
Dkk3 prevents familial dilated cardiomyopathy
development through Wnt pathway
Dan Lu, Dan Bao, Wei Dong, Ning Liu, Xu Zhang, Shan Gao, Wenping Ge, Xiang Gao and Lianfeng Zhang

To date, the role of Dickkopf 3 (Dkk3) on the pathogenesis of familial dilated cardiomyopathy (FDCM), and whether and
how Dkk3 interferes with Wnt signaling in heart tissues remains unknown. Here, we demonstrate that strong Dkk3
expression was markedly downregulated in adult hearts from WT mice, and Dkk3 expression was upregulated suddenly in
hearts from DCM mouse models. Using Dkk3 transgenic and knockout mice, as well as cTnTR141W transgenic mice, which
manifests progressive chamber dilation and contractile dysfunction and has pathologic phenotypes similar to human DCM
patients, we determined that transgenic expression of Dkk3 increased survival rate, improved cardiac morphology
breakage and dysfunction, and ameliorated cardiac pathological changes in the cTnTR141W mice. In contrast, Dkk3
knockout reduced the survival rate and aggravated the pathological phenotypes of the cTnTR141W mice. The protective
effects of Dkk3 appeared clearly at 3 months of age, peaked at 6 months of age, and decreased at 10 months of age in
the cTnTR141W mice. Furthermore, we determined that Dkk3 upregulated Dvl1 (Dishevelled 1) and key proteins of the
canonical Wnt pathway (cytoplasmic and nuclear β-catenin, c-Myc, and Axin2) and downregulated key proteins of the
noncanonical Wnt pathway (c-Jun N-terminal kinase (JNK), Ca2+/calmodulin-dependent protein kinase II (CAMKII), and
histone deacetylase 4 (HDAC4)). In contrast, Dkk3 knockout reversed these changes in the cTnTR141W mice. In summary,
Dkk3 could prevent FDCM development in mice, especially in the compensatory stage, and probably through activation of
the canonical and inhibition of the noncanonical Wnt pathway, which suggested that Dkk3 could serve as a therapeutic
target for the treatment of cardiomyopathy and heart failure.
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Dickkopf 3 (Dkk3) is a member of the Dickkopf family,
which includes Dkk 1, 2, 4, and a unique Dkk3-related
protein (DKKL1, or SGY-1). Dkk3 is abundant in the liver
and brain, but is absent in the spleen and peripheral blood
mononuclear cells.1 Dkk3 mediates potent antitumor effects,
including reducing cell proliferation, anchorage-independent,
growth and metastasis,2–7 or inducing cancer cell apoptosis
both in vitro and in murine tumor models.8–10 Furthermore,
Dkk3 is upregulated during a series of disease and situation,
including Alzheimer's disease,11 endochondral bone
formation,12 retinal degeneration,13 and cellular senescence
in prostate basal epithelial cells.14

Dkk3 is expressed in the developing and adult heart.15,16

Dkk3 expression was increased in the afterloaded right
ventricular (RV)17 and participated in aortic banding-

induced cardiac hypertrophy via regulation of ASK-1-JNK/
p38.18 Most of the knowledge about Dkk3 with regard
to Wnt signaling comes from the study of cancers; Dkk3
can be an activator or an inhibitor of the canonical
pathway,5,8,13,19–24 which is strictly context-dependent. How-
ever, whether and how Dkk3 interferes with Wnt signaling in
the heart tissues has not been systematically examined
thus far.

In the present study, we determined that Dkk3 expression
increased significantly in both familial dilated cardio-
myopathy mice (FDCM) model of cTnTR141W and adriamycin
(ADR)-induced dilated cardiomyopathy mice model. We also
determined how Dkk3 participates in the development of
FDCM and whether Wnt signaling was involved using Dkk3
transgenic and knockout (ko) mice.
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MATERIALS AND METHODS
Animals
The α-MHC-cTnTR141W (referred as cTnTR141W) FDCM trans-
genic mice was previously generated in our laboratory.25–28

