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Abstract: Dilated cardiomyopathy (DCM) is one of the major causes of heart failure. Although
significant progress has been made in elucidating the underlying mechanisms, further investigation
is required for clarifying molecular diagnostic and therapeutic targets. In this study, we found that
the mRNA level of protein phosphatase 2 regulatory subunit B’ delta (Ppp2r5d) was altered in the pe-
ripheral blood plasma of DCM patients. Knockdown of Ppp2r5d in murine cardiomyocytes increased
the intracellular levels of reactive oxygen species (ROS) and inhibited adenosine triphosphate (ATP)
synthesis. In vivo knockdown of Ppp2r5d in an isoproterenol (ISO)-induced DCM mouse model
aggravated the pathogenesis and ultimately led to heart failure. Mechanistically, Ppp2r5d-deficient
cardiomyocytes showed an increase in phosphorylation of STAT3 at Y705 and a decrease in phos-
phorylation of STAT3 at S727. The elevated levels of phosphorylation at Y705 in STAT3 triggered the
upregulation of interleukin 6 (IL6) expression. Moreover, the decreased phosphorylation at S727 in
STAT3 disrupted mitochondrial electron transport chain function and dysregulated ATP synthesis
and ROS levels. These results hereby reveal a novel role for Ppp2r5d in modulating STAT3 pathway
in DCM, suggesting it as a potential target for the therapy of the disease.

Keywords: Ppp2r5d; dilated cardiomyopathy; STAT3; phosphorylation; mitochondria

1. Introduction

Dilated cardiomyopathy (DCM) is characterized by dilated ventricles and impaired
myocardial contractile capacity, generally leading to cardiac dysfunction, arrhythmias, and
finally heart failure. Cardiomyocytes from DCM patients exhibit a progressive increase
in apoptosis, which results in compensatory hypertrophy of the healthy remaining car-
diomyocytes. While many factors, including genetic mutations, autoimmune diseases,
inflammation and infection, toxins, excessive alcohol consumption, and chemotherapeutic
drugs, have been observed to be associated with the occurrence of DCM, still others have
yet to be identified [1].

Our previous study identified an altered mRNA level of protein phosphatase 2 reg-
ulatory subunit B’ delta (Ppp2r5d) in the plasma of DCM patients as compared to that of
ischemic cardiomyopathy (ICM) patients and healthy individuals (GEO: GSE138678) [2].
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The abnormal alteration of Ppp2r5d was further confirmed in DCM mice, which suggests
that Ppp2r5d may serve as a potential diagnostic biomarker for DCM. Protein phosphatase
2A (PP2A) is one of the four major Ser/Thr phosphatases that negatively control cell growth
and division. Ppp2r5d, encoding B56δ (a delta isoform of the regulatory subunit B56 subfam-
ily of PP2A) has been shown to be involved in neurodevelopment and tumorigenesis [3],
and its mutant leads to mental retardation and neurodevelopmental disorder [4–6]. On the
other hand, isoproterenol (ISO)-stimulated cardiomyocytes can induce the phosphorylation
of subunit B56δ at the Ser573 site, thereby enhancing PP2A activity. Additionally, cTnI
and cMyBP-C are phosphorylated by PKA following ISO stimulation. Inhibiting PP2A
activity can increase the levels of phosphorylation at the intracellular cTnI Ser22/23 and
cMyBP-C Ser282 sites [7]. The double knockout of Ppp2r5d and Ppp2r5c arrest embryonic
development at around 12 days, accompanied by the apoptosis of heart tissue and by
abnormal cardiac vascular development in mice [8]. All these studies indicate that Ppp2r5d
plays a crucial role in the development of cardiac disease. Here, we elucidate that Ppp2r5d
knockdown in mouse cardiomyocytes enhances the inflammatory response and aggravates
mitochondrial energy metabolism, thereby accelerating DCM progression. Our findings
demonstrate that Ppp2r5d indeed modulates the pathogenesis of DCM.

2. Materials and Methods
2.1. Animals

Four-to-six-week-old male C57BL/6J mice were purchased from Vital River (Beijing,
China). All animal experiments were approved by the Animal Care and Use Committee
of Tongji University (Permit Number: TJAA00222101), and the procedures followed the
National Research Council’s Guide for the care and use of laboratory animals. A DCM
mouse model was induced by ISO treatment. Briefly, mini-osmotic pumps (2002W, RWD
Life Science, Shenzhen, China) containing saline or ISO (I5627, Sigma-Aldrich, St. Louis,
MO, USA; 60 mg/kg/day) were implanted subcutaneously for two weeks.

The myocardial-specific Ppp2r5d knockdown was achieved through delivery of adeno-
associated virus 9 (AAV9) carrying shRNA against Ppp2r5d (AAV9-cTnT-shRNA-Ppp2r5d-
GFP) driven with a cTnT promoter via tail vain injection (5 × 1011 viral particles per
animal in 100 µL, Hanheng Biotechnology, Shanghai, China). Mice receiving an equivalent
amount of AAV9-cTnT-shRNA-NC (5 × 1011 viral particles per animal in 100 µL, Hanheng
Biotechnology, Shanghai, China) served as the control group. At week 3, the mice were
subcutaneously implanted with a mini-osmotic pump containing ISO to induce DCM as
previously described. After an additional eight weeks, echocardiography was performed
and cardiac tissues were collected for histological and biochemical analysis.

2.2. Cell Culture

The mouse cardiomyocytes (MCMs) were purchased from the ScienCell research
laboratories. The passage number in the experiment was between 10 and 20. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, Logan, UT, USA)
supplemented with 2% fetal bovine serum (FBS) at 37 ◦C in a humidified 5% CO2–95%
air atmosphere. Primary neonatal mouse cardiomyocytes cells were cultured in DMEM
(HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) at 37 ◦C in a
humidified 5% CO2–95% air atmosphere.

The primary neonatal mouse cardiomyocytes were isolated according to the man-
ufacturer’s instructions (AC-1002016, Applied Cell, Shanghai, China). The ventricles of
the hearts of P1 or P2 neonatal mice were rinsed with wash buffer and then minced into
1–3 mm3 tissue fragments. Initial digestion with mouse cell dissociation solution I was
carried out overnight at 4 ◦C, followed by repeated treatment with dissociation solution II
at 37 ◦C until the cells were fully dissociated. The resulting cell suspensions, comprising
both myocytes and non-myocytes, were pooled and then subjected to purification through
differential adhesion. The purified cardiomyocytes were subsequently transfected with
siRNA for further experiments.
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2.3. RNA Interference

To knockdown Ppp2r5d, MCMs were transfected with either siRNA against Ppp2r5d
or negative control (NC) siRNA using Lipofectamine™ RNAiMAX transfection reagent
(13778030, Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s instruc-
tions. The siRNA sequence was as follows: siRNA-Ppp2r5d: 5′-AGATCAACCACATCTTCTA-
3′. The efficiency of knockdown was assessed 48 h post-transfection through real-time
quantitative (RT-qPCR) and Western blot analysis prior to subsequent experiments.

2.4. Microarray Assay

The Agilent Sure Print G3 Mouse Gene Expression v2 Microarrays (8 × 60 K, Desig-
nID: 074809) were used, and data analysis was conducted by OE Biotechnology Co., Ltd.
(Shanghai, China).

