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INTRODUCTION

ABSTRACT WNT signaling plays an important role in cardiac development, but ab-
normal activity is often associated with cardiac hypertrophy, myocardial infarction,
remodeling, and heart failure. The effect of WNT signaling on regulation of atrial na-
triuretic peptide (ANP) secretion is unclear. Therefore, the purpose of this study was
to investigate the effect of Wnt agonist 1 (Wnta1) on ANP secretion and mechanical
dynamics in beating rat atria. Wntal treatment significantly increased atrial ANP
secretion and pulse pressure; these effects were blocked by U73122, an antagonist
of phospholipase C. U73122 also abolished the effects of Wnta1-mediated upregula-
tion of protein kinase C (PKC) B and y expression, and the PKC antagonist Go 6983
eliminated Wnta1-induced secretion of ANP. In addition, Wnta1 upregulated levels
of phospho-transforming growth factor-f activated kinase 1 (p-TAK1), TAK1 band-
ing 1 (TAB1) and phospho-activating transcription factor 2 (p-ATF2); these effects
were blocked by both U73122 and Go 6983. Wntal-induced ATF2 was abrogated by
inhibition of TAK1. Furthermore, Wnta1 upregulated the expression of T cell factor
(TCF) 3, TCF4, and lymphoid enhancer factor 1 (LEF1), and these effects were blocked
by U73122 and Go 6983. Tak1 inhibition abolished the Wnta1-induced expression of
TCF3, TCF4, and LEF1 and Wntal-mediated ANP secretion and changes in mechani-
cal dynamics. These results suggest that Wnta1 increased the secretion of ANP and
mechanical dynamics in beating rat atria by activation of PKC-TAK1-ATF2-TCF3/LEF1
and TCF4/LEF1 signaling mainly via the WNT/Ca”* pathway. It is also suggested that
WNT-ANP signaling is implicated in cardiac physiology and pathophysiology.

important anti-cancer functions, including inhibition of metabo-
lism, inflammation, differentiation, proliferation and regulation

Atrial natriuretic peptide (ANP) is a member of the family of
cardiac natriuretic peptides secreted mainly from the cardiac atria
[1]. As a peptide hormone that regulates body fluid volume and
blood pressure homeostasis, ANP also possesses anti-inflamma-
tory, anti-oxidant, anti-ischemic/hypoxic, and anti-hypertrophic
properties [2-5]. Recently, it was discovered that ANP exhibits

of WNT signaling and pH in cancer cells [6-8].

WNT signal transduction is an elaborate and complex aggrega-
tion of signaling pathways that regulate a wide range of cellular
functions during development and in adult organisms. WNT
signaling pathways comprise the canonical WNT/f-catenin path-
way, non-canonical WNT/planar cell polarity (PCP) pathway,
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and WNT/Ca’" dependent pathway [9]. In the canonical WNT
pathway, activated WNT phosphorylates the dishevelled (DVL)
protein leading to dissociation of B-catenin from its destruction
complex. Subsequently, B-catenin translocates to the nucleus
and interacts with transcription factors including T cell factor
(TCF)/lymphoid enhancer-binding factor (LEF). After activation
by phosphorylated DVL, the WNT/PCP pathway is mediated by
signaling through the small GTPases RhoA and Rac and Rho-
associated kinase (ROCK) or c-Jun N-terminal kinase. In the
WNT/Ca™ pathway, recruited G-proteins activate phospholipase
C (PLC) leading to Ca*" accumulation and activation of calmodu-
lin-dependent kinase 11, calcineurin, and protein kinase C (PKC)
[9]. The WNT signaling pathways control cell growth, differentia-
tion, apoptosis, and homeostatic self-renewal, but abnormalities
in these pathways often lead to developmental aberrations and
disease, such as tumors or neurological and bone diseases [10,11].
Recent studies have shown that abnormal activity of WNT signal-
ing pathways is closely related to the occurrence and development
of myocardial ischemic/hypoxic injury, hypertrophy, fibrosis,
arrhythmia, myocardial infarction, and heart failure [9,12-15]. It
was reported that siRNA knockdown of B-catenin in cardiomyo-
cytes resulted in suppression of ANP transcription. The Anp gene
promoter contains an LEF1 binding site to which (3-catenin is re-
cruited during phenylephrine stimulation [16]; however, the effect
of WNT signaling on the regulation of atrial ANP secretion is not
clear. The aim of this study was to investigate the effect of WNT
signaling on the regulation of atrial ANP secretion usinga WNT
signaling agonist in isolated perfused beating rat atria.

