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sFRP1 protects H9c2 cardiac myoblasts from doxorubicin-

induced apoptosis by inhibiting the Wnt/PCP-JNK pathway

Yue-huai Hu', Jie Liu'?, Jing Lu', Pan-xia Wang', Jian-xing Chen’, Ying Guo', Fang-hai Han>, Jun-jian Wang', Wei Li* and Pei-ging Liu'~

Doxorubicin (Dox) is an effective chemotherapy drug against a wide range of cancers, including both hematological and solid
tumors. However, the serious cardiotoxic effect restricted its clinical application. We previously have illuminated the protective role
of canonical Wnt/B-catenin signaling in Dox-induced cardiotoxicity. Secreted frizzled-related protein 1 (sFRP1) is one of the
endogenous inhibitors of both canonical and noncanonical Wnt signaling. In this study, we investigated the relationship between
sFRP1 and noncanonical Wnt/PCP-JNK (Wnt/planar cell polarity-c-Jun N-terminal kinase) pathway in Dox-induced cardiotoxicity
in vitro and in vivo. We showed that treatment of H9c2 cardiac myoblasts with Dox (1 uM) time-dependently suppressed cell
viability accompanied by significantly decreased sFRP1 protein level and increased Wnt/PCP-JNK signaling. Pretreatment with
SP600125, the Wnt/PCP-JNK signaling inhibitor, attenuated Dox-induced apoptosis of H9c2 cells. Overexpression of sFRP1
protected H9c2 cells from Dox-induced apoptosis by inhibiting the Wnt/PCP-JNK pathway. After intraperitoneal injection of a
cumulative dose of 15 mg/kg Dox, rats displayed significant cardiac dysfunction; their heart showed inhibited Wnt/B-catenin

signaling and activated Wnt/PCP-JNK signaling. These results suggest that sFRP1 may be a novel target for Dox-induced

cardiotoxicity.

Keywords: sFRP1; doxorubicin; Wnt/PCP-JNK pathway; apoptosis; Wnt/B-catenin signaling; SP600125

Acta Pharmacologica Sinica (2020) 41:1150-1157; https://doi.org/10.1038/541401-020-0364-z

INTRODUCTION

Doxorubicin (Dox) is a potent antineoplastic compound with wide
clinical applications in both hematological and solid tumors [1].
However, the clinical use of Dox is limited by the cardiac damage
it causes [2]. Although the precise mechanisms responsible for
Dox cardiotoxicity are not well explained, various mechanisms
have been suggested to be involved, including reactive oxygen
species production, cell death, and inflammation [3, 4]. Dox-
induced apoptosis is a programmed process of death character-
ized by cell shrinkage, chromatin condensation, and nuclear
fragmentation [3].

Whnt signaling is an evolutionarily conserved pathway that plays
an important role in a diverse range of cellular activities, including
cell proliferation, calcium homeostasis, and cell polarity [5]. The
best understood Wnt signaling pathway is the canonical Wnt/[3-
catenin pathway [6]. In our previous study, we illuminated the
protective role of the Wnt/B-catenin signaling pathway in Dox-
induced cardiotoxicity [7]. To gain further understanding on the
function of alternative Wnt signaling pathway on Dox-induced
apoptosis, we focus on the noncanonical Wnt/planar cell polarity
(PCP) pathway in this study. The Wnt/PCP pathway transduces

signals by activating c-Jun N-terminal kinase (JNK) [8], which leads
to the expression of Ptk 7, Daam 1, Vangl2, and others [9, 10].

The family of secreted frizzled-related proteins (sFRPs) are
reportedly antagonists of Wnt signaling [11]. sFRP1, a member of
the sFRP family, is highly expressed in the heart [7, 12] and plays an
important role in many cardiac diseases by regulating Wnt signaling
[13]. The results from genetic and biochemical analyses revealed
that sFRP1 regulates both the canonical Wnt/B-catenin and
noncanonical Wnt/PCP-JNK pathways [14, 15]. We explored the
regulatory relationship between sFRP1 and Wnt/B-catenin signaling
in Dox-induced cardiotoxicity in our previous study. Whether the
regulatory effect of sSFRP1 on the Wnt/PCP-JNK pathway is involved
in Dox-induced cell injury is the core issue to be resolved in
this paper.