cDNA encoding mouse Dkk3 (GenBank accession no.
NM_015814) was cloned into an expression plasmid under
the α-MHC promoter and the heart-specific Dkk3 transgenic
mouse (referred as Dkk3-ov) was generated by microinjection.
Genotyping was performed by PCR analysis (forward, 5′-TCC
TTCCCCGACGGTCACTT-3′ and reverse, 5′-CTGTCTCGGG
TGCATAGCATCTG-3′) of genomic DNA under standard
conditions, and target gene expression was analyzed by western
blot analysis using antibody to Dkk3 (R&D). Dkk3-ko mice
(129 background) were purchased from RIKEN (Japan) and
crossed with C57BL/6J mice for six generations to obtain
Dkk3-ko mice on the C57BL/6J background (referred as
Dkk3-ko) in our laboratory. The Dkk3-ov mice were crossed
with the cTnTR141W mice to generate α-MHC-cTnTR141W×
Dkk3-ov double transgenic (referred as DTG-ov) mice.
The Dkk3-ko mice were crossed with the cTnTR141W mice to
generate α-MHC-cTnTR141W×Dkk3− /− (Dkk3 homozygote)
mice (referred as DTG-ko).

All of the mice used in this study were maintained on a
C57BL/6J genetic background and were bred in an AAALAC-
accredited facility. The use of animals was approved by the
Animal Care and Use Committees of The Institute of
Laboratory Animal Science of Peking Union Medical College
(ILAS-GC-2012-001).

Survival Analysis
The cumulative percent mortality in each mouse group was
calculated every month, and the data from 1 to 10 months of
age were summarized. Upon the death of each mouse, the
body was autopsied by a pathologist, and morphological and
pathological changes in the heart were recorded. Kaplan–
Meier curves for survival analysis were compared using the
log-rank test (SPSS 16.0 software).

Echocardiography
M-mode echocardiography was performed at 1, 3, 6, and
10 months of age on each mouse with the small animal
echocardiography analysis system (Vevo770, Canada) as
described previously.27,28

Histological Analysis
For light microscopy, cardiac tissue from mice at 6 months of
age was fixed in 4% formaldehyde and mounted in paraffin
blocks, and sections were stained with H&E or Masson
trichrome as described previously.27,28 Myocytes were
analyzed by an observer blinded to the mouse genotypes.

RNA Extraction, Quantification, and Real-time PCR
Mice were killed by cervical dislocation at 6 months of age,
and total RNA was isolated from the heart using the TRIzol
reagent (Invitrogen). First-strand cDNA was synthesized from

2 μg total RNA using random hexamer primers and Super-
script III reverse transcriptase according to the manufacturer's
protocol (Invitrogen). Procollagen type III α1 (Col3α1),
natriuretic peptide type A (ANF), and natriuretic peptide type
B (BNP) mRNA was detected by real-time PCR using
GAPDH for normalization under standard conditions
(primers: for Col3α1—forward, 5′-CTCAAGAGCGGAGAAT
ACTGG-3′ and reverse, 5′-CAATGTCATAGGGTGCGATA
-3′; for ANF—forward, 5′-ATGGGCTCCTTCTCCATCAC-3′
and reverse, 5′-TTATCTTCGGTACCGGAAGCTG-3′; for
BNP—forward, 5′-ATGGATCTCCTGAAGGTGCTGTC-3′
and reverse, 5′-CTACAACAACTTCAGTGCGTTAC-3′; for
GAPDH—forward, 5′-CAAGGTCATCCATGACAACTTTG-3′
and reverse, 5′-GTCCACCACCCTGTTGCTGTAG-3′).

Protein Extraction and Immunoblotting
Mice were killed by cervical dislocation, and total protein
lysates from mouse heart were prepared as described
previously.27,28 After performing SDS-PAGE and transferring
gels to nitrocellulose (Millipore), the membranes were
incubated at 4 °C overnight with antibodies against Dkk3
(R&D), β-catenin (Abcam), c-Myc (Abcam), Axin2 (Abcam),
Dvl1 (Abcam), phospho-CaMKII (Thr286) (Cell Signaling),
CaMKII (Cell Signaling), phospho-HDAC4 (Ser632) (Cell
Signaling), HDAC4 (Cell Signaling), phospho-SAPK/JNK
(Thr183/Tyr185) (Cell Signaling), SAPK/JNK (Cell Signal-
ing), phospho-protein kinase Cα/β (PKCα/β) (Thr638/641)
(Cell Signaling), PKCα (Cell Signaling), phospho-PKCδ
(Thr505) (Cell Signaling), and PKCδ (Cell Signaling). After
incubation with the appropriate secondary antibodies for 1 h
at room temperature, antibody binding was detected with
HRP-conjugated immunoglobulin G (Santa Cruz) using a
chemiluminescence detection system (Santa Cruz). Quanti-
tative analysis of phosphorylated protein levels were normal-
ized to the corresponding total protein, other proteins used
GAPDH for normalization, and bands were quantified using
the Image J software.

