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ORIGINAL RESEARCH

Serine/Threonine- Protein Kinase 3 
Facilitates Myocardial Repair After Cardiac 
Injury Possibly Through the Glycogen 
Synthase Kinase- 3β/β- Catenin Pathway
Ya- Fei Li , PhD*; Tian- Wen Wei, PhD*; Yi Fan , PhD*; Tian- Kai Shan, PhD; Jia- Teng Sun, MD;  
Bing- Rui Chen, PhD; Zi- Mu Wang, PhD; Ling- Feng Gu, MD; Tong- Tong Yang, PhD; Liu Liu, PhD; Chong Du, MD;  
Yao Ma, MD; Hao Wang, PhD; Rui Sun, PhD; Yong- Yue Wei , PhD; Feng Chen , PhD; Xue- Jiang Guo , PhD; 
Xiang- Qing Kong, MD, PhD; Lian- Sheng Wang , MD, PhD

BACKGROUND: The neonatal heart maintains its entire regeneration capacity within days after birth. Using quantitative phospho-
proteomics technology, we identified that SGK3 (serine/threonine- protein kinase 3) in the neonatal heart is highly expressed 
and activated after myocardial infarction. This study aimed to uncover the function and related mechanisms of SGK3 on car-
diomyocyte proliferation and cardiac repair after apical resection or ischemia/reperfusion injury.

METHODS AND RESULTS: The effect of SGK3 on proliferation and oxygen glucose deprivation/reoxygenation–  induced apoptosis 
in isolated cardiomyocytes was evaluated using cardiomyocyte- specific SGK3 overexpression or knockdown adenovirus5 
vector. In vivo, gain-  and loss- of- function experiments using cardiomyocyte- specific adeno- associated virus 9 were per-
formed to determine the effect of SGK3 in cardiomyocyte proliferation and cardiac repair after apical resection or ischemia/
reperfusion injury. In vitro, overexpression of SGK3 enhanced, whereas knockdown of SGK3 decreased, the cardiomyocyte 
proliferation ratio. In vivo, inhibiting the expression of SGK3 shortened the time window of cardiac regeneration after api-
cal resection in neonatal mice, and overexpression of SGK3 significantly promoted myocardial repair and cardiac function 
recovery after ischemia/reperfusion injury in adult mice. Mechanistically, SGK3 promoted cardiomyocyte regeneration and 
myocardial repair after cardiac injury by inhibiting GSK- 3β (glycogen synthase kinase- 3β) activity and upregulating β- catenin 
expression. SGK3 also upregulated the expression of cell cycle promoting genes G1/S- specific cyclin- D1, c- myc (cellular- 
myelocytomatosis viral oncogene), and cdc20 (cell division cycle 20), but downregulated the expression of cell cycle negative 
regulators cyclin kinase inhibitor P 21 and cyclin kinase inhibitor P 27.

CONCLUSIONS: Our study reveals a key role of SGK3 on cardiac repair after apical resection or ischemia/reperfusion injury, 
which may reopen a novel therapeutic option for myocardial infarction.
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Myocardial infarction (MI), the most serious man-
ifestation of ischemic heart disease, could in-
duce irreversible death of cardiomyocytes in 

the infarcted area, leading to ventricular remodeling, 

heart failure, and even death.1 At present, myocar-
dial ischemia/reperfusion (I/R) injury therapy could 
improve the blood supply of myocardial tissue after 
MI, but could not regenerate the necrotic myocardial 
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cells.2 Countless efforts have been made to prevent 
the loss of cardiomyocytes caused by ischemic heart 
disease.3 Because of the low survival rate and low 
transformation efficiency of exogenous stem cells in 
the treatment of ischemic heart disease, exploring the 
molecular pathways capable of regulating the endog-
enous cardiomyocyte proliferation is expected to be-
come the main approach for myocardial regeneration 
in the setting of ischemic heart disease in the future.4 
Reactivating key genes associated with the cardiac 
development to induce adult cardiomyocytes to reen-
ter the cell cycle has recently become an attractive av-
enue.5– 7 Cell cycle regulatory genes, such as cell cycle 
dependent kinases and noncoding RNAs, which are 
temporarily overexpressed in the neonatal heart, can 
promote the adult cardiomyocyte proliferation if they 
are re- overexpressed in the adult heart.7,8 Previously, 
we performed quantitative phosphoproteomic anal-
ysis to reveal the protein kinase network in the pro-
cess of cardiac regeneration and elucidate the role 
of CHK1 (checkpoint kinase 1) in promoting cardiac 
regeneration.6

Intriguingly, several Hippo/Yap pathway kinases (eg, 
large tumor suppressor kinase 1 and 2) and RAC- alpha 
serine/threonine- protein kinase (AKT) pathway kinases 
(eg, RAC- alpha serine/threonine- protein kinase 1 
[AKT1] and RAC- alpha serine/threonine- protein kinase 
3 [AKT3] kinases) were marginally enriched (0.05<false 
discovery rate<0.1) in neonatal myocardial tissue at 
6  days after infarction. Evidence has been reported 
that both Hippo/Yap and AKT pathways exert key 
regulatory roles in cardiac regeneration.9– 11 It remains 
unknown if these borderline enriched kinases after 
cardiac injury might also play key roles in the cardiac 
regeneration process. Through a series of screening 
and validation, SGK3 (serine/threonine- protein kinase 
3), which is abundantly expressed in neonatal heart 
and borderline activated after MI in neonatal mice, at-
tracted our attention.