MATERIALS AND METHODS

Chemical regents

Dox (purity of 99.37%) was purchased from Target Molecule Corp.
(USA) and dissolved in sterile water to 1 mM. SP600125 (JNK
inhibitor, purity of 99.00%) was obtained from Selleck Chemicals
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(USA) and dissolved in dimethyl sulfoxide (DMSO) to 20 mM.
Anisomycin (JNK activator, purity of 97.01%) was obtained from
Selleck Chemicals (USA) and diluted in DMSO to 50 mM. All the
prepared regents were stored at —20 °C.

Animals and treatments

The experimental animal procedures were approved by the
Research Ethics Committee of Sun Yat-sen University and were
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised 1996).
Sprague-Dawley (SD) rats (males weighing 220-250 g, SPF grade,
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certification no. 44008500018304) were obtained from the Experi-
mental Animal Center of Sun Yat-sen University (Guangzhou, China).
The animals were randomly separated into two groups. Rats in the
Dox group were intraperitoneally injected with Dox for a cumulative
dose of 15mg/kg Dox (5 mg/kg/injection at days 1, 5, and 9).
The rats in the control group received an equal volume of normal
saline (NS) in parallel. Each group had six animals.

Cell culture and treatment
H9c2 cells were plated at a density of 1x 10° cells per dish (35 mm)
filled with Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
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Dox induces apoptosis and respiratory defects in H9c2 cells. H9c2 cells were incubated with 1 uM Dox for the indicated time periods.

a, b The expression of Bax and cleaved caspase-3 was measured by Western blot analysis. ¢ Cell viability was measured by the MTS assay.
d The cellular morphology was observed by direct visualization with a light microscope. Scale bar: 200 um. e Nuclear condensation and
DNA fragmentation were observed in the Hoechst 33342-stained cells. Scale bar: 50 pm. f The apoptosis rate was detected by flow cytometry.
g, h Seahorse assay was used to detect the respiratory function of the H9c2 cells. The data are presented as the means + SEM. *P < 0.05 and

**p < 0.01 vs. the control group; n=3
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supplemented with 10% fetal bovine serum. The cells were grown at
37°C in humidified 5% CO,. H9c2 cells were incubated with Dox
(1uM) for the indicated times. The cells were incubated with
SP600125 (5 uM) and anisomycin (50 uM) 30 min before the Dox
treatment. Adenovirus encoding sFRP1 was inoculated into the cells
12 h before the Dox treatment. CRISPR/Cas9-mediated knockdown
of JNK (sgJNK) was carried out, and the following target sequence of
sgRNA was used: 5-CTCGGTAGGCTCGCTTAGCA-3'. H9¢2 cells were
transfected with vectors encoding Cas9 and sgJNK. To upregulate
the expression of JNK, we transfected the H9c2 cells with JNK
plasmid by using Lipofectamine 2000 transfection reagent (Invitro-
gen Corporation) according to the manufacturer’s protocol.

Western blot analysis

Western blot analysis was performed as previously described [16].
Primary antibodies against Bax (rabbit, diluted 1:1000), poly(ADP-
ribose) polymerase 1 (PARP1) (rabbit, diluted 1:1000), caspase-3
(rabbit, diluted 1:1000), B-catenin (rabbit, diluted 1:1000), phos-
phorylated (P)-JNK (rabbit, diluted 1:1000), and total-JNK (T-JNK)
(rabbit, diluted 1:1000) were purchased from Cell Signaling
Technology. Antibodies against sFRP1 (rabbit, diluted 1:500) were
obtained from Cloud-Clone Corp. (CCC, USA). Primary antibodies
against a-tubulin (diluted 1:5000, Sigma, USA) and glyceraldehyde
3-phosphate dehydrogenase (diluted 1:1000, Sigma, USA) served
as loading controls for whole-cell lysates. The band intensity was
analyzed by Quantity One software (Bio-Rad, USA).

