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Aims Dickkopf-3 (DKK3), a secreted protein in the Dickkopffamily, is expressed in various tissues, including the heart, and has
been shown to play an important role in tissue development. However, the biological function of DKK3 in the heart

remains largely unexplored. This study aimed to examine the role of DKK3 in pathological cardiac hypertrophy.

and results

Keywords

We performed gain-of-function and loss-of-function studies using DKK3 cardiac-specific transgenic (TG) mice and DKK3
knockout (KO) mice (C57BL/6) background). Cardiac hypertrophy was induced by aortic banding. Cardiac hypertrophy
was evaluated by echocardiographic, haemodynamic, pathological, and molecular analyses. Our results demonstrated
that the loss of DKK3 exaggerated pressure overload-induced cardiac hypertrophy, fibrosis, and dysfunction, whereas the
overexpression of DKK3 protected the heart against pressure overload-induced cardiac remodelling. These beneficial
effects were associated with the inhibition of the ASK1-JNK/p38 (apoptosis signal-regulating kinase 1-c-Jun N-terminal
kinase/p38) signalling cascade. Parallel in vitro experiments confirmed these in vivo observations. Co-immunoprecipitation
experiments suggested that physical interactions occurred between DKK3 and ASK1. Moreover, rescue experiments
indicated that, in DKK3 TG mice, the activation of ASK1 using a cardiac-specific conditional ASK1 transgene reduced
the functionality of DKK3 in response to pressure overload; furthermore, the inactivation of ASK1 by dominant-negative
ASK1 rescued pressure overload-induced cardiac abnormalities in DKK3 KO mice.

Taken together, our findings indicate that DKK3 acts as a cardioprotective regulator of pathological cardiac hypertrophy
and that this function largely occurs via the regulation of ASK1-JNK/p38 signalling.

Cardiac hypertrophy e Fibrosis e DKK3 e ASK1

1. Introduction

Heart failure, which is increasing in prevalence, is a debilitating disease
with high morbidity and mortality.” At present, it is widely recognized
that arterial hypertension is a major risk factor for the development of
heart failure.” In response to pressure overload, the heart initially acti-
vates an adaptive physiological response to its increased workload in
the form of cardiac hypertrophy; however, over time, the increased
cardiac workload and the burden of continuous mechanical stress ultim-
ately promote heart failure, arrhythmias, and sudden death.>* Thus, the
suppression of cardiac hypertrophy has emerged as a possible strategy

for mitigating hypertension-induced end-organ damage. At the cellular
level, cardiac hypertrophy is characterized by increased cardio-
myocyte size, enhanced protein synthesis, and foetal gene programming
reactivation.”~’ Although the multiple signalling mechanisms that
control cardiomyocyte growth have been extensively studied, the mo-
lecular mechanisms that mediate the development of cardiac hyper-
trophy and the transition to heart failure are incompletely understood.

The Dickkopf (DKK) proteins, including not only proteins DKK1—
DKK4 but also a unique DKK3-related protein that is known as Soggy
(DKKL1 or SGY-1), are secreted Wnt signalling regulators.®® All the
DKK proteins except for SGY-1 share two conserved cysteine-rich
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domains that are separated by a variable linker region.” DKK3, which
is also known as REIC (Reduced Expansion in Immortalized Cells), is a
divergent member of the DKK family.® DKK3 is expressed during embry-
onic development in many tissues, including bone tissue, the neural epi-
thelium, limb buds, and the heart.'® The available evidence suggests that
DKK3 plays an important role in regulating tissue development, apop-
tosis, proliferation, and immunity."~"* DKK3 is also widely expressed
in various adult tissues, including the heart,” suggesting that this protein
may play a role in heart physiology and pathology. However, the role of
DKK3 in cardiac disease has not previously been investigated. DKK3 is a
potential tumour suppressor gene for a range of tumours,” ™" and
several studies suggest that tumour suppressors negatively modulate
cardiac hypertrophy;'®'? thus, DKK3 may be an attractive target for
therapeutic intervention to prevent cardiac hypertrophy and heart
failure. The current study featured the following objectives: (i) to deter-
mine whether DKK3 is altered in dilated cardiomyopathy (DCM)
patients and amodel of pressure overload-induced cardiac hypertrophy;
(ii) to determine whether DKK3 expression affects cardiac hypertrophy;
and (iii) to identify the mechanisms that would be involved in any such
effects that are observed.

