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Abstract
Hypoxia-induced cardiomyocyte apoptosis is one major pathological change of acute myocardial infarction (AMI), but the 
underlying mechanism remains unexplored. CDC-like kinase 3 (CLK3) plays crucial roles in cell proliferation, migration and 
invasion, and nucleotide metabolism, however, the role of CLK3 in AMI, especially hypoxia-induced apoptosis, is largely 
unknown. The expression of CLK3 was elevated in mouse myocardial infarction (MI) models and neonatal rat ventricular 
myocytes (NRVMs) under hypoxia. Furthermore, CLK3 knockdown significantly promoted apoptosis and inhibited NRVM 
survival, while CLK3 overexpression promoted NRVM survival and inhibited apoptosis under hypoxic conditions. Mecha-
nistically, CLK3 regulated the phosphorylation status of AKT, a key player in the regulation of apoptosis. Furthermore, 
overexpression of AKT rescued hypoxia-induced apoptosis in NRVMs caused by CLK3 deficiency. Taken together, CLK3 
deficiency promotes hypoxia-induced cardiomyocyte apoptosis through AKT signaling pathway.

Keywords  CDC-like kinase 3 · Hypoxia · Cardiomyocyte apoptosis · AKT

Introduction

Acute myocardial infarction (AMI) is a critical illness in 
the clinic with high mortality and morbidity (Damluji et al. 
2021; Gong et al. 2021; Zhang et al. 2022a, b). The wide 
application of vascular recanalization methods, such as intra-
venous coronary thrombolysis and percutaneous coronary 
intervention (Borer et al. 2002; Jellis et al. 2010; Mackman 
et al. 2020; Sabatine and Braunwald 2021; Schäfer et al. 

2022), help save a lot of lives for AMI patients. Despite 
advancements in vascular recanalization methods, the irre-
versible damage caused by AMI continues to demand a 
deeper understanding of its underlying mechanisms.

During myocardial ischemia, the myocardium becomes 
profoundly hypoxic (Ruan et al. 2022; Fan et al. 2023). As 
a common consequence of AMI, hypoxia leads to severe 
cellular stress and even cell apoptosis (Yu et al. 2019; Pan 
et al. 2021). The AKT pathway is an important signal-
ing pathway related to cardiomyocyte function. Activated 
AKT can promote the expression of antiapoptotic proteins, 
thereby preventing cell apoptosis (Wei et al. 2020; Wen et 
al. 2020; Cheng et al. 2021; Zhang et al. 2022a, b). Hypoxia-
inducible factors (HIFs), especially HIF-1α, are activated in 
response to ischemia (Knutson et al. 2021; Hu et al. 2022). 
Moreover, CoCl2 is known to mimic hypoxia-like conditions, 
making it a valuable tool in studying the cellular response to 
hypoxia (Hu et al. 2021; Liu et al. 2022).

The CDC-like kinase family, particularly CLK3, has 
emerged as a potential key player in myocardial ischemia. 
Unlike other CLK family members, the C-lobe of CLK3 
contains conserved regions: the LAMMER motif, mitogen-
activated insertion, the MAPK-like insertion; these differ-
ent regions confer CLK3 with different affinities for various 
small-molecule compounds (Martín Moyano et al. 2020) and 
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impart distinct functional roles in cell proliferation, migration 
and invasion and nucleotide metabolism (Zhou et al. 2020). 
Moreover, CLK1 and CLK3 were reported as AKT target 
substrates, which may play a specific role in B cell signaling 
(Mohammad et al. 2016). Akt was also found to phosphoryl-
ate CLK2 at Serine 34 and Threonine 127 directly (Nam et 
al. 2010). Understanding the interplay between CLK3 and 
these hypoxia-responsive pathways could provide insights 
into novel therapeutic strategies for AMI treatment.

This study provides evidence that CLK3 was upregulated 
in myocardial infarction (MI) model mice and cobalt chloride 
(CoCl2)-treated hypoxic neonatal rat ventricular myocytes 
(NRVMs). Notably, knockdown of CLK3 was found to exac-
erbate apoptosis induced by CoCl2, while overexpression of 
CLK3 was shown to suppress hypoxia-induced apoptosis in 
NRVMs. Mechanistic exploration showed that the CLK3-AKT 
interaction regulates hypoxia-induced apoptosis. Importantly, 
our study shows that CLK3 was involved in MI pathogenesis.

