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Abstract 

Rational: Senescence is a major aging process that contributes to the development of cardiovascular 
diseases, but the underlying molecular mechanisms remain largely unknown. One reason is due to the 
lack of suitable animal models. We aimed to generate a cardiomyocyte (CM)-specific senescent animal 
model, uncover the underlying mechanisms, and develop new therapies for aging associated cardiac 
dysfunction. 
Methods: The gain/loss of circHIPK3 approach was used to explore the role of circHIPK3 in 
cardiomyocyte (CM) senescence. To investigate the mechanisms of circHIPK3 function in cardiac 
senescence, we generated CM-specific tamoxifen-induced circHIPK3 knockout (CKO) mice. We also 
applied various analyses including PCR, Western blot, nuclear and cytoplasmic protein extraction, 
immunofluorescence, echocardiography, RNA immunoprecipitation assay, RNA-pulldown assay, and 
co-immunoprecipitation. 
Results: Our novel CKO mice exhibited worse cardiac function, decreased circHIPK3 expression and 
telomere length shortening in the heart. The level of the senescence-inducer p21 in the hearts of CKO 
mice was significantly increased and survival was poor compared with control mice. In vitro, the level of 
p21 in CMs was significantly decreased by circHIPK3 overexpression, but increased by circHIPK3 
silencing. We showed that circHIPK3 was a scaffold for p21 mRNA-binding protein HuR and E3 ubiquitin 
ligase β-TrCP. circHIPK3 silencing weakened the interaction between HuR and β-TrCP, reduced HuR 
ubiquitination, and enhanced the interaction between HuR and p21 mRNA. Moreover, we found that 
mice injected with human umbilical cord mesenchymal stem cell-derived exosomes (UMSC-Exos) 
showed increased circHIPK3 levels, decreased levels of p21, longer telomere length, and good cardiac 
function. However, these beneficial effects exerted by UMSC-Exos were inhibited by silencing circHIPK3. 
Conclusions: We successfully generated CM-specific CKO mice for aging research. Our results showed 
that deletion of circHIPK3 led to exaggerated CM senescence and decreased cardiac function. As a 
scaffold, circHIPK3 enhanced the binding of E3 ubiquitin ligase β-TrCP and HuR in the cytoplasm, leading 
to the ubiquitination and degradation of HuR and reduced p21 activity. In addition, UMSC-Exos exerted 
an anti-senescence and cardio-protective effect by delivering circHIPK3. These findings pave the way to 
the development of new therapies for aging associated cardiac dysfunction. 
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Introduction 
The incidence of cardiovascular diseases such as 

myocardial infarction and heart failure increases with 
aging [1]. Senescence is a major aging process 
whereby increasing numbers of cells undergo 
permanent growth arrest. The accumulation of 
senescent cells eventually leads to tissue damage and 
aging-related diseases [2]. Senescence of cardiomyo-
cytes (CMs) is characterized by increased expression 
of p21 and telomere shortening [3]. Still, the molecular 
mechanisms responsible for senescence remain 
largely unknown due to the lack of suitable animal 
models that mimic the human aging process. 
Currently, there is no effective treatment to prevent or 
delay cardiac senescence. 

Circular RNAs (circRNAs) are a class of 
single-stranded RNAs that form a closed loop with 
regulatory functions [4]. Previous studies have shown 
that the expression of circSfl is increased in long-lived 
flies, and the life span of regular flies can be 
prolonged by overexpressing circSfl [5]. Garikipati et 
al. showed that the expression level of circHIPK3 is 
significantly lower in the infarcted hearts than in the 
controls, suggesting that circHIPK3 may regulate 
cardiac function [6]. Moreover, previous studies have 
shown that circHIPK3 promotes angiogenesis in 
infarcted myocardium [7], and this beneficial effect is 
mediated by circHIPK3 which acts as a sponge for 
miR-133a [8]. Others have also discovered that 
circHIPK3 enhances cell proliferation, and decreased 
proliferation is a hallmark of senescence [9]. Recently, 
we found that circHIPK3 promotes recovery of the 
ischemic hind limb in mice [10]. Importantly, our 
novel circRNA sequencing data from young and 
aging hearts revealed that circHIPK3 is one of the 
most abundant circRNAs in the heart and its 
expression decreases dramatically during aging. 
These studies suggest that senescence is regulated by 
circRNA, but its effect on cardiac senescence has not 
been explored. In this study, we generated inducible 
CM-specific circHIPK3 knockout (CKO) mice to 
explore the impact of circHIPK3 deletion on cardiac 
senescence and uncover the underlying mechanisms. 

Human antigen R (HuR) is an RNA-binding 
protein that binds to the AU-rich element in the 3’ 
untranslated region of specific mRNAs, including 
those involved in cell growth, apoptosis, and survival 
by modulating the stability of the target mRNA. HuR 
is primarily localized in the nucleus but is 
translocated into the cytoplasm upon ischemic injury 
[11]. The relocation of HuR is responsible for impaired 
cardiac function [11]. These studies suggest that the 
cellular location of HuR is linked to its function. It has 
been shown that HuR enhances the expression of the 
senescence inducer p21 [12, 13]. However, the role of 

HuR in cardiac senescence has not been established, 
and the link between circHIPK3 and HuR remains 
unexplored. 

Previous studies have shown that HuR can be 
degraded by the ubiquitin–proteasome system (UPS) 
[14] through the interaction with E3 ubiquitin ligase 
β-transducin repeat-containing protein (β-TrCP) [15]. 
The UPS maintains cell functions by eliminating 
dysfunctional, misfolded, or damaged proteins 
through the selective ubiquitination of target proteins 
that are broken down into small molecules in the 
proteasome. Protein ubiquitination is a three-step 
process involving the ubiquitin-activating enzyme E1, 
conjugating enzyme E2, and ligase E3. Among these 
enzymes, E3 ligase is most critical because it 
recognizes specific substrate proteins for degradation 
[16]. β-TrCP is one of the E3 ligases that targets IκB for 
degradation [17, 18]. However, the link between 
circHIPK3, HuR, and β-TrCP has not been explored. 

Exosomes are cell-derived microvesicles 
containing noncoding RNAs, including microRNAs, 
lncRNAs, and circRNAs [19, 20]. Our previous studies 
have demonstrated that human umbilical cord 
mesenchymal stem cell-derived exosomes (UMSC- 
Exos) inhibit aging-induced vascular dysfunction and 
cardiac dysfunction by releasing miR-675 [21], and the 
lncRNA MALAT1 [22]. However, the molecular 
mechanisms underlying the anti-senescence effect of 
UMSC-Exos remain largely unknown. Moreover, due 
to the instability of microRNAs and the poor 
conservation of lncRNAs, the clinical application of 
microRNAs and lncRNAs as therapeutic agents is 
limited. Recently, most research has focused on 
circRNAs resistant to exonuclease-mediated degrada-
tion and conserved in vertebrates. 

This study generated novel CM-specific, 
tamoxifen-induced circHIPK3-CKO mice for aging 
research. Using discovery-driven approaches, 
including circRNA/mRNA sequencing, RIP assay, 
and RNA-pulldown assay, we found that circHIPK3 
serves as scaffold for HuR and the ubiquitin E3 ligase 
β-TrCP to promote HuR ubiquitination and 
degradation. Therefore, circHIPK3 reduces cardiac 
senescence and prevents cardiac dysfunction by 
clearing HuR and reducing p21 activity. Furthermore, 
we found that UMSC-Exos can restore cardiac 
function in circHIPK3-CKO mice by releasing 
circHIPK3 to inhibit cardiac senescence. 

 

Methods 
The data, methods and materials related to this 

study are available to other researchers on reasonable 
request. 
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Generation of circHIPK3 knockout mice 
To generate circHIPK3 knockout (KO) mice, a 

construct was engineered for the disruption of the 
circHIPK3, with two loxP sites flanking the 
downstream of short interspersed elements (SINEs) 
sequence of exon 2 of the HIPK3 gene. To engineer the 
targeting vector, homology arms and knockout region 
were generated by PCR using Bacterial Artificial 
Chromosome (BAC) clone RP24-242C16 and 
RP24-245G14 from the C57BL/6 library as template. 
In the targeting vector, the Neo cassette was flanked 
by SDA (self-deletion anchor) sites. After the vector 
was linearized, ES cells were transfected by 
electroporation. Positive clones were selected by G418 
treatment and verified by long-fragment PCR 
identification. Diphtheria toxin (DTA) was used for 
negative selection. Positive clones with correct 
homologous recombination were expanded and 
injected into blastocysts of C57BL/6J mice to obtain 
chimeric mice (circHIPK3Flox/WT). The 
circHIPK3Flox/WT mice were generated by the Cyagen 
Biosciences Inc. The genotype of circHIPK3Flox/Flox 

mouse was confirmed by Sanger sequencing. 
αMHC-driving CM-specific knockout mice were 

generated by crossing αMHCCre/WT mice with 
circHIPK3Flox/Flox mice. The heterozygous 
αMHCCre/WT/circHIPK3Flox/WT mice were back- 
crossed with the circHIPK3Flox/Flox mice to obtain 
CM-specific circHIPK3 KO mice. The mouse genotype 
was identified by One Step Mouse Genotyping Kit 
(Vazyme, China). The KO mice exhibited early cardiac 
senescence and cardiac dysfunction and the 
reproduction rate was very slow, suggesting that 
deletion of circHIPK3 impaired development. To 
overcome this problem, we generated inducible 
CM-specific circHIPK3 knockout (CKO) mice by 
crossing αMHCMerCreMer mice with circHIPK3Flox/Flox 
mice. Induction of Cre recombinase activity was 
achieved using tamoxifen (Sigma, 100 μg/g body 
weight) dissolved in corn oil (Solarbio, China) and 
administrated intraperitoneally (i.p.). After tamoxifen 
administration, the hearts of CKO mice were 
harvested to confirm the deletion of circHIPK3. 