2. Methods

The animal protocol was approved by the Animal Care and Use Committee
of the Renmin Hospital of Wuhan University, China. Sodium pentobarbital
(50 mg/kg, ip) was used to anaesthetize mice, and the adequacy of anaesthe-
siawas confirmed by the absence of reflex response to foot squeeze. All sur-
geries and subsequent analyses were performed in a blinded fashion. All
procedures that involved human samples conformed to the principles that
have been outlined in the Declaration of Helsinki and were approved by
the Renmin Hospital of Wuhan University Review Board, Wuhan, China.
An expanded method section is available in Supplementary material
online, Supplementary Methods, which includes detailed methods on the fol-
lowing: reagents and animals, aortic banding model,%”?**" echocardiography
and haemodynamic measurements,®”*°~2® histological analysis, cultured
neonatal rat cardiac myocytes (NRCM) and recombinant adenoviral
vectors,®”2° immunofluorescence, quantitative real-time PCR and
western blotting, immunoprecipitation, in vitro kinase assay,”**> human
heart samples,” and statistical analysis.

3. Results

3.1 DKK3 expression is decreased in DCM
human hearts and in hypertrophic murine
hearts

To study the potential role of DKK3 in cardiac hypertrophy and heart
failure, we first determined whether DKK3 expression is altered in
hearts with these pathologies. Western blot and real-time PCR analyses
demonstrated that in left ventricle (LV) myocardial samples, compared
with healthy donors, end-stage heart failure DCM patients who were
undergoing heart transplantation demonstrated dramatically decreased
DKK3 protein and mRNA expression (Figure 1A and D), but markedly
elevated levels of the hypertrophic markers 3-myosin heavy chain
(MHC) and atrial natriuretic factor (ANP; Figure 1B and D). Theimmuno-
fluorescence results showed that DKK3 was distributed in cytoplasm
and was extracellular, and its expression was down-regulated in DCM
hearts (Figure 1C). Similarly, in a murine model of aortic binding
(AB)-induced cardiac hypertrophy, AB-treated mice exhibited
increased B-MHC and ANP relative to sham-operated mice

(Figure 1E), and cardiac DKK3 was ~57% lower in 4-week AB-treated
hearts compared with sham-operated hearts (Figure 1E,n = 3independ-
ent experiments, P < 0.01 vs. sham). Furthermore, DKK3 levels were
significantly down-regulated in in vitro cultured neonatal cardiomyocytes
that had been treated with eitherangiotensin Il (Ang Il) or phenylephrine
for 48 h to induce cardiomyocyte hypertrophy (Figure 1F, n = 3 inde-
pendent experiments, P << 0.01 vs. phosphate buffer solution (PBS)).
These findings suggest that DKK3 deficiency is associated with the devel-
opment of cardiac hypertrophy and heart failure.

3.2 DKK3 modulates Ang ll-induced
cardiomyocyte hypertrophy in vitro

The observation of decreased DKK3 expression in response to hyper-
trophic stimuli suggests that DKK3 may regulate pathological cardiac
hypertrophy. To test this conjecture, we performed controlled gain-
and loss-of-function studies utilizing cultured isolated cardiomyocytes.
Cells were infected with AdshDKK3 to knockdown DKK3 expres-
sion or with AdDKK3 to induce DKK3 overexpression (see Supplemen-
tary material online, Figure S1); these cells were then treated with either
1 wMAngllor PBS controlfor48 h andimmunostained with a-actinin to
allow for measurements of cardiomyocyte size. The experimental results
with respect to the cell surface area of cardiomyocytes indicated that
AdshDKK3-mediated DKK3 deficiency exacerbated Ang ll-mediated
cardiomyocyte hypertrophy; in contrast, AADKK3-mediated DKK3
overexpression attenuated cardiomyocyte hypertrophy (Figure 2A and B).
Consistent with these results, compared with controls, the Ang ll-induced
expression of the hypertrophic markers ANP and 3-MHC was markedly
increased in AdshDKK3-infected cardiomyocytes (Figure 2C, left panel),
but decreased in AdDKK3-infected cardiomyocytes (Figure 2C, right
panel) after Ang Il stimulation. These in vitro data suggest that DKK3
exerts an inhibitory effect upon cardiac hypertrophy.