Materials and methods

Animals  Animal experiments were carried out in accordance 
with the National Institutes of Health Guidelines for the Use 
of Laboratory Animals, and all procedures were approved by 
the Animal Care Committee of Shandong Provincial Third 
Hospital (Shandong, China). The animals were housed in nor-
mal cages at a temperature of 24 ± 2°C and relative humid-
ity of 60% on a 12:12 h light and dark cycle and given free 
access to water. To model MI, 8 ~ 10-week-old male C57BL/6 
mice were subjected to MI surgery. The mice were randomly 
assigned to the sham and MI groups. Cardiomyocytes were 
isolated from neonatal Sprague–Dawley rats (1 ~ 3 d old).

Myocardial infarction surgery  Eight-week-old male C57BL/6 
mice in the MI group were anesthetized via 2% isoflurane 
inhalation and fixed on a heating pad in the left supine posi-
tion. Left thoracotomy was performed at the 4th left inter-
costal space. The heart was subsequently exposed, and the 
pericardium was opened. The left anterior descending (LAD) 
artery was ligated with a 7–0 suture immediately below the 
tip of the left auricle. When the left ventricle became pale, 
LAD ligation was considered successful. The sham mice 
underwent the same procedure except occlusion of the LAD. 

Ensuring a hermetic closure of the surgical site, air was evac-
uated, and the chest was closed with 6–0 sutures. The mice 
were placed on another heating pad until recovery. At differ-
ent time points after the operation, the hearts were analyzed.

Cardiomyocyte isolation, culture and treatments  NRVMs 
were isolated from Sprague–Dawley rats (1 ~ 3 d old) using a 
differential adhesion method as described previously (Chen 
et al. 2019). Briefly, the heart was minced into 1 mm3 frag-
ments and digested with 0.1% collagenase type II (Worthing-
ton, LS004177, Lakewood, NJ) and 1% BSA in PBS. The cells 
were then separated into cardiomyocytes and cardiac fibroblasts 
via differential adhesion. NRVMs were used for subsequent 
experiments. The cells were cultured in high-glucose Dulbec-
co’s Modified Eagle Medium (DMEM, GIBCO, c11995500bt
, Waltham, MA) containing 20% M199 medium (Basal Media, 
L649KJ, Shanghai, China), 10% fetal bovine serum (FBS, 
EXCELL, FND500, Taicang, China), 100 μM 5-bromo-2'-de-
oxyuridine (Brdu, Sigma, B5002-250MG, St. Louis, MO) and 
1 × penicillin–streptomycin (P/S, Gibco, 15,070,063, Waltham, 
MA). Afterward, the cells were cultured in high-glucose 
DMEM containing 20% M199 medium and 2% FBS.

Transfection was performed with Lipofectamine™ RNAimax 
transfection reagent (Invitrogen, 13,778,150, Carlsbad, CA) 
and Lipofectamine® 3000 transfection reagent (Invitrogen, 
L3000015, Carlsbad, CA) according to the manufacturer’s 
instructions. Briefly, for the knockdown assay, small inter-
fering RNA (siRNA) against Clk3 (40 nmol/L) and negative 
control siRNA were transfected into NRVMs using Lipo-
fectamine™ RNAimax transfection reagent. For the overex-
pression assay, 4 μg Flag-CLK3 plasmid (Sino Biological, 
HG10716-CF, Beijing, China), 4 μg Flag-vector plasmid 
(Sino Biological, CV012, Beijing, China), and 5 μL P3000 
were mixed with 125 μL of Opti-MEM medium (GIBCO, 
11,058–021, Waltham, MA). Then, 5 μL Lipofectamine™ 
3000 was diluted in 125 μL Opti-MEM. After incubation 
for 5 min at RT, diluted DNA and diluted Lipofectamine™ 
3000 were combined and incubated for another 15 min 
at RT. Afterward, DNA-lipid complex was added to each 
well. Forty-eight hours post-transfection, the medium was 
replaced with fresh complete medium containing 2% FBS 
and CoCl2 or PBS for another 24 h. Finally, the NRVMs 
were collected for analysis. The siRNA sequences are listed 
in Table 1.