Dkk3-ko cell line
The Dkk3-ko cell line was established by CRISPR/Cas9. In
brief, the paired synthesized oligonucleotide (Supplementary
Table S1) for sgRNA targeting Dkk3 were annealed and
cloned into the pGL3-U6-sgRNA-PGK-puromycin vector
(no. 51133; Addgene, Cambridge, MA, USA). In accordance
with the manufacturer’s instructions, H9c2 cells were
transfected with sgRNA Dkk3 A and Dkk3 B (12 μg+12 μg)
with 12 μg Cas9 plasmid by Lipofectamine 2000 (Invitrogen,
Life Technologies, Carlsbad, CA, USA). After 24 h, blastici-
dine S hydrochloride (2 μg/ml; Life Tech, USA) and
puromycin (1 μg/ml; Life Tech) was added. Genomic DNA
of cell clones was extracted using phenol–chloroform and
recovered by alcohol precipitation. Cell clones were geno-
typed by PCR (forward, 5′-GAAAGGGACGGGACTTGAAC
-3′ and reverse, 5′-GGACTCTACTTCAGCACTCCTTTG-3′)
and sequencing to detect the mutations. Cell clones with
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wanted mutation (referred as Dkk3-KO) were cultured for the
subsequent experiments.

Luciferase assays
TOPFLASH (a firefly luciferase reporter plasmid, driven by
two sets of three copies of the TCF binding site and herpes
simplex virus thymidine kinase minimal promoter) and
FOPFLASH (identical except for inactivating mutations of
the TCF sites) were purchased from Merck Millipore, and
pRL-cytomegalovirus (CMV; a constitutive, CMV-driven
control, encoding Renilla luciferase) was from Promega.
The expression construct for Dkk3 were generated by cloning
full-length mouse Dkk3 cDNA fragment into the pCDNA3.1
(+) vector (Invitrogen) and the presence of insert was verified
using restriction digestion and DNA sequencing (refered as
Dkk3-CMV). H9c2 cells cultured as described previously were
transfected 1 day after plating by using Lipofectamine 2000.
Transfections contained 0.5 μg of TOPFLASH or FOPFLASH
plus 0.1 μg of pRL-CMV as the co-transfected control. After
6 h of incubation, the medium was replaced with normal
culture medium. The luciferase reporter assay was performed
in 24-well plates; 24 h after transfection, the cells were
harvested, and luciferase activities were assayed by using the
Dual-Luciferase system (Promega).

Immunofluorescence
H9c2 cells cultured as described previously3 were seeded onto
24-well plates containing round cover slides. The slides were
first incubated with anti-β-catenin Ab (1:200; Abcam)
overnight at 4 °C. Sections were washed with PBS and
incubated with Alexa 488-conjugated goat anti-rabbit IgG
(Invitrogen, USA) for 1 h at room temperature, and all slides
were counterstained with 300 nM DAPI (4′,6-diamidino-2-

phenylindole; Invitrogen). After washing with PBS, sections
were mounted in ProLong Gold antifade reagent (Invitrogen).
Images of the sections were collected and analyzed under
confocal laser scanning microscopy (Leica TCS SP2,
Germany).

Statistical Analysis
The data were analyzed with unpaired two-tailed Student’s
t-tests for two groups, or one-way ANOVA for multiple
groups followed by a Tukey’s post hoc analysis. The data
were expressed as the means± s.d. from individual experi-
ments. The differences were considered to be significant at
Po0.05.

RESULTS
Dkk3 Expression Characteristics in Hearts of WT and
DCM Mice Models
Dkk3 was strongly expressed in hearts of WT mice at
embryonic day 16.5 to postnatal day 14, whereas its expres-
sion was obviously decreased thereafter with age (Figure 1a).
Compared with decreased Dkk3 expression in adult hearts
with age, Dkk3 expression was increased significantly in
FDCM mice model of cTnTR141W and ADR-induced dilated
cardiomyopathy mice model (Figures 1b and c, n= 3, for
establishment of ADR-induced DCM mice model please
see Supplementary Methods). This phenomenon prompted
us to further study the role of Dkk3 in cardiomyopathy
pathogenesis.

