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DDX3X alleviates doxorubicin-induced cardiotoxicity
by regulating Wnt/p-catenin signaling pathway
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1 | INTRODUCTION including acute and chronic dose-dependent cardiotoxicity and heart

failure, limit its clinical application.”®! A number of factors participate
Doxorubicin (Dox) is a highly effective antineoplastic agent against in the pathogenesis of Dox-induced cardiotoxicity (DIC), including
various malignancies, such as lung cancer, breast cancer, leukemia, oxidative stress, apoptosis, and intracellular calcium dysregulation.w
and lymphoma.l*?' However, the cardiotoxic side effects of Dox, However, the underlying mechanisms remain largely unknown.

Abbreviations: ANOVA, analysis of variance; CCK-8, cell counting Kit-8; DIC, dox-induced cardiotoxicity; Dox, doxorubicin; PVDF, polyvinylidene difluoride; qRT-PCR, quantitative real-time
polymerase chain reaction; ROS, reactive oxygen species; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel electrophoresis.
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Therefore, there is an immediate need to investigate potential
intervention targets and propose effective therapeutic strategies to
mitigate DIC.

A large body of evidence has shown that Wnt/B-catenin signaling
plays a crucial role in numerous pathological processes and maintains
adult tissue homeostasis by regulating cell proliferation, differentiation,
genetic stability, and apoptosis.” Under resting conditions, cytosolic
B-catenin is rapidly degraded,® and activation of the Wnt signaling
pathway contributes to the stabilization and accumulation of cytosolic
B-catenin.m Subsequently, active B-catenin translocates to the nucleus
and promotes pro-survival and antiapoptotic gene expression by
interacting with TCF-LEF transcription factors.®! The protective effects
of Wnt/B-catenin signaling have been widely elucidated. For instance, the
activation of Wnt/B-catenin signaling significantly reduces reactive
oxygen species (ROS) and apoptosis induced by intestinal ischemia/
reperfusion (I/R) injury.l”) B-catenin is conducive to endothelial survival by
promoting antiapoptotic gene expression and regulating eNOS activity.[*
Statins alleviate reoxygenation-induced cardiomyocyte apoptosis by
promoting the accumulation and nuclear translocation of cytosolic
B—catenin.[“]

DDXS3 belongs to a highly conserved family of DEAD-box proteins, a
large family of RNA helicases that are widely expressed in eukaryotes.”z]
The human genome encodes two functional Ddx3 homologs, Ddx3x and
Ddx3y, which are localized on the X and Y chromosomes, respec-
tively.3-5 DDX3Y is expressed only in spermatocytes and plays a vital
role in spermatogenesis, whereas DDX3X is expressed ubiquitously and
functions in somatic tissues.*®) DDX3X has been shown to be involved in
a variety of biological processes, such as RNA metabolism, innate immune
response, stress responses, and tumor progression.[”] In addition, DDX3X
has been shown to regulate Wnt/B-catenin signaling in mammalian cells
by directly binding to CKl1e and stimulating its kinase activity, thereby
promoting the accumulation and nuclear translocation of cytoplasmic
B-catenin.'® However, the role of DDX3X in DIC remains largely
unknown.

In this study, we sought to determine the role of DDX3X in the
DIC pathophysiology. The results manifested that DDX3X expression
was remarkably downregulated in H9c2 cells treated with Dox.
A series of results indicated that DDX3X exerted a protective effect
against DIC by positively regulating Wnt/B-catenin signaling. This
study provides new insights into the mechanisms of DIC and
potential therapeutic targets against this disease.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

Rat embryonic ventricular myoblastic H9c2 cells were bought from
the National Collection of Authenticated Cell Culture (https://
cellbank.org.cn), were cultured with DMEM (Cat. No. 12800017,
Gibco) supplemented with 10% fetal bovine serum (No. 04-001-
1ACS, Biological Industries), 1.5 g/L NaHCO; (Cat. No. A500873),
and 1% Penicillin-Streptomycin liquid (Cat. No. P1400) in a

humidified atmosphere of 95% air and 5% CO, at 37°C. Dox was
obtained from MedChemExpress (Cat. No. HY-15142) and used at
the concentration of 2 uM.[*?) RK-33 was purchased from Selleck.cn
(Cat. No. $8246) and used at the concentration of 7.5 uM. LiCl was
bought from Solarbio (Cat. No. C8380) and used at the concentration
of 20 mM.