Table 1.   The specific siRNA 
sequences

siRNA Sense (5'-3') Antisense (5'-3')

NC UUC​UCC​GAA​CGU​GUC​ACG​UTT​ ACG​UGA​CAC​GUU​CGG​AGA​ATT​
Rat-Clk3 #1 GGU​CGA​CUA​CGA​UAC​CCA​UTT​ GGU​CGA​CUA​CGA​UAC​CCA​UTT​
Rat-Clk3 #2 GGA​GUG​UGG​AAG​AUG​ACA​ATT​ UUG​UCA​UCU​UCC​ACA​CUC​CTT​
Rat-Clk3 #3 GGA​AGC​UGC​UCG​UCU​AGA​ATT​ UUC​UAG​ACG​AGC​AGC​UUC​CTT​
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Cell culture  Human embryonic kidney 293 T (HEK293T) cells 
were obtained from Shanghai Zhong Qiao Xin Zhou Biotech-
nology (ZQ0033, Shanghai, China). The cell line used in this 
study was tested and authenticated. We confirmed that all 
experiments used mycoplasma-free cells. HEK293T cells were 
cultured in DMEM supplemented with 10% FBS and 1% peni-
cillin streptomycin (P/S), and incubated at 37°C with 5% CO2.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)  Total RNA was extracted from NRVMs and heart tis-
sues using RNAiso Plus (Takara, 9109, Shiga, Japan) according 
to the manufacturer's instructions. The concentration and purity 
of the RNA samples were determined using a Nanodrop 2000 
spectrophotometer (Thermo Fisher Scientific). cDNA was syn-
thesized using PrimeScript™ RT Master Mix (Takara, RR036A, 
Shiga, Japan). Real-time PCR was conducted using SYBR Green 
Real-Time PCR Master Mix (TOYOBO, QPK-201, Osaka, 
Japan). β-Actin was used as an internal reference. The sequences 
of the primers used for PCR in this study are listed in Table 2.

Western blotting analysis  Total protein was extracted 
from cells or tissues by RIPA lysis buffer (Beyotime, 
P0013B, Shanghai, China) containing protease inhibitor 
(Roche, 4,906,845,001, 1 ml ddH2O per tablet, 1:50, Man-
nheim, Germany) and phosphatase inhibitor (Roche, 
4,693,116,001, 400 μL ddH2O per tablet, 1:25, Mannheim, 
Germany) on ice for 30 min. Subsequently, the lysates were 
centrifuged at 12,000 × g and 4°C for 15 min. The concen-
tration of the protein was measured using a BCA kit (Beyo-
time, P0009). The protein lysates (35 μg protein per sample) 
were separated on a 10% NuPAGE Bis–tris gel (Invitrogen, 
NP0316BOX,  Carlsbad, CA) and transferred to PVDF 
membranes (Millipore, IPVH00010, Burlington, MA). The 
membranes were then blocked with 5% nonfat milk at RT 
for 1 h and subsequently incubated with primary antibodies 
(β-Actin, 1:1000, Santa Cruz, sc-47778, Dallas, TX; CLK3, 
1:200, Cell Signaling Technology, 3256, Danvers, MA; 
HIF-1α, 1:1000, Cell Signaling Technology, 36,169; PARP, 
1:1000, Cell Signaling Technology, 9532; Bcl-2, 1:500, 
Santa Cruz, sc-7382; Bax, 1:1000, Cell Signaling Tech-
nology, 2772; Caspase-3, 1:200, Cell Signaling Technol-
ogy, 9662; Akt, 1:1000, Abcam, ab8805, Cambridge, UK; 
Phospho-Akt (Ser473), 1:1000, Cell Signaling Technology, 

