high temperatures needed for hybridization,

the skin sections were only subjected to immunohisto-

chemistry. A positive fluorescence signal for Dkk3 protein

was observed in both the epidermis and the hair follicles

(Fig. 7s, t), which is consistent with previous findings (Du

et al. 2011; Kataoka et al. 2012). In addition, striated fluo-

rescence signals corresponding to the subcutaneous muscle,

Panniculus carnosus, were detected (Fig. 7s, u). This

muscle is found in the skin of rodents and only in restricted

regions of human skin (Bamberger et al. 2005). Dkk3 pro-

tein was also detected in the muscularis externa of the

forestomach and gastric corpus (Fig. 7c, g). Expression in

various muscles including skeletal muscle (Krupnik et al.

1999; Veeck and Dahl 2012) is one characteristic for Dkk3.

In summary, this study has clarified new domains of

Dkk3 expression at mRNA and protein level: Dkk3 mRNA

is detected in the epithelial and glandular cells of the

gastrointestinal tracts, the gallbladder epithelium, the

medulla of thymus, spermatogenic cells of the testis, fol-

licular and granulosa cells of the ovary, and epithelial cells

of the prostate, seminal vesicle, and uterus. We raised a

polyclonal antibody to the full length of mouse Dkk3

protein. Localization of Dkk3 protein could be specifically

detected in the hippocampus, cerebral cortex, retina, and

heart, which is consistent to the expression domain of Dkk3

mRNA. In the gastrointestinal tract, Dkk3 protein may be

secreted or released together with sloughed cells into the

lumen of the stomach and intestine. Since Dkk3 is a

secretory glycoprotein as previously shown in vitro, pos-

sible roles for Dkk3 in digestive juices and/or tract mucus

are suggested. In the adrenal gland, Dkk3 protein is

localized to the cytoplasm of the medulla cells, suggesting

that Dkk3 protein may be retained within the cell until an

appropriate extracellular signal triggers release. Applica-

tion of Dkk3, or REIC has recently been used for gene

therapy to treat human cancers; however, the results shown

here would help to open up a new avenue for therapeutics

against cancer-unrelated diseases utilizing a secretory

protein, Dkk3.
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