Total RNA was quantified with the NanoDrop ND-2000 (Thermo Fisher Scientific,
Waltham, MA, USA), and RNA integrity was assessed with the Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). Sample labelling, microarray hybridization,
and washing steps were performed according to the manufacturer’s protocols. Briefly, the
total RNA was reverse transcribed to double-strand cDNA, and then synthesized cRNA
was labelled with Cyanine 3-CTP and hybridized onto the microarray. After washing, the
arrays were scanned by the Agilent Scanner G2505C (Agilent Technologies). Raw data
were acquired using Feature Extraction software (version 10.7.1.1, Agilent Technologies),
and basic analysis was performed using Genespring software (version 14.8, Agilent Tech-
nologies). The statistically significant differentially expressed genes were then identified
(fold ≥ 2.0 and p value ≤ 0.05 by t-test). The Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses of the differentially expressed genes
were conducted using SciPy (version 1.8.0) based on hypergeometric distributions.

2.5. ATP Concentration Assay

MCMs were initially transfected with siRNA-Ppp2r5d and control siRNA-NC, followed
by ISO treatment 48 h post-transfection. Cells were harvested 18 h later for in vitro adeno-
sine triphosphate (ATP) concentration analysis using an ATP assay kit (S0027, Beyotime,
Nantong, China) according to the manufacturer’s instructions.

2.6. Tissue Histopathology

After the echocardiography assessment, the heart tissues were fixed, embedded in
paraffin, and sectioned. Masson’s trichrome staining was used to assess fibrosis in the heart
sections. Wheat germ agglutinin (WGA) (L4985, Sigma-Aldrich, St. Louis, MO, USA) was
utilized for staining cardiac sections to measure the area of cardiomyocytes according to
the manufacturer’s instructions. Images were captured by fluorescence microscopy (Leica
Microsystems, Wetzlar, Germany).

2.7. Real-Time Quantitative PCR

RNA was extracted with TRNzol (DP424, TIANGEN, Beijing, China). The cDNA
was synthesized using a PrimerScriptTM RT Master Mix (RR036, Takara, Beijing, China).
Quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis was
conducted with SYBRTM green master mix according to the manufacturer’s protocol
(4385617, Thermo Fisher Scientific, Waltham, MA, USA). The expression of target genes
was normalized to the expression level of control using the 2−∆∆Ct cycle threshold method.
β-actin and Vdac1 were utilized as endogenous controls separately. The sequence of primers
is listed in Table S1.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatant of cell cultures was collected and centrifuged to remove cell de-
bris after 3 days of transfection. The interleukin 6 (IL6) concentration was determined



Biomedicines 2024, 12, 1887 4 of 16

with a commercial ELISA kit according to the manufacturer’s instructions (EK206/3-96,
MultiScience, Shanghai, China).

2.9. Mitochondrial Respiration Assay

The Seahorse XFe96 assay (Agilent Technologies, Santa Clara, CA, USA) was used
to quantify the oxygen consumption rate (OCR) of MCMs. MCMs were transfected with
siRNA-Ppp2r5d and siRNA-NC. For this aim, 1.5 × 104 of cells were seeded in customized
Seahorse 96-well plates and treated with ISO (50 µM) for 18 h. Then, the medium was
replaced with DMEM (Seahorse Bioscience, Billerica, MA, USA), supplemented with 1 mM
pyruvate, 2 mM glutamine, and 10 mM D-glucose. The OCR was determined using the
Seahorse Bioscience XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA,
USA). Measurements were made as the cells were incubated sequentially under four
conditions: 1. basal levels were measured in the absence of additives; 2. oligomycin
(1.5 µM) was added to reversibly inhibit oxidative phosphorylation (OXPHOS) and thus
ATP synthase to measure glycolytic ATP synthesis; 3. FCCP (1 µM), a mitochondrial
uncoupler, was added to disrupt OXPHOS-dependent ATP generation; 4. antimycin A
(10 µM), a complex I inhibitor and mitochondrial poison, was added to stop OXPHOS-
dependent ATP production. The ATP levels under these four different conditions were
calculated using Seahorse Wave Controller Software (version 2.4), with OCR normalized to
the number of cells in each well.

2.10. Assay for Intracellular Reactive Oxygen Species

To assess intracellular ROS level, MCM cells were transfected with siRNA-Ppp2r5d and
siRNA-NC. After two days, the MCMs were switched to glucose-free medium overnight,
following stimulation with H2O2 (400 µM) for 1.5 h. MCMs from the control, siRNA-
NC, and siRNA-Ppp2r5d groups were treated with 10 µM of DCFH-DA dye for 1 h at
37 ◦C, followed by three washes with serum-free DMEM. Subsequently, the DCF fluores-
cence was promptly measured using flow cytometry (BD LSRII flow cytometer, excita-
tion/emission: 488/525 nm) according to the manufacturer’s instructions (S0033, Beyotime,
Nantong, China).

2.11. Assay for MitoTracker Green

To measure the intracellular mitochondria, MitoTracker green dye was used according
to the manufacturer’s instructions (40742ES50, Yeason, Xi’an, China). In brief, MCM cells
from the control, siRNA-NC, and siRNA-Ppp2r5d groups were harvested and incubated
with MitoTracker green (100 nM) for 30 min at 37 ◦C, following washing with PBS. Fluores-
cence intensity was immediately measured with flow cytometry (BD LSRII flow cytometer;
excitation/emission: 490/523 nm).

2.12. Mitochondria Isolation and Assay for ETC Activity

Mitochondria from MCM were isolated using a mitochondrial isolation kit (MM-038,
Invent Biotechnologies, Plymouth, MN, USA), and then the activity of electron transport
chain (ETC) complex I in the purified mitochondria was determined according to the
manufacturer’s protocol (BC0515, Solarbio, Beijing, China). Briefly, the activity was quan-
tified by measuring the oxidation of NADH at 340 nm according to the manufacturer’s
instructions. Protein content was determined by the bicinchoninic acid (BCA) method,
and values are expressed as activities in nanomoles substrate consumed per minute per
milligram of protein.

2.13. Echocardiography

Cardiac performance was evaluated at 6 weeks post-ISO-infusion by echocardiography.
Mice were anaesthetized with isoflurane (2% isoflurane for induction and 1% for mainte-
nance). Left ventricular images were obtained in the parasternal long-axis view using a
Vevo 2100 Imaging System (Fujifilm Visual Sonics, Toronto, ON, Canada) equipped with a
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30 Mhz MicroScan transducer (model MS-400). As previously described, LV mass and func-
tional parameters were calculated, such as ejection fraction and fractional shortening [9].

2.14. Transmission Electron Microscopy (TEM) Analysis

Heart tissues were rapidly fixed in 2.5% glutaraldehyde for 2 h and then trimmed to
1~3 mm3 in size. After three washes with 0.1 M of phosphate buffer, the tissues were fixed
with 1% osmic acid at 4 ◦C for 2 h, followed by rinsing and gradient dehydration through
graded ethyl alcohols. Subsequently, they were embedded in Epon-Araldite resin, and the
resulting clumps were polymerized in copper. Semi-thin sections were initially utilized
for localization, while ultrathin sections were subsequently employed for microstructural
analysis. After counterstaining was completed with uranyl acetate and lead citrate, the
specimens were examined under an HT7800 transmission electron microscope. The images
were finally analyzed using ImageJ to quantify the mitochondria surface area (µm2) and
perimeter (µm).