SGK3 kinase, the key protein kinase screened from 
the marginal enriched kinases, belongs to the AGC- 
kinase (protein kinase A, G, and C) family and is highly 
conserved among species.12 SGK3 and AKT kinases 
are homologous isomers, which are both downstream 
kinases of the phosphatidylinositol 3- kinase path-
way and have the ability to recognize a host of iden-
tical downstream substrates.13 AKT, as a key kinase 
in the regulation of cardiac injury repair, is known to 
be involved in the regulation of cardiac regeneration 

CLINICAL PERSPECTIVE

What Is New?
• SGK3 (serine/threonine- protein kinase 3) expres-

sion was significantly downregulated on the sev-
enth postpartum day, consistent with loss of the 
cardiac regeneration potential in neonatal mice, and 
can promote cardiomyocyte proliferation and atten-
uate oxygen glucose deprivation/reoxygenation– 
induced cardiomyocyte apoptosis in vitro and 
ischemia/reperfusion injury– induced cardiomyo-
cyte apoptosis in the infarct border zone in vivo.

• Overexpression of SGK3 in cardiomyocytes can 
promote cardiac regeneration and alleviate is-
chemia/reperfusion injury in mice.

• SGK3 regulates cardiac repair after apical re-
section and ischemia/reperfusion injury by 
regulating the GSK- 3β (glycogen synthase 
kinase- 3β)/β- catenin pathway.

What Are the Clinical Implications?
• We demonstrated that the SGK3 gene could 

regulate the process of cardiac regeneration 
after myocardial insult, providing a new thera-
peutic target for improving the cardiac function 
after myocardial insult in clinical practice.

• Cardiomyocyte- specific SGK3 overexpression- 
adenovirus serotype 5 (Ad5- cTNT- SGK3) and 
cardiomyocyte- specific SGK3 overexpression- 
adeno- associated virus serotype 9 (AAV9- 
cTNT- SGK3), 2 kinds of myocardium- specific 
overexpressed SGK3 vectors, have the potential 
to be used as gene therapy of myocardial insult.

• Local injection of SGK3 protein kinase via mi-
crocatheter in the area of myocardial infarction 
during interventional therapy may be a new 
therapeutic strategy to promote cardiac repair 
after myocardial infarction.

Nonstandard Abbreviations and Acronyms

AAV9 adeno- associated virus serotype 9
AKT RAC- alpha serine/threonine- protein 

kinase
AKT1 RAC- alpha serine/threonine- protein 

kinase 1
AKT3 RAC- alpha serine/threonine- protein 

kinase 3
AR apical resection
BIO 6- bromoindirubin- 3’- oxime
CON control
cTNT cardiac troponin T
CST cell signaling technology

cyclin D1 G1/S- specific cyclin- D1
GSK- 3β glycogen synthase kinase- 3β
I/R ischemia/reperfusion
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Figure 1. Biological characteristics of SGK3 (serine/threonine- protein kinase 3) in the mouse heart.
A, The kinase- substrate network was constructed according to the proteins with upregulated phosphorylation levels (FDR ≤0.1). Blue dots 
mean substrates with upregulated phosphorylation levels identified in phosphoproteomics; yellow dots (including SGK3) indicate kinases with 
enriched upregulated substrate phosphorylation sites by iGPS; and the gray arrow links the kinase and its substrates. B, The mRNA expression 
of MAST3, MAST4, MASTL, NDR1, NDR2, SGK3, RSKL1, STLK3, and YANK2 in ventricular myocardium of P1 and P28 mice was detected by 
quantitative real- time polymerase chain reaction analysis (n=3). C, SGK3, phosphorylated (p) SGK3 Thr320 in mice ventricular myocardium from 
embryo to P56 were determined by Western blot. D, qRT- PCR analysis was used to detect the SGK3 expression in ventricular myocardium at 
P7 after myocardial infarction (MI) (n=3). E, SGK3, phosphorylated proteins of the Thr320 site in neonatal mice ventricular myocardium after MI 
were examined by Western blot. F, The subcellular localization of SGK3 in cardiomyocytes was evaluated by nuclear cytoplasmic separation 
and Western blot detection. Data are presented as mean±SEM. **P<0.01. 18S indicates 18S ribosomal DNA; FDR, false recovery rate; GAPDH, 
glyceraldehyde- 3- phosphate dehydrogenase; MAST3, microtubule associated serine/threonine kinase 3; MAST3, microtubule associated 
serine/threonine kinase 3; MAST3, microtubule associated serine/threonine kinase 3; MAST3, microtubule associated serine/threonine kinase 
3; MAST4, microtubule associated serine/threonine kinase 4; MASTL, microtubule associated serine/threonine kinase like; mRNA, messenger 
RNA; MW, molecular weigh; NDR1, nuclear Dbf2- related kinase 1; NDR2, nuclear Dbf2- related kinase 2; NS, no significance; P, postpartum 
day; RSKL1, ribosomal protein S6 kinase C1; STLK3, germinal centre kinase III; and YANK2, serine/threonine kinase 32B.
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as a downstream target kinase of multiple genes.11,14 
Similarly, SGK3 kinase is involved in many biological 
processes, such as cell proliferation and survival, ion 
and protein transport, tumor malignant transformation, 

calcium and phosphorus absorption, and hair 
growth.15– 18 Here, we found that SGK3 expression 
was significantly downregulated at 7  days postpar-
tum, which was consistent with the loss of cardiac 
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regeneration capacity, and could be activated after MI 
injury in neonatal mice. In addition, many core genes 
capable of promoting cardiac regeneration, such as 
GSK- 3β (glycogen synthase kinase- 3β)/β- catenin, G1/
S- specific cyclin- D1 (cyclin D1), and mechanistic target 
of rapamycin kinase (mTOR), have been reported to be 
regulated by SGK3 in previous studies.15,19,20 However, 
the functional role of SGK3 in cardiac regeneration and 
whether SGK3 can promote cardiac regeneration by 
regulating regenerative core genes remain elusive now.

In this study, we identified that SGK3 was signifi-
cantly downregulated in myocardium beginning from 
postnatal day 7 to adulthood. SGK3 overexpression in 
the infarct border myocardial tissues resulted in mark-
edly augmented myocardial repair and improved car-
diac function after I/R injury, suggesting a regenerative 
and cardioprotective role of SGK3 after I/R injury.