4060 T; Anti-Phospho-(Ser/Thr), 1:500, Abcam, ab300625; 
p53 (DO-1), 1:200, Santa Cruz, sc-126; p53 (DO-2), 1:200, 
Santa Cruz, sc-53394) at 4°C overnight. The next day, TBS 
containing 0.1% Tween 20 (TBST) was used to rinse the 
membranes. Subsequently, the membranes were incubated 
with near infrared dyes-conjugated secondary antibodies 
(Invitrogen, A32735; Invitrogen, A21036, Carlsbad, CA) 
at RT for 1 h. Images of the protein bands were captured 
using an Odyssey imager (LI-COR, Biosciences). Then, the 
band intensity was quantified using ImageJ software (version 
1.46r). β-Actin was used as a loading control.

Immunofluorescence and TUNEL staining  NRVMs were 
fixed in 4% paraformaldehyde for 15 min and permeabilized 
with 0.5% Triton X-100 in PBS for 15 min. After wash-
ing, the cells were blocked with 5% normal goat serum at 
RT for 1 h. The cells were then incubated with primary 
antibody against cardiac troponin T (cTnT, 1:500, Abcam, 
ab8295, Cambridge, UK) at RT for 1 h or overnight at 4°C. 
The cells were washed three times with PBS with 0.1% 
Tween 20 (PBST) and incubated for 1 h with Alexa Fluor® 
488-conjugated goat anti-mouse IgG secondary antibody 
(1:500, Abcam, ab150113, Cambridge, UK). Apoptotic 
cells were stained using reagents from an In Situ Cell Death 
Detection Kit, TMR Red (Roche, 12,156,792,910, Man-
nheim, Germany) for 1 h. The cells were washed three 
times with PBS, and nuclei were stained with DAPI (1:1000, 
Sigma, D9542, St. Louis, MO) for 15 min. Images were 
captured using a fluorescence microscope (Leica, DMi8). 
At least 6 random images from each group were analyzed.

Cell counting kit‑8 (CCK‑8) assay  Cell viability was measured 
using the CCK-8 assay according to the manufacturer’s pro-
tocol (Beyotime, C0038, Shanghai, China). Briefly, NRVMs 
were seeded in 96-well plates and cultured in high-glucose 
DMEM containing 20% M199 medium and 2% FBS in a 
humidified 5% CO2 incubator at 37°C. Forty-eight hours 
post-transfection, the cells were treated with CoCl2 at a final 
concentration of 400 μM. Ten microliters of CCK-8 solution 
mixed with 100 μL of medium was added to each well after 
24 h of treatment with CoCl2, and the cells were incubated 
for another 4 h. The absorbance of each well was measured 
at 450 nm using an M5 Molecular Devices microplate reader.

Table 2.   The primer sequences Genes Primer sequences (Forward) Primer sequences (Reverse)

Mouse-Clk3 #1 GTA​TCG​GTG​TGA​AGA​GCG​GA GCT​TAC​TGC​TCT​GTT​GGC​TTC​
Mouse-Clk3 #2 GTG​TGG​AAG​ATG​ACA​AGG​AGGG​ ATC​TTC​AGG​GCA​ACC​TGT​GAC​
Mouse-Gapdh TGA​AGG​TCG​GTG​TGA​ACG​GAT​TTG​G ACG​ACA​TAC​TCA​GCA​CCA​GCA​TCA​C
Rat-Clk3 #1 TCC​GTA​ATG​TGG​GCA​AGT​ACC​ ACC​AGT​CAG​ACA​TCA​GGA​CAC​
Rat-Clk3 #2 CAT​CAC​ACC​ACC​ATT​GTC​GC TTC​TGC​TTC​CTG​GTA​CGG​TG
Rat-β-actin CCC​ATC​TAT​GAG​GGT​TAC​GC TTT​AAT​GTC​ACG​CAC​GAT​TTC​