METHODS
Reagents

The phospholipase C antagonist U73122, transforming growth
factor-p activated kinase 1 (TAKI) inhibitor 1, and inhibitor of
PKC Go 6983 were purchased from MedChemExpress (Mon-
mouth Junction, NJ, USA). The Wnt agonist 1 (Wntal) was pur-
chased from APExBIO Technology LLC (Houston, TX, USA).

Isolation of perfused beating left atria from rats

Sprague-Dawley rats of both sexes weighing 260-300 g each
were used. The animal procedures used in the study were ap-
proved by the Animal Care and Use Committee of Yanbian Uni-
versity and were in accordance with the animal welfare guidelines
of the US National Institutes of Health. The protocol approval
number was SCXK (Ji) 2011-006. Rats were anesthetized by in-
traperitoneal injection of sodium pentobarbital (90 mg/kg body
weight), and isolated perfused, beating left atria were prepared as
previously described [17]. The atrium from each perfusion was
stimulated at 1.5 Hz (0.3 ms, 30-40 V) with a luminal electrode,

Korean J Physiol Pharmacol 2022;26(6):469-478

and the atrium was perfused with HEPES buffer solution us-
ing a peristaltic pump (1.0 ml/min) to allow atrial pacing. The
HEPES buffer contained (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2
MgCl,, 25 NaHCO,, 10 glucose, 10 HEPES (pH 7.4 with NaOH),
and 0.1% bovine serum albumin.

Experimental protocols

The rats were randomly divided into control, Wntal, U73122,
U73122 + Wntal, Go 6983, Go 6983 + Wntal, TAK1 inhibitor 1,
and TAK1 inhibitor 1 + Wntal groups (n = 6 per group). The atria
were perfused for 60 min to stabilize atrial mechanical dynamics
and ANP secretion. The atrial perfusates were collected at 2-min
intervals at 4°C to measure ANP levels. The experimental cycles
in this study were 12 min each. Two control cycles were followed
by an infusion of Wntal (10 uM) for four cycles to determine
changes in atrial ANP secretion and mechanical dynamics. To ex-
plore the mechanism by which Wntal induced atrial ANP secre-
tion and mechanical dynamics, another series of experiments was
performed. One control cycle was followed by an introduction of
a specific inhibitor for one cycle followed by the same inhibitor +
Wntal for four cycles. The concentrations of each inhibitor were
as follows (in pM): 15 U73122, 0.3 Go 6983, and 1 TAK1 inhibitor
1. Immediately after perfusion, the atrial tissue was frozen and
stored at —80°C for subsequent western blotting analysis.