3.3 Loss of DKK3 exacerbates pressure
overload-induced hypertrophy

Our in vitro experimental results strongly suggest that DKK3 plays a crit-
ical regulatory role in hypertrophic responses to Ang Il. To investigate
the potential involvement of DKK3 in suppressing in vivo cardiac hyper-
trophy in response to stimuli that are more pathologically relevant than
Ang Il exposure, DKK3 knockout (KO; DKK3™/7) mice (see Supple-
mentary material online, Figure S2A) were examined at 4 weeks after
an AB or sham operation. Under basal conditions, DKK3 '~ mice man-
ifested no pathological abnormalities in cardiac structure or cardiac
function (see Supplementary material online, Table). However, relative
to AB-treated wild-type (WT) mice (DKK3 ™" mice), DKK3 ™/~ mice
exhibited markedly increased cardiac hypertrophy after 4 weeks of AB,
as evidenced by increased heart weight (HW)/body weight (BW), lung
weight (LW)/BW, and HW/tibia length (TL) ratios compared with
AB-treated DKK3 ™" mice (Figure 3A—C). Histological analyses revealed
an increased cardiomyocyte cross-sectional area (CSA) in DKK3 ™/~
heartsthanin DKK3™/* hearts after 4 weeks of AB (Figure 3Dand E). Echo-
cardiography and haemodynamic measurements indicated that these
changes were accompanied by increased cardiac dilation and dysfunction
in DKK3 ™/~ than in DKK3™* mice (Figure 3F and G). In addition, after 4
weeks of AB, increased levels of the hypertrophic markers ANP, brain
natriuretic peptide (BNP), and B-MHC were observed in DKK3 ™/~
than in DKK3™* mice (see Supplementary material online, Figure S2B).
Fibrosis constitutes a major hypertrophic pathological development.
To further characterize the effects of DKK3 on maladaptive cardiac
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Figure I DKK3 expression is decreased in DCM human hearts andin hypertrophic murine hearts. (A) The relative levels of DKK3 mRNA in donor hearts
and DCM hearts. (B) Relative ANP and brain natriuretic peptide mRNA levels in donorhearts and DCM hearts. (C) The immunostaining results showed that
DKK3 both is distributed in cytoplasm and is extracellular and decreased in DCM hearts (n = 6 hearts per experimental group; *P < 0.05 vs. donor hearts).
(D—F) B-MHC, ANP, and DKK3 protein levels in samples from (D) donor hearts and DCM hearts; (E) mice at the indicated times after sham oraortic binding
(AB) surgery; and (F) neonatal rat cardiomyocytes that have been treated with angiotensin Il (Ang Il) or phenylephrine for 48 h (n = 3 independent experi-
ments, *P < 0.05 vs. donor or sham or phosphate buffer solution (PBS)). (left) Representative blots and (right) quantitative results.
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Figure 2 DKK3 modulates Ang ll-induced cardiomyocyte hypertrophy in vitro. (A) Representative images of neonatal rat cardiomyocytes that have been
infected with AdshDKK3 or AdDKK3 and treated with Ang Il (1 wM) for 48 h. (B) Cell surface area of neonatal rat cardiomyocytes that have been infected
with (left) AdshDKK3 or (right) AADKK3 and treated with Ang |l (1 wM) for48 h (n = 40+ cells per experimental group). (C) The relative levels of ANPand
3-MHC mRNAs in neonatal rat cardiomyocytes that have been infected with (left) AdshDKK3 or (right) AADKK3 and treated with Ang Il (1 M) for48 h
(n = 3 independent experiments). *P < 0.05 vs. AdshRNA or AdGFP/PBS; *P < 0.05 vs. AdshRNA or AdGFP/Ang II.

remodelling, cardiac fibrosis was measured. Paraffin-embedded tissue
sections were stained with picrosirius red (PSR) to assess cardiac fibrotic
extent. Marked perivascular and interstitial fibrosis was observed in
AB-treated DKK3 ™" mice, but this phenomenon was more prominent-
ly observed in AB-treated DKK3 ™/~ mice (Figure 3H). Subsequent ana-
lyses of LV collagen content and the mRNA expression levels of various
fibrotic markers, such as connective tissue growth factor (CTGF), colla-
gen |, and collagen I, consistently demonstrated that the fibrotic re-
sponse was greater in DKK3 ™/~ than in DKK3*/* mice (Figure 3! and
see Supplementary material online, Figure S2C). Collectively, these
loss-of-function data indicate that DKK3 deficiency exacerbates
cardiac hypertrophy in response to pressure overload.