All animal procedures were approved by the 
Institutional Animal Care and Use Committee at 
Soochow University (Suzhou, China). All animal 
experiments comply with the ARRIVE guidelines and 
are carried out in accordance with the National 
Institutes of Health guide for the care and use of 
Laboratory animals (NIH Publications No. 8023, 
revised 1978) and the manuscript has followed such 
guidelines. 

circRNA/mRNA sequencing and analysis 
Young (6 weeks) and middle-aged (15 months) 

male C57BL/6 mice were used for circRNA/mRNA 
sequencing and analysis. Total RNA was extracted 
from the hearts of the mice by Trizol reagent 
(Invitrogen). Ribosome depleted RNA samples were 
fragmented and then used for first- and second-strand 
complementary DNA (cDNA) synthesis with random 
hexamer primers. Whole transcriptome sequencing 
data obtained from HiseqTM Sequencer was filtered 
(removing the adaptor sequences, reads with > 5% 
ambiguous bases and low-quality reads containing 
more than 20 percent of bases with qualities of < 20) 
and mapped to mouse genome utilizing HISAT2. 
HTSeq was used to calculate the gene count of mRNA 
and circRNA. All RNA-seq and bioinformatic analysis 
were performed at NovelBio Ltd (Shanghai, China). 

Isolation of mouse cardiomyocytes (CMs) 
Primary CMs were isolated from neonatal 

C57BL/6 mice as described previously [23]. Briefly, 
the hearts were cut into small pieces (1-3 mm2), 
digested by 0.25% trypsin at 37 °C, and the 
supernatant was collected into Dulbecco’s modified 
Eagle’s medium (DMEM) containing with 10% fetal 
bovine serum. After the tissue was completely 
digested, the supernatant was filtered through a cell 
strainer (100 μm) and then centrifuged at 1000 rpm for 
5 min. The pellets were resuspended in DMEM 
containing with 10% fetal bovine serum. The cells 
were seeded onto 10 cm plastic dishes for 2 h at 37 °C 
to remove fibroblasts, and then plated on 1% 
gelatin-coated plastic culture dishes. 

Evaluation of cardiac function 
Echocardiography was performed to evaluate 

cardiac function using a 13 MHz transducer 
(VisualSonics). The left ventricular ejection fraction 
(EF) and fraction shorting (FS) were calculated. All 
procedures and analysis were performed by a 
researcher who was blinded to treatment groups. 

Harvest and identification of UMSC exosomes 
Human umbilical mesenchymal stem cells 

(UMSCs; Jiangsu Heze Biotechnology Co., Ltd., 
China) were cultured in minimum essential medium 
(MEM) with 10% fetal bovine serum (FBS). The FBS 
had been centrifuged at 100,000 g to eliminate 
preexisting bovine-derived exosomes. After 48 h in 
culture, exosomes were isolated from UMSC culture 
supernatant using a total exosome isolation kit (Life 
Technology, Grand Island, NY, USA). The culture 
medium collected from UMSCs was centrifuged at 
2,000 g for 30 min to remove dead cells and debris, 
and then transferred to a new tube containing 0.5 
volumes of the Total Exosome Isolation reagent. The 
mixture was incubated at 4 °C overnight and 
centrifuged at 10,000 g for 1 h at 4 °C. The pellets 
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(exosomes) were resuspended in phosphate buffer 
saline. The concentration of exosomes was 
determined using a bicinchoninic acid (BCA) protein 
assay kit (Takara, Japan). The exosomes were attached 
to aldehyde/sulphate latex beads (4 μm, Molecular 
Probes, Invitrogen), then incubated with a FITC‐
conjugated antibody against CD63 (Abcam), and the 
expression of CD63 was analyzed by flow cytometry. 
In separate experiments, the expression of exosome 
marker CD9 was also analyzed by Western blot. 

Plasmid and siRNA construction 
Small interference RNA targeting circHIPK3 

(circHIPK3 siRNA) was synthesized by Ribobio 
(Guangzhou, China). For experiments involving 
si-Exo, the UMSCs were transfected with circHIPK3 
siRNA for 40 h, and then the exosomes were isolated, 
as mentioned above. 

The sequence of circHIPK3 was amplified and 
cloned into a circRNA overexpression vector 
pK5ssAAV-ciR (Geneseed, Guangzhou, China) 
through restriction enzyme sites EcoRI and BamHI, 
and confirmed by sequencing. The empty vector was 
used as negative control. After transfection for 40 h, 
H9C2 cells were harvested for subsequent experi-
ments. siRNA sequence is listed in Table S1 in the 
online-only Data Supplement. Cells were transfected 
with plasmid or siRNA using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. 

Exosome labeling with PKH26 
Purified exosomes were labeled with PKH26 

fluorescent labeling kit (Sigma-Aldrich, St Louis, 
USA). H9C2 cells were grown to 50% confluence in 
12-well plates, and then the medium was replaced 
with DMEM containing PKH26-labeled exosomes. 
After incubation for 24 h at 37 °C in 5% CO2 
atmosphere, the cells were washed twice with PBS, 
fixed, and nuclei were stained with 4′, 6-diamidino- 
2-phenylindole (DAPI). Finally, the sample of the cells 
was determined with fluorescence microscopy. 

Nanoparticle size analysis 
Exosome size and number of particles were 

assessed using a NanoSight NS300 equipped with a 
405 nm laser (Malvern, Great Malvern, UK). Videos 
(60 s duration, 30 frames/sec) were recorded and 
particle movement was analyzed using the NTA 
software (NanoSight version 2.3). 

EdU proliferation assay 
Cell proliferation was assessed using EdU Cell 

Proliferation Assay kit (RiboBio, Guangzhou, China). 
After different treatments, primary cardiomyocytes 
were incubated in fresh medium containing 10 μM 

EdU for 24 h, then cardiomyocytes were washed with 
PBS, and fixed with 4% paraformaldehyde for 30 min, 
treated with 0.5% Triton X-100 for 10 min. Cell nuclei 
were stained with DAPI for 15 minutes. Finally, the 
proportion of the cells incorporating EdU was 
determined with fluorescence microscopy. 

Senescence-associated β-galactosidase (β-gal) 
staining 

The β-gal staining was performed using 
senescence β-galactosidase staining kit (Beyotime 
Biotechnology, China) per manufacturer’s instruct-
ions. In brief, neonatal primary cardiomyocytes were 
fixed at room temperature for 15 min, washed in PBS 
and stained in β-galactosidase solution at 37 °C 
overnight. The number of positive cells was counted 
under a light microscope. 

RNA extraction and real-time PCR 
RNA was extracted using Trizol reagent 

(TaKaRa Biotech, Japan), and cDNA was synthesized 
using Prime Script™ RT reagent (TaKaRa Biotech). 
The relative expression levels of target genes were 
determined using SYBR® Premix Ex Taq™ 
(TliRNaseH Plus) (TaKaRa Biotech). Real-time PCR 
was performed using the ABI (Foster City, CA, USA) 
StepOnePlus Real-Time PCR System. The primers 
used were listed in Table S1 in the Data Supplement. 

Western blot 
Total proteins extracted by RIPA buffer 

(Beyotime Biotechnology, China) were separated by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
and then transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore ISEQ00010). The 
membranes were first incubated with primary 
antibodies followed by secondary antibodies. The pri-
mary antibodies against p16 (Cat#32050) and p21 
(Cat#30427) were from Signalway Antibody 
(Baltimore, MD, USA). Antibody against GAPDH 
(Cat#60004-1-lg) was from Proteintech (Rosemount, 
IL, USA). Antibodies against HuR (Cat#sc-5261) and 
CD63 (Cat#sc-5275) were obtain from Santa Cruz 
Biotechnology (Dallas, TX, USA). The primary 
antibodies against CD9 (Cat#ab92726), were from 
Abcam (Cambridge, MA, USA). Antibodies against 
β-TrCP (Cat#4394), Histone H3 (Cat#9715) and 
ubiquitin (Cat#3933) were from Cell Signaling 
Technology (Danvers, MA, USA). The protein signals 
were detected using an ECL chemiluminescence kit 
(Biological Industries) and the luminescence was 
visualized using a BioRad luminescent imaging 
system. 

Nuclear and cytoplasmic protein extraction 
The cytoplasmic and nuclear extracts were 
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separated and prepared from cardiac tissue using 
Nuclear and Cytoplasmic Protein Extraction Kit 
(Beyotime Biotechnology, China) according to 
manufacturer's instructions. The hearts were cut into 
small pieces. Lysis buffer A and B were added and the 
hearts were grinded into homogenate. The lysates 
were incubated for 15 min on ice and centrifuged at 
1,500 g for 5 min at 4 °C. The supernatant is the 
cytoplasmic fraction which is confirmed by the 
expression of GAPDH. The pellets were resuspended 
in nuclear extraction buffer. After vortexing 
vigorously on ice, the lysates were centrifuged at 
12,000 g for 10 min and the supernatant containing 
nuclear extracts was collected, and confirmed by the 
expression of histone H3. 

circHIPK3 deletion by CRISPR/Cas9 approach 
C2C12 cells were seeded in plates. After 24 h, the 

cells were transiently transfected with 4 μg Cas9 
plasmid, 4 μg gRNA plasmid using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA). The gRNA 
sequences were listed in Table S2 in the Data 
Supplement. After 24 h of transfection, the cells were 
treated with 1 μg/ml puromycin (Merck, USA) and 10 
μg/ml blasticidin (Sigma-Aldrich, St Louis, USA) for 
another 48 hours to select the cells that were 
successfully transfected. 