Western blot analysis

Preparation of protein homogenates, Western blot analysis,
autoradiography, and densitometry were performed as described
previously [17]. Briefly, left atrial tissue was homogenized in ra-
dioimmunoprecipitation assay lysis buffer (Solarbio Institute of
Biotechnology, Shanghai, China). Protein concentrations were
determined using an enhanced BCA protein assay kit (Beyotime
Biotechnology, Shanghai, China). Protein extracts were boiled
in Lane Maker Loading Buffer (Cwbio, Beijing, China). Electro-
phoresis was carried out in 8% or 10% sodium dodecyl sulfate-
polyacrylamide gels. Proteins were transferred to polyvinylidene
difluoride filter membranes (Beyotime Biotechnology) that were
subsequently blocked with 5% nonfat dry milk in phosphate-buft-
ered saline at room temperature. After 2 h, the membranes were
incubated with primary antibodies at 4°C overnight, washed, and
then incubated with a secondary antibody for 2 h at room tem-
perature. Protein bands were visualized with the Blotting ECL
Substrate (ECL Western blot kit, RB-SRCHLGT; RayBiotech Life,
Peachtree Corners, GA, USA). Densitometry of the western blots
was performed using the open source ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The antibodies used
in this study were as follows: anti-B-actin (1:1,000, AP0060; Bio-
world Technology, Wuhan, China), polyclonal anti-PKCR (1:1,000,
ENT3756; Elabscience, Wuhan, China), polyclonal anti-PKCy
(1:1,000, E-AB-13012; Elabscience), polyclonal TABI antibody
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(1:1,000, DF7471; Affinity, Changzhou, China), phospho-TAK1
(Thr184/Thr187) antibody (1:1,000, AF4379), polyclonal anti-
TAK1 (1:500, 12330-2-AP; Proteintech, Wuhan, China), phospho-
ATF2 (T69/T71) antibody (1:1,000, AP0525; ABclonal, Wuhan,
China), polyclonal anti-ATF2 (1:1,000, 11908-1-AP; Proteintech),
anti-LEF1 Antibody (1:1,000, DF7570; Affinity), polyclonal anti-
TCEF3 (1:1,000, 14519-1-AP; Proteintech), polyclonal anti-TCF4
(1:2,000, 13838-1-AP; Proteintech), and horseradish peroxidase-
conjugated anti-rabbit secondary antibody (1:3,000, AP132P, Na-
chuan Biotech, Changchun, China).

Determination of ANP and atrial pulse pressure

As described previously [18], the levels of immunoreactive
ANP in the perfusates were measured using the iodine [*’I]
Atrial Natriuretic Factor Radioimmunoassay Kit (North Institute
of Biological Technology, Beijing, China). Intra-atrial pressure
was recorded using a Physiograph (RM6240BD; Techman In-
strument, Chengdu, China) via a pressure transducer (Statham
P23Db; Statham Inc., Oxnard, CA, USA) and pulse pressure was
calculated from the difference between systolic and diastolic pres-
sures.

Changes in atrial pulse pressure (fold) = value of pulse pres-
sure-mean value of basal pulse pressure (cm H,0)/mean value of
basal pulse pressure (cm H,O).

Statistical analysis

The statistical data were analyzed with Prism software, version
7 (GraphPad Software, San Diego, CA, USA). Significant differ-
ences were compared using repeated-measures ANOVA followed
by Bonferroni’s multiple comparison test. Statistical significance
was defined as p < 0.05. All data are presented as means + SEM.

RESULTS

Effects of Wnta1 on atrial ANP secretion and
mechanical dynamics

To identify the effects of WNT signaling on ANP secretion
and mechanical dynamics in isolated beating rat atria, Wntal
was used in the experiments. Results showed that Wntal treat-
ment significantly increased ANP secretion in a time-dependent
manner (p < 0.05 vs. the control period, Fig. 1A). The atrial pulse
pressure was also enhanced by Wntal and appeared relatively
stable after reaching a peak level (p < 0.05 vs. the control period,
Fig. 1B). These data hint that Wntal promoted ANP secretion
and positive inotropic effects mainly via the WNT/Ca®" signaling
pathway in isolated beating rat atria.

www.kjpp.net

Effects of PLC inhibition on Wnta1-induced atrial ANP
secretion and mechanical dynamics

To explore the mechanism of Wntal-induced ANP secretion
and changes in mechanical dynamics, experiments were per-
formed with U73122, an antagonist of PLC. As shown in Fig.
2, the Wntal-induced increase in ANP secretion was markedly
decreased by U73122 (p < 0.05 vs. the Wntal period, Fig. 2A).
The enhanced mechanical dynamics induced by Wntal were also
blocked and reversed by U73122, resulting in negative inotropy
(p < 0.05 vs. the control and Wntal periods, Fig. 2B). The data
indicate that Wntal increased atrial ANP secretion and enhanced
mechanical dynamics by activating PLC.