336 X. Ma et al.

Immunoprecipitation (IP)  HEK293T cells were transfected 
with either AKT plasmid alone or co-transfected with Flag 
and CLK3-Flag plasmids. 48 h post-transfection, the cells 
were washed three times with pre-cooled PBS and then lysed 
with 800 µL lysis buffer (RIPA buffer with protease inhibitor 
and phosphatase inhibitor). The samples were incubated on 
ice for 30 min and then centrifuged at 12,000 g at 4°C for 
15 min. 30–50 µL of the extracted protein was kept as the 
input sample. Concurrently, magnetic beads (Thermo Fisher 
Scientific, 88,803, Waltham, MA) were gently mixed, and 30 
µL per sample was used and mixed on a rotator. Beads were 
allowed to settle on a magnetic rack for over 30 s before super-
natant removal. After washing, 500 µL of PBST-mixed beads 
were added to each tube, and the appropriate volume of Flag 
antibody (1:500, Sigma, F1804-200UG, St. Louis, MO) was 
added. The mixture was incubated at room temperature on a 
rotator for 1.5 to 2 h. The beads, now bound to the antibody, 
were gently washed with PBS and mixed on a rotator three 
times. After magnetic separation and supernatant removal, the 
rest of the protein was added to the bead tubes and incubated 
at 4°C overnight on a rotator. The following day, samples were 
washed three times with PBS, boiled at 100°C for 10 min in 
the loading buffer and used for subsequent experiments.

Statistical analysis  The data are presented as the mean ± SEM, 
and all data were at least three different experiments. A P 
value < 0.05 was considered significant difference. Statistical 
analyses were carried out using GraphPad Prism software (ver-
sion 6.01). Two-tailed Student t-test, and one-way analysis of 
variance (ANOVA) and two-way ANOVA were carried out 
as appropriate.

Results

The expression of CLK3 is upregulated in myocardial infarc‑
tion tissues and NRVMs exposed to hypoxia  To investigate 
the function of CLK3 in cardiomyocyte apoptosis, we first 

measured the expression of CLK3 in adult mice (C57BL/6) 
after MI injury. The mRNA expression of Clk3 was 
increased on 1 d, 3 d and 5 d post-MI (Fig. 1A and Supple-
mentary Fig. S1A). We subsequently measured the expres-
sion of CLK3 in NRVMs exposed to varying concentrations 
of CoCl2 (200, 300, 400, and 600 μM). Similar to what was 
observed in mice, the expression of CLK3 was significantly 
upregulated in a dose-dependent manner in NRVMs fol-
lowing CoCl2-induced hypoxic injury (Fig. 1B, C). The 
mRNA expression of Clk3 also yielded similar outcomes 
(Supplementary Fig. S1B, C). These findings demonstrated 
that CLK3 might have a potential role in hypoxia-induced 
apoptosis in cardiomyocytes.

CLK3 deficiency aggravates hypoxia‑induced NRVM apopto‑
sis  To verify the function of CLK3 in cardiomyocytes, we 
knocked down Clk3 in NRVMs with an siRNA. We designed 
three siRNAs targeting various regions of Clk3, and the 
knockdown efficiency of the Clk3 siRNAs was assessed by 
qRT-PCR. The mRNA expression of Clk3 was significantly 
downregulated 72 h post-siRNA transfection, indicating that 
we successfully knocked down Clk3, and si-Clk3 #3 had 
the highest knockdown efficiency (Fig. 2A, Supplementary 
Fig. S2). We first measured the expression of the HIF-1α 
protein to confirm that CoCl2 caused hypoxic injury to the 
NRVMs (Fig. 2B). To assess the role of CLK3 in hypoxia-
induced NRVM apoptosis, we evaluated the expression lev-
els of apoptosis-related proteins, such as PARP, Bcl-2, Bax, 
and Caspase-3. We found that the cleaved to total PARP 
ratio, the cleaved to total Caspase-3 ratio, and the Bax/Bcl2 
ratio were increased in NRVMs with CLK3 knockdown 
compared to control NRVMs (Fig.  2B-E). The TUNEL 
assay was carried out to determine the level of apoptosis. 
The TUNEL-positive cell number was further increased 
by CLK3 depletion under hypoxia (Fig. 2F, G). Moreo-
ver, depletion of CLK3 markedly reduced NRVM viability 
under hypoxia, as determined by the CCK- 8 assay (Fig. 2H). 
We also speculated on the role of CLK3 in regulating the 