Telomere length assay 
Genomic DNA was extracted using a tissue and 

blood DNA extraction kit (Tiangen Biotech, China) 
according to manufacturer's instructions. Telomere 
length was determined from total genomic DNA 
using a qPCR method as previously described [24]. 
The single-copy gene 36B4 was used as a reference. 
The primers for 36B4 and telomere are shown in 
Supplemental Table S1. The Ct values for the 
single-copy gene and telomere length were quantified 
using SYBR®Premix Ex Taq™. The T (telomere)/S 
(single-copy gene) ratio was ~[2Ct(telomere)/2Ct(36B4)]−1 
(2−ΔCt), which reflected the relative length difference in 
telomeric DNA. 

RNA immunoprecipitation (RIP) assay 
The cells were collected and suspended in lysis 

buffer (Beyotime Biotechnology, China). The entire 
lysate was incubated with antibodies against HuR 
(Santa Cruz Biotechnology, Cat#sc-5261), β-TrCP 
(Cell Signaling Technology, Cat#4394), or IgG 
(Beyotime Biotechnology, Cat#A7031). RNA-protein 
complexes were recovered with protein A/G 
plus-agarose (Santa Cruz Biotechnology, Cat#sc-2003) 
and then washed with lysis buffer four times. The 
precipited RNA was analyzed by qRT-PCR. 

Co-immunoprecipitation (Co-IP) 
The cells were disrupted by cell lysis buffer for 

Western blot and IP (Beyotime Biotechnology, China). 
The lysate was precleared with IgG and protein A/G 
plus-agarose (Santa Cruz Biotechnology, Cat#sc- 
2003). Lysates were incubated with the HuR antibody 
(Santa Cruz Biotechnology, Cat#sc-5261) for 1 hour at 
4 °C and then, protein A/G plus-agarose was added 
and incubated for 1 hour. The expression of HuR, 
β-TrCP and ubiquitin in whole-cell extracts and 
immunoprecipitates were analyzed by Western blot. 

RNA-pulldown assay 
The RNA-pulldown assay was used to verify the 

interaction between circHIPK3 and HuR. DNA oligo 
probes with BiotinTEG at 5’ end targeting the 
back-splice junction of circHIPK3 were designed by 
RiboBio, and the sequences of circHIPK3 probe were 
listed in Table S3. After transfection with circHIPK3 
plasmid, H9C2 cells were collected and crosslinked 
with 1% glutaraldehyde at room temperature for 10 
min, and then 1.25 M glycine was used to quench the 
cross-linking reaction. Crosslinked cells were lysed, 
and sonicated. Chromatin was hybridized with 
biotinylated probes of circHIPK3 at 37 °C for 4 h. 
Beads conjugated with streptavidin (Invitrogen, 
Cat#65001) were added and incubated for 30 min. The 
eluted protein (HuR) was analyzed by Western blot. 

Construction of lentivirus harboring circHIPK3 
The Lentivirus vector plasmid (Geneseed, 

Guangzhou, China) containing circHIPK3 comple-
mentary DNA (cDNA) and packaging plasmids 
ΔR8.74, VSV-G and Rev. were co-transfected into 
HEK293T cells as described previously [25]. 

Running endurance 
Based on our previous protocol [10], before 

running, mice were acclimated to the treadmill 
(Jiangsu SANS Biological Technology Co. Ltd.) for 1-2 
h and to the motor sound for 15 min. The belt was 
initially set at a slow speed (6 m/min), then the 
velocity was increased 2 m every 2 min for the first 12 
min and held steady (18 m/min). Exhaustion was 
defined as the point when mice spent more than 10 
consecutive seconds on the shock grid without 
seeking to re-engage the treadmill. 

Statistical analysis 
Data were presented as mean ± SEM. Multiple 

comparisons were analyzed by ANOVA with Tukey 
test. Two-tailed t-tests were used to determine the 
significance of differences between two groups. P < 
0.05 was considered statistically significant. 

More detailed materials and methods used in 
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this study are provided in the Supplementary 
material. 

Results 
Profile of circRNAs in young and middle-aged 
mouse hearts 

We performed RNA sequencing (RNA-seq) 
using ribosomal RNA-depleted total RNA from 
young and aging hearts to identify the key molecules 
and potential signaling pathways triggering cardiac 
senescence. We found that 95.61% of circRNAs were 
from protein-coding exons, 2.58% of circRNAs were 
from intronic, 1.81% of circRNAs were from the 
unknown region in the young heart. In the 
middle-aged heart, 95.64% of circRNAs were from 
protein-coding exons, 2.37% of circRNAs were from 
intronic, 1.98% of circRNAs were from the unknown 
region (Figure S1A). Among them, 4028 circRNAs 
were detected in young mouse hearts, 3834 circRNAs 
in middle-aged hearts, and 3501 circRNAs were found 
both in young and middle-aged hearts (Figure S1B). 
circRNAs were widely distributed uniformly on the 
chromosomes (Figure S1C). Eighty-eight circRNAs 
were highly expressed in the young heart, and 98 
circRNAs were highly expressed in the middle-aged 
heart (Figure S1D). circHIPK3, derived from the 
HIPK3 gene exon 2, is one of the highly expressed 
circRNAs. circHIPK3 homology analysis in human 
and mouse genomes was conducted using the Basic 
Local Alignment Search Tool (BLAST). The results 
showed the circHIPK3 isoform located at 
chr11:33307958-33309057 in the human genome 
(hsa_circ_0000284), and chr2:104310905-104312004 in 
the mouse genome (mmu_circ_0001052), and 
circHIPK3 homology is 89% between mouse and 
human, which is highly conserved. Moreover, the 
number of circRNAs in middle-aged hearts was 
smaller than in young hearts (Figure S1E). qRT-PCR 
assay was used to detect the expression of circHIPK3 
in several mouse tissues, including the heart, liver, 
spleen, lung, and kidney. circHIPK3 expression was 
found to be most abundantly expressed in the heart 
(Figure 1A). We then determined the role of 
circHIPK3 in CM senescence. We found that the 
expression level of circHIPK3 in the hearts decreased 
with age (Figure 1B). The data indicate that circHIPK3 
may play a significant role in the development of 
cardiac senescence. 

circHIPK3 inhibits CM senescence 
After RNase R exonuclease treatment, HIPK3 

mRNA was easily degraded, whereas circHIPK3 was 
resistant to digestion (Figure 1C and Figure S1F). We 
found that the siRNA specifically targeting circHIPK3 
significantly decreased the circHIPK3 level in H9C2 

cells (Figure 1D). We constructed circHIPK3 
over-expression plasmid and found that the 
circHIPK3 level was significantly increased in H9C2 
cells after plasmid transfection (Figure 1E). Using 
gain/loss of circHIPK3 approach, we also 
demonstrated that the proliferation of primary CMs 
was decreased by circHIPK3 silencing but increased 
by its overexpression (Figure 1F). The level of β-Gal 
staining was increased in the primary CMs when 
circHIPK3 was silenced but decreased in CMs with 
circHIPK3 was overexpressed (Figure 1G). The 
mRNA and protein levels of senescence marker p16 
and p21 in H9C2 were significantly decreased by 
circHIPK3 overexpression, but increased by 
circHIPK3 silencing (Figure 1H-J). These results 
suggest that circHIPK3 prevents cell senescence in 
both H9C2 cell line and primary CMs. 

CM-specific deletion of circHIPK3 in mice 
induces cardiac senescence 

To confirm the role of circHIPK3 in cardiac 
senescence, we generated CM-specific circHIPK3 
knockout (KO) mice. Previous studies have shown 
that the short interspersed elements (SINEs) of exon 2 
are necessary for circHIPK3 circularization [9]. 
CRISPR/Cas9 system was used to delete the 
downstream SINE sequence of exon 2 in the mouse 
HIPK3 gene (Figure 2A). The deletion of the 
downstream SINE sequence of exon 2 in mouse 
myoblasts significantly inhibited the circularization of 
circHIPK3 and reduced the level of circHIPK3 as 
determined by qRT-PCR (Figure 2B). Based on these 
results, we inserted the loxP sequence into the 
downstream SINE sequence of exon 2 (Figure S2A). 
The circHIPK3Flox/Flox mouse was confirmed by Sanger 
sequencing (Figure S2B-C). 