2.2 | Transfection of Ddx3x siRNA

H9c2 cells at 50%-60% confluence were transiently transfected with
50nM Ddx3x siRNA and scramble siRNA (GENERAL BIOL) by using
Lipofectamine™ 3000 reagent (Cat. No. L3000015, Invitrogen) according
to the manufacturer's instructions. Nontargeting scramble siRNA was
used as negative control. After transfection for 6-8h, the serum-free
medium was changed with DMEM medium containing serum. After
transfection for 24 h, the effect of gene knockdown was detected by
RT-gPCR. The sense and antisense siRNA sequences are listed in Table 1.

2.3 | Transfection of Ddx3x pcDNA3.1-3xFlag-C
plasmids

Ddx3x pcDNA3.1-3xFlag-C plasmids and negative control plasmids
were obtained from Research Cloud Biology, Inc. H9c2 cells at
70%-80% confluence were transfected with 2.5ug Ddx3x
pcDNA3.1-3xFlag-C plasmids and negative control plasmids by using
Lipofectamine™ 3000 reagent (Cat. No. L3000015, Invitrogen)
according to the manufacturer's instructions. After transfection for
24 h, H9c2 cells were treated with 2 uM Dox for another 24 h.

2.4 | Western blots and antibodies

Protein samples were extracted using RIPA agent (Cat. No. PO013B)
and quantified by the bicinchoninic acid assay kit (Cat. No. P0012).
20 pg of total proteins were separated by 10% and 15% SDS-PAGE

(meilunbio) gel and subsequently transferred onto PVDF membranes

TABLE 1 Sense and antisense siRNA strand sequences
Gene Sequence (5'-3’')
DDX3X siRNA 5'-GGAGGAUUUCUUAUACCAUTT-3’

Sense strand
DDX3X siRNA 5'-AUGGUAUAAGAAAUCCUCCTT-3'
Antisense strand
Control siRNA 5'-UUCUCCGAACGUGUCACGUTT-3’
Sense strand
Control siRNA 5'-ACGUGACACGUUCGGAGAATT-3'

Antisense strand
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(Cat. No. IPVH00010). The PVDF membranes were blocked with 5%
defatted milk for 1h and subsequently incubated with specific
primary antibodies at 4°C overnight. Then, the PVDF membranes
were incubated with Goat Anti-rabbit IgG HRP-linked secondary
antibody (Cat. No. A21020, Abbkine Scientific Co., Ltd, 1:10,000) for
1 h. The immunoblots were visualized using chemiluminescent HRP
substrate (Cat. No. WBKLS0100). The bands were detected using a
chemiluminescent analyzer (ProteinSimple, USA) and the intensity
analysis was performed by Image) v1.8.0.112 software (National
Institutes of Health). GAPDH acts as the internal control. The primary
antibodies were used as follows: GAPDH Rabbit Polyclonal antibody
(Cat. No. 10494-1-AP, Proteintech, 1:8000), DDX3 Rabbit Polyclonal
antibody (Cat. No. 11115-1-AP, Proteintech, 1:1000), Beta Catenin
Rabbit polyclonal antibody (Cat. No. 51067-2-AP, Proteintech,
1:1000), Caspase 3/p17/p19/Rabbit Polyclonal antibody (Cat. No.
19677-1-AP, Proteintech, 1:1000).

2.5 | Cell viability assay

H9c2 cells were seeded onto 96-well plates (Cat. No. 310109008,
LabServ) with six replicate wells for each treatment condition at a
density of 1000 cells/well and cultured for 24h before the
corresponding treatment. After treatment, Cell Counting Kit-8
(CCK-8) reagent (Cat. No. K1018, APExBIO Technology LLC) was
added into cell culture medium. Then, H9c2 cells were incubated at
37°C for 4 h. The OD (optional density) value was captured using an
enzyme-labeled instrument (BioTek Instruments, Inc.) at a wave-
length of 450 nm. The H9c2 cells viability was evaluated by relative

absorbance.