3.4 DKKS3 overexpression mitigates
pressure overload-induced hypertrophy

Wethen addressed whether elevated levels of DKK3 in the heart attenu-
ate cardiac hypertrophy. To examine this issue, transgenic (TG) mice
with the cardiac-specific overexpression of mouse DKK3 were

generated using the a-MHC promoter (see Supplementary material
online, Figure S3A). Four germ lines of DKK3 TG mice were established;
the successful creation of these lines was verified by western blotting
(see Supplementary material online, Figure S3B). At baseline, none of
the DKK3 TG mice manifested any apparent morphological or patho-
logical cardiac abnormalities (see Supplementary material online,
Table). The TG line (Tg4) that exhibited the highest DKK3 levels was
selected for the following experiments. DKK3 TG mice and their WT
littermates [i.e. non-transgenic (NTG) mice] were examined at 8
weeks after either AB treatment or a sham operation. As expected,
the myocardial hypertrophic response was significantly blocked in TG
mice, as indicated by lower ratios of HW/BW, LW/BW, and HW/TL
in TG than in NTG mice (Figure 4A—C). Similarly, the CSA of cardiomyo-
cytes was much smaller in AB-treated DKK3 TG than in AB-treated
NTG mice (Figure 4D and E). Consistent with these morphological
alterations, the AB-induced expression of markers of cardiac hyper-
trophy (ANP, BNP, and 3-MHC) was greatly reduced in TG than in
NTG mice (see Supplementary material online, Figure S3C). After 8
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Figure 3 Loss of DKK3 exacerbates pressure overload-induced hypertrophy. (A—C) Statistical results for the following ratios in the indicated groups
(n = 12-13 mice per experimental group): (A) HW/body weight (BW); (B) LW/BW; and (C) HW/TL. (D) Images of heart sections from WT and KO
mice at 4 weeks after sham or AB surgery (n = 5—8 mice per experimental group) that have been stained with H&E or FITC-conjugated wheat germ ag-
glutinin (WGA). (E) Statistical results for cross-sectional area (CSA) (n = 100+ cells per experimental group). (F) Parameters of the echocardiographic
results for WT and KO mice (n = 7—8 mice perexperimental group). (G) Parameters of haemodynamic measurement results for WT and KO mice (n = 7—
8 mice per experimental group). (H) Images of picrosirius red (PSR)-stained heart sections from WT and KO mice at 4 weeks after sham or AB surgery
(n = 5—8mice perexperimental group). (/) Statistical results for left ventricle (LV) collagen volume (%) (n = 25+ fields per experimental group).*P < 0.05
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weeks of AB, profoundly better cardiac structure and cardiac function
were exhibited by TG than by NTG mice, as measured by echocardiog-
raphy and haemodynamic measurements (see Supplementary material
online, Figure S3E and F).

We next assessed cardiac fibrosis by examining the PSR staining of
collagen within the interstitial and perivascular spaces and by measuring
the collagen volume and the expression of the fibrotic markers collagen
|, collagen Ill, and CTGF in the LV. In contrast to DKK3 KO mice,
DKK3 TG mice exhibited remarkably attenuated cardiac fibrosis
compared with NTG animals (Figure 4F and G and see Supplementary
material online, Figure S3D). Taken together, the results of these
gain-of-function investigations suggest that the increased expression of
DKK3 in the heart protects against pressure overload-induced cardiac

hypertrophy.