We generated CM-specific circHIPK3 knockout 
(KO) mice by crossing circHIPK3Flox/Flox mice with 
αMHC-Cre mice (Figure S2D). The KO mice showed 
decreased cardiac function (Figure S3A). qRT-PCR 
confirmed that the expression of circHIPK3 was 
significantly reduced in the heart of KO mice versus 
littermate circHIPK3Flox/Flox mice (Figure S3B). 
Moreover, the KO mice showed telomere length 
shortening and increased expression of p16 and p21 
(Figure S3C-F). These data indicate that circHIPK3 
deletion resulted in early cardiac senescence and 
cardiac dysfunction. However, the reproduction rate 
of the KO mice was very slow, suggesting that 
deletion of circHIPK3 impaired development. To 
overcome this problem, we generated inducible 
CM-specific circHIPK3 knockout (CKO) mice by 
crossing αMHCMerCreMer mice with circHIPK3Flox/Flox 
mice (Figure S4A). The mouse genotype was 
identified by PCR (Figure S4B-E). 
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Figure 1. circHIPK3 inhibits cardiomyocyte senescence. (A) Quantification of circHIPK3 expression in different mouse tissues. n = 4. (B) qRT-PCR analysis of circHIPK3 
in the hearts of mice of different ages. n = 4. (C) qRT-PCR analysis of the levels of circHIPK3 and HIPK3 in UMSC treated with RNase R. n = 3. (D) qRT-PCR analysis of 
circHIPK3 level in H9C2 cardiomyocyte 40 h after siRNA transfection. n = 6. (E) qRT-PCR analysis of circHIPK3 level in H9C2 cardiomyocyte 40 h after transfection of 
overexpression plasmid. n = 5. (F) The proliferation of primary cardiomyocytes was detected by EdU incorporation after transfection with circHIPK3 siRNA or overexpression 
plasmid for 40 h. n = 5. (G) Primary cardiomyocytes transfected with circHIPK3 siRNA or control were subject to β-gal staining, n = 5. (H-J) The mRNA and protein levels of 
p16 and p21 were detected by qRT-PCR or Western blot in H9C2 after transfection with circHIPK3 siRNA or overexpression plasmid for 40 h. n = 4-6. A and B, one-way 
ANOVA test. D-J two-tailed Student’s t test. 
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Figure 2. Specific deletion of circHIPK3 in cardiomyocytes induces cardiac senescence. (A) SINEs were deleted using CRISPR/Cas9 systems. gRNAs were designed 
to delete the SINEs sequence. (B) qRT-PCR analysis of circHIPK3 expression in cells after SINEs deletion. n = 4. (C) Schematic illustration of the procedure to generate 
cardiomyocyte-specific knockout circHIPK3 mice. 8-week-old mice were subjected to intraperitoneal injection of tamoxifen and the mice were used for subsequent experiment. 
(D) Cardiac function was analyzed by echocardiography in circHIPK3 inducible knockout (CKO) mice after tamoxifen induction and littermate control mice without tamoxifen 
induction. n = 6. (E-F) qRT-PCR analysis of circHIPK3 and HIPK3 mRNA expressions in the hearts of circHIPK3 CKO and control mice. NS, not significant. (G) Telomere length 
was detected using the telomere length assay. n = 6. (H) qRT-PCR analysis of p16 and p21 mRNAs expression. n = 6. (I) Western blot analysis of p16 and p21 expression in 
circHIPK3 CKO and control mice. n = 4. B, one-way ANOVA test. D-I, two-tailed Student’s t test. 

 
 Previous studies reported that Cre enzyme 

driven by αMHC might impact cardiac cell biology 
without crossing to a LoxP mouse [26]. To determine 
the potential effect of Cre enzyme, we compared the 
circHIPK3 expression in the heart and the cardiac 
function of Cre mice (αMHCMerCreMer/Wt mice with 
tamoxifen treatment) and CKO mice. The data 
indicated that CKO mice exhibit decreased circHIPK3 
levels in the heart and impaired cardiac function 
compared to the Cre mice (Figure S4F-G). 

Induction of Cre recombinase activity was 
achieved by tamoxifen administrated intraperito-
neally (i.p.) (Figure 2C). Cardiac function of CKO 
mice was impaired compared to the control mice 
(littermate without tamoxifen treatment) (Figure 2D). 
CKO mice exhibited decreased circHIPK3 expression 
(Figure 2E), while the mRNA level of HIPK3 remains 
unchanged (Figure 2F). CKO mice displayed telomere 
length shortening (Figure 2G), which was confirmed 
in the isolated CMs (Figure S5A-B). Moreover, the 
mRNA and protein levels of p16 and p21 in the hearts 
of CKO mice were significantly increased versus 
control mice (Figure 2H-I). The expressions of 

hypertrophy marker ANP and BNP were upregulated 
(Figure S6A-B). The heart weight to body weight ratio 
was significantly increased (Figure S6C) but the 
running distance was reduced in the CKO mice 
(Figure S6D). CKO mice exhibited impaired cardiac 
function 3 months after tamoxifen induction, and the 
3-month survival rate of CKO was decreased to 29.4% 
(Figure S7A-B). To confirm the protective role of 
circHIPK3 in cardiac senescence, we injected 
lentivirus overexpressing circHIPK3 (LV-circHIPK3) 
in CKO mice (Figure S7C). The LV-circHIPK3 
improved CKO cardiac functions (Figure S7D). These 
results indicate that deletion of circHIPK3 in 
cardiomyocytes led to cardiac senescence and poor 
survival. 

circHIPK3 regulates HuR protein expression 
To understand why circHIPK3 deletion resulted 

in upregulation of p21, we analyzed the possible 
target protein of circHIPK3 through the circular RNA 
interaction website (https://circinteractome.nia.nih.gov/). 
The analysis did not find p21 or p16 as the target for 
circHIPK3 but showed that there were three binding 
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sites between HuR and circHIPK3 in humans (Figure 
S8A). RPISeq analysis (http://pridb.gdcb.iastate.edu/ 
RPISeq/) confirmed that circHIPK3 binds to HuR in 
mice (Figure S8B), and HuR protein was highly 
conserved between humans and mice (Figure S8C). 
The analysis through the protein-protein interaction 
(PPI) database (https://www.string-db.org/) revealed 
that HuR is involved in the development of 
senescence by modulating SIRT1, cell cycle-related 
proteins, and telomere length (Figure S8D-E), which 
suggests that HuR protein may be directly involved in 
the aging process. Importantly, HuR binds to the 
AU-rich element (ARE) in the 3'-UTR region of p21 
mRNA to increase its stability and eventually lead to 
the enhanced expression of p21 protein in the 
cytoplasm [27, 28]. Previous studies have shown that 
HuR is mainly located in the nucleus, but it can be 
translocated into the cytoplasm under ischemia, 
hypoxia, and ultraviolet irradiation [28, 29]. 
Therefore, we hypothesized that circHIPH3 prevents 
senescence by either inhibiting the translocation of 
HuR to the cytoplasm or increasing its degradation, 
leading to the destabilization of p21 mRNA. To exam 
this hypothesis, we performed loss and gain of 
function experiments. HuR was increased in 
cytoplasm fractions from hearts of CKO mice as 
determined by Western blot (Figure 3A). 
Interestingly, the expression of HuR mRNA in the 
hearts between control and circHIPK3 CKO mice was 
not different, but the level of HuR protein was 
upregulated in CKO mouse hearts (Figure 3B-C). HuR 
was increased significantly in the cytoplasm of H9C2 

cells transfected with circHIPK3 siRNA as determined 
by immunofluorescence (Figure 3D). The expression 
of HuR mRNA in H9C2 cells was unaltered by either 
silencing or overexpressing circHIPK3 (Figure 3E). 
The total protein level of HuR was decreased in H9C2 
cells when circHIPK3 was overexpressed, but it was 
increased when circHIPK3 was silenced (Figure 3F). 
Together, these results suggest that circHIPK3 can 
determine the localization of HuR, and regulate the 
expression of HuR at the post-transcription level. 

circHIPK3 acts as a scaffold for HuR and E3 
ubiquitin ligase and promotes its degradation 

Previous studies showed that HuR could be 
degraded by the ubiquitin-proteasome pathway 
through the interaction with E3 ubiquitin ligase 
β-TrCP [14, 15]. Indeed, an interaction between HuR 
and E3 ubiquitin ligase β-TrCP can be found in the 
PPI database (Figure 4A). We sought to determine 
whether circHIPK3-induced downregulation of HuR 
protein is mediated by the ubiquitin-proteasome 
system. H9C2 cells were treated with a specific 
proteasome inhibitor MG132 to block the degradation 
of proteins through the proteasome. MG132 treatment 
enhanced the accumulation of HuR in the cytoplasm 
induced by circHIPK3 knockdown (Figure 4B), 
suggesting that HuR is degraded by the proteasome, 
and the relative higher level of HuR in circHIPK3 
knockdown cells is due to the reduction of HuR 
degradation. The physical association between 
circHIPK3 and HuR by RNA-pull down-Western blot 
assay (Figure 4C). RIP experiments and qRT-PCR 

 

 
Figure 3. circHIPK3 regulates HuR protein expression. (A) Cytoplasm distribution of HuR in control and circHIPK3 knockout mice. n = 4. (B) qRT-PCR analysis of HuR 
mRNA expression in control and CKO mouse heart. n = 5, NS, not significant. (C) Western blot analysis of HuR protein level in control and CKO mouse heart. n = 4. (D) 
Localization of HuR by immunofluorescence in H9C2 cells transfected with circHIPK3 siRNA. (E-F) qRT-PCR and Western blot analysis of HuR mRNA protein levels in H9C2 
cells with circHIPK3 silencing or overexpression. n = 4. Data were analyzed by two-tailed Student’s t test. 
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revealed that circHIPK3 was present in the HuR 
pulldown sample (Figure 4D), suggesting that 
circHIPK3 may regulate HuR stability through direct 
interaction. Therefore, we further investigated 
whether circHIPK3 regulated HuR degradation via 
the ubiquitin-proteasome system. RPISeq prediction 
revealed that circHIPK3 not only can bind to HuR, but 
also can bind to ubiquitin ligase β-TrCP (Figure S8F). 
RIP assay confirmed that there was a direct 
interaction between circHIPK3 and β-TrCP (Figure 
4E). Co-IP showed that circHIPK3 silencing weakened 
the interaction between HuR and β-TrCP, and 
reduced HuR ubiquitination (Figure 4F). RIP 
experiment revealed that circHIPK3 silencing 
enhanced the interaction between HuR protein and 
p21 mRNA (Figure 4G). To determine the role of HuR 

in p21 mRNA expression, we treated the cells with an 
RNA synthesis inhibitor (actinomycin D), and found 
that the half-life p21 mRNA declined from 5.2 h to 3.5 
h after HuR silencing (Figure 4H), indicating that HuR 
can increase p21 mRNA stability. To determine 
whether circHIPK3 silencing promotes p21 expression 
by inhibiting HuR, we knocked down circHIPK3 and 
HuR with siRNA. Western blot showed that HuR 
silencing reversed the effect of circHIPK3 siRNA on 
p21 expression, indicating that circHIPK3 inhibits p21 
level by regulating HuR (Figure 4I). These results 
demonstrate that circHIPK3 enhances HuR and 
β-TrCP interaction, resulting in the degradation of 
HuR through the ubiquitin-proteasome pathway, 
leading to reduced expression of p21. 