METHODS
The data that support the findings of this study are 
available from the corresponding author on request. 
The raw data related to phosphorylation proteomics 
are uploaded to the ProteomeXchange Consortium.6 
Additional methods can be found in Data S1.

Availability of Data and Material
All data generated or analyzed during this study are 
included in this article.

Ethical Statement
All animal studies were approved by the Institutional 
Animal Care and Use Committee of Nanjing Medical 

University and conformed to the Guide for the Care 
and Use of Laboratory Animals published by the US 
National Institutes of Health (publication no. 85- 23, re-
vised 1996).

Experimental Animals
All animal experiments were performed in accordance 
with the Guide for the Use and Care of Laboratory 
Animals and approved by Animal Care and Use 
Committee of Nanjing Medical University. Wild- type 
Institute of Cancer Research mice were obtained from 
the animal center of Nanjing Medical University and 
reared in a specific pathogen- free environment.

RNA Extraction and Quantitative Real- 
Time Polymerase Chain Reaction Analysis
Total RNA from the myocardial tissue used in our study 
was extracted with TRIzol reagent (Thermo Fisher 
Scientific) according the manufacturer’s instructions. 
The PrimeScript RT Master Mix kit (Takara Bio, Kusatsu, 
Japan) was used to synthesize complementary DNA. 
Relative RNA levels analysis, detected by quantitative 
real- time polymerase chain reaction analysis, was per-
formed on a Roche Lightcycler 96 by using the SYBR 
Green (Vazyme Biotech, Nanjing, China; Q131- 02). 
18S ribosomal DNA was used as an internal control, 
and determined genes sequences for quantitative real- 
time polymerase chain reaction analysis primers in this 
study are shown in Table S1.

Western Blot Analysis
Myocardial tissues or cardiomyocytes were lysed 
with lysis buffer (including 0.5% phenylmethylsulfonyl 

Figure 2. SGK3 (serine/threonine- protein kinase 3) regulates primary neonatal proliferation and apoptosis in vitro.
A, SGK3, phosphorylated (p- ) proteins of SGK3 Thr320 in neonatal cardiomyocytes transfected with Ad5:cTNT- CON or Ad5:cTNT- 
SGK3 were detected by Western blot. B through E, cardiomyocytes isolated from 100 P1 mice were transfected with Ad5:cTNT- CON 
or Ad5:cTNT- SGK3, and immunofluorescence staining was then used to evaluate the cardiomyocyte proliferation for EDU+ (5639 
cardiomyocytes in the Ad5:cTNT- SGK3 group and 5996 cardiomyocytes in the Ad5:cTNT- CON group, n=6 (B); Ki67+ (6511 cardiomyocytes 
in the Ad5:cTNT- SGK3 group and 6852 cardiomyocytes in the Ad5:cTNT- CON group, n=6 (C); pH3+ (8391 cardiomyocytes in the 
Ad5:SGK3 group and 7121 cardiomyocytes in the Ad5:cTNT- CON group, n=6 (D); and Aurora B+ (8503 cardiomyocytes in the Ad5:SGK3 
group and 14 162 cardiomyocytes in the Ad5:cTNT- CON group, n=6 (E). F, SGK3 expression in neonatal cardiomyocytes transfected 
with Ad5:cTNT- SGK3i or Ad5:cTNT- CONi were analyzed by Western blot analysis. G through I, Immunofluorescence staining of 
cardiomyocytes isolated from 100 P1 mice transfected with Ad5:cTNT- SGK3i or Ad5:cTNT- CONi and quantification of EDU+ (4716 
cardiomyocytes in the Ad5:SGK3i group and 4736 cardiomyocytes in the Ad5:cTNT- CONi group, n=6 (G); Ki67+ (6388 cardiomyocytes 
in the Ad5:cTNT- SGK3i group and 9583 cardiomyocytes in the Ad5:cTNT- CONi group, n=6 (H); and pH3+ (5642 cardiomyocytes in the 
Ad5:cTNT- SGK3i group and 6576 cardiomyocytes in the Ad5:cTNT- CONi group, n=6 (I). J and K, Cell flow cytometry was performed 
to detect the cell cycle of cardiomyocytes after SGK3 overexpression or inhibition. L, Terminal deoxynucleotidyl transferase- mediated 
dUTP in situ nick end labeling (TUNEL) staining was performed to evaluate the effect of Ad5:cTNT- SGK3 on oxygen glucose deprivation/
reoxygenation (OGD/R)- induced neonatal mouse cardiomyocyte apoptosis (3657 cardiomyocytes in the Ad5:cTNT- CON group, 3017 
cardiomyocytes in the Ad5:cTNT- SGK3 group, 2049 cardiomyocytes in the OGD/R+Ad5:cTNT- CONi group, and 1303 cardiomyocytes 
in the OGD/R+Ad5:cTNT- SGK3 group, n=6). The cells indicated by the arrows are immunofluorescence- positive cardiomyocytes. Data 
are presented as mean±SEM. *P≤0.05; **P≤0.01; ***P≤0.001. Ad5:cTNT- CON indicates control adenovirus serotype 5; Ad5:cTNT- CONi, 
knockdown control adenovirus serotype 5; Ad5:cTNT- SGK3, cardiomyocyte- specific SGK3 overexpression adenovirus serotype 5; 
Ad5:cTNT- SGK3i, cardiomyocyte- specific SGK3 knockdown adenovirus serotype 5; CON, control; CONi, knockdown control; cTNT, 
cardiac troponin T; EDU, 5- ethynyl- 2′- deoxyuridine; G1, G1 phase; G2/M, G2/M phase; GAPDH, glyceraldehyde- 3- phosphate 
dehydrogenase; ki67+, ki67 positive; NS, no significance; P1, postpartum day 1; ph3+:phospho- histone H3 positive; S, S phase; and 
SGK3i, serine/threonine- protein kinase 3 knockdown.
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fluoride, 0.1% protease inhibitor, and 1% phosphatase 
inhibitor) (Genechem, Shanghai, China). Prepared pro-
tein was separated in SDS- PAGE gels, transferred 
onto a polyvinylidene fluoride membrane (Millipore), 
and blocked with 5% bovine serum albumin. The strips 
were incubated with primary antibodies overnight at 4 
°C. Specific primary antibody information is as follows: 