2.15. Western Blot

The total protein was extracted from MCMs with RIPA lysis buffer containing phos-
phatase and protease inhibitors (P0013B, Beyotime, Nantong, China), and the protein
concentrations were quantified using the BCA Protein Assay Kit (P0010, Beyotime, Nan-
tong, China). The protein samples were separated by SDS-PAGE and transferred to the
hydrophobic PVDF membrane. Blotted membranes were incubated with primary anti-
bodies at 4 ◦C overnight and then incubated with specific secondary antibodies at room
temperature for 1 h. The targeted proteins were visualized by enhanced chemiluminescence
(34094, ThermoFisher, Waltham, MA, USA) with a Tanon 1600 apparatus (Tanon, Shanghai,
China) according to the manufacturer’s instructions. The optical intensities of the blotted
bands were quantified using ImageJ software (version 1.4.3.67). The following primary
antibodies were used: anti-Phospho-STAT3 (Y705) (9145, CST, New York, NY, USA); anti-
Phospho-STAT3 (S727) (9136, CST, New York, NY, USA); anti-STAT3 (4904; CST, New York,
NY, USA); anti-Ppp2r5d (B56δ) (12068-1-AP, Proteintech, Wuhan, China); anti-GADPH-HRP
(Pab001H, ESscience, China); anti-VDAC1/2 (10866-1-AP, Proteintech, Wuhan, China); and
anti-Total OXPHOS Rodent WB antibody Cocktail (ab110413, Abcam, Cambridge, UK).

2.16. Statistical Analysis

All data are presented as the mean ± SD. Statistical analyses were performed using
GraphPad Prism 5.04 software. Comparisons between two groups were analyzed by the
unpaired Student’s t-test, and comparisons between more than two groups were analyzed
by one-way ANOVA followed by the Bonferroni test. A value of p < 0.05 was considered
statistically significant.

3. Results
3.1. Ppp2r5d Was Associated with DCM Pathogenesis

Given that activation of β-adrenergic receptors (β-AR) by ISO can induce progressive
left ventricular dilatation, cardiac dysfunction, and fibrosis [10,11], a subcutaneous osmotic
mini-pump was used here to apply ISO for 2 weeks to induce DCM in mice. The results
revealed typical cardiac dysfunction, including increased left ventricular end-diastolic
dimension (LVEDD) and left ventricular end-systolic dimension (LEVSD), as well as de-
creased left ventricular ejection fraction (LVEF) and left ventricular fraction shortening
(LVFS) after 8 weeks of ISO infusion (Figure 1A,B). Additionally, an exacerbation of di-
lated left ventricular and myocardial fibrosis was also detected in the ISO-induced mice
(Figure 1C), indicating the successful establishment of the DCM mice model.
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Figure 1. Characterization of the ISO-induced DCM mouse model. (A) Representative images of
DCM mode echocardiography in each group. ISO (Low): 30 mg/kg/day; ISO (high): 80 mg/kg/day.
(B) Quantitative analysis of the echo parameters of the left ventricle of each group. LVEF: left
ventricular ejection fraction, LVFS: left ventricular fraction shortening, LVEDV: LV end-diastolic
volume, LVESV: LV end-systolic volume, LEVDD: left ventricular end-diastolic dimension, LEVSD:
left ventricular end-systolic dimension (n = 3). (C) Masson stain of the short-axis section of hearts.
Scale bar: 1 mm. (D) The expression of Ppp2r5d mRNA in the cardiac ventricles of DCM mice and
MI mice was compared with that of sham mice using RT-qPCR (n = 4). (E) GO enrichment analysis
of DEGs in Ppp2r5d knockdown with MCMs vs. control MCMs. (F) KEGG pathways of DEGs in
Ppp2r5d knockdown with MCMs vs. control MCMs. Data are presented as the mean ± SD with
p values indicated. * p < 0.05.

Since Ppp2r5d mRNA was altered in the peripheral plasma of DCM patients (GEO:
GSE138678), we then checked the status of Ppp2r5d in mice cardiac tissues. There was a
significant decrease in the level of Ppp2r5d in the ventricular tissues of the mouse model,
and there was no difference in the myocardial infarction (MI) mouse model (Figure 1D). To
further confirm this change was associated with the pathogenesis of DCM, we knocked
down Ppp2r5d in MCMs using siRNA-Ppp2r5d and then performed gene expression mi-
croarray assay to identify the differentially expressed genes (DEGs). Further enrichment
analysis showed that the DEGs are highly involved in cardiac muscle hypertrophy and
cardiac muscle contraction in Gene Ontology (GO) (Figure 1E) and are highly associated
with hypertrophic cardiomyopathy (HCM) and DCM pathway in Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Figure 1F). Collectively, these results indicate that Ppp2r5d is
indeed involved in DCM pathogenesis.

3.2. Ppp2r5d Knockdown Increased Oxidative Stress and Mitochondrial Dysfunction in MCMs

Oxidative stress characterized by the accumulation of reactive oxygen species (ROS)
mediates the development of DCM [12,13]. Next, we checked the ROS status in Ppp2r5d-
deficient cardiomyocytes after the hydrogen peroxide (H2O2) challenge. As shown in
Figure 2A,B, although H2O2 treatment could increase ROS level in MCMs, a more signifi-
cant increase was detected in Ppp2r5d-deficient MCMs, which then led to obvious apoptosis
of MCMs that was confirmed again with a significant increase in the level of cleaved caspase
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3 (Figure S1). Intracellular ROS generation was also detected by the fluorescent probe
dihydroethidium (DHE). After ISO stimulation, the DHE staining indicated a significant in-
crease between the Ppp2r5d-deficient MCMs and the control MCMs (Figure S2). Collectively,
Ppp2r5d knockdown enhanced ROS generation in MCMs after ISO and H2O2 stimulation.
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Figure 2. The effects of Ppp2r5d-knockdown MCMs on mitochondrial dysfunctions. (A) Representa-
tive histogram plots show the ROS levels in MCMs after treatment. (B) Quantification of DCFH-DA
staining (Mean ± SD, n = 5). (C) Representative histogram plots show the mitochondria levels
in MCMs after treatment. (D) Quantification of MitoTracker green staining (Mean ± SD, n = 3).
(E) ATP production in MCMs was measured with an ATP kit (Mean ± SD, n = 6). (F) Mitochondrial
respiration in MCMs was measured with the Seahorse assay. MCMs were sequentially incubated
with oligomycin (1.5 µM), FCCP (1 µM), and antimycin (10 µM). (G) The mitochondrial functional
parameters from F (basal respiration, maximal respiration, ATP production, spare respiratory capacity,
non-mitochondrial respiration, and proton leak). n = 7. Data are presented as the mean ± SD with
p values indicated.
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Mitochondria are major sources of intracellular reactive oxygen species, and excessive
ROS production may induce mitochondrial dysfunction [14]. Ppp2r5d deficiency has no
significant influence on mitochondrial mass (Figure 2C,D), but whether it has an effect on
mitochondrial energy metabolism and function needs further clarification. We found that
knockdown of Ppp2r5d modestly reduced basal ATP production in MCMs, and significant
inhibition was detected in the presence of ISO (Figure 2E). ATP is primarily produced
in mitochondria through the oxidative phosphorylation process, suggesting that Ppp2r5d
deficiency in MCMs may attenuate mitochondrial biogenesis and/or mitochondrial respira-
tion [15]. Bioenergetic profiles of MCMs were then determined by the Seahorse XF cell Mito
stress test with the oxygen consumption rate (OCR) being calculated as an indicator of mi-
tochondrial respiration. The OCR assay showed that only downregulation of Ppp2r5d with
stimulation of ISO induced a significant decrease in basal respiration, maximal respiration,
spare respiratory capacity, proton leak, and ATP production (Figure 2F,G). These results
indicate that Ppp2r5d deficiency aggravates the ISO-induced mitochondrial dysfunction
in vitro.