Effects of Wnta1 on PKC isozyme expression and the
role of PKC in ANP secretion

To clarify the downstream signaling of PLC, the expression
of PKC isozymes induced by Wntal was determined. The data
showed that Wntal upregulated the expression of PKCp (Fig.
3A) and PKCy (Fig. 3B) (p < 0.05 vs. the control group). In the
presence of U73122, the expression of PKCB and PKCy expres-
sion was reduced to a level below the control value (p < 0.05 vs.
the control and Wntal groups, Fig. 3A and B). The expression
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Fig. 1. Effects of Wnt agonist 1 on atrial atrial natriuretic peptide
(ANP) secretion (A) and dynamics (B) in beating rat atria. Data were
expressed as means + SE. n = 6. Cont, control; Wnta1, Wnt agonist 1; the
collection time for each fraction is 2 min. *p < 0.05 vs. control.
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Fig. 2. Effects of phospholipase C (PLC) antagonist on Wnt agonist E
1-induced atrial natriuretic peptide (ANP) secretion (A) and dy- 0.0

namics (B) in beating rat atria. Data were expressed as means + SE. n
= 6.Cont, control; Wnta1, Wnt agonist 1; U, U73122; the collection time
for each fraction is 2 min. *p < 0.05 vs. control, p < 0.05 vs. Wnta1.

of PKCB was downregulated by U73122 alone (p < 0.05 vs. the
control group); however, the expression of PKCy was slightly de-
creased by U73122, but not significantly. To determine the effects
of Wntal-induced PKC expression on atrial ANP secretion and
mechanical dynamics, the PKC inhibitor Go 6983 was used. In
the presence of Go 6983, the increase in ANP secretion induced
by Wntal was eliminated (p < 0.05 vs. the Wntal period, Fig. 4A).
Wntal-augmented atrial mechanical dynamics were also blocked
by Go 6983 (p < 0.05 vs. the control and Wntal periods, Fig. 4B).
These results signify that PLC-induced PKC is involved in the
regulation of Wntal-induced atrial ANP secretion and mechani-
cal dynamics.

Effects of PKC inhibition on Wnta1-induced TAK1 and
ATF2 expression

Because of that PKC is involved in TAK1 activation as a signal-
ing mediator subsequently leads to ATF-2 activation through
MKK3/6-p38 mitogen-activated protein kinase, which ultimately
affects cardiac hypertrophic responses [19]. Therefore, to further
define the downstream mechanism involved in Wntal-induced
atrial ANP secretion and mechanical dynamics, the effects of
PKC inhibition on the expression of TAB1, TAK1 and ATF2 were
investigated. As shown in Fig. 5, Wntal significantly upregulated

Korean J Physiol Pharmacol 2022;26(6):469-478

Fig. 3. Effects of Wnt agonist 1 on protein kinase C (PKC)B (A) and
PKCy (B) expression in beating rat atria. Data were expressed as
means + SE. n = 5. Cont, control; Wnta1, Wnt agonist 1; U, U73122. *p <
0.05 vs. control, *p < 0.05 vs. Wnta1.

the expression of TABI (p < 0.05 vs. the control group, A and B),
this was abolished by U73122 and Go 6983 pretreatment (p < 0.05
vs. the Wntal group, A and B). The levels of phosphor-TAK1 and
total- TAK1 were markedly upregulated by Wntal (p < 0.05 vs.
the control group, Fig. 6A-D), and upregulation were completely
blocked by U73122 and Go 6983 pretreatment (p < 0.05 vs. the
control and Wntal groups, Fig. 6A, B and C, D). Similarly, the
level of phosphor-ATF2 was notably upregulated by Wntal (p <
0.05 vs. the control group, Fig. 7). phosphor-ATF2 upregulation
was also abolished by treatment with U73122, Go 6983, and the
TAKI1 inhibitor (p < 0.05 vs. the control group, Fig. 7). These re-
sults suggest that, during WNT stimulation, PLC-induced PKC
regulates ATF2 activity by activating TAKI.