We then generated Dkk3 transgenic mice overexpressing
Dkk3 in the heart tissues and two lines of Dkk3 transgenic
mice with high expression levels were selected from among
45 founders by western blotting (Figures 1d and f). The
two Dkk3 transgenic mouse line were analyzed by M-mode

Figure 1 Determination of Dickkopf 3 (Dkk3) expression and generation of Dkk3 overexpression transgenic mice. (a) Hearts were sampled from mice at
embryonic 16.5 days, at birth, and at 3, 7, 14, 30, 60, and 90 days of age, and Dkk3 mRNA expression was detected by reverse transcription-PCR
(RT-PCR). (b) Dkk3 expression in cTnTR141W transgenic mice and adriamycin (ADR)-induced mouse hearts. (c) Quantitative analysis of Dkk3 expression
using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for normalization (n= 3, ***Po0.001 versus wild-type (WT) mice). (d) The Dkk3 transgenic
construct was generated by inserting the target genes under the control of an α-myosin heavy chain (α-MHC) cardiac-specific promoter and the
transgenic mice were created following microinjection. (e) Two lines with Dkk3 overexpression were selected by western blot using GAPDH for
normalization. (f) Quantitative analysis Dkk3 expression using GAPDH for normalization (n= 3, ***Po0.001 versus non-transgenic (NTG) mice).
HGH, human growth hormone.
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echocardiography, which demonstrated thick-walled ventri-
cles and smaller left ventricular diameters (Supplementary
Table S2). These two lines displayed similar effects on the
heart; we used one of them to mate with cTnTR141W mice and
determined how Dkk3 participate in FDCM pathogenesis.

Dkk3 Increased the Survival Rate of cTnTR141W FDCM
Transgenic Mice
Dkk3 transgenic mice and Dkk3-ko mice were crossed to the
cTnTR141W mice as described in the Materials and Methods
section and to obtain the NTG, Dkk3-ov, Dkk3-ko,
cTnTR141W, DTG-ov, and DTG-ko mouse lines (Figure 2a),
and the cumulative mouse mortality data from all of the six
groups were recorded from 1 to 10 months of age (Figure 2b).
Dilation and mural thrombi were observed in the mouse
hearts during the post-mortem examinations. The survival
rate was 100% in the NTG group (n= 44) and Dkk3-ov group
(n= 32), whereas it was only 73.5% in the cTnTR141W group
(n= 49, Po0.001 versus NTG group) until 10 months of age.
However, the survival rate was increased by 24.1% in the
DTG-ov group (n= 34, Po0.05 versus cTnTR141W group).
Premature death occurred in the DTG-ko mice before
2 months of age, and the survival rate decreased by 30.1%
in the DTG-ko group until 10 months of age (n= 37, Po0.05

versus cTnTR141W group). Transgenic expression of Dkk3
increased, whereas Dkk3-ko reduced the survival rate of
cTnTR141W mice.

Dkk3 Improves Cardiac Morphology Breakage and
Dysfunction in cTnTR141W FDCM Transgenic Mice
To confirm the protective effect of Dkk3 on FDCM, we
analyzed the cardiac geometry and function with M-mode
echocardiography in all of the six groups at 1, 3, 6, and
10 months of age. The cTnTR141W transgenic mice displayed
typical FDCM phenotypes with dilated chambers, thin walls,
and cardiac dysfunction. However, the FDCM phenotypes
were significantly ameliorated owing to the transgenic expres-
sion of Dkk3 in the cTnTR141W mice, demonstrated by the
10.6% reduction in left ventricular diameter at end systole
(LVESD) (Figure 3a, Po0.001) and 18.6% increase in left
ventricular posterior wall thickness at end systole (LVPWS)
(Figure 3b, Po0.001), which lead to a 32.9% increase in left
ventricular percent fractional shortening (LVFS) (Figure 3c,
Po0.01). In contrast, the FDCM phenotypes were signifi-
cantly exacerbated in Dkk3-ko cTnTR141W mice, as demon-
strated by the 9.2% increase in LVESD (Figure 3a, Po0.05),
12.0% reduced LVPWS (Figures 3b, Po0.05), and 18.7%
reduced LVFS (Figure 3c, Po0.05). The protective effect of
Dkk3 on FDCM development was observed obviously from
3 months of age and peaked at 6 months of age, but the
protective effect was decreased at the end-stage DCM at
10 months of age (Figures 3d and f and Supplementary
Tables S3–S6).