3.3. Ppp2r5d Knockdown Aggravated Cardiac Dilation and HF

To further evaluate the potential role of Ppp2r5d in DCM progression in vivo, adeno-
associated virus (AAV) serotype 9 was used to mediate cardiomyocyte-specific knockdown
of Ppp2r5d. Western blot revealed that B56δ could be expressed in multiple murine tissues,
but only downregulated in the cardiac tissue after AAV-cTnT-shRNA-Ppp2r5d injection.
There was no noticeable difference in the cardiac phenotype between the AAV-cTnT-
shRNA-Ppp2r5d and AAV-cTnT-shRNA-NC groups (Figure S3). A flowchart of the animal
experiment is shown in Figure 3A. Cardiac function was assessed using echocardiography
at eight weeks after ISO infusion. Compared to the sham group, the ISO-treated mice
exhibited an increase in left ventricular diameter and volume, accompanied by a reduc-
tion in left ventricular fractional shortening (FS) and ejection fraction (EF). Notably, the
differences were more prominent in the AAV-cTnT-shRNA-Ppp2r5d & ISO group than
in the control AAV-cTnT-shRNA-NC & ISO group (Figure 3B,C). Consistent with the
echocardiography results, there was a notable increase in heart size and in both the heart
weight-to-body-weight ratio (HW/BW) and heart weight-to-tibia-length ratio (HW/TL) in
AAV-cTnT-shRNA-Ppp2r5d & ISO mice (Figure 3D,E). In addition, ISO led to an increase in
mRNA level of classical-cardiac-hypertrophy- and stress-related genes in the left ventricle,
particularly under Ppp2r5d-knockdown conditions, including atrial natriuretic peptide
(Nppa), brain natriuretic peptide (Nppb), and myosin heavy chain (Myh7) (Figure 3F).
Masson staining of cardiac tissue revealed that Ppp2r5d deficiency aggravated ISO-induced
cardiac fibrosis (Figure 3G,H). Moreover, the increased cardiomyocyte size suggested that
Ppp2r5d deficiency also aggravated ISO-induced cardiomyocyte hypertrophy (Figure 3I,J).

Since Ppp2r5d deficiency was involved in ISO-induced mitochondrial dysfunction
in vitro (Figure 2F), we proceeded to investigate the potential impact of Ppp2r5d inhibition
on mitochondria morphology in vivo. The ultrastructure analysis revealed that the mito-
chondria of the left ventricular tissue in the AAV-cTnT-shRNA-NC & ISO mice exhibited
various abnormalities, including swelling, vacuolization, membrane rupture, and reduced
cristae, while no significant alterations were observed in the right ventricular tissue. How-
ever, the Ppp2r5d-deficient DCM mice exhibited mitochondrial abnormalities in both left
and right ventricles (Figure 3K,L). These results suggest that mitochondrial dysfunction
induced by Ppp2r5d downregulation in the DCM model truly contributes to cardiac dilation
and heart failure in vivo.
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Figure 3. The effects of cardiomyocyte-specific Ppp2r5d knockdown on the pathogenesis of DCM
and heart failure (HF) in vivo. (A) Workflow of the animal experiments. (B) Representative echocar-
diographic images at 8 weeks after removal of the osmotic mini-pump are shown. (C) Quantitation
of the left ventricles’ parameters in each group. LVEF: left ventricular ejection fraction; LVFS: left
ventricular fraction shortening; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic volume;
LEVDD: left ventricular end-diastolic dimension; LEVSD: left ventricular end-systolic dimension.
n = 6. (D) Representative anatomical images of the hearts. Scale bar: 1 mm. (E) Heart weight/body
weight ratio and heart weight/tibia length ratio in each group of mice. n = 6. (F) Relative mRNA
expression of Nppa, Nppb, and Myh7 in the ventricles of sham mice, AAV-cTnT-shRNA-NC & ISO
mice, and AAV-cTnT-shRNA-Ppp2r5d & ISO mice. n = 6. (G) Masson stain of the collagen deposi-
tion of the lateral cross-section of hearts (Mag 1.25× and 20×). (H) Quantification of fibrosis area
percentage. (I) WGA stain of the lateral cross-section of hearts (Mag 63×). (J) Quantification of cell
area (µm2). (K) Representative transmission electron microscopy (TEM) images of the left ventricular
(LV) and right ventricular (RV) section ultrastructure from sham mice (left), AAV-cTnT-shRNA-NC &
ISO mice (middle), and AAV-cTnT-shRNA- Ppp2r5d & ISO mice (right). Magnification: 5000×; scale
bar: 1 µm. Red arrows: vacuolated mitochondria; blue arrows: broken myocardial muscle fibers.
(L) Quantification of mitochondria-related parameters from the panel: the number of mitochondria
per field, the mean area of the mitochondria in each image, and the percentage of the abnormal
mitochondria per field, respectively. Data are presented as the mean ± SD with p values indicated.
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3.4. Ppp2r5d Knockdown Impaired ETC Complex Activity

Electron transport via the mitochondrial electron transport chain (ETC) complex I, II,
III, and IV generates an electrochemical proton gradient, which is then utilized by ATP
synthase to produce ATP [16]. Based on the observation that Ppp2r5d deficiency altered
ROS generation (Figure 2A) and ATP production (Figure 2E) in MCMs under stimulation,
we hypothesized that impairments of ETC capacity may be responsible for mitochondrial
dysfunction in MCMs. Therefore, we proceeded to examine the expression patterns of
genes associated with the ETC complex involved in this process. After ISO treatment,
inhibition of Ppp2r5d triggered a significant transcriptional downregulation of Ndufv1, Sdhb,
Cyc1, Uqcrc2, and Atp5a1 (Figure 4A). Some protein levels, including NDUFB8 and SDHB,
were accordingly decreased (Figure 4B,C). Moreover, the activity of ETC complex I was also
significantly inhibited (Figure 4D). Taken together, these results demonstrate that Ppp2r5d
knockdown impairs the expression of the ETC complex and exacerbates ISO-induced
cardiac dysfunction.
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Figure 4. Knockdown of Ppp2r5d impaired the activity of the mitochondrial respiratory chain complex
in MCMs. (A) Relative mRNA expression of the mitochondrial genes in each group. (B) Protein
expression of mitochondrial complexes assessed by Western blot in each group. Experiments were
repeated three independent times. (C) The relative band intensity of NDUFB8, SDHB, UQCRC2,
MTCO1, ATP5a, and B56δ were analyzed by Image J software (version 1.4.3.67) and normalized to
total VDAC1. (D) Mitochondria were isolated from MCMs, and complex I activity was measured.
The enzymatic activity is presented as milliunits (nmol/min) per milligram (mg) of mitochondrial
protein. Data are presented as the mean ± SD with p values indicated.
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3.5. Ppp2r5d Knockdown Induced Bidirectional Phosphorylation of STAT3 in the
Hypertrophy Model