2.6 | Quantitative real-time polymerase chain
reaction (qQRT-PCR)

Total RNA from H9c2 cells was isolated using RNA isolater Total RNA
(Cat. No. R401-01, Vazyme Biotech Co., Ltd.). cDNA was prepared
using the HiScript Il RT SuperMix for gPCR (+gDNA wiper) (Cat. No.
R323-01, Vazyme Biotech Co., Ltd.) according to the manufacturer's

instructions. Primer sequences were obtained from Accurate
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Biotechnology (Hunan) Co., Ltd. gRT-PCR was carried out with
cDNA using ChamQ Universal SYBR gPCR Master Mix (Cat. No.
Q711-02, Vazyme Biotech Co., Ltd.). The amplification conditions
were 30s at 95°C, then followed by 40 cycles of 10s at 95°C and
30s at 60°C. Thermal cycling and fluorescence detection were
conducted using a CFX96 Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc.). The transcriptional level of DDX3X were normal-
ized to GAPDH. The primer sequences used for gPCR are listed in
Table 2.

27 |
analysis

Assessment of apoptosis by flow cytometric

Fow cytometry analysis was conducted to detect H9c2 cells
apoptosis using an Annexin V-FITC/PI Apoptosis Detection kit
(Cat. No. MAO220-2; meilunbio). After different treatment, H9c2
cells were digested with 0.25% Trypsin-no EDTA (Cat. No.
MAO0234) and collected after centrifuged at 1000 xg for 5 min.
Then, the cells were washed with precooling PBS (Cat. No. P1020)
three times. Next, cells were re-suspended using 1X Binding buffer
containing 5ul of Annexin-V and 5ul Pl. The mixture was
incubated at room temperature for 15min in the dark. The
apoptotic cells were analyzed using BD FACSAria™ Il Cell Sorter
(BD Biosciences). The data were analyzed using FlowJo_v10.6.2.
Early and late apoptotic cells were used to calculate the

apoptotic rate.

2.8 | Mito-tracker red CMXRos and hoechst 33342
staining to detect cell apoptosis

Mito-Tracker Red CMXRos (Cat. No. C1049B, Beyotime Bio-
technology) and Hoechst 33342 Staining Solution for Live Cells
(Cat. No. C1028, Beyotime Biotechnology) were used to identify the
apoptotic cells. After different treatments, H9c2 cells were incubated
with DMEM containing 200 nM Mito-Tracker Red CMXRos and 1X
Hoechst 33342 Staining Solution at 37°C for 30 min in the dark.
Fluorescence images were scanning using a fluorescence microscope

(Leica, Germany).

TABLE 2 Primer sequences used for quantitative polymerase chain reaction

Gene Sequence Product size (bp) TM (°C)
DDX3X-Rat

F: 5'-AAACCTTGGTCTTGCCACCTC-3' 21 57.57
R: 5'-CCACGGCTGCTACCCTTATAG-3' 21 59.52
GAPDH-Rat

F: 5'-GTATTGGGCGCCTGGTCACC-3' 20 61.55
R: 5'-CGCTCCTGGAAGATGGTGATGG-3' 22 61.85

Abbreviations: F, forward; R, reverse; bp, base pair; TM, melting temperature.
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2.9 | Statistical analysis

Statistical analysis was conducted using GraphPad Pro Prism 8.0
software (GraphPad Software, Inc.). Statistical significance was
evaluated by Unpaired Student's test for two groups and one-way
analysis of variance (ANOVA) for multiple groups. Every experiment
was repeated three times. The data are presented as the mean+

SEM. Statistical significance was regarded as p < 0.05.

3 | RESULTS

3.1 | DDX3X expression was downregulated in
DIC in H9c2 cells

H9c2 cells were treated with 2uM Dox for the indicated time
periods. As shown in Figure 1A, the activation level of Caspase-3
notably increased after Dox treatment for 24 h. Flow cytometric
analysis showed that the apoptosis ratio of H9c2 cardiomyocytes
was remarkably elevated after Dox treatment for 24 h (Figure 1B).
RT-qPCR and western blot analysis were used to evaluate the
expression of DDX3X. As presented in Figure 1C, the results of
RT-qPCR showed that DDX3X mRNA levels were notably decreased
after Dox treatment. The Western blot analysis results suggested that

DDX3X protein levels were significantly reduced after exposure to

A ERg s 6
Cleaved Casp-3 n =
GAPDH (D GHED G G

Control

Dox for 24h (Figure 1D). These results indicate that DDX3X

expression was decreased in H9c2 cells treated with Dox.