Cell viability assay

Cell viability was examined using the MTS assay. Briefly, H9c2 cells
were cultured in 96-well plates. After treatment, the medium was
replaced with 100 pL of fresh medium containing 20 uL of MTS
reagent, and the cells were incubated in the dark for another 2 h
at 37 °C. Then, the optical density of each well was measured at
490 nm by using a microplate reader (Tecan, Switzerland).

Determination of nuclear condensation and DNA fragmentation
Nuclear condensation and DNA fragmentation were examined by
using Hoechst 33342. Briefly, H9c2 cells were cultured in 96-well
plates. After Dox treatment, 10 ug/mL Hoechst 33342 was added
to the medium, and cells were incubated in the dark for another
10 min at 37 °C. Then, the cell culture medium was replaced with
DMEM without phenol red, and the evidence of nuclear
condensation and DNA fragmentation was photographed using
an EVOS FL Auto Cell Imaging System (Life Technologies, Bothell,
WA, USA).

Flow cytometry assay

The extent of cell apoptosis was assessed with an annexin
V/propidium iodide (Pl) apoptosis assay kit (BestBio, Shanghai,
China). Briefly, H9c2 cells were seeded in 6-well plates and
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treated with Dox for 12 h, harvested with trypsin without EDTA,
and washed with PBS. Annexin V and PI staining was performed
using an annexin V/Pl apoptosis assay kit (BestBio, Shanghai,
China) in accordance with the manufacturer’s instructions. The
stained cells were analyzed by flow cytometry (excitation at 488
nm; emission at 530 nm) with an EPICS XL instrument (Beckman
Coulter, USA).

Oxygen consumption rate

The oxygen consumption rate (OCR) was measured using a
Seahorse XFe96 Extracellular Analyzer (Agilent, CA) according to
the manufacturer’s instructions. The OCR was examined using the
Seahorse XF Cell Mito Stress Test kit. H9c2 cells were incubated in
minimum essential media (MEM) (pH 7.4) supplemented with
glucose (10 mM) and pyruvate (1 mM). After basal measurements
were taken, oligomycin (2 uM), carbonylcyanide p-trifluoro-
methoxyphenylhydrazone (0.5puM), and antimycin A/rotenone
(0.5 uM) were autoinjected into the experimental wells sequen-
tially, and the respiration rate was measured three times followed
by each injection. Each average basal or post-oligomycin
treatment respiration rate was measured after the readings
achieved a steady state.

Quantitative reverse transcription PCR
Quantitative reverse transcription PCR (RT-gPCR) was conducted as
previously described [7]. Messenger RNA levels of target genes were
measured by gRT-PCR, and B-actin served as an internal control.
The sequences of the rat-specific primers were as follows: Ptk 7,
5-CATTGTCTGTCACCCATTCG-3’ and 5/-GTTTGATAAGGAGGCTAC
GG-3’; Daam 1, 5'-GCCCATGAGGTTTGTAAC-3’ and 5’-AGCCAATGA
GGGAGGTAT-3’; and B-actin, 5-TCGTGCGTGACATTAAAGAG-3’ and
5-ATTGCCGATAGTGATGACCT-3'.