As a regulatory subunit of PP2A (serine/threonine protein phosphatase 2A), Ppp2r5d
modulates signal transduction pathways by dephosphorylating specific target sites. There-
fore, it is imperative to elucidate the mechanisms underlying the mitochondrial dysfunc-
tion induced by knocking down Ppp2r5d in the hypertrophy model. Previous research has
demonstrated that STAT3 can be phosphorylated at two sites, namely serine residue 727 and
tyrosine residue 705, resulting in changes to its intracellular localization and subsequent
initiation of various biological processes [17,18]. Our findings demonstrate that inhibition
of Ppp2r5d results in a distinct modulation of STAT3 phosphorylation levels, characterized
by a decrease at Ser727 and an increase at Tyr705. This suggests that Ppp2r5d could mediate
STAT3 modification to exert intricate modulation for the maintenance of mitochondrial
function, potentially impacting ATP production or ROS level, both crucial for the metabolic
function of cardiomyocytes (Figure 5A,B) [19]. For example, mtSTAT3 (pSTAT3 (S727))
interacts with GRIM-19, a component of the ETC complex I, subsequently enhancing the
activity of complex I [20].
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images are shown. Total STAT3 and β-Actin were used as internal controls. The fold changes in
protein expression level were normalized to the internal control and determined by densitometric
analysis. Experiments were repeated three independent times. (B) The relative band intensity of
pSTAT3 (Y705) and pSTAT3 (S727) was analyzed by ImageJ software (version 1.4.3.67) and normalized
to Total STAT3. (C) Knockdown of Ppp2r5d resulted in upregulation of IL6 expression in mouse
cardiomyocytes. Relative mRNA level of IL6 and Ppp2r5d in MCMs transfected with siRNA-NC
or siRNA-Ppp2r5d after ISO treatment for 18 h, normalized to β-Actin expression (n = 6). (D) The
protein level of IL6 in culture supernatants of MCMs among individual groups (n = 3). (E) Relative
mRNA levels of IL6 and Ppp2r5d in NMCMs transfected with siRNA-NC or siRNA-Ppp2r5d after ISO
treatment, normalized to β-Actin expression (n = 6). (F) The IL6 protein levels in culture supernatants
of NMCMs were determined by an ELISA kit in each group (n = 3). (G) Relative IL6 mRNA level
in MCMs transfected with siRNA-NC or siRNA-Ppp2r5d after ISO or S3I-201 treatment for 18 h.
The values were normalized to β-Actin mRNA levels (n = 6). (H) The IL6 protein levels in culture
supernatants of NMCMs were determined with an ELISA kit in each group (n = 3). Data are presented
as the mean ± SD with p values indicated.

Phosphorylated STAT3 at Y705 forms dimers that translocate into the nucleus to medi-
ate the transcription of downstream genes, including IL6 [21]. To investigate the potential
role of Ppp2r5d in regulating IL6 through STAT3 modification, we evaluated IL6 expression
in cardiomyocytes using RT-qPCR and ELISA. Knockdown of Ppp2r5d in cardiomyocytes
stimulated with ISO significantly increased both IL6 mRNA expression and protein lev-
els (Figure 5C,D). Consistently, the alteration was also confirmed in primary neonatal
mouse cardiomyocytes (NMCMs) under the same conditions (Figure 5E,F). Furthermore,
inhibition of Tyr705 phosphorylation of STAT3 with an inhibitor (S3I-201) reversed the
upregulation of IL6 expression (Figure 5G,H) [22]. These findings provide evidence that
Ppp2r5d modulates STAT3 Y705 phosphorylation to control IL6 levels in cardiomyocytes.

4. Discussion

In this study, we demonstrated that Ppp2r5d expression alteration in the DCM model re-
sulted in a cascade of biological responses, including phosphorylation changes of mtSTAT3,
decreased activity of the ETC complex, reduced ATP production, increased intracellular
ROS levels, and exacerbated myocardial apoptosis. These changes further contribute to the
abnormal DCM-related phenotype, such as elevated hypertrophic markers and IL6 levels,
enlarged ventricles, impaired cardiac function, and accelerated ventricular remodeling.
Additionally, exacerbated mitochondrial damage was observed in the DCM mouse model.
These findings provide evidence for the significant role of Ppp2r5d in the pathogenesis
of DCM.

Some factors such as inflammation, viral infection, and chemotherapeutic agents have
been shown to contribute to the pathogenesis of DCM, ultimately leading to ventricular
enlargement and HF. DCM manifests as dilated ventricles and impaired cardiac contractility
in response to various causative stressors. Recently, we identified the alteration of Ppp2r5d
mRNA in the peripheral plasma of patients with DCM [2]. This abnormal expression
pattern has also been observed in the heart tissue of DCM mice, motivating us to further
investigate the potential role of Ppp2r5d in the pathogenesis of DCM. It has been reported
that the B56δ protein, encoded by Ppp2r5d, regulates numerous critical biological processes
such as DNA replication and mitosis via distinct signal transduction pathways [23,24].
The primary form of PP2A is a heterodimeric trimeric complex consisting of a catalytic
C subunit, a scaffold A subunit, and a regulatory B subunit. The regulatory B subunits
comprise a large group of genetically and structurally diverse proteins that fall into four
categories, B/B55, B′/B56, B′ ′/PR72, and B′ ′ ′/striatins. In mammals, B′/B56 contains five
spliceosomes: B56α, B56β, B56γ B56δ, and B56ε. Previous studies on B56δ were focused on
developmental disorder syndromes such as mental retardation, epilepsy, macrocephaly, and
developmental delay [4,25]. Ppp2r5d knockdown promotes tumorigenesis and malignant
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development by enhancing phosphorylation at the Ser9 site of GSK-3β and the Ser62 site
of the proto-oncogene C-myc [3]. The B56δ E420K mutation leads to an overactive AKT-
mTOR signaling pathway via the regulation of AKT, GSK3α, and S6 hyperphosphorylation,
resulting in an uncoordinated cell proliferation [24]. Inhibition of tumorigenesis can be
achieved through the PP2A/GSK3β/MCL-1 pathway. Under hypoglycemia/metformin
treatment, upregulated Ppp2r5d dephosphorylates GSK-3β, leading to a decline in MCL-1
and cell death [26]. ISO stimulation enhances PP2A activity by upregulating B56δ Ser573
phosphorylation. Mutation at the active site of B56δ can inhibit PP2A activity, leading to
subsequently elevated intracellular phosphorylation of cTnI at Ser22/23 and of cMyBP-C
at Ser282 in cardiomyocytes [7]. These findings suggest a potential function for Ppp2r5d in
cardiomyopathy, although the mechanism remains unclear.

We observed that the Ppp2r5d mRNA levels were downregulated in the cardiac tissue
of ISO-induced DCM mice, but not in MI mice. Surprisingly, our microarray results showed
that Ppp2r5d knockdown of MCMs results in a highly enriched differential expression of
genes involved in the pathways associated with hypertrophy and DCM. These data provide
further evidence that Ppp2r5d is indeed associated with ISO-induced DCM.