anti- SGK3 (cell signaling technology [CST]; 8573S), 
anti- phospho- SGK3 (Thr320) (CST; 5642S), anti- 
GSK- 3β (CST; 12456T), anti- phospho- GSK- 3β (CST; 
5558T), anti- β- catenin (CST; 8480S), anti- mTOR (CST; 
2983S), anti- phospho- mTOR (S2448) (CST; 5536S), 
and anti- glyceraldehyde- 3- phosphate dehydrogenase 
(CST; 5174S). Then, the blots were cultured with the 
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second antibody conjugated to horseradish peroxi-
dase at room temperature for 2 hours. Quantification 
of band intensity was performed using Image J soft-
ware (National Institutes of Health, Bethesda, MD).

Immunofluorescence Staining
Hearts were harvested and fixed overnight in 4% para-
formaldehyde and then embedded in paraffin. Paraffin- 
embedded hearts were cut into 5- μm tissue sections 
and boiled in antigen retrieval buffer (BD Pharmingen) 
for 10 minutes. Then, the sections were immersed in 
PBS containing 0.2% Triton X- 100 for 15 minutes and 
blocked with 5% bovine serum albumin for 2 hours. To 
identify cell- cycle activities and cytokinesis, the Click- iT 
EdU Imaging Kits (Thermo Fisher), anti- Ki67 antibody 
(Abcam; ab16667), anti- Aurora B antibody (Abcam; 
ab2254), and anti- phosphorylated- histone 3 (pH3) an-
tibodies (CST; 9701) were used to culture sections and 
formaldehyde- fixed cardiomyocytes. Terminal deoxy-
nucleotidyl transferase- mediated dUTP in situ nick end 
labeling (TUNEL) staining was performed to determine 
the cardiomyocyte apoptosis in vivo. WGA (wheat 
germ agglutinin) staining (Thermo Fisher; w32466) was 
performed to stain the cell membrane, anti- cardiac 
troponin T (cTNT) (Abcam; ab8295) was used to label 
cardiomyocytes, and N- acetyl- diaminopimelate dea-
cetylase was used to mark nuclei. Quantitative data 
were obtained by measuring confocal microscope 
(Zeiss, Oberkochen, Germany).

In vitro, neonatal mouse cardiomyocytes were cul-
tured in 24- well plates. After being treated with different 
adenoviruses or reagents, the nonadherent cells were 
washed out with PBS, and the adherent cardiomyocytes 
were then fixed with 4% paraformaldehyde for 20 min-
utes. After being sealed with 10% goat serum for 1 hour, 
5- ethynyl- 2′- deoxyuridine (EDU), Ki67, pH3, WGA, and 
TUNEL staining were performed. Finally, a Zeiss mi-
croscope (Carl Zeiss Microscopy, Jena, Germany) was 
used to take pictures and count the randomly selected 

visual field. The statistical data of all immunofluores-
cence staining in this study are shown in Table S2.

Statistical Analysis
All the statistical data were analyzed using SPSS 
22.0 (IBM, Armonk, USA) and were presented as 
mean±SEM using GraphPad (La Jolla, CA) Prism 8.0 
software. For the comparison of mean values between 
2 groups, an unpaired Student t test was performed 
when the data were shown to be normally distributed. 
For the comparisons among multiple groups, 1- way 
ANOVA (with the Tukey multiple comparisons test) was 
performed to determine the statistical differences. A 
log- rank (Mantel- Cox) test was performed to analyze 
the survival rate. Differences were considered statisti-
cally significant when P≤0.05.

RESULTS
SGK3 Is Upregulated After MI in the 
Neonatal Heart
pH3- positive cell staining confirmed that the cardiomy-
ocyte proliferation ability was significantly decreased 
in P7 and P28 hearts compared with the P1 heart, 
which was consistent with the lost regeneration ca-
pacity of mammalians at P7 (Figure S1). Quantitative 
proteomic analysis of protein and phosphorylation level 
in infarct margin myocardial tissue of P1 MI mice at 
6 days after infarction was performed in our previous 
study. Besides 11 activated kinases (false discovery 
rate≤0.05),6 several borderline enrichment kinases, 
which belong to Hippo/Yap pathway kinases (eg, large 
tumor suppressor kinase 1 and 2) and AKT signaling 
kinases (eg, AKT1 and AKT3) were defined at 6 days 
after infarction of P1 MI mice (0.05<false discovery 
rate<0.1) (Figure 1A and Table S3).

To explore the potential role of these marginally en-
riched kinases on cardiac regeneration, we screened 