RESULTS

Dox induces apoptosis and respiratory defects in H9c2 cells

Dox is an effective anticancer anthracycline antibiotic with limited
application because it induces acute and serious cardiotoxic side
effects [3]. Oxidative stress and apoptosis are the most important
mechanisms of Dox-induced cardiotoxicity [3]. In our study, H9c2
cells were treated with 1 uM Dox for the indicated times. The
protein expression of Bax and cleaved caspase-3 were upregu-
lated with increased Dox treatment times (Fig. 1a, b). The results
from the MTS assay showed that cell viability was reduced as the
Dox incubation time increased (Fig. 1c). Because cell injury was
obvious at 12 h, experimental measurements were taken after the
cells were treated for 12 h. Morphological damage induced by Dox
was observed by light microscopy (Fig. 1d). Hoechst staining of
the H9c2 cells showed that Dox caused nuclear condensation and
DNA fragmentation (Fig. 1e). A flow cytometer was used to
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Fig.2 Changes in sFRP1 and Wnt signaling in Dox-induced apoptosis. H9c2 cells were incubated with 1 pM Dox for the indicated times. a The
protein level of sFRP1 was measured by Western blot analysis. b The levels of P-JNK and T-JNK were detected by Western blot. c The level of
B-catenin was detected by Western blot. The data are presented as the means + SEM. *P < 0.05 and **P < 0.01 vs. the control group; n=3
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were preinfected with sgJNK followed by Dox (1 pM) incubation for 12 h. a The levels of P-JNK and T-JNK were measured by Western blot
analysis. b The expression of cleaved PARP1 and caspase-3 was determined by Western blot analysis. ¢ Cellular morphology was observed by
direct visualization with a light microscope. Scale bar: 200 pm. d Nuclear condensation and DNA fragmentation were observed in the Hoechst
33342-stained cells. Scale bar: 50 um. e Cell viability was measured by the MTS assay. f The levels of JNK and cleaved caspase-3
were determined by Western blot analysis. The data are presented as the means + SEM. *P < 0.05 and **P < 0.01 vs. the control or vector group.
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evaluate the extent of H9c2 cell apoptosis, and the results
implied that Dox treatment increased both early and late
apoptosis in the cells (Fig. 1f). In addition, results from the
seahorse analysis showed serious respiratory defects in the H9c2
cells. (Fig. 1g, h).

Changes in sFRP1 and Wnt signaling during Dox-induced
apoptosis

In our previous study [7], the protein level of sSFRP1 was reduced in
Dox-treated neonatal rat cardiomyocytes (NRCMs). In this study,
reduced sFRP1 levels were also detected in the Dox-treated H9c2
cells (Fig. 2a).

A recent study showed an association between the Wnt/PCP-
JNK pathway and apoptosis [17]. To explore the involvement of
the Wnt/PCP-JNK pathway in Dox-induced apoptosis, H9c2 cells
were incubated with Dox, and the levels of P-JNK and T-JNK were
detected. The level of P-JNK and the ratio of P-JNK/T-JNK were
increased after cells were incubated with Dox (Fig. 2b). In addition,
canonical Wnt/B-catenin signaling was suppressed by Dox, as
shown by the protein expression of (3-catenin (Fig. 2c).

Acta Pharmacologica Sinica (2020) 41:1150-1157

Inhibition of Wnt/PCP-JNK signaling attenuates Dox-induced
apoptosis

To further explore the role of Wnt/PCP-JNK signaling in Dox-
induced apoptosis, H9c2 cells were pretreated with SP600125 (5
puM), an inhibitor of the Wnt/PCP-JNK pathway, for 30 min
followed by incubation with Dox. It was obvious that the
upregulated Wnt/PCP-JNK signaling caused by Dox was sup-
pressed by SP600125 (Fig. 3a). In addition, the inhibition of Wnt/
PCP-JNK signaling led to the reduced levels of cleaved PARP1 and
caspase-3 (Fig. 3b). Dox-induced morphological damage was
diminished by SP600125, as observed in cells with a light
microscope (Fig. 3c). Nuclear condensation and DNA fragmenta-
tion were ameliorated by SP600125, as revealed by Hoechst
33342 staining (Fig. 3d). The results from the MTS assay showed
that the reduced cell viability caused by Dox was reversed by
SP600125 (Fig. 3e). In addition, the expression of cleaved caspase-
3 that had been induced by Dox was reduced by CRISPR/Cas9
system-mediated knockdown of INK (Fig. 3f). The results
described above indicated that the Wnt/PCP-JNK signaling path-
way was involved in Dox-induced apoptosis of H9c2 cells.
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sFRP1 protects H9c2 cells from Dox-induced apoptosis