 

 
Figure 4. circHIPK3 promotes HuR degradation by recruiting E3 ubiquitin ligase. (A) The interaction network of HuR and β-TrCP protein was analyzed by the 
STRING database. (B) Western blot analysis of HuR in H9C2 cells transfected with circHIPK3 siRNA cells with or without MG132 treatment for 6 h. n = 5. (C-D) H9C2 cells 
were transfected with circHIPK3 overexpression plasmid for 40 h. RNA-pull down assay (C) and RIP (D) experiments were performed to demonstrate the interaction between 
circHIPK3 and HuR. n = 4. (E) RIP experiment showed the interaction between circHIPK3 and the ubiquitin E3 ligase β-TrCP. n = 4. (F) The cells were transfected with 
circHIPK3 siRNA for 40 h. Co-IP experiment showed that the interaction between HuR and β-TrCP was attenuated and the binding of HuR and ubiquitin was decreased by 
circHIPK3 siRNA. n = 4. (G) H9C2 cells were transfected with circHIPK3 siRNA for 40 h. RIP experiment showed that the interaction between HuR and p21 mRNA was 
enhanced by circHIPK3 silence. n = 4. (H) The half-life of p21 mRNA in NC siRNA and HuR siRNA groups was assessed 40 h after transfection by treating the cells with 
actinomycin D (2 mg/ml); mRNA half-life was calculated by qRT-PCR. n = 3. (I) Western blot analysis of p21 protein in H9C2 transfected with NC siRNA, circHIPK3 siRNA and 
circHIPK3 siRNA+HuR siRNA. n = 4. B, two-way ANOVA test. D, E, G, two-tailed Student’s t test. I, one-way ANOVA test. 
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Exosomes prevent CM senescence by releasing 
circHIPK3 

Exosomes contain noncoding RNAs including 
microRNA, lncRNA, and circRNA [19, 20]. Our 
previous studies have demonstrated that UMSC-Exos 
inhibit aging-induced vascular dysfunction and 
cardiac dysfunction [21, 22]. We sought to determine 
whether the beneficial effect could be mediated by 
circHIPK3. The characteristics of exosomes were 
confirmed by measuring the expression of 
exosome-specific markers CD63 and CD9 via flow 
cytometry and Western blot analysis (Figure S9A-B). 
The particle sizes and numbers were measured by 
NanoSight analysis, which showed that exosomes 
were approximately 30-100 nm in diameter (Figure 
S9C). We screened several proliferation-related 
circRNAs, including circHIPK3 [30], circASXL1 [31], 
circHETD1 [32], circCCDC66 [33], and found that 
circHIPK3 was enriched in exosome (Figure 5A). 
Exosomes were labeled with PKH26 and co-incubated 
with H9C2 for 24 hours. PKH26-labeled Exo uptake 
was detected by fluorescence microscopy (Figure 5B). 
Exosomes co-incubation resulted in the upregulation 
of circHIPK3 expression in H9C2 cells (Figure 5C). To 
determine whether exosomes exert a protective effect 
by releasing circHIPK3, we silenced circHIPK3 in 
exosomes (Figure 5D). The results showed that 
exosomes promote H9C2 cell proliferation, inhibit 
senescence and decrease the expressions of p16 and 
p21. However, the protective effect of exosomes 
against senescence was abolished by circHIPK3 
silencing (Figure 5E-H). These results suggest that 
exosomes promote H9C2 cell proliferation and inhibit 
their senescence by delivering circHIPK3. To further 
confirm these findings, we silenced circHIPK3 in 
primary CMs with siRNA, and then treated the CMs 
with exosomes for 24 h. EdU experiment showed that 
circHIPK3 silencing inhibited the proliferation of 
primary CMs (Figure 5I), and promoted senescence 
(Figure 5J) which was reversed by exosomes. 
Furthermore, the expression of p16 and p21 was 
increased by silencing circHIPK3, and the effect was 
alleviated by exosomes (Figure 5K-M). 

Exosomes prevent cardiac senescence in 
circHIPK3 knockout mice 

To determine whether cardiac senescence in the 
circHIPK3 CKO mice can be prevented by exosomes, 
PKH26-labeled exosomes were injected via the tail 
vein. The fluorescence of PKH-26 in the heart was 
observed under the microscope 30 minutes after 
injection (Figure 6A). To determine whether exosomes 
protect the heart against cardiac senescence by 

delivering circHIPK3, we injected PBS, exosome 
(NC-Exo), circHIPK3 silenced exosome (si-Exo) via 
the tail vein (100 μg) into CKO mice three times a 
week. After two weeks, the effect of exosomes was 
evaluated (Figure 6B). Mice injected with exosomes 
exhibited improved cardiac function (Figure 6C), 
increased circHIPK3 level (Figure 6D), longer 
telomere length (Figure 6E), and decreased mRNA 
and protein levels of p16 and p21 (Figure 6F-H). 
However, these beneficial effects exerted by exosomes 
were inhibited by silencing circHIPK3 (Figure 6C-H). 
Moreover, the exosome administration also 
attenuated the deterioration of the heart function in 
KO mice (Figure S10). 

Discussion 
In this study, we successfully generated 

inducible CM-specific circHIPK3 knockout (CKO) 
mice and showed that CKO mice exhibited increased 
CM senescence and decreased cardiac function. We 
also found that circHIPK3 is directly bound to HuR 
and E3 ligase β-TrCP, acts as scaffold and promotes 
the degradation of HuR via the UPS. circHIPK3 
thereby prevents the binding between HuR and p21, 
reduces the stability of p21 mRNA, and inhibits 
cardiac senescence (Figure 7). Importantly, we 
demonstrated that UMSC-Exos improved the cardiac 
function of CKO mice by delivering circHIPK3. 

A suitable mouse model is essential for aging 
research. However, current models have several 
disadvantages. The spontaneous aging model needs a 
long time to develop the phenotype, and the D-gal 
administration-induced model requires long-term 
administration of the chemical [34]. Therefore, our 
CKO model provides an effective and convenient tool 
for aging research. In this study, we found that the 
expression of circHIPK3 was decreased in the aging 
heart. A decreased circHIPK3 level is associated with 
cellular senescence. CircHIPK3 consists of the second 
exon from the HIPK3 gene flanked by short 
interspersed elements (SINEs) on either side to secure 
its circularization [9]. We showed that the circHIPK3 
level is significantly reduced in mouse myoblasts 
when the downstream SINE sequence is deleted. 
Therefore, the SINE sequence is required for the 
formation of circHIPK3. Based on these studies, we 
knocked out the downstream SINE sequence to 
generate CM-specific circHIPK3 knockout (KO) mice, 
which showed increased p16 and p21 expression, 
telomere shortening, and decreased cardiac function. 
However, the reproductive rate of these mice was 
very slow, suggesting that circHIPK3 is important for 
cardiac development. 
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Figure 5. Exosomes prevent cardiomyocyte senescence by releasing circHIPK3. (A) The expression of circRNAs in exosome was determined by qRT-PCR analysis. 
n = 4. (B) PKH26-labeled Exo uptake was detected by fluorescence microscopy. n = 6. (C) qRT-PCR analysis of the expression of circHIPK3 in H9C2 cells treated with exosome 
for 24 h. n = 7. (D) circHIPK3 siRNA transfection in UMSC resulted in decreased expression of circHIPK3 in exosome. n = 4. (E) The proliferative rate of primary 
cardiomyocytes treated with NC-Exo or si-Exo (exosomes isolated from UMSC transfected with circHIPK3 siRNA). n = 5. (F) β-gal staining for primary cardiomyocytes treated 
with NC-Exo or si-Exo. n = 5. (G-H) qRT-PCR and Western blot analysis of p16, p21 mRNAs and proteins in H9C2 cells treated with NC-Exo or si-Exo for 24 h. n = 5. (I) EdU 
staining of proliferating primary cardiomyocytes treated with NC siRNA, circHIPK3 siRNA, and circHIPK3 siRNA+Exo. n = 4. (J) β-gal staining for primary cardiomyocytes 
treated with NC siRNA, circHIPK3 siRNA and circHIPK3 siRNA+Exo. n = 5. (K-M) The mRNA and protein levels of p16 and p21 were detected by qRT-PCR and Western blot 
in H9C2 cells treated with NC siRNA, circHIPK3 siRNA, and circHIPK3 siRNA+Exo group. n = 4. A, one-way ANOVA test. C-H, two-tailed Student’s t test. I-M, one-way 
ANOVA test. 
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Figure 6. Exosomes prevent cardiac senescence in circHIPK3 knockout mice. (A) PKH26-labeled exosomes were injected via the tail vein. After 30 min, the hearts 
were harvested and the labeled exosomes in hearts were observed by fluorescence microscopy. (B) Schematic illustration of experiments performed in panels C-H. 8-week-old 
mice were subjected to intraperitoneal injection of tamoxifen and the mice were injected with exosome via the tail vein into CKO mice three times a week. By day 20, the mice 
were subjected to subsequent experiment. (C) Cardiac function analyzed by echocardiography in circHIPK3 CKO mice injected with PBS, NC-Exo and si-Exo. n = 5. (D) 
qRT-PCR analysis of circHIPK3 in circHIPK3 CKO mice injected with PBS, NC-Exo and si-Exo. n = 4. (E-G) qRT-PCR analysis of telomere length assay, p16 and p21 mRNAs in 
circHIPK3 CKO mice injected with PBS, NC-Exo and si-Exo. n = 4. (H) Western blot of p16 and p21 proteins in circHIPK3 CKO mice injected with PBS, NC-Exo and si-Exo. 
n = 4. Data were analyzed by one-way ANOVA test. 