Figure 3. SGK3 (serine/threonine- protein kinase 3) overexpression enhances neonatal cardiomyocyte proliferation in vivo.
A, Experimental pattern: myocardium targeting SGK3 overexpression of adeno- associated virus serotype 9 (AAV9:cTNT- SGK3) or 
control (AAV9:cTNT- CON) was intraperitoneally injected into P1 mice, and intraperitoneally injected EDU solution at P8, P10, and 
P12, and the hearts were then collected at P14 for relevant experiments. B through E, After 14 days treatment of AAV9:cTNT- SGK3 or 
AAV9:cTNT- CON in P1 mice, immunofluorescence staining was then performed at P14 to evaluate the cardiomyocyte proliferation for 
EDU+ (12 565 cardiomyocytes in the AAV9:cTNT- SGK3 group and 12 678 cardiomyocytes in the AAV9:cTNT- CON group, n=6 (B); pH3+ 
(10 067 cardiomyocytes in the AAV9:cTNT- SGK3 group and 5788 cardiomyocytes in the AAV9:cTNT- CON group, n=6 (C); Ki67+ (9908 
cardiomyocytes in the AAV9:cTNT- SGK3 group and 10 241 cardiomyocytes in the AAV9:cTNT- CON group, n=6 (D); and Aurora B+ 
(18 132 cardiomyocytes in the AAV9:cTNT- SGK3 group and 17 707 cardiomyocytes in the AAV9:cTNT- CON group, n=6 (E). F, Terminal 
deoxynucleotidyl transferase- mediated dUTP in situ nick end labeling (TUNEL) staining was used to evaluate the effect of AAV9:cTNT- 
SGK3 or AAV9:CTNT- CON on cardiomyocyte apoptosis in mice at P14 (5723 cardiomyocytes in the AAV9:cTNT- SGK3 group and 5457 
cardiomyocytes in the AAV9:cTNT- CON group, n=6). G, Heart weight/body weight (HW/BW) ratio and cardiac morphology between 
AAV9:cTNT- SGK3 (n=5) and AAV9:cTNT- CON mice (n=5) at P14. H, Survival rate was analyzed by between AAV9:cTNT- CON (n=10) and 
AAV9:cTNT- SGK3 (n=10). I, Wheat germ agglutinin (WGA) immunofluorescence was used to detect the cardiomyocyte size between 
AAV9:cTNT- SGK3 and AAV9:cTNT- CON mice at P14 (14 687 cardiomyocytes in the AAV9:cTNT- SGK3 group and 14 582 cardiomyocytes 
in the AAV9:cTNT- CON group, n=6). Data are presented as mean±SEM. ***P≤0.001. CON indicates control; cTNT, cardiac troponin T; 
EDU, 5- ethynyl- 2′- deoxyuridine; i.p., intraperitoneal; ki67+, ki67 positive; NS, no significance; P1, postpartum day 1; P14, postnatal day 
14; and pH3+, phospho- histone H3 positive.
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9 out of the 35 marginally enriched protein kinases that 
could mediate cell proliferation but were not reported 
in cardiovascular field, and detected their mRNA levels 
using quantitative real- time polymerase chain reaction 

analysis in neonatal (P1) and adult (P28) myocardial tis-
sue. Results indicated that mRNA expression of SGK3 
(one of the borderline enrichment kinases; P=0.0039, 
false discovery rate=0.0632), was significantly 
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downregulated in P28 myocardial tissues than that in 
P1 mice (Figure  1B). Total protein and phosphoryla-
tion levels of SGK3 were also decreased remarkably 
in the heart of P7 mice as compared with that in P1 
mice (Figure  1C). Additionally, the mRNA expression 
of SGK3 did not change significantly (Figure 1D), but 
the phosphorylated- SGK3/SGK3 ratio was elevated 
significantly after MI in neonatal mice (P=0.0031; 
Figure  1E). Nuclear cytoplasmic separation experi-
ments and Western blot analysis revealed that SGK3 
mainly existed in the cytoplasm (Figure  1F). Finally, 
conservative analysis showed high homology of SGK3 
gene between human and mouse (Figure S2).

SGK3 Mediates Primary Neonatal 
Cardiomyocyte Proliferation In Vitro
Given that the time of SGK3 protein expression de-
crease is coincident with the time of the decreased 
regenerative capacity in neonatal mice, we tested if 
SGK3 could mediate the cardiomyocyte proliferation. 
We first transfected cardiomyocytes with different ti-
ters (multiplicity of infection=10, 25, 50, and 100) of 
cardiomyocyte- specific SGK3 overexpression as-
sociated adenovirus vector 5 (Ad5:cTNT- SGK3) or 
SGK3 knockdown- associated adenovirus vector 5 
(Ad5:cTNT- SGK3i) for 48  hours, and selected multi-
plicity of infection=50 as the most appropriate trans-
fection titer according to the fluorescence intensity 
(Figure  S3A and S3B). Western blot analysis results 
revealed that the SGK3 protein levels in P1 neonatal 
cardiomyocytes was markedly elevated at 48  hours 
after Ad5:cTNT- SGK3 transfection (P=0.0103; 
Figure  2A). Immunofluorescence staining indicated 
that SGK3 overexpression promoted cardiomyocyte 
proliferation, as characterized by the increase of DNA 
synthesis (EDU+: control [CON]: 2.595±0.104%, SGK3: 
7.66±0.38%; P<0.0001), cell cycle activity (Ki67+: CON: 
2.01±0.07381%, SGK3: 5.832±0.2178%; P<0.0001), 
and mitotic (pH3+: CON: 0.6392±0.05629%, SGK3: 
1.869±0.1304%; P<0.0001) of primary neonatal car-
diomyocytes (Figure  2B through 2D). We also used 
Aurora B, which is commonly considered to be a 