Figure  1.   Expression of CLK3 was upregulated in cardiomyocytes 
under hypoxic conditions. (A) mRNA expression of Clk3 in C57BL/6 
mice heart on 1  d, 3  d and 5  d post-MI using mouse-Clk3 primer 
#1. GAPDH was utilized as an internal reference gene; n = 5 mice 
per group. (B, C) Protein expression of CLK3 in NRVMs exposed 

to different concentrations of CoCl2 or PBS for 24 h. β-Actin served 
as a loading control, n = 3 independent experiments. Values repre-
sent the mean ± SEM. Statistical significance: *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, ns, not significant.
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splicing of apoptosis-related proteins P53. As indicated, 
CLK3 did not alter the splicing pattern of P53 proteins 
(Supplementary Fig. S3). These findings demonstrated that 
CLK3 deficiency critically contributes to NRVM apoptosis 
under hypoxic condition.

CLK3 overexpression inhibits apoptosis in NRVMs under 
hypoxia  To further investigate the function of CLK3 

exposed to CoCl2-induced hypoxia, we overexpressed CLK3 
using the CLK3 plasmid (Fig. 3A). We found that overex-
pression of CLK3 decreased the expression of apoptosis-
related proteins in NRVMs, such as the ratios of cleaved to 
total PARP and Caspase-3, Bax/Bcl2 (Fig. 3A-D). Similarly, 
overexpression of CLK3 decreased the TUNEL-positive cell 
number (Fig. 3E, F). Moreover, the viability of NRVMs 
with CLK3 overexpression was higher than that of normal 

Figure  2.   Silencing of Clk3 aggravated hypoxia-induced NRVMs 
apoptosis. (A) qRT-PCR analysis of Clk3 in NRVMs transfected with 
Clk3 siRNA. n = 3 independent experiments. (B-E) Western Blot 
analysis of apoptosis-related proteins in NRVMs treated with or with-
out CoCl2 after Clk3 siRNA transfection. n = 3 independent experi-
ments. (F-G) TUNEL assay for cell apoptosis analysis in NRVMs 

treated with or without CoCl2 after Clk3 siRNA transfection. n = 3 
independent experiments. Scale bar: 50 μm. (H) CCK-8 assay for cell 
viability analysis in NRVMs treated with or without CoCl2 after Clk3 
siRNA transfection. n = 3 independent experiments. Values repre-
sent the mean ± SEM. Statistical significance: *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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NRVMs, as determined by the CCK-8 assay (Fig. 3G). These 
findings suggested that CLK3 could inhibit NRVM apopto-
sis under hypoxic condition.

CLK3 influences NRVM apoptosis via disrupting the AKT 
pathway  Here, in CLK3 knockdown NRVMs, total AKT 

(t-AKT) levels remained consistent; however, there was a 
noticeable decrease in phosphorylated AKT (p-AKT) and 
p-AKT/t-AKT levels; this reduction became more severe 
in the presence of CoCl2 treatment (Fig.  4A-D). Con-
versely, CLK3 overexpression resulted in an elevation of 
p-AKT levels and effectively rescued the downregulation 

Figure  3.   Overexpression of CLK3 inhibited CoCl2-induced apop-
tosis in NRVMs. (A-D) Western Blot analysis of CLK3 and apopto-
sis-related proteins cell apoptosis in NRVMs treated with or without 
CoCl2 after transfection with Flag-CLK3 or Flag-vector plasmid. 
n = 3 independent experiments. (E, F) TUNEL assay for cell apop-
tosis analysis in NRVMs treated with or without CoCl2 after trans-

fection with Flag-CLK3 or Flag-vector plasmid. n = 3 independent 
experiments. Scale bar: 50  μm. (G) CCK-8 assay for cell viability 
analysis in NRVMs treated with or without CoCl2 after transfection 
with Flag-CLK3 or Flag-vector plasmid. n = 3 independent experi-
ments. Values represent the mean ± SEM. Statistical significance: 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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of p-AKT and p-AKT/t-AKT induced by CoCl2 (Fig. 4E-
H). As Akt was also reported to phosphorylate CLK2 (Nam 
et al. 2010), we wondered whether Akt might regulate the 
phosphorylation of CLK3. We performed immunoprecipi-
tation experiments (using Flag antibody) in 293 T cells 
overexpressing Akt-OE and Flag-Vec or Flag-CLK3. 
Immunoblotting (IB) of the Phospho-Ser/Thr showed little 
difference between Flag-Vec or Flag-CLK3 (Supplemen-
tary Figure S4), reflecting that Akt might not phosphoryl-
ate CLK3. In summary, we found that CLK3 regulated the 
AKT phosphorylation in NRVM.