Next, we found that Ppp2r5d-knockdown MCMs are more sensitive to the detrimental
cellular effects of the H2O2-induced ROS. For example, intracellular ROS levels were signif-
icantly upregulated in the Ppp2r5d-deficient group compared to the control group. Indeed,
oxidative stress induced by mitochondrial dysfunction is also involved in the pathogene-
sis of DCM [27]. Our results also demonstrated that Ppp2r5d deficiency contributes to a
decrease in intracellular ATP levels in ISO-stimulated cells. We further revealed that the
baseline mitochondrial respiration, ATP production, and maximal oxygen consumption
were considerably reduced in the Ppp2r5d-deficient MCMs compared to control cells under
stimulation. In the in vivo experiments, DCM mice that were treated with AAV-cTnT-
shRNA-Ppp2r5d exhibited severe cardiac dysfunction, ventricular fibrosis, and ventricular
dilatation compared to the control group. In addition, the ventricles of Ppp2r5d-deficient
DCM mice showed significantly more myofilament and mitochondrial damage than did
those of the vehicle-treated DCM mice. Notably, the expression levels of genes associated
with ETC and ATP synthesis, such as Ndufv1, Sdhb, Cyc1, Uqcrc2, and Atp5a1 were down-
regulated in the DCM model. The activity of the ETC complex I was also impaired in
this condition.

STAT3 can be phosphorylated at two sites to modulate its biological function. Phos-
phorylation at site S727 drives STAT3 into the mitochondria (mtSTAT3) to participate in
electron transport chain activity [28–30], while phosphorylation at site Y705 drives STAT3
into the nucleus, where it functions as a transcriptional activator and influences the patho-
physiology of cardiomyopathy. For instance, inhibition of STAT3 Y705 phosphorylation
was shown to significantly enhance cardiac function in a rat model of stress-induced cardiac
hypertrophy [31]. Intriguingly, our research revealed that Ppp2r5d uniquely regulates the
differential phosphorylation of STAT3 at these two sites. Knockdown of Ppp2r5d increased
Tyr705 phosphorylation but suppressed Ser727 phosphorylation in the ISO-induced DCM
model. The phosphorylation pattern of STAT3 leads to mitochondrial dysfunction and ele-
vated IL6 levels in cardiomyocytes, thereby contributing to the development of interstitial
fibrosis in DCM.

Collectively, our data suggest that Ppp2r5d is involved in the development of DCM and
may represent a turning point in the elucidation of the pathogenesis of DCM. One possible
mechanism is that Ppp2r5d regulates STAT3 phosphorylation to maintain mitochondrial
energy homeostasis in normal myocardial tissue. During DCM development, downregula-
tion of Ppp2r5d promotes mitochondrial dysfunction and apoptosis in cardiomyocytes as
well as aggravating myocardial fibrosis and ventricular remodeling.

However, despite our identification of the Ppp2r5d-dependent axis that regulates the
functional integrity of cardiomyocytes disrupted by DCM pathogenesis, open questions
remain to be answered in the future. It remains unclear whether Ppp2r5d directly or in-
directly modulates the phosphorylation of STAT3 at two specific sites. Previous research



Biomedicines 2024, 12, 1887 14 of 16

has suggested that Ppp2r5d may regulate the phosphorylation of S282 in cMyBP-C without
affecting phosphorylation at S273 and S302, indicating potential differential regulation by
different PP2A holoenzymes on distinct sites of the same protein [7]. Our findings indicate
that knocking down Ppp2r5d upregulates phosphorylation at site Y705 and promotes the
expression of IL6. It should also be noted that the phosphorylation of STAT3 (pSTAT3
(S727)) may be indirectly regulated by Ppp2r5d and requires further investigation. Fur-
thermore, rescue experiments are necessary to restore normal levels in deficient Ppp2r5d
cardiomyocytes and impede the progression of ISO-induced DCM.

In summary, we discovered that the knockdown of Ppp2r5d in ISO-induced cardiomy-
ocytes increases the phosphorylation of STAT3 at the Y705 site, leading to an upregulation
of IL6 level. Meanwhile, the phosphorylation of STAT3 at the S727 site decreases, which
impairs the function of electron transport chain, resulting in massive ROS production.
In vivo experiments further confirmed that Ppp2r5d can exacerbate ISO-induced ventricular
dilation and HF. Overall, our findings reveal Ppp2r5d to be a crucial factor in the progression
of DCM and provide a novel therapeutic target for the treatment of DCM.

5. Conclusions

This study has revealed, for the first time, the association between Ppp2r5d and
Dilated cardiomyopathy. Our findings demonstrate that Ppp2r5d-deficient cardiomyocytes
display elevated phosphorylation levels of STAT3 at Y705, resulting in an upregulation
of IL6 expression. Conversely, the absence of Ppp2r5d reduces phosphorylation levels at
S727 of STAT3, disrupting mitochondrial electron transport chain function and leading to
dysregulation of ATP synthesis and ROS levels. Our research provides novel insights into
the molecular mechanisms of Ppp2r5d in ISO-induced DCM, suggesting it as a potential
therapeutic target for the treatment of this disease.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/biomedicines12081887/s1: Figure S1: Ppp2r5d inhibition promoted
H2O2-induced apoptosis in MCMs.; Figure S2: Ppp2r5d inhibition promoted ISO-induced intracellular
ROS in MCMs.; Figure S3: AAV-mediated knockdown of Ppp2r5d specifically in cardiomyocytes.;
Table S1: List of primers for real-time PCR.

Author Contributions: L.P. and L.L.: conceptualization, funding acquisition, and writing—review
and editing; H.F.: conceptualization; F.L.: investigation, methodology, data curation, and writing—
original draft preparation; Y.M.: methodology and data curation; X.L.: methodology and writing—
review and editing; X.Z.: methodology; Y.Z. and C.L.: validation; J.S., Q.L. and S.H. (Siyu He):
software; S.H. (Sangyu Hu), Y.S. and N.Y.: data curation. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the following funders: The National Natural Science Founda-
tion of China (grant number 32071109, 82070270, and M-0048); The Shanghai Committee of Science
and Technology (grant number 22ZR1463800 and 21ZR1467000); the CAMS Innovation Fund for
Medical Sciences (grant number 2019-I2M-5-053); and the National Key Research and Development
Program of China (grant number 2022YFE0100400); and the Key Discipline Construction Project of
Shanghai Pudong New Area Health Commission (grant number PWZxk2022-20).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Use Committee of Tongji University (TJAA00222101, 20220119).

Informed Consent Statement: Not applicable.

Data Availability Statement: The Microarray data have been deposited in the NCBI Gene Expression
Omnibus under the accession number GEO: GSE238141. The original contributions presented in the
study are included in the article, further inquiries can be directed to the corresponding author/s.