cytokinesis marker. The results are consistent with 
the interpretation that overexpression of SGK3 sig-
nificantly promoted the cytokinesis of cardiomyo-
cytes (Aurora B+: CON: 0.3139±0.03186%, SGK3: 
0.7722±0.08794%; P=0.0006) (Figure 2E), but we did 
not present direct evidence of cell division in our work; 
this point should be kept in mind when interpreting 
our findings. Next, to explore whether SGK3 inhibition 
could reduce neonatal cardiomyocyte proliferation, 
cardiomyocyte- specific SGK3 knockdown adeno-
virus vector (Ad5:cTNT- SGK3i, multiplicity of infec-
tion=50) or knockdown control adenovirus serotype 
5 (Ad5:cTNT- CONi, multiplicity of infection=50) was 
transfected into primary neonatal cardiomyocytes for 
48 hours. Protein expression of SGK3 was significantly 
decreased in Ad5:cTNT- SGK3i transfected cardio-
myocytes compare with that in Ad5:cTNT- CONi car-
diomyocytes (P=0.0018; Figure 2F). As expected, the 
ratio of cell proliferation (EDU+: CON: 2.869±0.2059%, 
SGK3: 1.142±0.1124%; P<0.0001; Ki67+: CON: 
2.37±0.08264%, SGK3: 0.9532±0.08455%; 
P<0.0001; and pH3+: CON: 0.7745±0.04332%, 
SGK3: 0.4237±0.01922%; P<0.0001) was signifi-
cantly reduced in Ad5:cTNT- SGK3i–  transfected pri-
mary neonatal cardiomyocytes (Figure 2G through 2I). 
Consistent with the above results, cell flow cytometry 
results showed that SGK3 overexpression signifi-
cantly increased, whereas SGK3 inhibition remark-
ably inhibited the proportion of cardiomyocytes in 
DNA synthesis and mitotic state (Figure 2J and 2K). 
Moreover, the level of cardiac fibroblast proliferation 
(Ki67+) was not affected by Ad5:cTNT- SGK3 (P=0.476) 
and Ad5:cTNT- SGK3i (P=0.479) (Figure S3C and S3D). 
Finally, to verify the effect of SGK3 on cardiomyocyte 
apoptosis after I/R injury, we established an in vitro 
model of oxygen glucose deprivation/reoxygenation 
using an AnaeroPACK Rectangular Jar. After 24 hours 
of Ad5:cTNT- SGK3 transfection, cardiomyocytes 
were incubated in glucose and serum- free media for 
8 hours in the AnaeroPACK Rectangular Jar at 37 ℃, 
and then reoxygenated in DMEM medium containing 
glucose for 12  hours. TUNEL immunofluorescence 
assay (CON: 5.587±0.3628%, SGK3: 2.097±0.2237%; 

Figure 4. SGK3 (serine/threonine- protein kinase 3) inhibition impairs neonatal cardiac regeneration after apical resection.
A, Experimental pattern: adenovirus serotype 5 SGK3i (Ad5:cTNT- SGK3i) or control (Ad5:cTNT- CONi) was injected into border 
myocardium after apical resection (AR) in P1 mice using microinjector. EDU solution was then intraperitoneally injected at 4 days post 
resection (dpr). Finally, the cardiomyocyte proliferation was detected at 6 dpr, and cardiac function was evaluated at 22 dpr. B and 
C, Cardiac function of ejection fraction and fractional shortening between Ad5:cTNT- SGK3i or Ad5:cTNT- CONi treated mice at 1 and 
22 days after AR (Ad5:cTNT- SGK3i group, n=13; Ad5:cTNT- CONi, n=13). D through F, Immunofluorescence staining was used to evaluate 
the cardiomyocyte proliferation between Ad5:cTNT- SGK3i–  or Ad5:cTNT- CONi– treated mice at P6 for EDU+ (11 873 cardiomyocytes 
in the Ad5:cTNT- SGK3i group and 11 755 cardiomyocytes in the Ad5:cTNT- CON group, n=6 (B); pH3+ (15 210 cardiomyocytes in the 
Ad5:cTNT- SGK3i group and 15 084 cardiomyocytes in the Ad5:cTNT- CON group, n=6( C); and Ki67+ (12 290 cardiomyocytes in the 
Ad5:cTNT- SGK3i group and 13 119 cardiomyocytes in the Ad5:cTNT- CON group, n=6 (D). G, Masson staining of mouse ventricular cross- 
sections between Ad5:cTNT- SGK3i–  or Ad5:cTNT- CONi– treated mice at 22 days after AR (n=7 in each group). Data are presented as 
mean±SEM. *P≤0.05; **P≤0.01; ***P≤0.001. CON indicates control; CONi, knockdown control; cTNT, cardiac troponin T; EDU, 5- ethynyl- 
2′- deoxyuridine; ki67+, ki67 positive; NS, no significance; P1, postpartum day 1; and pH3+, phospho- histone H3 positive.



J Am Heart Assoc. 2021;10:e022802. DOI: 10.1161/JAHA.121.022802 10

Li et al SGK3 Exerts Cardiac Protection After Injury

P<0.0001) showed that SGK3 did not affect the ap-
optosis rate of neonatal cardiomyocytes under physi-
ological conditions, but could significantly reduce the 
apoptosis rate of cardiomyocytes induced by oxygen 
glucose deprivation/reoxygenation (Figure 2L).

SGK3 Overexpression Enhances 
Cardiomyocyte Proliferation in Neonatal Mice

To identify the effects of SGK3 on the prolifera-
tion, apoptosis, heart weight/body weight ratio, and 



J Am Heart Assoc. 2021;10:e022802. DOI: 10.1161/JAHA.121.022802 11

Li et al SGK3 Exerts Cardiac Protection After Injury

cardiomyocyte size in neonatal mice without heart injury, 
adeno- associated virus serotype 9 (AAV9):cTNT- SGK3 
(1.1×1012  vg/mL, total stock solution volume=8  μL/
mouse) or AAV9:cTNT- CON (1.1×1012  vg/mL, total 
stock solution volume=8  μL/mouse) were intraperito-
neally injected into P1 mice, and EDU solution (5 μg/
μL, total volume=70 μL) was then injected at different 
time points (details shown in Figure 3A). The transfec-
tion efficiency of AAV9:cTNT- SGK3 was confirmed by 
an elevated expression of SGK3 in ventricular myo-
cardium of neonatal mice by Western blot analysis 
(Figure  S4). Immunofluorescence staining results indi-
cated that overexpression of SGK3 promoted the ratio 
of cell proliferation, as represented by the increase of 
EDU+ (CON: 2.059±0.1782%, SGK3: 7.661±0.3192%; 
P<0.0001), pH3+ (CON: 0.8998±0.06587%, SGK3: 
2.176±0.08008%; P<0.0001), Ki67+ (CON: 2.076 
±0.1674%, SGK3: 4.175±0.1074%; P<0.0001), and Aurora 
B+ (CON: 0.2209±0.02458%, SGK3: 0.5191±0.02982%; 
P<0.0001) cardiomyocytes from ventricular tis-
sue of postnatal day 14 mice (Figure 3B through 3E). 
Nevertheless, SGK3 overexpression did not affect the 
cardiomyocyte apoptosis (CON: 0.3495±0.03661%, 
SGK3: 0.2964±0.03%; P=0.2879), heart weight/
body weight ratio (CON: 0.4801±0.02239%, SGK3: 
0.4953±0.0238%; P=0.6532), survival rate and cardio-
myocyte size (CON: 422±7.232, SGK3: 419.5±9.968; 
P=0.8439) of postnatal day 14 mice under physiological 
conditions (Figure 3F through 3I).