AKT rescues NRVM apoptosis caused by CLK3 deficiency 
under hypoxic condition  To investigate whether the AKT 
pathway is involved in regulating NRVM apoptosis. We 
first overexpressed AKT using an AKT-expressing plas-
mid (Fig. 5A). Akt-OE did not affect the cleaved to total 
PARP and Bax/Bcl2 ratios but decreased cleaved to total 
Caspase-3 under CoCl2-induced hypoxia (Supplementary 
Fig. S5). Importantly, we found that Akt-OE protected 
CLK3-deficient NRVMs from apoptosis, altered the expres-
sion of apoptotic proteins, and decreased the cleaved to total 
PARP, cleaved to total Caspase-3 and Bax/Bcl2 ratios under 
hypoxia (Fig. 5B-E). These results suggested that over-
expression of AKT protected NRVMs against apoptosis 
induced by CLK3 deficiency under hypoxia.

Discussion

Currently, AMI stands as a prevalent and critical clinical 
condition (Damluji et al. 2021; Gong et al. 2021; Zhang et 
al. 2022a, b). AMI causes irreversible damage to myocardial 
and non-myocardial cells. The mortality rate of the disease 
remains high despite advances in revascularization therapies 
(Borer et al. 2002; Jellis et al. 2010; Sabatine and Braun-
wald 2021; Schäfer et al. 2022). New therapeutic strategies 
improving cardiac function after MI are urgently needed. 
CLK3 plays crucial roles in cellular processes, including 
cell proliferation, migration, and development (Cesana et al. 
2018; Zhou et al. 2020; Virgirinia et al. 2021). In this study, 
we found that the expression of CLK3 was upregulated in 
mouse MI models and NRVMs exposed to CoCl2 (a hypoxia 
mimetic). In further experiments, we found that CLK3 defi-
ciency aggravated apoptosis and inhibited NRVM survival 
under hypoxic conditions. while CLK3 overexpression 
promoted NRVM survival and decreased apoptosis under 
hypoxia. These findings highlight the potential role of CLK3 
in hypoxia-induced apoptosis in cardiomyocytes.

CLK3, a dual-specificity kinase, was reported to act as 
a protein kinase or a regulator of gene splicing in the past 
researches. As a protein kinase, CLK3 could directly phos-
phorylate USP13 at Y708 and influence the progression of 
cholangiocarcinoma (Zhou et al. 2020). The structure basis 

Figure 4.   CLK3 influenced NRVMs apoptosis by disrupting the AKT 
pathway. (A-D) Western Blot analysis and quantification of p-AKT, 
t-AKT and p-AKT/t-AKT expression in CLK3-deficient NRVMs 
treated with or without CoCl2. n = 3 independent experiments. (E–
H) Western Blot analysis and quantification of p-AKT, t-AKT and 

p-AKT/t-AKT expression in CLK3-overexpressing NRVMs treated 
with or without CoCl2. n = 3 independent experiments. Values repre-
sent the mean ± SEM. Statistical significance: *P < 0.05, **P < 0.01, 
****P < 0.0001.
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of CLK3’s kinase function is that the catalytic domains 
of CLK3 present a typical protein kinase fold, with the C 
terminus displaying a unique and conserved conformation 
of EHLAMMERILG characteristic motif (Bullock et al. 
2009). In this study, we found that CLK3 might regulate 
the phosphorylation of Akt (an important protein related to 
cardiomyocyte function) in NRVM. It remains to be figured 
out whether CLK3 also phosphorylate other proteins in car-
diomyocytes and whether CLK3 phosphorylates Akt is a 
widespread phenomenon in other cells.