Dkk3 Ameliorates Cardiac Pathological Changes in
cTnTR141W FDCM Transgenic Mice
Heart from the all the six groups were sampled for gross
morphology examination and histological examination at
6 months of age (Figure 4). Pathological phenotypes of dilated
chambers, thin walls, myocytes disarray, and fibrosis in the
cTnTR141W mice were significantly reduced because of the
transgenic expression in DTG-ov mice. In contrast, Dkk3-ko
increased the heart to body weight ratio, malalignment and
collagen accumulation in the interstitial space, and hypertro-
phic marker (ANF and BNP) expression significantly in the
DTG-ko mice compared with that in the cTnTR141W mice.

Taken together, echocardiography and histological exam-
ination consistently demonstrated that Dkk3 overexpression
could improve and Dkk3-ko exacerbate the pathological
phenotypes of FDCM in mice.

Dkk3 Activates Canonical Wnt/β-catenin Pathway in
cTnTR141W FDCM Transgenic Mice
Dvl is a key factor of the Wnt pathway. Corresponding with
the increase in Dkk3, Dvl1 levels increased significantly in the
cTnTR141W mice (Figures 5a and b, n= 3). In contrast, Dvl1
level was reduced with Dkk3-ko in the cTnTR141W mice
(Figures 5a and b, n= 3).

Figure 2 Genotyping and survival analysis. (a) Genotyping by genomic
PCR for cTnTR141W (370 bp PCR products), Dickkopf 3 (Dkk3) transgenic
(480 bp PCR products), and Dkk3-kockout (ko) (946 bp PCR products).
(b) Cumulative percent mortality for non-transgenic mice (NTG) (n= 44),
Dkk3-ov (n= 32), Dkk3-ko (n= 36), cTnTR141W (n= 49, ***Po0.001 versus
NTG group), DTG-ov (n= 34, #Po0.05 versus cTnTR141W), and DTG-ko
(n= 37, #Po0.05 versus cTnTR141W) was calculated every month from 1 to
10 months of age.
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Furthermore, we detected the activation state of the
canonical Wnt/β-catenin pathway, corresponding with
increased Dkk3 expression, and cytoplasmic and nuclear
β-catenin level (Figures 5a, c, and d, n= 3) were increased. In
line, the Axin2 (Figures 5a and e, n= 3) and c-Myc
(Figures 5a and f, n= 3) were subsequently increased in the
DTG-ov mice. In contrast, after Dkk3-ko, cytoplasmic and
nuclear β-catenin level (Figure 5a, c and d, n= 3) were
decreased, and Axin2 and c-Myc expressions (Figures 5a, e,
and f, n= 3) were subsequently reduced in the DTG-ko mice.
And to confirm the activation of Dkk3 on the canonical Wnt
pathway, Dkk3-ko and overexpression in H9c2 cells were
established, and then were transfected with pTOPFlash or
pFOPFlash (inactive, mutant TCF sites), a β-catenin report
system, along with pRL-CMV. We found that Dkk3 also
increased the β-catenin activation in vitro (Figure 5g, n= 3).
Furthermore, the activation of Dkk3 on β-catenin were
confirmed by immunofluorescence (Figure 5h). These results
suggested that canonical Wnt/β-catenin signaling was acti-
vated by Dkk3 overexpression and inhibited by Dkk3-ko
in vivo and in vitro.

Dkk3 Inhibits the Wnt/Ca2+ and Wnt/JNK Pathway in
cTnTR141W FDCM Transgenic Mice
The noncanonical Wnt pathway divides into three major
branches that are mediated through JNKs, PKC, and CAMKII.

We detected the three major branches of the noncanonical Wnt
pathway in all of the six groups. The JNK signaling and
CAMKII signaling were inhibited with the transgenic Dkk3
expression (Figures 6a and c, n= 3). Furthermore, HDAC4
phosphorylation was subsequently inhibited corresponding with
inactivation of CAMKII signaling (Figures 6a and d, n= 3).