Inhibition of SGK3 Prevents Neonatal 
Cardiac Regeneration Following Apical 
Resection
In view of the robust regeneration ability of neonatal 
heart after cardiac injury, we explored whether SGK3 
inhibition in resection border myocardium of neonatal 
mice could impair cardiomyocyte regeneration and 
cardiac repair capacity after apical resection (AR). 
Ad5:cTNT- SGK3i (2×1010  plaque forming unit/mL, 
total stock solution volume=0.5  μL/mouse, diluted 
to 6 μL with PBS) or Ad5:cTNT- CONi (1×1011  plaque 
forming unit/mL, total stock solution volume=0.1 μL/
mouse, diluted to 6 μL with PBS) were injected into 

3 different locations around the apex (2 μL for each 
point) after AR in P1 mice using a microinjector. EDU 
solution (5  μg/μL, total volume=70  μL/mouse) was 
then intraperitoneally injected at 4  days after resec-
tion (details shown in Figure  4A). Echocardiography 
results indicated that ejection fraction (CON: 58±1.8%, 
SGK3i: 65.8±1.2%; P=0.0013) and fractional shorten-
ing (CON: 30.2±1.1%, SGK3i: 35.7±0.9%; P=0.001) 
were significantly decreased at 22  days after resec-
tion in the SGK3 inhibition group than in the control 
group (Figure 4B and 4C). Hearts were also harvested 
at 6 days after resection and SGK3 protein expression, 
and proliferation markers were detected. Western blot 
analysis results showed that SGK3 expression was 
significantly decreased in the Ad5:cTNT- SGK3i group 
than that in the Ad5:cTNT- CONi group (Figure S5). A 
significant decrease of EDU+ (CON: 5.398±0.1086%, 
SGK3: 2.863±0.04757%; P<0.0001), pH3+ (CON: 
1.191±0.02913%, SGK3: 0.486±0.02662%; P<0.0001), 
and Ki67+ (CON: 4.7±0.1294%, SGK3: 1.914±0.1028%; 
P<0.0001) cardiomyocytes was also observed in resec-
tion border myocardium of Ad5:cTNT- SGK3i– treated 
mice compared with Ad5:cTNT- CONi– treated mice 
(Figure 4D through 4F). Finally, the Masson trichrome 
staining of heart cross- sections at 22 days after resec-
tion showed that the cardiac fibrosis rate after AR was 
significantly higher in Ad5:cTNT- SGK3i–  treated mice 
(4.2±0.8%) than that in Ad5:cTNT- CONi– treated mice 
(1.0±0.2%, P=0.0028) (Figure  4G). These data show 
SGK3 silencing could abolish the heart regeneration 
and cardiac function recovery after AR injury in neo-
natal mice.

Overexpressing SGK3 Improves 
Myocardium Repair and Cardiac Function 
Recovery After I/R Injury in Adult Mice
To explore the acute effect of SGK3 on heart repair 
and cardiac function recovering in acute stage of 
I/R injury, adenovirus vector 5, which is effective 12 
to 24  hours after injection and maximal efficacy ob-
served at 48 to 96 hours after injection, was used. The 
Ad5:cTNT- SGK3 (2×1010 plaque forming unit/mL, total 
stock solution volume=5  μL/mouse, diluted to 9  μL 

Figure 5. SGK3 (serine/threonine- protein kinase 3) overexpression improved cardiac repair in acute stage after ischemia/
reperfusion (I/R) injury.
A, Experimental pattern: myocardium targeting SGK3 overexpression of Ad5:cTNT- SGK3 or Ad5:cTNT- CON was injected into 
infarct border myocardium after ischemia. After 45  minutes of ischemia, the ligation line was released for reperfusion, and then 
echocardiography or TTC staining were performed, respectively, at 1 and 48  hours after operation. B and C, Cardiac function of 
ejection fraction and fractional shortening between Ad5:cTNT- SGK3– (n=8) or Ad5:cTNT- CON– treated mice at 1 and 48 hours after I/R 
injury (n=8). D, TTC staining of mouse ventricular cross- sections between Ad5:cTNT- SGK3 (n=6) or Ad5:cTNT- CON mice at 48 hours 
after I/R injury (n=7). E, Terminal deoxynucleotidyl transferase- mediated dUTP in situ nick end labeling (TUNEL) immunofluorescence 
staining was then performed to evaluate the cardiomyocyte apoptosis (2577 cardiomyocytes in infarction border zone Ad5:cTNT- 
CON group, 2222 cardiomyocytes in the infarction border zone of AAV9:cTNT- SGK3 group, n=6). Data are presented as mean±SEM. 
*P≤0.05; ***P≤0.001. AAR indicates area at risk; Ad5:cTNT- CON, control adenovirus serotype 5; Ad5:cTNT- SGK3, cardiomyocyte- 
specific SGK3 overexpression adenovirus serotype 5; CON, control; dpi, days post infarction; NS, no significance; P56, postpartum 
day 56; and TTC, 2,3,5- Triphenyltetrazolium chloride.
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with PBS) or control adenovirus serotype 5 (Ad5:cTNT- 
CON: 1×1011  plaque forming unit/mL, total stock so-
lution volume=1 μL/mouse, diluted to 9 μL with PBS) 