Effects of TAK1 inhibition on Wnta1-induced TCF/LEF1
expression and ANP secretion

To determine the role of TAK1 on TCF/LEFI1 expression and
ANP secretion, the effects of TAK1 inhibition on Wntal-induced
TCF/LEF1 expression and ANP secretion were analyzed. The
expression of TCF3, TCF4, and LEF1 were upregulated by Wntal
treatment (p < 0.05 vs. the control group, Figs. 8 and 9), and
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Fig. 4. Effects of protein kinase C (PKC) antagonist on Wnt agonist
1-induced atrial natriuretic peptide (ANP) secretion (A) and dy-
namics (B) in beating rat atria. Data were expressed as means + SE. n
= 6. Cont, control; Wnta1, Wnt agonist 1; Go, G66983, an antagonist of
PKC; the collection time for each fraction is 2 min. *p < 0.05 vs. control,
*p < 0.05 vs. Wntal.

these effects were completely abolished by U73122 and Go 6983
pretreatment (p < 0.05 vs. the Wntal group, Figs. 8A, B, D, E
and 9A, B). Comparably, treatment with the TAKI inhibitor also
abrogated the expression of TCF3, TCF4 and LEF1 (p < 0.05 vs.
the Wntal group, Figs. 8C, F and 9C), the secretion of atrial ANP,
and changes in mechanical dynamics induced by Wntal (p < 0.05
vs. the Wntal period, Fig. 10). These data demonstrate that the
Wntal-induced TCF3, TCF4, and LEF1 expression is activated by
TAK1 and involved in the regulation of ANP secretion.

DISCUSSION

This study showed that Wntal significantly upregulated the
expression of PKCpB and PKCy isozymes leading to elevation of
TAKI1, ATF2, TCF3, TCF4, and LEF1 protein levels and concomi-
tant increases in ANP secretion and mechanical dynamics. The
expression of PKCB and PKCy induced by Wntal was completely
abolished by the PLC inhibitor. Wntal-induced elevation of TAK1
was blocked by an inhibitor of PKC. In addition, an inhibitor of
TAKI entirely abrogated the elevation of ATF2, TCF3, TCF4, and
LEF1 protein levels induced by Wntal, which was accompanied

www.kjpp.net

Cont Wntat U Wnta1+U
TAB1
B-actin —-——— T —— E———
0.5+
S _ 0.4-
3= :
5 § 0.3 # #
o< T -
& m 0.2
3
<~ 014
0.0
B

Cont Wnta1 Go Wnta1+Go

B-actin —— —— — —

0.8+

°

3 T 0.6 *

==

c © # #

s ® o

© < 041 s

S q

-

2 £ 021

[
0.0

Fig. 5. Effects of phospholipase C (PLC) (A) and protein kinase C
(PKC) (B) antagonists on Wnt agonist 1-induced TAK1 banding 1
(TAB1) expression in beating rat atria. Data were expressed as means
+ SE. n = 5. Cont, control; Wnta1, Wnt agonist 1; U, U73122; Go, G66983.
*p < 0.05 vs. control, “p < 0.05 vs. Wntaf.

by inhibition of ANP secretion and mechanical dynamics. The
results suggest that Wntal promoted ANP secretion and positive
inotropy mainly via the WNT/Ca™ signaling pathway in isolated
beating rat atria (Fig. 11).

In the WNT/Ca®" signaling pathway, WNT binding to its
frizzled receptor induces activation of PLC leading to the ac-
cumulation of intracellular Ca** and subsequent activation of
CaMKII, calcineurin, and PKC [9,13]. In addition, it has been
reported that DVL-1 overexpression in mice induced by Dvl-1
transgenesis upregulated ANP expression in cardiomyocytes, and
this overexpression was abolished in Camk2dy double-knockout
mice [20]. In the present study, Wntal significantly enhanced
the mechanical dynamics, upregulated expression of PKCB and
PKCy, and increased ANP secretion in isolated beating rat atria.
The Wntal-induced secretion of ANP and atrial mechanical dy-
namics were completely blocked by inhibition of PLC and PKC.
These results indicate that Wntal promoted ANP secretion and a
positive inotropic effect in atrial mechanical dynamics mainly via
the WNT/Ca® pathway. The mechanism involved in Wntal acti-
vation of PKC in the present study is in line with previous studies
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Fig. 9. Effects of phospholipase C (PLC) (A), protein kinase C (PKC) (B) and TAK1 (C) antagonists on Wnt agonist 1-induced lymphoid enhancer
factor 1 (LEF1) expression in beating rat atria. Data were expressed as means + SE. n = 5. Cont, control; Wnta1, Wnt agonist 1; U, U73122; Go,
G66983, TI, TAK1 inhibitor. *p < 0.05 vs. control, “p < 0.05 vs. Wnta1.