In contrast, JNK and CAMKII signaling were significantly
activated (Figures 6a and d, n= 3), and HDAC4 phosphory-
lation was subsequently increased (Figures 6a and d, n= 3)
with Dkk3-ko. However, Dkk3 overexpression and knockout
did not alter PKCδ and PKCα phosphorylation in the mouse
hearts (Supplementary Figure S1). These results suggested
that Dkk3 inhibited JNK and CAMKII signaling in the
noncanonical Wnt pathway in mouse hearts.

The protective effect of Dkk3 on FDCM development
peaked at 6 months of age, but decreased at the end-stage
DCM at 10 months of age (Figure 3d and f and
Supplementary Tables S3–S6). Therefore, we also detected
the proteins involved in the canonical and noncanonical Wnt
pathway using 10 months of age; we found that Dkk3 activate
canonical Wnt/β-catenin pathway and inhibit the Wnt/Ca2+

and Wnt/JNK pathway at 10 months of age (Figure 7), but the
regulation on those pathway were weaker than that of the
6 months of age, and these results were consistent with the
protective effect of Dkk3 on FDCM phenotypic development
by echocardiograph analysis.

Figure 3 Dickkopf 3 (Dkk3) ameliorated cardiac geometrical and functional phenotypes in cTnTR141W transgenic mice. Echocardiographic parameters of
left ventricular (LV) diameter at end systole (LVESD) (a), LV posterior wall thickness at end systole (LVPWS) (b), and LV percent fractional shortening
(LVFS) (c) were analyzed in non-transgenic (NTG), Dkk3-ov, Dkk3-ko, cTnTR141W, DTG-ov, and DTG-ko mice at 6 months of age (*Po0.05 versus NTG mice;
**Po0.01 versus NTG mice; #Po0.05 versus cTnTR141W mice; ##Po0.01 versus cTnTR141W mice; ###Po0.001 versus cTnTR141W mice). Echocardiographic
parameters of LVESD (d), LVPWS (e), and LVFS (f) were analyzed in the cTnTR141W, DTG-ov, and DTG-ko mice at 1, 3, 6, and 10 months of age.
Ko, Knockout.
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DISCUSSION
Dkk3 is expressed in the developing and adult heart.15,16 Our
results demonstrated that strong Dkk3 expression was
markedly downregulated in WT adult mouse heart, whereas
upregulated suddenly in DCM mouse heart (Figure 1). This
result is consistent with the report that Dkk3 expression is
increased in the afterloaded RV.17 However, it found that
Dkk3 expression was downregulated in the left ventricle
myocardial samples from DCM patients in end-stage heart
failure.18 These results suggest that Dkk3 could be upregu-
lated in compensation stage and downregulated in the
decompensation stage of heart failure.

It will be meaningful to understand the function of Dkk3
on cardiomyopathy pathogenesis using a model with a
progressive pathology development. The cTnTR141W trans-
genic mouse manifested progressive chamber dilation and
contractile dysfunction and has pathologic phenotypes similar
to human DCM patients.25,27 We used the cTnTR141W

transgenic mouse, the Dkk3 transgenic mice and the
Dkk3-ko mice to analyze Dkk3 function on the pathological
development of DCM. The results revealed that transgenic
Dkk3 expression increased survival rate, improved cardiac
morphology breakage and dysfunction and ameliorated
cardiac pathological changes in the cTnTR141W FDCM mice.

Figure 4 Dickkopf 3 (Dkk3) ameliorated pathological changes in the cTnTR141W transgenic mice. (a) Heart-weight (HW) to body-weight (BW) ratio was
determined for non-transgenic (NTG) (n= 11), Dkk3-ov (n= 7), Dkk3-ko (n= 10, *Po0.05 versus NTG group), cTnTR141W (n= 8), and DTG-ov (n= 8), DTG-ko
(n= 10, #Po0.05 versus cTnTR141W) transgenic mice. (b) Hematoxylin and eosin (H&E) staining patterns of the whole-heart longitudinal sections from
mice at 6 months of age. (c) Magnification of H&E-stained sections of left ventricle (magnification × 400, scan bar is 20 μm), demonstrating disparate
pathological changes. (d) Magnification of Masson trichrome-stained left ventricle section (magnification × 400); myocytes are stained red; collagenous
tissue is stained green. The expression of procollagen type III α1 (Col3α1) (e), natriuretic peptide type A (ANF) (f), and natriuretic peptide type B (BNP)
(g) were detected by real-time PCR using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for normalization (n= 3, #Po0.05 versus cTnTR141W).
Ko, Knockout.
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In contrast, Dkk3-ko reduced cTnTR141W FDCM mouse
survival rate and aggravated their pathological phenotypes
(Figures 2–4). However, the protective effects of Dkk3
appeared obviously at 3 months of age, peaked at 6 months
of age, and decreased at 10 months of age in the cTnTR141W