 
Figure 7. Proposed mechanisms of circHIPK3/HuR/p21 regulation in cardiac premature senescence. HuR in the cytoplasm binds to AU-rich elements in the 
3’UTR of p21 mRNA, promoting the expression of p21 protein. Exosomal circHIPK3 binds to HuR and β-TrCP to promote the degradation of HuR via the ubiquitin-proteasome 
pathway. Increased circHIPK3 protects heart from premature senescence through destabilizing HuR protein and decreasing p21 expression. 
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Because we were not able to generate a sufficient 
number of KO mice for the study, we generated 
inducible CM-specific circHIPK3 knockout (CKO) 
mice for subsequent experiments. Similar to the 
circHIPK3 KO mice, the CKO mice also showed 
exaggerated CM senescence and impaired cardiac 
function. Thus, our circHIPK3 KO mice provide a new 
potential model for congenital heart disease, and 
inducible circHIPK3 CKO mice are a promising model 
for senescence-induced cardiac dysfunction. To our 
knowledge, our CM-specific KO mice and inducible 
circHIPK3 CKO mice are novel circRNA models for 
research on stage-specific cardiac development. 

Moreover, one report showed that dystrophin 
and calcium current decreased in cardiomyocytes 
expressing Cre enzyme driven by αMHC but not TNT 
promoter (rat troponin T2 cardiac promoter) [26]. The 
differences in phenotype between αMHC-Cre and 
TNT-Cre mice may be due to genetic background and 
the “time window” of Cre activity. In response to Cre 
expression, mice on mixed backgrounds are more 
resistant to developing cardiac dysfunction than mice 
on a pure background [35]. TNT-Cre is mainly 
expressed during embryogenesis, and the Cre was 
expressed only in newborn TNT-Cre mouse hearts. 
Therefore, TNT-Cre mice are useful and have been 
used to generate early cardiomyocyte-specific 
mutants. Moreover, previous studies showed that 
some cardiac stem or progenitor cells, such as c-Kit+ 
cells or BCRP+ cells, may express TNT [36, 37]. It is 
possible that TNT-Cre may knockout target genes in 
stem cells or progenitors. In our study, circHIPK3 was 
knocked out in adult mice. Similar to other groups, we 
chose a more specific and mature Cre line driven by 
αMHC, which will not contaminate any noncardio-
myocyte lineages [38-40]. A previous study reported 
that before six months of age, αMHC-Cre and WT 
mice had identical cardiac structure and function, 
which indicated that the impacts of αMHC-Cre on 
cardiac cell biology depend on age [40]. Our study 
focused on 2-month-old mice, and the results showed 
that αMHC-Cre did not impact cardiac cell biology. 

It was also reported that there were no 
alterations in cardiac function in αMHCMerCreMer 
transgene either with or without tamoxifen treatment 
[41]. Other studies indicated that αMHCMerCreMer 
might cause cardiotoxicity depending on the dose and 
the frequency of tamoxifen injected, but tamoxifen 
alone had no effect on cardiac structure or function, 
regardless of the dose used [42, 43]. They [43] injected 
tamoxifen intraperitoneally on three consecutive days 
at doses 90 μg/g body weight/day in 6-week-old 
mice. We injected tamoxifen in 8-week-old mice twice, 
but not on consecutive days based on the study by 
Huang et al d [44]. We also used αMHC-Cre mice as 

control and found that CKO mice showed reduced 
circHIPK3 levels in the hearts and worsening cardiac 
function, but αMHC-Cre mice had normal heart 
function. The data were consistent with other groups’ 
reports [42, 43]. 

Of note, circHIPK3 is a double-edged sword in 
cardiovascular disease. Recent studies reported that 
circHIPK3 promotes angiogenesis and induces 
cardiomyocyte proliferation to improve cardiac 
function after myocardial infarction in mice [7, 8], 
which align with our findings. However, one study 
showed that silencing circHIPK3 in cardiac fibroblasts 
inhibited cardiac fibrosis and improved cardiac 
function in diabetes cardiomyopathy [45]. Another 
paper suggests that circHIPK3 serves as a miR-29b-3p 
sponge to stimulate cardiac fibroblasts proliferation, 
migration, and development of cardiac fibrosis in 
angiotensin II-induced heart injury [46]. These studies 
indicate that circHIPK3 may have a different function 
in different cell types. It would be interesting to 
generate fibroblast-specific circHIPK3 knockout mice 
to explore the effect of circHIPK3 in cardiac fibrosis. 

Based on differences in the composition and 
origin of sequences, circRNAs can be divided into 
three categories: exonic (ecircRNA), exonic–intronic 
(eicircRNA), and intronic (ciRNA). EicircRNAs and 
ecircRNA are preferentially located in the cytoplasm, 
but ciRNAs are predominantly located in the nucleus 
[9, 47]. CircHIPK3 is solely generated from the second 
exon and therefore belongs to the ecircRNA category. 
In this study, we demonstrated that circHIPK3 
enhanced the interaction between E3 ubiquitin ligase 
β-TrCP and HuR protein in the cytoplasm, which is 
consistent with previous studies showing that 
circHIPK3 is preferentially localized in the cytoplasm 
[9, 30]. It is known that circRNAs play a critical role in 
cardiac development and diseases, including 
myocardial infarction, pathological hypertrophy, and 
heart failure [48-50]. Most studies have shown that 
circRNAs act as a microRNA sponge, our finding that 
circHIPK3 acts as a scaffold for HuR and E3 ubiquitin 
ligase β-TrCP, and promotes the ubiquitination and 
degradation of HuR in the cytoplasm is novel and 
sheds new light on the circRNA-mediated molecular 
mechanisms underlying cardiac senescence. 

Previous studies have shown that HuR is 
primarily localized in the nucleus, where it plays a 
protective role in certain types of cells. It was reported 
that HuR could directly bind to the telomerase RNA 
component (TERC), promote the assembly of the 
TERC/hTERT complex, improve telomerase activity, 
and ultimately enhance the growth of hematopoietic 
stem cells [51]. Moreover, Wang et al. found that 
knocking out HuR in the heart can aggravate 
isoproterenol-induced cardiac remodeling [52]. 
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Therefore, HuR is essential for maintaining the 
normal function of cells. However, HuR was found to 
accumulate in the heart 3 days after myocardial 
infarction, exacerbate inflammation and decrease 
cardiac function in mice [53, 54]. Additionally, one 
study showed that HuR relocates to the cytoplasm 
from the nucleus to disrupt the expression of 
CUGBP1. Restoration of CUGBP1 expression protects 
cardiomyocytes from ischemia-induced injury via 
promoting angiogenesis and decreasing apoptosis 
through activating the VEGF-A gene [11]. Therefore, 
the relocation of HuR in the cytoplasm is responsible 
for impaired cardiac function through the regulation 
of CUGBP1 expression [11]. In our study, HuR 
translocates into the cytoplasm and binds to AU-rich 
elements in the 3’UTR of p21 mRNA, enhancing the 
aging-inducer p21 stability and function. Our study 
indicates that HuR located in the cytoplasm impairs 
cell function. Therefore, we propose that HuR in the 
nucleus is essential to maintain physiological 
function, but its accumulation in the cytoplasm may 
impair cell functions. Together, the studies support 
the hypothesis that the location of a molecule 
determines its function. 

Furthermore, we showed that circHIPK3- 
mediated HuR degradation in the cytoplasm leads to 
decreased p21 mRNA stability. p21 is the cyclin- 
dependent kinase inhibitor [55], and upregulation of 
p21 induces senescence in fibroblasts [56] and 
dopaminergic neurons [57]. Our findings support p21 
as an inducer of senescence and show that HuR acts as 
a stabilizer of p21 mRNA, and therefore identified a 
new mechanism explaining how p21 is down- 
regulated by circHIPK3 in the cytoplasm. We, for the 
first time, showed that circHIPK3 acts as a scaffold to 
bring HuR to E3 ligase β-TrCP together and promote 
its ubiquitination and degradation, leading to 
decreased p21 mRNA stability in the cytoplasm. We 
found a strong interaction between HuR protein and 
p21 mRNA. Moreover, Sturmlechner et al. showed 
that one-third of the aging-related gene expression is 
p21 dependent [58]. Furthermore, it was shown that 
p16 expression is regulated by p21 [59-61]. Thus, we 
focused on how to explore how circHIPK3 regulates 
p21 expression in this study. 

Aging is a significant risk factor for the 
development of cardiac disease, yet no therapeutic 
approach is currently available. Chemical inhibitors 
have been used to disrupt HuR binding to the TNF-α 
mRNA [62, 63]. However, these inhibitors lack 
specificity. Our findings that circHIPK3 acts as 
scaffold between E3 ubiquitin ligase and the target 
protein HuR provide a new strategy to inactivate 
senescence-inducer p21. Importantly, several studies 
have demonstrated that exosomes have a protective 

effect on myocardial infarction, ischemia/reperfusion 
injury, and heart failure [64-66]. Moreover, the 
changes of circulating circHIPK3 in the blood 
exosome with age have the potential to determine 
aging-related cardiac dysfunction. Due to their 
unique features, such as low immunogenicity and 
high stability, exosomes can be used as natural 
vehicles for the delivery of therapeutic ncRNAs. 
Therefore, exosome-based therapy is emerging as a 
promising strategy for restoring cardiac function after 
injury. In this study, we showed that UMSC-Exos 
prevent CM senescence and improve cardiac function 
by releasing circHIPK3, which has clinical 
implications in treating aging-induced cardiac 
dysfunction. 