Acknowledgments: We would like to acknowledge Jie Liu (Shanghai East Hospital, Tongji University
School of Medicine, China) for their invaluable guidance during this research. The graphic abstract
was made with Figdraw (https://www.figdraw.com/static/index.html#/; 8 February 2023).

https://www.mdpi.com/article/10.3390/biomedicines12081887/s1
https://www.mdpi.com/article/10.3390/biomedicines12081887/s1
https://www.figdraw.com/static/index.html#/


Biomedicines 2024, 12, 1887 15 of 16

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Schultheiss, H.P.; Fairweather, D.; Caforio, A.L.P.; Escher, F.; Hershberger, R.E.; Lipshultz, S.E.; Liu, P.P.; Matsumori, A.; Mazzanti,

A.; McMurray, J.; et al. Dilated cardiomyopathy. Nat. Rev. Dis. Primers 2019, 5, 32–50. [CrossRef] [PubMed]
2. Lin, F.; Gong, X.; Yu, P.; Yue, A.; Meng, Q.; Zheng, L.; Chen, T.; Han, L.; Cao, H.; Cao, J.; et al. Distinct Circulating Expression

Profiles of Long Noncoding RNAs in Heart Failure Patients with Ischemic and Nonischemic Dilated Cardiomyopathy. Front.
Genet. 2019, 10, 1116–1129. [CrossRef] [PubMed]

3. Lambrecht, C.; Libbrecht, L.; Sagaert, X.; Pauwels, P.; Hoorne, Y.; Crowther, J.; Louis, J.V.; Sents, W.; Sablina, A.; Janssens, V. Loss
of protein phosphatase 2A regulatory subunit B56 delta promotes spontaneous tumorigenesis in vivo. Oncogene 2018, 37, 544–552.
[CrossRef]

4. Biswas, D.; Cary, W.; Nolta, J.A. PPP2R5D-Related Intellectual Disability and Neurodevelopmental Delay: A Review of the
Current Understanding of the Genetics and Biochemical Basis of the Disorder. Int. J. Mol. Sci. 2020, 21, 1286–1298. [CrossRef]
[PubMed]

5. Shang, L.; Henderson, L.B.; Cho, M.T.; Petrey, D.S.; Fong, C.T.; Haude, K.M.; Shur, N.; Lundberg, J.; Hauser, N.; Carmichael, J.;
et al. De novo missense variants in PPP2R5D are associated with intellectual disability, macrocephaly, hypotonia, and autism.
Neurogenetics 2016, 17, 43–49. [CrossRef] [PubMed]

6. Kim, C.Y.; Wirth, T.; Hubsch, C.; Németh, A.H.; Okur, V.; Anheim, M.; Drouot, N.; Tranchant, C.; Rudolf, G.; Chelly, J.; et al.
Early-Onset Parkinsonism Is a Manifestation of the PPP2R5D p.E200K Mutation. Ann. Neurol. 2020, 88, 1028–1033. [CrossRef]
[PubMed]

7. Ranieri, A.; Kemp, E.; Burgoyne, J.R.; Avkiran, M. β-Adrenergic regulation of cardiac type 2A protein phosphatase through
phosphorylation of regulatory subunit B56δ at S573. J. Mol. Cell. Cardiol. 2018, 115, 20–31. [CrossRef] [PubMed]

8. Dyson, J.J.; Abbasi, F.; Varadkar, P.; McCright, B. Growth arrest of PPP2R5C and PPP2R5D double knockout mice indicates a
genetic interaction and conserved function for these PP2A B subunits. FASEB Bioadv. 2022, 4, 273–282. [CrossRef]

9. Liu, J.J.; Zhao, C.M.; Li, Z.G.; Wang, Y.M.; Miao, W.; Wu, X.J.; Wang, W.J.; Liu, C.; Wang, D.; Wang, K.; et al. miR-218 Involvement
in Cardiomyocyte Hypertrophy Is Likely through Targeting REST. Int. J. Mol. Sci. 2016, 17, 848. [CrossRef]

10. Grant, M.K.O.; Abdelgawad, I.Y.; Lewis, C.A.; Seelig, D.; Zordoky, B.N. Lack of sexual dimorphism in a mouse model of
isoproterenol-induced cardiac dysfunction. PLoS ONE 2020, 15, e0232507. [CrossRef]

11. Walsh-Wilkinson, E.; Arsenault, M.; Couet, J. Segmental analysis by speckle-tracking echocardiography of the left ventricle
response to isoproterenol in male and female mice. PeerJ 2021, 9, e11085. [CrossRef]

12. Li, Y.; Huang, T.T.; Carlson, E.J.; Melov, S.; Ursell, P.C.; Olson, J.L.; Noble, L.J.; Yoshimura, M.P.; Berger, C.; Chan, P.H.; et al.
Dilated cardiomyopathy and neonatal lethality in mutant mice lacking manganese superoxide dismutase. Nat. Genet. 1995, 11,
376–381. [CrossRef]

13. Sharma, S.; Bhattarai, S.; Ara, H.; Sun, G.; St Clair, D.K.; Bhuiyan, M.S.; Kevil, C.; Watts, M.N.; Dominic, P.; Shimizu, T.; et al.
SOD2 deficiency in cardiomyocytes defines defective mitochondrial bioenergetics as a cause of lethal dilated cardiomyopathy.
Redox Biol. 2020, 37, 101740. [CrossRef]

14. Peoples, J.N.; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, J.Q. Mitochondrial dysfunction and oxidative stress in heart disease. Exp.
Mol. Med. 2019, 51, 1–13. [CrossRef] [PubMed]

15. Lopaschuk, G.D. Metabolic Modulators in Heart Disease: Past, Present, and Future. Can. J. Cardiol. 2017, 33, 838–849. [CrossRef]
16. Jiang, P.H.; Hou, C.Y.; Teng, S.C. An HSP90 cochaperone Ids2 maintains the stability of mitochondrial DNA and ATP synthase.

BMC Biol. 2021, 19, 242. [CrossRef]
17. You, L.; Wang, Z.; Li, H.; Shou, J.; Jing, Z.; Xie, J.; Sui, X.; Pan, H.; Han, W. The role of STAT3 in autophagy. Autophagy 2015, 11,

729–739. [CrossRef] [PubMed]
18. Wegrzyn, J.; Potla, R.; Chwae, Y.J.; Sepuri, N.B.; Zhang, Q.; Koeck, T.; Derecka, M.; Szczepanek, K.; Szelag, M.; Gornicka, A.; et al.

Function of mitochondrial Stat3 in cellular respiration. Science 2009, 323, 793–797. [CrossRef] [PubMed]
19. Wu, L.; Tan, J.L.; Chen, Z.Y.; Huang, G. Cardioprotection of post-ischemic moderate ROS against ischemia/reperfusion via

STAT3-induced the inhibition of MCU opening. Basic Res. Cardiol. 2019, 114, 39. [CrossRef]
20. Mohammed, F.; Gorla, M.; Bisoyi, V.; Tammineni, P.; Sepuri, N.B.V. Rotenone-induced reactive oxygen species signal the

recruitment of STAT3 to mitochondria. FEBS Lett. 2020, 594, 1403–1412. [CrossRef]
21. Chang, Q.; Bournazou, E.; Sansone, P.; Berishaj, M.; Gao, S.P.; Daly, L.; Wels, J.; Theilen, T.; Granitto, S.; Zhang, X.; et al. The

IL-6/JAK/Stat3 feed-forward loop drives tumorigenesis and metastasis. Neoplasia 2013, 15, 848–862. [CrossRef] [PubMed]
22. Bao, Q.; Zhang, B.; Suo, Y.; Liu, C.; Yang, Q.; Zhang, K.; Yuan, M.; Yuan, M.; Zhang, Y.; Li, G. Intermittent hypoxia mediated by