FDCM mice (Figures 3d and f and Supplementary Tables
S3–S6). These data suggested that Dkk3 could have a
protective role mainly in the compensation stage of heart
failure.

Most of the knowledge about Dkk3 on Wnt signaling came
from studying cancers, and can activate14 or inhibit the
canonical Wnt pathway,5,8,13,19–24 which appears to be strictly
context-dependent, including cell surface receptors and
coexpressed ligands. However, the precise mechanism by
which Dkk3 interferes with Wnt signaling in heart tissues was
unclear, although it has been observed that Dkk3 participated
in the aortic banding-induced cardiac hypertrophy via ASK-1-
JNK/p38 pathway regulation.18

Wnt signaling principally involves canonical (β-catenin-
dependent) and noncanonical (β-catenin-independent)
signaling pathways, which are divided into three major
branches that are mediated through JNKs, PKC, and
Ca2+/CAMKII. We assessed changes in both the canonical
and noncanonical Wnt pathways. We determined that Dkk3
upregulated Dvl1 and key proteins of the canonical Wnt
pathway (cytoplasmic and nuclear β-catenin, Axin2, and
c-Myc) (Figures 5 and 8) and downregulated key proteins of
the noncanonical Wnt pathway (JNK, CAMKII, and HDAC4)
(Figures 6 and 8), whereas Dkk3 did not obviously change
the PKC branch (Supplementary Figure S1). In contrast, these
effects on those branches were reversed by Dkk3-ko in the
cTnTR141W transgenic mice. And, the activation of Dkk3
on the canonical Wnt pathway was also confirmed in vitro
(Figure 5). The protective effect of Dkk3 on FDCM
development peaked at 6 months of age, but decreased at
the end-stage DCM at 10 months of age (Figures 3d–f

Figure 5 Dickkopf 3 ( (Dkk3) activates the canonical Wnt pathway in vivo and in vitro. (a) Dishevelled 1 (Dvl1), cytoplasmic and in nuclear β-catenin,
Axin2, and c-Myc expression was measured by western blot in the non-transgenic (NTG), Dkk3-ov, Dkk3-ko, cTnTR141W, DTG-ov, and DTG-ko transgenic
mouse hearts at 6 months of age. The quantitative analysis of Dvl1 (b), cytoplasmic β- (c), nuclear β-catenin (d), Axin2 (e), and c-Myc (f) using
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) o histone H3 for normalization (n= 3, *P o0.05 versus NTG mice; **Po0.01 versus NTG mice;
#Po0.05 versus cTnTR141W mice; ##Po0.01 versus cTnTR141W mice). (g) H9c2 cells were transfected with pTOPFlash or pFOPFlash (inactive, mutant T-cell
factor (TCF) sites) along with pRL-CMV. Luciferase activity of vehicle-treated, pFOPFlash-transfected cells of wild-type (WT) was set at 1, and other results
are expressed as fold activation relative to that value (n= 3, *Po0.05, **Po0.01 vs WT cells). (h) Immunodetection of β-catenin in H9c2 cells. β-Catenin
staining appeared green showing the distrabution of β-catenin protein and the sections were counterstained blue with DAPI (4',6-diamidino-2-
phenylindole) to visualize the nuclei. CMV, cytomegalovirus; Ko, Knockout.
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and Supplementary Tables S3–S6). Therefore, we also
detected the proteins involved in canonical and noncanonical
Wnt pathway at 10 months of age. We found that Dkk3
activate canonical Wnt/β-catenin pathway and inhibit the
Wnt/Ca2+ and Wnt/JNK pathway at 10 months of age, but the
regulation on those pathway were weaker than that of the
6 months of age (Figures 5–7), and these results were

consistent with the phenotypic development by echocardio-
graph analysis.