[9,13] and consistent with investigations showing that activated In this study, Wntal upregulated the expression of TABI and
PKC was effective in promoting the secretion of ANP [21,22]. Our the levels of phosphor-TAK1 and phosphor-ATF2, and which
data also support studies reported upregulation of ANP expres- were eliminated by inhibiting PLC and PKC. TAK1 inhibition
sion after activation of WNT in myocardial hypertrophic animal also completely abolished the Wntal-induced upregulation of
models [13,20]. phosphor-ATF2 and the increase in atrial ANP secretion and me-
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Fig. 10. Effects of TAK1 antagonist on Wnt agonist 1-induced atrial
natriuretic peptide (ANP) secretion (A) and dynamics (B) in beat-
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chanical dynamics. TAK1 is a member of the mitogen-activated
protein three kinases (MAP3Ks) and is also known as MAP3K7.
It has been shown that TAKI regulates transforming growth
factor-B (TGF-P) signaling by phosphorylating SMAD transcrip-
tion factors and mediates the non-canonical WNT signaling
process [23]. TAKI activation requires TAK1-binding proteins
(TABI1-3) and the TAKI-TABI interaction occurs in the kinase
domain of TAK1 [24]. In addition, TAKI activation induced by
TGEF-BI resulted in activation of ATF2 in a PKC-dependent man-
ner in cultured neonatal rat cardiomyocytes and ultimately up-
regulated the expression of ANP [19]. The data from the present
study support these results. Recently, it has been demonstrated
that TAKI activates Toll-like receptor 9 (TLRY), which results in
the direct inhibition of sarcoplasmic reticulum/ERCa*"-ATPase
2 [25-27]. In our study, the positive inotropic effect of Wntal on
atrial mechanical dynamics was also completely eliminated by an
inhibitor of TAKI. Hence, it may be possible that TLR9 activa-
tion may correlate with the action of Wntal on atrial dynamics,
although the detailed mechanism remains to be further defined.
TCF/LEF family members act as the main downstream effec-
tors of WNT signaling, and it has been demonstrated that, in ad-
dition to B-catenin, members of the ATF family can also activate
TCEF-driven transcription [28]. Moreover, it has been shown that
activated LEF1 in cultured neonatal rat cardiomyocytes can di-
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rectly bind to the consensus binding sequence on the Anp gene
promoter to enhance transcription [16]. Our study also showed
that Wntal treatment significantly upregulated the expression
of ATF2 with concomitant increases in TCF3, TCF4, and LEF1
protein levels. Upregulation of these proteins was blocked by in-
hibition of TAK1, which prevented Wntal-augmented secretion
of ANP. Our results suggest that Wntal activated TAKI leading
to the activation of ATF2, TCF3/LEF1, and TCF4/LEF1, thereby
promoting the secretion of atrial ANP. The data from our study
support the aforementioned previous studies. Due to the roles of
abnormal activation of WNT signaling pathways on myocardial
ischemic/hypoxic injury, hypertrophy, fibrosis, arrthythmia, myo-
cardial infarction, and heart failure [9,12-15], while ANP can pre-
vents the binding of WNT to frizzled receptor to inhibiting WNT
signaling [7], increase in ANP secretion under abnormal activa-
tion of WNT signaling is a functional manifestation of resistance
to abnormal Wnt signaling.

In summary, Wntal promotes secretion of ANP and a positive
inotropic effect on mechanical dynamics by activating ATF2,
TCF3/LEF1, and TCF4/LEF1 mainly via the WN'T/Ca®™ signaling
pathway in isolated beating rat atria. This suggests that increase
in ANP secretion under Wntl action is a functional manifesta-
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tion of maintaining homeostasis.
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