3.2 | Ddx3x knockdown and pharmacological
inhibition of DDX3X both exacerbated Dox-induced
cardiomyocyte apoptosis

To determine whether DDX3X plays a role in Dox-induced
cardiomyocyte apoptosis, Ddx3x siRNA was used to silence
DDX3X expression in H9c2 cells. RT-qPCR analysis was used to
determine the efficiency of Ddx3x siRNA transfection (Figure 2A).
As shown in Figure 2B, compared to the control group, Ddx3x
knockdown clearly increased the activation level of caspase-3 in
H9c2 cells treated with Dox. Flow cytometric analysis, Mito-
Tracker Red CMXRos and Hoechst 33342 staining, and cell
viability assay results also indicated that DDX3X deficiency
aggravated the cardiotoxic response of H9c2 cells treated with
Dox (Figure 2C-E). To investigate whether DDX3X RNA helicase
is involved in the mechanism of DIC, H9c2 cells were pretreated
with RK-33, a DDX3X ATPase activity inhibitor. As shown in
Figure 2F, RK-33 pretreatment did not affect DDX3X expression
in H9c2 cells treated with or without Dox, and it significantly
elevated the activation level of Caspase-3 in Dox-treated H9c2
cells. Mito-Tracker Red CMXRos and Hoechst 33342 staining
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FIGURE 1 DDX3X expression in Dox-induced cardiotoxicity in H9c2 cells. (A) The protein level of Casp-3 and cleaved Casp-3 in H9c2 cells
treated with Dox (2 uM) for O, 6, 12, and 24 h were detected by Western blot. The data are presented as means + SEM. ns, p = 0.05 refers to not
significant; ***p < 0.001. (B) The apoptosis ratio of H9¢c2 cardiomyocytes was measured by flow cytometric analysis. The data are presented as
means = SEM. *p < 0.05. (C) The mRNA expression of DDX3X in H9C2 cardiomyocytes treated by Dox (2 uM) for 0, 6, 12, and 24 h were
detected by RT-gPCR. The data are presented as means + SEM. ***p < 0.001. (D) The protein level of DDX3X in H9C2 cardiomyocytes
stimulated by Dox (2 uM) for 0, 6, 12, and 24 h. The data are presented as means + SEM. ns, p > 0.05 refers to not significant; **p < 0.01
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results also showed that RK-33 pretreatment notably increased
the apoptosis ratio of H9c2 cells after Dox treatment (Figure 2G).
Taken together, these results suggested that DDX3X protein
deficiency and inhibition of DDX3X ATPase activity aggravated
DIC in H9c2 cells.

3.3 | Ddx3x overexpression ameliorated
Dox-induced cardiomyocyte apoptosis

Ddx3x pcDNA3.1-3xFlag-C plasmids were transduced into H9c2
cardiomyocytes. The efficiency of the Ddx3x plasmid transfection was

(A) (B) . .
L5 % 3 %%k
g =
<« § KKk ) = ,&
£ DDX3X D e . == g %,
=3 - 5 < 7
= 8 Casp-3 o 3 g
Y >
nE o Cleaved-Casp-3 mq_ 5 _“3 ! o
CT‘E GAPDH "S wsmms w—m s 2 %u
0.0: f—
DDX3X siRNA - + DDX3X siRNA - # - + DDX3X siRNA — + = + DDX3X siRNA— + - +
Dox - = i * Dox - - + Dox - - + +
= a
278
DDX3X is\A - + -
Kin-V X — - +
DDX3X siRNA Annexin-V Dox +
Dox
Mitotraker
z
Hoechst e
o
%
-2
DDX3X siRNA — + =
Dox — - +
DDX3X siRNA — + _ 4
Dox — - + +
(F) . =
i 3 220 *kk
DY T —— z
= [ &
Casp-3 N — & 7 xx
Cleaved Casp-3 g &
4 4 - ~/ n:
D3 — - 2 S "
GAPDH g [ —— 2 5 05
RK-33 = + - + = S
Dox - - + + RK-33 RK-33 - + - +
Dox - - + +
Mitotraker
RK-33 - - 4
Dox - = +
FIGURE 2 (See caption on next page)



6 of 10 FENG €T AL
5% | wWiLEY

8 15 = ';_’_ 4
< £ = DDX3X e G e - E .
zZ % G a2 93
Z 2 ) Casp-3 =10 * e;/
5 '2'4 Cleaved Casp-3 o z
g2z, GAPDH E 05 >
£ v =
2 = DDX3X plasmid - + - 4 = z ! Bs
a S
o Dox - = + + 0.0 T o
DDX3X plasmid ~ * DDX3X plasmid-  + -  +  DDX3Xplasmid- + -  +
Dox— - + + Dox — - + +
= @ | oo @ @
a2 T 167 435 .
i 4
EE 5o
N Z %
L
.? @ %
EE=
as ® @ £z e8!
= a0 s <g<
T e e o
DDX3X plasmid — + - +
DDX3X plasmid - + _ g Annexin-V Dox - = + +
Dox - - + +
( D ) Mitotraker