3.5 DKKS3 regulates ASK1 signalling in
the heart

Given the aforementioned results, which demonstrate that the down-
regulation of DKK3 expression in failing hearts plays a causative role
in cardiomyocyte hypertrophy, we attempted to identify the molecules
that are involved in DKK3 signalling. Because mitogen-activated protein
kinase (MAPK) signalling pathways in heart tissue and in isolated cardio-
myocytes are activated by various hypertrophic stresses, including
haemodynamic overload and neurohormonal stimuli,® the possible in-
volvement of MAPK pathways in DKK3 signalling was investigated.
Western blot analyses demonstrated that 4 weeks of AB caused signifi-
cant increases in the levels of phosphorylated MEK1/2, extracellular
signal-regulated kinases (ERK) 1/2, c-Jun N-terminal kinase (JNK)1/2,
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and p38in both DKK3 '~ and DKK3"'* hearts (Figure 5A). The degree
of ]NK1/2 and p38 activation was significantly greater in DKK3 ™/~ than
in DKK3 1™ hearts, whereas similar levels of MEK1/2 and ERK1/2 activa-
tion were observed in these two groups of animals (Figure 5A). In
gain-of-function experiments, we observed that the AB-induced activa-
tion of JNK1/2 and p38 was almost completely blocked in DKK3 TG
hearts (Figure 5B). To confirm these findings, we altered DKK3 expres-
sion in vitro by transfecting cultured neonatal rat cardiomyocytes with
AdshDKK3 or AdDKK3 and then subjecting the transfected cardiomyo-
cytes to 60 min of 1 wM Ang Il treatment. In accordance with the in vivo
findings, greater levels of phosphorylated JNK1/2 and p38 were
observed in AdshDKK3-transfected cells compared with control
AdshRNA-transfected cells (Figure 5C). In contrast, DKK3 overexpres-
sion reduced the phosphorylated JNK1/2 and p38 in Ang ll-treated

cells to levels that were comparable with the levels of phosphorylated
JNK1/2 and p38 that were observed in control cells (Figure 5D). Collect-
ively, these data suggest that in hearts that have been subjected to hyper-
trophic stimulation, DKK3 suppresses the activation of JNK1/2 and p38,
but has no effect on MEK1/2 and ERK1/2 activation.

Considerable evidence exists to indicate that the activation of JNK1/2
and p38 plays a critical role in apoptotic cell death.””*® Apoptosis
signal-regulating kinase 1 (ASK1) is an MAPK kinase kinase that is activated
by various stresses. ASK1 activation causes the activation of MKK3/6 and
MKK4/7, which activate JNK1/2 and p38, respectively.”” To determine
whether DKK3 directly inhibits J]NK1/2 and p38 activation or indirectly
by inhibiting upstream components of the signalling pathway, the effects
of DKK3 on ASK1 activation in DKK3 ™/~ and DKK3™* hearts that
have been subjected to pressure overload were assessed through
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titative results. For this figure, n indicates the number of independent experiments.
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immunoblotting. Although the immunoreactive signals that were asso-
ciated with ASK1 protein content/phosphorylation were weak, quantita-
tive immunoblotting indicated that chronic pressure overload induced a
greater increase in cardiac phosphorylated ASK1 levels in DKK3 ™/~
than in DKK3™™ animals (Figure 5E). In vitro kinase activity assays
further demonstrated significantly greater ASK1 activity in AB-treated
DKK3 ™/~ than in AB-treated DKK3™"™ hearts (Figure 5I). Although AB
significantly increased ASK1 phosphorylation in NTG mice, this increase
in ASK1 phosphorylation was almost completely eliminated in TG hearts
(Figure 5F). Importantly, DKK3 overexpression also mitigated AB-induced
increases in ASK1 activity (Figure 5/). To further determine whether DKK3
directly inhibits ASK1 in cardiomyocytes, cultured neonatal rat cardio-
myocytes were subjected to either AdshDKK3-mediated DKK3 knock-
down or AdDKK3-mediated DKK3 overexpression followed by
treatment with 1 wM Ang Il for 60 min. As expected, Ang ll-induced
ASK1 phosphorylation was markedly increased by AdshDKK3, but dramat-
ically decreased by AdDKK3 (Figure 5G and H); moreover, Ang
[I-stimulated ASK1 activity was increased in AdshDKK3-infected cardio-
myocytes (Figure 5K), but significantly attenuated in AADKK3-infected
cardiomyocytes (Figure 5L). Notably, co-immunoprecipitation experi-
ments in HEK293T cells transfected with FLAG-tagged ASK1 and
hemagglutinin-tagged DKK3 showed that DKK3 could co-immunopreci-
pitate along with ASK1 and vice versa (Figure 6A and B), which was con-
sistent with the results of endogenous co-immunoprecipitation in
NRCMs (see Supplementary material online, Figure S4A and B). Taken to-
gether, these results indicate that the overexpression of DKK3 blocks
the activation of ASK1 in hypertrophic hearts; in contrast, a loss of
DKK3 promotes the hypertrophic stress-induced activation of ASK1.