In summary, we successfully generated CM- 
specific circHIPK3 knockout mice and demonstrated 
that deletion of circHIPK3 led to decreased cardiac 
function and exaggerated CM senescence. As a 
scaffold, circHIPK3 enhanced the binding of E3 
ubiquitin ligase β-TrCP and HuR in the cytoplasm, 
leading to its ubiquitination and degradation. 
Reduced HuR in the cytoplasm resulted in decreased 
stability of senescence-inducer p21 mRNA and its 
activity. Importantly, the anti-senescence and cardio- 
protective effect exerted by UMSC-Exos is mediated 
by circHIPK3. These findings pave the way for the 
development of new therapies for aging-associated 
cardiac dysfunction. 

Abbreviations 
ARE: AU-rich element; CM: cardiomyocyte; 

circRNA: circular RNA; CKO: CM-specific tamoxifen- 
induced circHIPK3 knockout; Exo: exosome; HuR: 
human antigen R; SINE: short interspersed element; 
UMSC: umbilical cord mesenchymal stem cell; UPS: 
ubiquitin-proteasome system; β-TrCP: β-transducin 
repeat-containing protein. 

Supplementary Material  
Supplementary methods, figures and tables. 
https://www.thno.org/v12p7550s1.pdf  

Acknowledgements 
This work was supported by the National 

Natural Science Foundation of China (81870194 and 
91849122 to Y Li, and U1601227 to X Yu), China 
Postdoctoral Science Foundation (No. 2021M702394 to 
YW), Jiangsu Province of Excellent Postdoctoral 
Program (to YW), Jiangsu Province Peak of Talent in 
Six Industries (BU24600117 to Y Li), and Introduction 
Project of Clinical Medicine Expert Team for Suzhou 
(No. SZYJTD201704). The Fundamental Research 
Funds for the Central Universities (2019PT350005 to X 
Pan), National Natural Science Foundation of China 



Theranostics 2022, Vol. 12, Issue 17 
 

 
https://www.thno.org 

7565 

(81970444 to X Pan), Beijing Municipal Science and 
Technology Project (Z201100005420030 to X Pan), 
National high level talents special support plan 
(2020-RSW02 to X Pan), CAMS Innovation Fund for 
Medical Sciences (2021-I2M-1-065 to X Pan). 

Author Contributions 
YL conceived and designed the study, analyzed 

data, and wrote the manuscript. FD, LL, CW, YZ, YW, 
WW, BY and YZ performed experiments and 
collected data. XP, BL, and XY interpreted the data 
and revised the manuscript. All authors read and 
approved the final manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Childs BG, Gluscevic M, Baker DJ, Laberge RM, Marquess D, Dananberg J, et 

al. Senescent cells: an emerging target for diseases of ageing. Nat Rev Drug 
Discov. 2017; 16: 718-35. 

2. Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cellular 
Senescence: Aging, Cancer, and Injury. Physiol Rev. 2019; 99: 1047-78. 

3. Gude NA, Broughton KM, Firouzi F, Sussman MA. Cardiac ageing: extrinsic 
and intrinsic factors in cellular renewal and senescence. Nat Rev Cardiol. 2018; 
15: 523-42. 

4. Beermann J, Piccoli MT, Viereck J, Thum T. Non-coding RNAs in 
Development and Disease: Background, Mechanisms, and Therapeutic 
Approaches. Physiol Rev. 2016; 96: 1297-325. 

5. Weigelt CM, Sehgal R, Tain LS, Cheng J, Esser J, Pahl A, et al. An 
Insulin-Sensitive Circular RNA that Regulates Lifespan in Drosophila. Mol 
Cell. 2020; 79: 268-79 e5. 

6. Garikipati VNS, Verma SK, Cheng Z, Liang D, Truongcao MM, Cimini M, et 
al. Circular RNA CircFndc3b modulates cardiac repair after myocardial 
infarction via FUS/VEGF-A axis. Nat Commun. 2019; 10: 4317. 

7. Wang Y, Zhao R, Shen C, Liu W, Yuan J, Li C, et al. Exosomal CircHIPK3 
Released from Hypoxia-Induced Cardiomyocytes Regulates Cardiac 
Angiogenesis after Myocardial Infarction. Oxid Med Cell Longev. 2020; 2020: 
8418407. 

8. Si X, Zheng H, Wei G, Li M, Li W, Wang H, et al. circRNA Hipk3 Induces 
Cardiac Regeneration after Myocardial Infarction in Mice by Binding to 
Notch1 and miR-133a. Mol Ther Nucleic Acids. 2020; 21: 636-55. 

9. Zheng Q, Bao C, Guo W, Li S, Chen J, Chen B, et al. Circular RNA profiling 
reveals an abundant circHIPK3 that regulates cell growth by sponging 
multiple miRNAs. Nat Commun. 2016; 7: 11215. 

10. Yan B, Zhang Y, Liang C, Liu B, Ding F, Wang Y, et al. Stem cell-derived 
exosomes prevent pyroptosis and repair ischemic muscle injury through a 
novel exosome/circHIPK3/ FOXO3a pathway. Theranostics. 2020; 10: 
6728-42. 

11. Gu L, Wang H, Wang J, Guo Y, Tang Y, Mao Y, et al. Reconstitution of 
HuR-Inhibited CUGBP1 Expression Protects Cardiomyocytes from Acute 
Myocardial Infarction-Induced Injury. Antioxid Redox Signal. 2017; 27: 
1013-26. 

12. Simion V, Zhou H, Haemmig S, Pierce JB, Mendes S, Tesmenitsky Y, et al. A 
macrophage-specific lncRNA regulates apoptosis and atherosclerosis by 
tethering HuR in the nucleus. Nat Commun. 2020; 11: 6135. 

13. Grammatikakis I, Abdelmohsen K, Gorospe M. Posttranslational control of 
HuR function. Wiley Interdiscip Rev RNA. 2017; 8: 10. 

14. Lan Y, Xiao X, He Z, Luo Y, Wu C, Li L, et al. Long noncoding RNA OCC-1 
suppresses cell growth through destabilizing HuR protein in colorectal cancer. 
Nucleic Acids Res. 2018; 46: 5809-21. 

15. Abdelmohsen K, Srikantan S, Yang X, Lal A, Kim HH, Kuwano Y, et al. 
Ubiquitin-mediated proteolysis of HuR by heat shock. EMBO J. 2009; 28: 
1271-82. 

16. Pohl C, Dikic I. Cellular quality control by the ubiquitin-proteasome system 
and autophagy. Science. 2019; 366: 818-22. 

17. Alsamman S, Christenson SA, Yu A, Ayad NME, Mooring MS, Segal JM, et al. 
Targeting acid ceramidase inhibits YAP/TAZ signaling to reduce fibrosis in 
mice. Sci Transl Med. 2020; 12: eaay8798. 

18. Zhang B, Zhang Z, Li L, Qin YR, Liu H, Jiang C, et al. TSPAN15 interacts with 
BTRC to promote oesophageal squamous cell carcinoma metastasis via 
activating NF-kappaB signaling. Nat Commun. 2018; 9: 1423. 

19. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of 
exosomes. Science. 2020; 367: eaau6977. 

20. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, 
Zimmerman LJ, et al. Reassessment of Exosome Composition. Cell. 2019; 177: 
428-45 e18. 

21. Han C, Zhou J, Liu B, Liang C, Pan X, Zhang Y, et al. Delivery of miR-675 by 
stem cell-derived exosomes encapsulated in silk fibroin hydrogel prevents 
aging-induced vascular dysfunction in mouse hindlimb. Mater Sci Eng C 
Mater Biol Appl. 2019; 99: 322-32. 

22. Zhu B, Zhang L, Liang C, Liu B, Pan X, Wang Y, et al. Stem Cell-Derived 
Exosomes Prevent Aging-Induced Cardiac Dysfunction through a Novel 
Exosome/lncRNA MALAT1/NF-kappaB/TNF-alpha Signaling Pathway. 
Oxid Med Cell Longev. 2019; 2019: 9739258. 

23. Wu Y, Zhou L, Liu H, Duan R, Zhou H, Zhang F, et al. LRP6 downregulation 
promotes cardiomyocyte proliferation and heart regeneration. Cell Res. 2021; 
31: 450-62. 

24. Myllymaki M, Redd R, Reilly CR, Saber W, Spellman SR, Gibson CJ, et al. 
Short telomere length predicts nonrelapse mortality after stem cell 
transplantation for myelodysplastic syndrome. Blood. 2020; 136: 3070-81. 

25. Zhou H, Ge Y, Sun L, Ma W, Wu J, Zhang X, et al. Growth arrest specific 2 is 
up-regulated in chronic myeloid leukemia cells and required for their growth. 
PLoS One. 2014; 9: e86195. 

26. Gillet L, Guichard S, Essers MC, Rougier JS, Abriel H. Dystrophin and calcium 
current are decreased in cardiomyocytes expressing Cre enzyme driven by 
alphaMHC but not TNT promoter. Sci Rep. 2019; 9: 19422. 

27. Lee JH, Jung M, Hong J, Kim MK, Chung IK. Loss of RNA-binding protein 
HuR facilitates cellular senescence through posttranscriptional regulation of 
TIN2 mRNA. Nucleic Acids Res. 2018; 46: 4271-85. 

28. Sun Q, Tripathi V, Yoon JH, Singh DK, Hao Q, Min KW, et al. MIR100 host 
gene-encoded lncRNAs regulate cell cycle by modulating the interaction 
between HuR and its target mRNAs. Nucleic Acids Res. 2018; 46: 10405-16. 

29. Lal A, Mazan-Mamczarz K, Kawai T, Yang X, Martindale JL, Gorospe M. 
Concurrent versus individual binding of HuR and AUF1 to common labile 
target mRNAs. EMBO J. 2004; 23: 3092-102. 