The results described above showed that Dox caused a reduction
in sFRP1 level;, therefore, a recombinant adenovirus vector
encoding sFRP1 (Ad-sFRP1) was used to investigate the effect of
sFRP1 on Dox-induced apoptosis. The results showed that
overexpression of sFRP1 was successfully induced by the Ad-
sFRP1 vector (Fig. 4a). In addition, the results from the Western
blot analysis showed that the increased expression of cleaved
caspase-3 induced by Dox was suppressed by the overexpression
of sFRP1 (Fig. 4b). The Dox-induced morphological damage and
nuclear condensation were diminished by Ad-sFRP1 (Fig. 4c, d).
The results from the MTS assay showed that the reduced cell
viability caused by Dox was reversed by the overexpression of
sFRP1 (Fig. 4e). The results described above indicated that sFRP1
played a protective role in the Dox-induced apoptosis of H9c2
cells.

Upregulation of sFRP1 inhibits the Wnt/PCP-JNK signaling activity
sFRP1 is reportedly the endogenous inhibitor of both the
canonical Wnt/B-catenin and noncanonical Wnt/PCP-JNK path-
ways [15]. In our previous study, we explored the regulatory
relationship between sFRP1 and Wnt/B-catenin in Dox-induced
cardiomyopathy [7]. In this study, we focused on the regulatory
relationship between sFRP1 and Wnt/PCP-JNK pathway factors in
Dox-induced apoptosis of H9c2 cells. The RT-gPCR results showed
that Dox promoted the transcription of Ptk 7 and Daam 1, two
Wnt/PCP-JNK pathway target genes, but this effect was inhibited
by the overexpression of sFRP1 (Fig. 5a, b). In addition, the
upregulated P-JNK expressed induced by Dox was suppressed by
sFRP1 (Fig. 5¢). Anisomycin is an agonist of the JNK pathway. In
our experiment, we found that the upregulated levels of P-JNK
and cleaved caspase-3 that had been induced by Dox were
downregulated by the overexpression of sFRP1, but these effects

SPRINGERNATURE

were diminished by anisomycin (50 uM) treatment (Fig. 5d).
Overexpression of JNK exhibited a similar effect as that of
anisomycin (Fig. 5e). In addition, anisomycin treatment also
induced a significant increase in P-JNK and in cleaved PARP1
and caspase-3, but these effects were prevented in cells
preinfected with Ad-sFRP1 (Fig. 5f, g). The results described above
indicated that sFRP1 protected H9c2 cells from Dox-induced
apoptosis by inhibiting the Wnt/PCP-JNK pathway.

Changes to the canonical and noncanonical Wnt signaling
pathways by Dox-induced injury in vivo

To further identify the changes in Wnt signaling upon Dox
treatment, SD rats were intraperitoneally injected with a
cumulative dose of 15 mg/kg Dox (5 mg/kg/injection at days 1,
5, and 9), and the control rats received the same volume of NS in
parallel. Echocardiography results revealed a decrease in the
ejection fraction, fractional shortening, and cardiac output (CO)
(Fig. 6a—d). The hearts of the Dox-treated rats were notably smaller
than those of the control group (Fig. 6e). Dox treatment also
increased the disorganization of the myocytes and the apoptosis
rate, as revealed by the hematoxylin- and eosin-stained cells
(Fig. 6f) and TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling) assay results (Fig. 6g). Following Dox treatment,
the protein expression of P-JNK was increased (Fig. 6h), while the
protein level of B-catenin was decreased (Fig. 6i). These results
indicated that the canonical Wnt/B-catenin pathway was inhibited
and that the noncanonical Wnt/PCP-JNK pathway was activated
upon Dox treatment.