3.6 DKK3-mediated anti-hypertrophic
effects are largely dependent on the
inhibition of ASK1 signalling

We and others have previously demonstrated that the activation of the
ASK1 signalling cascade is associated with cardiac hypertrophy.*°~3* To
determine whether DKK3 exerts anti-hypertrophic effects in an ASK1
inhibition-dependent fashion, we co-infected neonatal cardiomyocytes
with both AdASK1 and AdDKK3; these cardiomyocytes were then
treated with Ang Il. The results of analyses of cardiomyocte surface
area revealed that the overexpression of ASK1 significantly attenuated
DKK3-elicited inhibitory effects on Ang ll-induced cell hypertrophy
(see Supplementary material online, Figure S5A), suggesting that
DKK3-induced anti-hypertrophy may depend on the inhibition of ASK1.

A + + HA-DKK3
+ _— Flag-cherry-ASK1

w
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é IB: anti-HA
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To confirm the above in vitro findings in an in vivo model that exhibits
greater pathological relevance, ASK1-inducible transgenes were intro-
duced into mice with DKK3 TG backgrounds. Conditional ASK1 TG
mice (ASK1-Cre-TG mice) were generated by crossing ASK1 flox mice
with TG a-MHC-MerCreMer (MEM) mice, and DKK3 TG mice and
ASK1-Cre-TG mice were crossed to create DKK3/ASK1-Cre DTG
animals (see Supplementary material online, Figure S5B and C). To
induce Cre-dependent recombination, 6-week-old ASK1-Cre-TG, and
DTG mice were treated with tamoxifen (80 mg/kg/day, ip) for 5 con-
secutive days. The mice were identified by western blot analysis (see
Supplementary material online, Figure S5D). After 4 weeks of AB,
ASK1-Cre-TG mice exhibited significantly increased cardiac hyper-
trophy compared with MEM-Cre controls (see Supplementary material
online, Figure S5E—L). Importantly, in the ASK1 TG background, DKK3
overexpression no longer protected against the hypertrophic effects
that were induced by 4 weeks of AB, as evidenced by the fact that AB
treatment caused increases in the HW/BW, LW/BW, and HW/TL
ratios in these animals (see Supplementary material online, Figure
S5E—G). Histological analyses also revealed that, as indicated by relative
cardiomyocyte CSA, the protective effect of DKK3 overexpression on
cardiac hypertrophy was compromised during cardiac ASK1 activation
(see Supplementary material online, Figure S5H and ). In DKK3 TG
mice with an ASK1 TG background, DKK3 overexpression did not at-
tenuate myocardial fibrosis after 4 weeks of AB (see Supplementary ma-
terial online, Figure S5H and J). Furthermore, in the cardiac ASK1 TG
background, DKK3 overexpression did not blunt either the foetal
cardiac gene or fibrotic marker expression after chronic pressure over-
load (see Supplementary material online, Figure S5Kand L). Thus, the ex-
perimental results generated for both in vitro cardiomyocytes and in vivo
animal hearts consistently demonstrate that restored cardiac ASK1 ex-
pression negates DKK3-induced anti-hypertrophic effects. These data
suggest that the protective role of DKK3 in hypertrophic hearts is at
least partially dependent on the inactivation of ASK1.