TSP1 dependent on STAT3 induces cardiac fibroblast activation and cardiac fibrosis. Elife 2020, 9, e49923. [CrossRef]
23. Margolis, S.S.; Perry, J.A.; Forester, C.M.; Nutt, L.K.; Guo, Y.; Jardim, M.J.; Thomenius, M.J.; Freel, C.D.; Darbandi, R.; Ahn, J.H.;

et al. Role for the PP2A/B56delta phosphatase in regulating 14-3-3 release from Cdc25 to control mitosis. Cell 2006, 127, 759–773.
[CrossRef]

https://doi.org/10.1038/s41572-019-0084-1
https://www.ncbi.nlm.nih.gov/pubmed/31073128
https://doi.org/10.3389/fgene.2019.01116
https://www.ncbi.nlm.nih.gov/pubmed/31781171
https://doi.org/10.1038/onc.2017.350
https://doi.org/10.3390/ijms21041286
https://www.ncbi.nlm.nih.gov/pubmed/32074998
https://doi.org/10.1007/s10048-015-0466-9
https://www.ncbi.nlm.nih.gov/pubmed/26576547
https://doi.org/10.1002/ana.25863
https://www.ncbi.nlm.nih.gov/pubmed/32743835
https://doi.org/10.1016/j.yjmcc.2017.12.016
https://www.ncbi.nlm.nih.gov/pubmed/29294329
https://doi.org/10.1096/fba.2021-00130
https://doi.org/10.3390/ijms17060848
https://doi.org/10.1371/journal.pone.0232507
https://doi.org/10.7717/peerj.11085
https://doi.org/10.1038/ng1295-376
https://doi.org/10.1016/j.redox.2020.101740
https://doi.org/10.1038/s12276-019-0355-7
https://www.ncbi.nlm.nih.gov/pubmed/31857574
https://doi.org/10.1016/j.cjca.2016.12.013
https://doi.org/10.1186/s12915-021-01179-x
https://doi.org/10.1080/15548627.2015.1017192
https://www.ncbi.nlm.nih.gov/pubmed/25951043
https://doi.org/10.1126/science.1164551
https://www.ncbi.nlm.nih.gov/pubmed/19131594
https://doi.org/10.1007/s00395-019-0747-9
https://doi.org/10.1002/1873-3468.13741
https://doi.org/10.1593/neo.13706
https://www.ncbi.nlm.nih.gov/pubmed/23814496
https://doi.org/10.7554/eLife.49923
https://doi.org/10.1016/j.cell.2006.10.035


Biomedicines 2024, 12, 1887 16 of 16

24. Fujimitsu, K.; Yamano, H. PP2A-B56 binds to Apc1 and promotes Cdc20 association with the APC/C ubiquitin ligase in mitosis.
EMBO Rep. 2020, 21, e48503. [CrossRef] [PubMed]

25. Papke, C.M.; Smolen, K.A.; Swingle, M.R.; Cressey, L.; Heng, R.A.; Toporsian, M.; Deng, L.; Hagen, J.; Shen, Y.; Chung, W.K.; et al.
A disorder-related variant (E420K) of a PP2A-regulatory subunit (PPP2R5D) causes constitutively active AKT-mTOR signaling
and uncoordinated cell growth. J. Biol. Chem. 2021, 296, 100313. [CrossRef]

26. Elgendy, M.; Ciro, M.; Hosseini, A.; Weiszmann, J.; Mazzarella, L.; Ferrari, E.; Cazzoli, R.; Curigliano, G.; DeCensi, A.; Bonanni,
B.; et al. Combination of Hypoglycemia and Metformin Impairs Tumor Metabolic Plasticity and Growth by Modulating the
PP2A-GSK3β-MCL-1 Axis. Cancer Cell 2019, 35, 798–815. [CrossRef] [PubMed]

27. Wojciechowska, C.; Romuk, E.; Tomasik, A.; Skrzep-Poloczek, B.; Nowalany-Kozielska, E.; Birkner, E.; Jachec, W. Oxidative stress
markers and C-reactive protein are related to severity of heart failure in patients with dilated cardiomyopathy. Mediat. Inflamm.
2014, 2014, 147040. [CrossRef]

28. Yang, R.; Rincon, M. Mitochondrial Stat3, the Need for Design Thinking. Int. J. Biol. Sci. 2016, 12, 532–544. [CrossRef] [PubMed]
29. Zhang, Q.; Raje, V.; Yakovlev, V.A.; Yacoub, A.; Szczepanek, K.; Meier, J.; Derecka, M.; Chen, Q.; Hu, Y.; Sisler, J.; et al.

Mitochondrial localized Stat3 promotes breast cancer growth via phosphorylation of serine 727. J. Biol. Chem. 2013, 288,
31280–31288. [CrossRef]

30. Macias, E.; Rao, D.; Carbajal, S.; Kiguchi, K.; DiGiovanni, J. Stat3 binds to mtDNA and regulates mitochondrial gene expression in
keratinocytes. J. Investig. Dermatol. 2014, 134, 1971–1980. [CrossRef]

31. Zhao, L.; Cheng, G.; Jin, R.; Afzal, M.R.; Samanta, A.; Xuan, Y.T.; Girgis, M.; Elias, H.K.; Zhu, Y.; Davani, A.; et al. Deletion
of Interleukin-6 Attenuates Pressure Overload-Induced Left Ventricular Hypertrophy and Dysfunction. Circ. Res. 2016, 118,
1918–1929. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.15252/embr.201948503
https://www.ncbi.nlm.nih.gov/pubmed/31825153
https://doi.org/10.1016/j.jbc.2021.100313
https://doi.org/10.1016/j.ccell.2019.03.007
https://www.ncbi.nlm.nih.gov/pubmed/31031016
https://doi.org/10.1155/2014/147040
https://doi.org/10.7150/ijbs.15153
https://www.ncbi.nlm.nih.gov/pubmed/27019635
https://doi.org/10.1074/jbc.M113.505057
https://doi.org/10.1038/jid.2014.68
https://doi.org/10.1161/CIRCRESAHA.116.308688
https://www.ncbi.nlm.nih.gov/pubmed/27126808

	Introduction 
	Materials and Methods 
	Animals 
	Cell Culture 
	RNA Interference 
	Microarray Assay 
	ATP Concentration Assay 
	Tissue Histopathology 
	Real-Time Quantitative PCR 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Mitochondrial Respiration Assay 
	Assay for Intracellular Reactive Oxygen Species 
	Assay for MitoTracker Green 
	Mitochondria Isolation and Assay for ETC Activity 
	Echocardiography 
	Transmission Electron Microscopy (TEM) Analysis 
	Western Blot 
	Statistical Analysis 

	Results 
	Ppp2r5d Was Associated with DCM Pathogenesis 
	Ppp2r5d Knockdown Increased Oxidative Stress and Mitochondrial Dysfunction in MCMs 
	Ppp2r5d Knockdown Aggravated Cardiac Dilation and HF 
	Ppp2r5d Knockdown Impaired ETC Complex Activity 
	Ppp2r5d Knockdown Induced Bidirectional Phosphorylation of STAT3 in the Hypertrophy Model 

	Discussion 
	Conclusions 
	References