30. Shan K, Liu C, Liu BH, Chen X, Dong R, Liu X, et al. Circular Noncoding RNA 
HIPK3 Mediates Retinal Vascular Dysfunction in Diabetes Mellitus. 
Circulation. 2017; 136: 1629-42. 

31. Yu L, Li J, Peng B, Cai P, Zhao B, Chen Y, et al. CircASXL1 Knockdown 
Restrains Hypoxia-Induced DDP Resistance and NSCLC Progression by 
Sponging miR-206. Cancer Manag Res. 2021; 13: 5077-89. 

32. Zhou Z, Jiang R, Yang X, Guo H, Fang S, Zhang Y, et al. circRNA Mediates 
Silica-Induced Macrophage Activation Via HECTD1/ZC3H12A-Dependent 
Ubiquitination. Theranostics. 2018; 8: 575-92. 

33. Hsiao KY, Lin YC, Gupta SK, Chang N, Yen L, Sun HS, et al. Noncoding 
Effects of Circular RNA CCDC66 Promote Colon Cancer Growth and 
Metastasis. Cancer Res. 2017; 77: 2339-50. 

34. Azman KF, Zakaria R. D-Galactose-induced accelerated aging model: an 
overview. Biogerontology. 2019; 20: 763-82. 

35. Sanford LP, Kallapur S, Ormsby I, Doetschman T. Influence of genetic 
background on knockout mouse phenotypes. Methods Mol Biol. 2001; 158: 
217-25. 

36. Emmert MY, Emmert LS, Martens A, Ismail I, Schmidt-Richter I, Gawol A, et 
al. Higher frequencies of BCRP+ cardiac resident cells in ischaemic human 
myocardium. Eur Heart J. 2013; 34: 2830-8. 

37. Sultana N, Zhang L, Yan J, Chen J, Cai W, Razzaque S, et al. Resident c-kit(+) 
cells in the heart are not cardiac stem cells. Nat Commun. 2015; 6: 8701. 

38. Li Y, Lv Z, He L, Huang X, Zhang S, Zhao H, et al. Genetic Tracing Identifies 
Early Segregation of the Cardiomyocyte and Nonmyocyte Lineages. Circ Res. 
2019; 125: 343-55. 

39. Xue F, Cheng J, Liu Y, Cheng C, Zhang M, Sui W, et al. Cardiomyocyte-specific 
knockout of ADAM17 ameliorates left ventricular remodeling and function in 
diabetic cardiomyopathy of mice. Signal Transduct Target Ther. 2022; 7: 259. 

40. Rehmani T, Salih M, Tuana BS. Cardiac-Specific Cre Induces Age-Dependent 
Dilated Cardiomyopathy (DCM) in Mice. Molecules. 2019; 24. 

41. Sohal DS, Nghiem M, Crackower MA, Witt SA, Kimball TR, Tymitz KM, et al. 
Temporally regulated and tissue-specific gene manipulations in the adult and 
embryonic heart using a tamoxifen-inducible Cre protein. Circ Res. 2001; 89: 
20-5. 

42. Hougen K, Aronsen JM, Stokke MK, Enger U, Nygard S, Andersson KB, et al. 
Cre-loxP DNA recombination is possible with only minimal unspecific 
transcriptional changes and without cardiomyopathy in Tg(alphaMHC- 
MerCreMer) mice. Am J Physiol Heart Circ Physiol. 2010; 299: H1671-8. 

43. Bersell K, Choudhury S, Mollova M, Polizzotti BD, Ganapathy B, Walsh S, et 
al. Moderate and high amounts of tamoxifen in alphaMHC-MerCreMer mice 
induce a DNA damage response, leading to heart failure and death. Dis Model 
Mech. 2013; 6: 1459-69. 

44. Huang W, Feng Y, Liang J, Yu H, Wang C, Wang B, et al. Loss of 
microRNA-128 promotes cardiomyocyte proliferation and heart regeneration. 
Nat Commun. 2018; 9: 700. 

45. Wang W, Zhang S, Xu L, Feng Y, Wu X, Zhang M, et al. Involvement of 
circHIPK3 in the pathogenesis of diabetic cardiomyopathy in mice. 
Diabetologia. 2021; 64: 681-92. 

46. Ni H, Li W, Zhuge Y, Xu S, Wang Y, Chen Y, et al. Inhibition of circHIPK3 
prevents angiotensin II-induced cardiac fibrosis by sponging miR-29b-3p. Int J 
Cardiol. 2019; 292: 188-96. 



Theranostics 2022, Vol. 12, Issue 17 
 

 
https://www.thno.org 

7566 

47. Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems J. 
The biogenesis, biology and characterization of circular RNAs. Nat Rev Genet. 
2019; 20: 675-91. 

48. Zhu X, Shen W, Yao K, Wang H, Liu B, Li T, et al. Fine-Tuning of PGC1alpha 
Expression Regulates Cardiac Function and Longevity. Circ Res. 2019; 125: 
707-19. 

49. Wang K, Long B, Liu F, Wang JX, Liu CY, Zhao B, et al. A circular RNA 
protects the heart from pathological hypertrophy and heart failure by 
targeting miR-223. Eur Heart J. 2016; 37: 2602-11. 

50. Zhou LY, Zhai M, Huang Y, Xu S, An T, Wang YH, et al. The circular RNA 
ACR attenuates myocardial ischemia/reperfusion injury by suppressing 
autophagy via modulation of the Pink1/ FAM65B pathway. Cell Death Differ. 
2019; 26: 1299-315. 

51. Tang H, Wang H, Cheng X, Fan X, Yang F, Zhang M, et al. HuR regulates 
telomerase activity through TERC methylation. Nat Commun. 2018; 9: 2213. 

52. Hu H, Jiang M, Cao Y, Zhang Z, Jiang B, Tian F, et al. HuR regulates 
phospholamban expression in isoproterenol-induced cardiac remodelling. 
Cardiovasc Res. 2020; 116: 944-55. 

53. Krishnamurthy P, Rajasingh J, Lambers E, Qin G, Losordo DW, Kishore R. 
IL-10 inhibits inflammation and attenuates left ventricular remodeling after 
myocardial infarction via activation of STAT3 and suppression of HuR. Circ 
Res. 2009; 104: e9-18. 

54. de Castro Bras LE, Cates CA, DeLeon-Pennell KY, Ma Y, Iyer RP, Halade GV, 
et al. Citrate synthase is a novel in vivo matrix metalloproteinase-9 substrate 
that regulates mitochondrial function in the postmyocardial infarction left 
ventricle. Antioxid Redox Signal. 2014; 21: 1974-85. 

55. Brown JP, Wei W, Sedivy JM. Bypass of senescence after disruption of 
p21CIP1/WAF1 gene in normal diploid human fibroblasts. Science. 1997; 277: 
831-4. 

56. Galanos P, Vougas K, Walter D, Polyzos A, Maya-Mendoza A, Haagensen EJ, 
et al. Chronic p53-independent p21 expression causes genomic instability by 
deregulating replication licensing. Nat Cell Biol. 2016; 18: 777-89. 

57. Riessland M, Kolisnyk B, Kim TW, Cheng J, Ni J, Pearson JA, et al. Loss of 
SATB1 Induces p21-Dependent Cellular Senescence in Post-mitotic 
Dopaminergic Neurons. Cell Stem Cell. 2019; 25: 514-30 e8. 

58. Sturmlechner I, Zhang C, Sine CC, van Deursen EJ, Jeganathan KB, Hamada 
N, et al. p21 produces a bioactive secretome that places stressed cells under 
immunosurveillance. Science. 2021; 374: eabb3420. 

59. Wang D, Zhang YZ, Yang B, Zhang FX, Cao MY, Wang C, et al. p21 WAF1 and 
hypoxia/reoxygenation-induced premature senescence of H9c2 
cardiomyocytes. Folia Histochem Cytobiol. 2011; 49: 445-51. 

60. Wu X, Jia S, Zhang X, Si X, Tang W, Luo Y. Two mechanisms underlying the 
loss of p16(Ink4a) function are associated with distinct tumorigenic 
consequences for WS MEFs escaping from senescence. Mech Ageing Dev. 
2012; 133: 549-55. 

61. Xue L, Wu J, Zheng W, Wang P, Li J, Zhang Z, et al. Sp1 is involved in the 
transcriptional activation of p16(INK4) by p21(Waf1) in HeLa cells. FEBS Lett. 
2004; 564: 199-204. 

62. Wu X, Lan L, Wilson DM, Marquez RT, Tsao WC, Gao P, et al. Identification 
and validation of novel small molecule disruptors of HuR-mRNA interaction. 
ACS Chem Biol. 2015; 10: 1476-84. 

63. Chae MJ, Sung HY, Kim EH, Lee M, Kwak H, Chae CH, et al. Chemical 
inhibitors destabilize HuR binding to the AU-rich element of TNF-alpha 
mRNA. Exp Mol Med. 2009; 41: 824-31. 

64. Gallet R, Dawkins J, Valle J, Simsolo E, de Couto G, Middleton R, et al. 
Exosomes secreted by cardiosphere-derived cells reduce scarring, attenuate 
adverse remodelling, and improve function in acute and chronic porcine 
myocardial infarction. Eur Heart J. 2017; 38: 201-11. 

65. de Couto G, Gallet R, Cambier L, Jaghatspanyan E, Makkar N, Dawkins JF, et 
al. Exosomal MicroRNA Transfer Into Macrophages Mediates Cellular 
Postconditioning. Circulation. 2017; 136: 200-14. 

66. Yang PC. Induced Pluripotent Stem Cell (iPSC)-Derived Exosomes for 
Precision Medicine in Heart Failure. Circ Res. 2018; 122: 661-3. 