3.7 Inactivation of cardiac ASK1 rescues
the adverse effect of DKK3 deficiency on
pressure overload-induced cardiac
remodelling

As shown in Supplementary material online, Figure S5, ASK1 activation
could, at least partially, negate the anti-hypertrophic effect of DKK3
overexpression in the heart. Thus, we were interested in examining
whether the inactivation of ASK1 could have therapeutic potential for
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— HA-DKK3
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Figure 6 DKK3 interacts with ASK1. (A) Western blots with Flag or hemagglutinin antibodies after the use of a Flag antibody to co-immunoprecipitate
ASK1 from HEK293T whole cell lysates. (B) Western blots with Flag or HA antibodies after the use ofan HA antibody to co-immunoprecipitate DKK3 from
HEK293T whole cell lysates. Three independent experiments were performed.
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the treatment of cardiac hypertrophy. To conduct this examination,
we infected neonatal rat cardiomyocytes with both AddnASK1 (a cata-
lytically inactive mutant form of ASK1 in which Lys-709 has been
replaced by Arg) and AdshDKK3. We then treated the infected cells
with Ang Il to induce cell hypertrophy. The results of cell surface area
analyses revealed that increases in cell hypertrophy caused by DKK3
knockdown were significantly mitigated by the prevention of ASK1 acti-
vation (see Supplementary material online, Figure S6A). To test whether
ASK1 inactivation could rescue the abnormalities that have been
observed in AB-treated DKK3 '~ mice, we generated a cross model
to produce animals with dnASK1 overexpression in DKK3-null hearts
(see Supplementary material online, Figure S6B and C). In these genetic
models, the inactivation of ASK1 by its dominant-negative mutant
was confirmed by western blotting (ASK1-MKK6-JNK/P38; see
Supplementary material online, Figure S6D). After 4 weeks of AB,
cardiac-specific dnASK1-TG mice exhibited significant attenuation of
cardiac hypertrophy and fibrosis compared with NTG controls (see
Supplementary material online, Figure S6E—L). Interestingly, after
DKK3-deficient mice were crossed into the dnASK1-TG mice back-
ground, DKK3 deficiency no longer promoted AB-triggered increases
inthe HW/BW, LW/BW, and HW/TL ratios (see Supplementary mater-
ial online, Figure S6E—G), the CSA of cardiomyocytes, or volumes of LV
fibrosis (see Supplementary material online, Figure S6H—L). Taken to-
gether, these data suggest that the inhibition of ASK1 can prevent
DKK3 reduction-induced cardiac remodelling in response to hyper-
trophic stimuli.

4. Discussion

It has been well documented that cardiac hypertrophy is an important
cause of heart failure that reciprocally reinforces the development of
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heart failure. However, our understanding of the pathogenesis of
cardiac hypertrophy at the molecular level remains extremely limited.
In the present study, we identify DKK3 as an intrinsic negative regulator
of cardiac hypertrophy and demonstrate that DKK3 prevents maladap-
tive remodellingand a transition to heart failure in the context of chronic
pressure overload. The major novel findings of this study are as follows:
(i) DKK3 expression is significantly decreased in both failing human
hearts and hypertrophic murine hearts; (i) DKK3 protects against
cardiac hypertrophy in response to hypertrophic stimuli both in vitro
and in vivo; and (iii) DKK3 functions as a negative regulator of pressure
overload-induced cardiac hypertrophy, at least partly, through the regu-
lation of ASK1-JNK/p38 signalling. Thus, we provide the first indications
that DKK3 plays a critical role in attenuating pressure overload-induced
cardiac remodelling.

The mechanisms by which DKK3 attenuates cardiac hypertrophy are
likely mediated by the inactivation of the MAPK signalling cascade. Nu-
merous studies have determined that the activation of the MAPK signal-
ling pathway contributes to the development of cardiac hypertrophy and
heart failure.”¢3>3¢ The MAPK cascade, which is initiated in cardiomyo-
cytes by stress stimuli, involves a sequence of successively acting kinases,
including p38, JNKs, and ERKs.>® Once this cascade has been activated,
p38, JNKs, and ERKs phosphorylate a wide array of intracellular
targets, including numerous transcription factors; this phosphoryla-
tion results in the reprogramming of cardiac gene expression.”® To elu-
cidate the molecular mechanisms that are involved in DKK3-mediated
anti-hypertrophic effects, we examined the status of the MAPK signall-
ing cascade in our hypertrophic models. Interestingly, we found
that the activation of both p38 and JNK1/2 in response to chronic
pressure overload or Ang Il stimulation was almost completely
blocked by the cardiac-specific overexpression of DKK3, but greatly
enhanced by DKK3 deficiency. These findings suggest that DKK3
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Figure 7 The proposed mechanism of DKK3 regulation of cardiac hypertrophy. On the basis of our in vitro and in vivo data, we propose that DKK3 phys-
ically interacts with ASK1 to inhibit ASK1 activity under normal conditions (left panel). Under conditions of aortic banding or other hypertrophic stress,
DKK3 is down-regulated and dissociates from ASK1 (right panel); as a result, ASK1 is phosphorylated and activates MKK4/7 and MKK3/6, which then se-
quentially phosphorylate downstream JNK1/2 and P38, which activate multiple transcription factors that relate to cardiac hypertrophy.
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exerts its anti-hypertrophic effects through the inhibition of p38 and
JNK1/2 signalling.