Hoechst

DDX3X plasmid - + - +

Dox = - +

FIGURE 3 Ddx3x overexpression ameliorated Dox-induced cardiomyocyte apoptosis. “+” symbol denotes presence and “~" symbol denotes
absence of the corresponding treatment condition. (A) The RT-gPCR analysis evaluated the efficiency of Ddx3x plasmids transfection. Data are
presented as means + SEM. **p < 0.01. (B) The protein level of DDX3X, Casp-3, and cleaved Casp-3 in H9c2 cells treated with Dox (2 uM)
following Ddx3x plasmids transfection. Data are presented as means + SEM. ns, p 2 0.05 refers to not significant; *p < 0.05; **p < 0.01. (C) Flow
cytometric analysis detected the apoptosis ratio of H9c2 cardiomyocytes treated with Dox (2 uM) following Ddx3x plasmids transfection. The
data are presented as means + SEM. ns, p > 0.05 refers to not significant; *p < 0.05. (D) Mito-Tracker Red CMXRos and Hoechst 33342 staining
were detected respectively mitochondrial morphology and nuclear condensation of H9c2 cells treated with Dox (2 uM) following Ddx3x
plasmids transfection. Scale bar =50 um

FIGURE 2 Ddx3x knockdown and pharmacological inhibition of DDX3X both exacerbated Dox-induced cardiomyocyte apoptosis.

“+” symbol denotes presence and “~" symbol denotes absence of the corresponding treatment condition. (A) The RT-gPCR analysis assessed the
efficiency of Ddx3x knockdown. Data are presented as means + SEM. ***p < 0.001. (B) The protein level of DDX3X, Casp-3 and cleaved Casp-3
in H9¢2 cells treated with Dox (2 uM) following Ddx3x siRNA transfection. Data are presented as means + SEM. ns, p 2 0.05 refers to not
significant; *p < 0.05; **p < 0.01; ***p < 0.001. (C) Flow cytometric analysis detected the apoptosis ratio of H9c2 cardiomyocytes treated with
Dox (2 uM) following Ddx3x siRNA transfection. The data are presented as means + SEM. ns, p 2 0.05 refers to not significant; **p < 0.01.

(D) Mito-Tracker Red CMXRos and Hoechst 33342 staining were detected respectively mitochondrial morphology and nuclear condensation of
H9c2 cardiomyocytes treated with Dox (2 uM) following Ddx3x siRNA transfection. Scale bar = 50 um. (E) The CCK-8 assay was used to detect
cell viability of H9C2 cells treated with Dox (2 uM) following Ddx3x siRNA transfection. Data are presented as means + SEM. ns, p = 0.05 refers
to not significant; *p < 0.05; ***p < 0.001. (F) The protein level of DDX3X, Casp-3 and cleaved Casp-3 in H9c2 cells treated with Dox (2 uM)
following RK-33 pretreatment. Data are presented as means =+ SEM. ns, p = 0.05 refers to not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
(G) Mito-Tracker Red CMXRos and Hoechst 33342 staining were detected respectively mitochondrial morphology and nuclear condensation of
H9c2 cells treated with Dox (2 uM) following RK-33 pretreatment. Scale bar = 50 um
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determined using RT-qgPCR. Compared with the negative control group,
the mRNA expression level of DDX3X was increased in the Ddx3x
plasmid transfection group (Figure 3A), indicating that DDX3X was
successfully overexpressed in H9c2 cardiomyocytes. As shown in
Figure 3B, Ddx3x overexpression remarkably reduced the activation level
of Caspase-3 induced by Dox treatment in H9¢c2 cardiomyocytes. The
results of flow cytometric analysis and Mito-Tracker Red CMXRos and
Hoechst 33342 staining also suggested that Ddx3x overexpression largely
reversed Dox-induced H9c2 cells apoptosis and mitochondrial damage
(Figure 3C,D). No significant differences in the apoptosis ratio of H9c2
cells were observed between the Ddx3x-overexpressing and control
groups without Dox treatment (Figure 3B-D). These results demon-
strated that DDX3X upregulation notably attenuated H9c2 cardiomyo-

cytes apoptosis induced by Dox treatment.