Wnt signaling is critical for proper myocardial differentia-
tion but is silenced in normal fully differentiated myo-
cardium;29–32 however, the pathway becomes reactivated in
disease, including hypertrophy.33 Dvl is a positive regulator of
the Wnt pathway,34 and cardiac-specific Dvl1 led to severe

Figure 6 Dickkopf 3 (Dkk3) inhibited the noncanonical Wnt pathway in cTnTR141W familial dilated cardiomyopathy (FDCM) transgenic mice. (a) Phospho-
c-Jun N-terminal kinase (JNK) (Thr183/Tyr185), total JNK, phospho-Ca2+/calmodulin-dependent protein kinase II (CaMKII) (Thr286), total CaMKII, phospho-
histone deacetylase 4 (HDAC4) (Ser632), and total HDAC4 expression were measured by western blot in non-transgenic (NTG), Dkk3-ov, Dkk3-ko,
cTnTR141W, DTG-ov, and DTG-ko transgenic mouse hearts at 6 months of age. Quantitative analysis of phospho-JNK (b), phospho-CaMKII (c), and
phospho-HDAC4 (d) total JNK, total CaMKII, and total HDAC4 were used for normalization, respectively (n= 3, *Po0.05 versus NTG mice; #Po0.05 versus
cTnTR141W mice). Ko, knockout.

Figure 7 The expression of proteins in the canonical Wnt pathway (a), including Dishevelled 1 (Dvl1), cytoplasmic and in nuclear β-catenin, Axin2, and
c-Myc, and proteins in the noncanonical Wnt pathway (b), including phospho-c-Jun N-terminal kinase (JNK) (Thr183/Tyr185), total JNK, phospho-Ca2+/
calmodulin-dependent protein kinase II (CaMKII) (Thr286), total CaMKII, phospho-histone deacetylase 4 (HDAC4) (Ser632), and total HDAC4 were
measured by western blot in the heart tissues of non-transgenic (NTG), Dkk3-ov, Dkk3-ko, cTnTR141W, DTG-ov, and DTG-ko transgenic mice at 10 months
of age. Dkk3, Dickkopf 3; Ko, knockout.
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cardiomyopathy.33 Spontaneous cardiac hypertrophy was
observed in β-catenin-depleted mice, and an attenuation of
cardiac hypertrophy was observed in mice with stabilized
β-catenin.35 However, the importance of β-catenin-depen-
dent signaling for the development of cardiac hypertrophy has
been confirmed in others reports.36–39 The noncanonical
pathways are also involved in hypertrophy. JNK activation
produces a fibrotic/failing heart phenotype in vivo and
in vitro.40,41 Dominant-negative JNK prevents pressure over-
load hypertrophy in rats.42 CaMKII inhibition can attenuate
cardiac hypertrophy,43 and CAMKII phosphorylation was
associated with increased histone deacetylase 4 phosphory-
lation, which has been associated with cardiac hypertrophy.44

Canonical and noncanonical Wnt signaling are antergic in
some systems,31,45 which raises the interesting possibility that
those pathways are actually part of a large Wnt signaling
network in which a unique combination of effectors are
activated in a cell-type-dependent manner.

Taken together, the amelioration of FDCM by Dkk3 may
be partly through canonical Wnt pathway activation and
noncanonical Wnt pathway inhibition.

DCM is a primary heart muscle disease,46 and despite
recent advances in pharmacological and surgical therapies,
disability and morbidity due to DCM remain common.47–49

Therefore, screening and investigation of important modifier
genes involved in the cardiomyopathy pathogenesis is still a
major concern in the heart disease field. Elevated Dkk3 levels
are specifically associated with AD and might serve as a
potential noninvasive AD biomarker in the plasma;14 more-
over, evidences accumulated indicated that Dkk3 is both a
potential tumor biomarker and effective anticancer agent.50,51

In view of our findings, Dkk3 could be a potential target for
cardiomyopathy treatment.

Our data provide compelling evidence that Dkk3 can
prevent the FDCM development in mice, especially in the
compensatory stage, probably through activation of the
canonical and inhibition of the noncanonical Wnt pathway
(especially the Wnt/Ca2+ and the Wnt/JNK branches), which
suggests that Dkk3 is a therapeutic target for cardiomyopathy
and heart failure treatment.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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