Given that ASK1 is a major upstream regulator of p38 and JN
DKK3 inhibition of p38/JNK suggests that DKK3 may affect the activa-
tion of ASK1. Indeed, the results presented in this study reveal that
ASK1 activity was significantly reduced in AB-treated DKK3 hearts,
and that the overexpression of ASK1 offsets the protective effects of
DKK3 against AB-induced cardiac remodelling. Moreover, our data indi-
cate that ASK1 is required for pressure overload-induced cardiac hy-
pertrophy and dysfunction in DKK3-null hearts; these findings are
consistent with previous reports that identify ASK1 as an essential
factor for the development of cardiac hypertrophy and failure*°=3*
Thus, we believe that the mechanisms that underlie DKK3-induced anti-
hypertrophic effects could plausibly be dependent on the inhibition
of the ASK1-p38/JNK cascade. In co-immunoprecipitation experiments
that addressed how DKK3 negatively regulates the activation of ASK1,
we observed that DKK3 can physically bind to ASK1, which was con-
firmed by endogenous co-immunoprecipitation (Figure 6A and B
and see Supplementary material online, Figure S4A and B), suggesting
that DKK3 may cause ASK1 to become inaccessible to activation.
Future studies will be required to map the interactive domains of
these two proteins.

There is general agreement that DKK3 is a secreted protein.”°
However, in recent years, numerous studies have demonstrated that
DKK3 not only functions as a secreted protein, but also plays an import-
ant role as a cytosolic protein. Hsieh et al.>” showed that DKK3 has two
isoforms and the 55 kDa in the cytosol while the 50-kDa isoform was
secreted into the medium. Krupnik et al.” showed that soluble human
DKK3 protein displayed increase in mobility after N-glycanase treat-
ment, and the major form (45—65 kDa) of soluble human DKK3 was
observed but two splices of 45-55 and 40 kDa following deglycosyla-
tion. In our study, we also found that DKK3 also runs in a double band
all the time in the western blot, which indicated that DKK3 was deglyco-
sylation in the heart. Sakaguchi et al.*® showed that IL-7 mRNA was
induced by intracellular production of DKK3 but not secreted DKK3
protein. Ochiai et al.*® demonstrated that DKK3 was co-localized with
Tctex-1 around the endoplasmic reticulum of human fibroblasts. Over-
expression of DKK3 in HEK293 cells showed that DKK3 was located
throughout the cytoplasm.*® Immunohistochemical staining showed
that DKK3 was punctuated in the cellular cytoplasm in the brain and
liver tissue.*" All these studies have indicated that DKK3 both was dis-
tributed in cytoplasm and was extracellular. Notably, in our study, the
results of immunostaining (Figure 1C), endogenous Co-IP (see Supple-
mentary material online, Figure S4A and B), and western blot of DKK3
showed that DKK3 also located intracellular and functions as a regulator
to interact with ASK1, and then to suppress cardiac hypertrophy. Even
so, further experiments will be needed to be carried out to elucidate
how DKK3 could escape from the exocytosis and locate and function
intracellularly in the heart.

In conclusion, this investigation is the first study to define the role of
DKK3 in cardiac remodelling. Our findings indicate that DKK3 functions
as a novel negative modulator of cardiac hypertrophy and failure in
response to pressure overload. The underlying mechanism of the pro-
tective role of DKK3 against the development of cardiac hypertrophy
appears to involve the inhibition of ASK1-JNK/p38 signalling (Figure 7).
Therefore, the present study also provides novel insights into the mo-
lecular mechanisms of pathological cardiac remodelling. Based on
these findings, DKK3 may represent a new therapeutic target for sup-
pressing the onset of heart failure.

27,34
K,

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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