3.4 | DDX3X regulated DIC via the Wnt/B-catenin
signaling pathway

It has been shown that DDX3X is a regulator of canonical Wnt/B-catenin
signaling.“g] Western blot analysis was used to detect B-catenin protein
levels in H9c2 cells after Dox treatment for the indicated time periods.
We found that the protein level of B-catenin was decreased in H9c2 cells
after exposure to Dox (Figure 4A), suggesting that the canonical Wnt/pB-
catenin signaling pathway was inhibited in DIC. In view of the Dox-
induced downregulation of DDX3X, we speculated that DDX3X down-
regulation suppressed Wnt/B-catenin signaling in DIC. As expected,
compared to the control group, Ddx3x knockdown exacerbated the
decline in B-catenin protein levels in H9¢2 cardiomyocytes treated with
Dox (Figure 4B). In contrast, Ddx3x overexpression largely reversed the
decrease in B-catenin levels triggered by Dox treatment (Figure 4C).
Moreover, we aimed to determine whether DDX3X ATPase activity is
involved in the regulation of Wnt signaling in DIC. As shown in Figure 4D,
RK-33 pretreatment aggravated the reduction of B-catenin protein
triggered by Dox treatment in H9¢2 cardiomyocytes, indicating that the
ATPase activity of DDX3X is implicated in regulating Wnt/B-catenin
signaling. As shown in Figure 4E, LiCl pretreatment had no effect on
DDX3X expression and largely reversed the decreased B-catenin protein
level and increased Caspase-3 activation induced by Dox treatment and
Ddx3x knockdown. The results of Mito-Tracker Red CMXRos and
Hoechst 33342 staining also showed that LiCl pretreatment alleviated
H9c2 cardiomyocyte apoptosis induced by Dox treatment (Figure 4F).
These results indicate that the canonical Wnt/B-catenin signaling
pathway plays a protective role in DIC and that DDX3X can regulate
Whnt/B-catenin signaling to stabilize B-catenin protein levels and
mitigate DIC.

4 | DISCUSSION

Dox exerts a broad spectrum of antitumor effects and is widely used
as a first-line chemotherapy drug against various forms of cancers,

but the cumulative dose-dependent cardiotoxic effect limits its

clinical therapeutic utility.?® To date, many studies have been
conducted to decipher the underlying molecular mechanism by which
Dox leads to myocardial injury, and a large number of mechanisms
have been revealed, such as ROS generation, mitochondrial dys-

21 However, the precise biochemical

function, and apoptosis.
mechanisms underlying Dox-induced cardiac dysfunction are still
not fully elucidated but are very complicated and require further
study.

DDX3X is an ATPase/RNA helicase of the DEAD-box family that
participates in nearly all aspects of RNA metabolism.?? In addition to
regulating RNA metabolism, DDX3X plays roles in multiple biological
processes, such as cortical development,'?® cell growth,?¥ phase-
separated organelle formation,?>! the NLRP3 inflammasome assem-

[27]

bly,2%! viral replication,’?”! innate immune response,’?®! and apopto-

sis.[27) Dysfunction of DDX3X is associated with various diseases,

(391 yiral infection, can-

such as neurodevelopmental disorders,
cer,®1-321 and inflammatory bowel disease.*®! In this study, we
observed that DDX3X expression was reduced in H9c2 cardiomyo-
cytes treated with Dox. Both Ddx3x knockdown and inhibition of
DDX3X ATPase activity by RK-33 aggravated apoptosis and
mitochondrial dysfunction in H9c2 cells treated with Dox. Con-
versely, Ddx3x overexpression mitigated DIC. These results suggest
that DDX3X plays an important role in the pathological processes of
Dox-induced cardiac dysfunction.