DISCUSSION
Although Dox is one of the most effective chemotherapeutic
drugs for treating many cancers, the lethal nature of Dox-induced

Acta Pharmacologica Sinica (2020) 41:1150-1157
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cardiotoxicity is a serious problem. To date, strategies using
pharmaceutical agents to prevent or reduce Dox cardiotoxicity
have been tested in many studies. Dexrazoxane is the only
compound to protect against Dox-induced cardiotoxicity [18].
Diuretics, a low salt diet, B-blockers [19-21], and angiotensin-
converting enzyme inhibitors [22] are used in the clinic to relieve
symptoms. However, to date, no single drug has been able to
completely prevent Dox-induced cardiotoxicity clinically. A better
understanding of the cardiotoxic mechanism of Dox may lead to
the development of new therapeutic strategies. It is of great
clinical significance to search for effective therapeutic targets.

In our study, we demonstrated the important role of sFRP1 in
Dox-induced cardiotoxicity. We found that the level of sSFRP1 was
decreased in both the NRCMs [7] and H9c2 cells (Fig. 2a). Ectopic
expression of sFRP1 protected H9c2 cells from Dox-induced
apoptosis. In this study, we also studied the mechanism by which
sFRP1 effectively protects cells from Dox-induced apoptosis.
Numerous studies have shown that Dox induces apoptosis
through various pathways [23]. It is thought that mitochondria
play a significant role in Dox-induced apoptosis by regulating the
release of cytochrome ¢, which results in the activation of caspases
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and subsequent cell death [3, 24]. Several previous studies have
suggested that sFRP1 plays an antiapoptotic role in cells exposed
to ceramide [25], hypoxia [26], and/or inflammation [27]. In these
studies, the expression of cleaved caspase-3 was suppressed by
sFRP1. In our study, we obtained results consistent with the results
of these previous studies.

The Wnt signaling network comprises several signaling pathways,
of which the best studied are the canonical Wnt/B-catenin pathway
and noncanonical Wnt/PCP-JNK pathway [28]. These two pathways
are primarily thought to act in a mutually repressive manner
because they compete for common proteins, such as the
scaffolding protein disheveled [29]. Therefore, it is reasonable that
as the level of Wnt/PCP-JNK signaling is upregulated, the level of
Whnt/B-catenin signaling is downregulated after Dox treatment. Our
research showed that the inhibition of Wnt/PCP-JNK signaling
contributed to the protective effect of sFRP1. In addition,
anisomycin treatment induced the activation of Wnt/PCP-JNK
signaling and the apoptosis of the H9c2 cells, and these effects
were suppressed by sFRP1. The results described above led to the
conclusion that sFRP1 protected the H9c2 cells from Dox-induced
apoptosis by inhibiting Wnt/PCP-JNK signaling. In addition, in our
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Fig. 6 Changes in the canonical and noncanonical Wnt signaling pathways in cells with Dox-induced injury in vivo. SD rats were
intraperitoneally injected with Dox (cumulative dose was 15 mg/kg) or sterile NS. a—c The echocardiographic parameters of ejection fraction
(EF), fractional shortening (FS), and cardiac output (CO) were detected. d—f Echocardiogram of the gross heart and images of an HE-stained
transection of the left ventricle are shown. Scale bar: 50 um. g Apoptosis of rat heart cells was detected by TUNEL staining. Scale bar: 50 pm.
h, i The expression of P-JNK and f-catenin was examined by immunofluorescence and immunohistochemistry, respectively. Scale bar: 50 pm.
Representative images of five independent experiments are presented. The data are presented as the means + SEM. **P < 0.01 vs. the NS

group; n==6

previous study [7], we found that sFRP1 might regulate Dox-
induced apoptosis by interacting with other proteins, including
those not in the Wnt pathway. For example, it could attenuate
apoptosis by inhibiting the activity of PARP1 (which can be
activated as a DNA damage receptor after DNA-damaged fragments
are identified) in the nucleus. Thus, it is believed that the protective
effect of sFRP1 against Dox-induced apoptosis is a comprehensive
result, but more research is needed to reveal it completely.
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