As a splicing regulator, CLK3 could regulate HMGA2 
splicing, preserves HMGA2 function, and influences human 
hematopoietic stem cell (HSC) properties during develop-
ment (Cesana et al. 2018). We also checked whether CLK3 
regulates the splicing of p53 (an apoptosis-related protein). 
Although we did not observe p53 splicing pattern changes, 
we could not exclude the splicing regulator function of 
CLK3. Further genome-wide RNA sequencing might be 
needed to decipher how CLK3 regulates the RNA splicing.

Our research found that CLK3 deficiency contributed 
to NRVM apoptosis and disrupted the AKT pathway. 
AKT, a serine/threonine protein kinase, regulates cell 
apoptosis through influencing the expression levels of 
apoptosis-related proteins. Activated AKT can promote 

the expression of anti-apoptosis proteins, thereby pre-
venting cell apoptosis. In recent years, AKT was shown 
to regulate the expression of apoptosis-related factors in 
cells (Wei et al. 2020; Wen et al. 2020; Li et al. 2021; 
Zhang et al. 2022a, b). The AKT pathway is an impor-
tant signaling pathway related to cardiomyocyte function. 
Previous studies have found that Apocynum venetum leaf 
extract (AVLE) confers cardio-protection and alleviates 
doxorubicin-induced cardiotoxicity by suppressing oxida-
tive stress and apoptosis of cardiomyocytes via the AKT/
Bcl-2 signaling pathway (Zhang et al. 2022a, b). Mes-
enchymal stem cell (MSC)-derived exosomes ameliorate 
cardiomyocyte apoptosis under hypoxic conditions via the 
PTEN/AKT pathway (Sun et al. 2019; Wen et al. 2020). 
These findings demonstrate that the AKT pathway is an 
important signaling pathway related to cardiomyocyte 
apoptosis. In our study, we found that CLK3 influenced 
NRVM apoptosis and survival by disrupting the AKT 
pathway. CLK3 regulated the phosphorylation status of 
AKT. CLK3 deficiency led to reduced p-AKT expression 
while overexpression of CLK3 increased p-AKT levels. 
Furthermore, overexpression of AKT altered apoptotic 
protein expression and protected against apoptosis in 
NRVMs caused by CLK3 deficiency under hypoxia. In 

Figure 5.   AKT rescued apopto-
sis in NRVMs caused by CLK3 
deficiency under hypoxic condi-
tion. (A) The efficiency of AKT-
overexpressing plasmid (Akt-
OE) in NRVMs analyzed by 
Western Blot. n = 4 independent 
experiments. (B) Western Blot 
analysis of apoptosis in NRVMs 
treated with Akt-OE or not 
after exposure to hypoxia. n = 3 
independent experiments. (C-E) 
Quantification of apoptosis-
related proteins. n = 3 inde-
pendent experiments. Values 
represent the mean ± SEM. Sta-
tistical significance: *P < 0.05, 
**P < 0.01, ***P < 0.001.
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result, CLK3 deficiency promotes hypoxia-induced car-
diomyocyte apoptosis through AKT signaling pathway.

The findings above suggest that CLK3 is involved in car-
diomyocyte apoptosis, possibly through its impact on the 
AKT signaling pathway. These results contribute to our 
understanding of the molecular mechanisms underlying 
cardiomyocyte survival and apoptosis regulation, offering 
insights into potential therapeutic strategies for myocardial 
infarction. However, whether CLK3 could regulate cardio-
myocyte apoptosis in mouse MI models needs to be explored 
in further work. Further research is needed to elucidate the 
precise mechanisms by which CLK3 interacts with the AKT 
pathway and to explore its potential as a target for cardiac 
therapies.

Conclusions

Taken together, the CLK3-AKT interaction regulates 
hypoxia-induced cardiomyocyte apoptosis. These results 
contribute to our understanding of the molecular mecha-
nisms underlying cardiomyocyte survival and apoptosis reg-
ulation, offering insights into potential therapeutic strategies 
for myocardial infarction.
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