The Wnt/B-catenin signaling is one of the fundamental mecha-
nisms regulating many biological developmental processes, including
cell proliferation, differentiation, genetic stability, and cell fate
specification during embryogenesis, organogenesis, and tissue
homeostasis.!> ¢! Multiple lines of evidence have implicated Wnt/B-
catenin signaling in cardiovascular diseases, including myocardial
infarction, cardiac hypertrophy, heart failure, and atherosclerosis.*#
The Wnt signaling is mostly silent under physiological conditions in
the healthy adult heart but is generally reactivated under pathological
conditions.®® For instance, some components of the Wnt signaling
pathway are upregulated following myocardial infarction, and the
reactivation of Wnt/B-catenin signaling is conducive to myocardial
infarct healing.[36’37] Moreover, it has been shown that the Wnt-
GSK3-Akt-mTOR pathway participates in the regulation of cellular
energy balance and metabolism and that the short-term and early
activation of the Wnt-GSK3-mTOR axis could alleviate isoproterenol-
induced cardiotoxicity in rodents.®® Previous research has shown
that secreted frizzled-related protein 1 (sFRP1) reduced infarct size
and improved cardiac function by regulating Wnt/PCP-JNK signal-
ing.®*) However, the role of Wnt/B-catenin signaling in DIC has not
been well elucidated yet. In our study, we found that the protein level
of B-catenin was remarkably decreased in H9c2 cells treated with
Dox, suggesting that Wnt/B-catenin signaling was inhibited in DIC.

DDX3X is a positive regulator of the Wnt/B-catenin signaling
pathway.!*® However, to date, the DDX3X-Wnt/B-catenin signaling
axis has only been studied in oncological research.“?! In this study,
we found that Ddx3x knockdown reduced -catenin protein levels in
H9c2 cells after Dox treatment and that Ddx3x overexpression partly
reversed the decrease in B-catenin induced by Dox. Moreover,
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LiCl pretreatment ameliorated mitochondrial injury in H9¢c2 cardio- Wnt/B-catenin signaling, promoting mitochondrial injury and apopto-
myocytes and apoptosis induced by Dox treatment and Ddx3x sis of cardiomyocytes. Previous studies have demonstrated that
knockdown, indicating that the activation of Wnt/B-catenin signaling DDX3X regulates Wnt signaling through an ATPase activity-
plays a protective role in DIC. Therefore, we conclude that Dox- independent mechanism.!*® However, in this study, RK-33, which

induced DDX3X downregulation contributes to the suppression of inhibits the ATPase activity of DDX3X, exacerbated the decline in the
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FIGURE 4 DDX3X regulated Dox-induced cardiotoxicity via canonical Wnt/B-catenin signaling pathway. “+” symbol denotes presence and
“~" symbol denotes absence of the corresponding treatment condition. (A) The protein level of B-catenin in H9c2 cells treated with Dox (2 uM)
for O, 6, 12, and 24 h. Data are presented as means + SEM. ns, p 2 0.05 refers to not significant; *p < 0.05. (B) The protein level of B-catenin in
H9c2 cells treated with Dox (2 uM) following Ddx3x siRNA transfection. Data are presented as means + SEM. ns, p = 0.05 refers to not
significant; *p < 0.05; **p < 0.01. (C) The protein level of B-catenin in H9¢c2 cells treated with Dox (2 uM) following RK-33 pretreatment. Data are
presented as means £ SEM. ns, p 2 0.05 refers to not significant; *p < 0.05; ***p < 0.001. (D) The protein level of B-catenin in H9c2 cells treated
with Dox (2 uM) following Ddx3x plasmids transfection. Data are presented as means + SEM. *p < 0.05; **p < 0.01. (E) The protein level of
DDX3X, B-catenin, Casp-3, and cleaved Casp-3 in H9c2 cells treated with Dox (2 uM) following Ddx3x siRNA transfection and Licl pretreatment.
Data are presented as means + SEM. ns, p = 0.05 refers to not significant; *p < 0.05; **p < 0.01. (F) Mito-Tracker Red CMXRos and Hoechst

33342 staining were detected respectively mitochondrial morphology and nuclear condensation of H9c2 cells treated with Dox (2 uM) following
Ddx3x siRNA transfection and Licl pretreatment. Scale bar =0 um
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B-catenin protein levels in H9c2 cells treated with Dox, which
suggests that DDX3X ATPase participates in the regulation of Wnt/
B-catenin signaling in DIC.

In summary, this study is the first to show that DDX3X
participates in DIC regulation. DDX3X upregulation attenuates DIC
by activating Wnt/B-catenin signaling and promoting the stabilization
and accumulation of cytosolic B-catenin in vitro. This finding helps us
to identify a new perspective for understanding the mechanism of
DIC. However, there were some limitations to our study because no
in vivo data were provided. Further studies are necessary to confirm
whether DDX3X is a potential therapeutic target for DIC.
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