were injected into 3 different locations around the apex 
(3 μL for each point) after I/R injury in P56 mice (details 
shown in Figure 5A). After 45 minutes of left anterior 
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descending coronary artery ligation, the suture was 
untied to allow reperfusion. Echocardiography was 
performed at 60 minutes and 48 hours after reperfu-
sion, and ejection fraction (EF) (2 days after infarction 
EF: CON: 40.1±3.0%, SGK3: 51.6±3.4%; P=0.022) and 
fractional shortening (FS) (2  days after infarction FS: 
CON: 19.7±1.7%, SGK3: 26.6±2.1%; P=0.023) values 
were significantly higher after SGK3 overexpression 
(Figure 5B and 5C). After 2 days of I/R injury, the pro-
tein expression of SGK3 was significantly increased in 
infarct border myocardium, indicating the successful 
transfection of Ad5:cTNT- SGK3 in myocardial tissue 
(Figure  S6A). The 2,3,5- Triphenyltetrazolium chloride 
and TUNEL staining were then performed to evalu-
ate the effect of SGK3 in cardiac injury. Transfection 
of Ad5:cTNT- SGK3 robustly reduced the I/R injury– 
induced infarct size/area at risk (infarction area/area 
at risk) ratio (28.4±0.8%) compared with the control 
group (45.2±1.9%; P<0.0001) (Figure 5D). The number 
of apoptotic cardiomyocytes in infarct border myocar-
dial tissue assessed by TUNEL staining showed that 
the proportion of apoptotic positive cardiomyocytes 
in the Ad5:cTNT- SGK3 group (4.1±0.3%) was signifi-
cantly lower than that in the control group (7.1±0.4%; 
P=0.0001) (Figure 5E).

Next, AAV9 vectors, which take effect 5 to 7 days 
after injection, were used to investigate the chronic 
effect of SGK3 overexpression after I/R injury. The 
AAV9:cTNT- SGK3 (1.1×1012  vg/mL, total stock solu-
tion=1  μL/mouse, diluted to 9  μL with PBS) or 
AAV9:cTNT- CON (1.1×1012  vg/mL, total stock solu-
tion=1 μL/mouse, diluted to 9 μL with PBS) were in-
jected into 3 locations (3 μL for each point) of infarct 
border myocardium after ischemia operation. The 
relevant experiments were then performed (details 
shown in Figure 6A). As expected, Ki67+ cardiomyo-
cytes (CON: 0.4749±0.1287%, SGK3: 1.1197±0.1%; 
P=0.0167) were significantly increased in infarct border 
zone in AAV9:cTNT- SGK3– treated adult mice, as com-
pared with AAV9:cTNT- CON– treated mice (Figure 6B). 

Moreover, the cardiac function index of EF (52.5±1.3%) 
and FS (27.1±0.8) at 28 days after I/R injury was mark-
edly higher in AAV9:cTNT- SGK3– transfected mice 
than in AAV9:cTNT- CON– treated mice (EF: 40.4±3.7%, 
P=0.009; FS: 20.0±2.0%, P=0.0068) (Figure  6C and 
6D). Western blot results at 14  days after I/R injury 
confirmed the successful transfection of AAV9:cTNT- 
SGK3 in myocardial tissue (Figure  S6B). Scar size 
(22.3±2.5%, P=0.0045) at 28  days after I/R injury 
was significantly smaller in AAV9:cTNT- SGK3– treated 
adult mice than that in AAV9:cTNT- CON– treated mice 
(36.3±3.1%) (Figure  6E and 6F). Similarly, the fibro-
sis markers reflected by mRNA expression of colla-
gense- 1 (CON: 1.767±0.1138%, SGK3: 1.235±0.1118%; 
P=0.0075), collagense- 3 (CON: 3.015±0.3256%, 
SGK3: 1.663±0.2243%; P=0.0066), and ACTA2 (actin 
alpha 2) (CON: 2.98±0.2893%, SGK3: 1.12±0.06426%; 
P<0.0001) was significantly lower in the AAV9:cTNT- 
SGK3 group than that in the AAV9:cTNT- CON group 
(Figure  6G through 6I). The overall survival rate up 
to 28  days after I/R injury was similar between the 
AAV9:cTNT- SGK3 and AAV9:cTNT- CON groups 
(Figure 6J).

SGK3 Enhances Cardiomyocyte 
Regeneration and Heart Function 
Recovery Through GSK- 3β/β- Catenin 
Pathway After Cardiac Injury
It is known that GSK- 3β, β- catenin, mTOR, and cyclin 
D1 are the key downstream target genes of SGK3.19– 21 
Western blot analysis results showed that overexpres-
sion of SGK3 activated phosphorylation of GSK- 3β at 
Ser9 and upregulated the expression of β- catenin, but 
did not affect the expression of phosphorylated- mTOR 
and mTOR (Figure  7A). 6- bromoindirubin- 3’- oxime 
(BIO: 2  μmol/L), an inhibitor of GSK- 3β, was then 
added into neonatal mouse cardiomyocytes treated 
with or without Ad5:cTNT- SGK3i in vitro to verify the 
role of GSK- 3β in SGK3- treated cardiomyocytes. EDU 

Figure 6. SGK3 (serine/threonine- protein kinase 3) overexpression ameliorates long- term improvement of cardiac function 
after ischemia/reperfusion I/R injury.
A, Experimental pattern: myocardium targeting SGK3 overexpression of AAV9:cTNT- SGK3 or AAV9:cTNT- CON was injected into 
infarct border myocardium after ischemia. After 45  minutes of ischemia, the ligation line was released for reperfusion, and then 
echocardiography or Masson staining were performed, respectively, at 1 and 28 days after I/R injury. B, Immunofluorescence staining 
was used to evaluate the cardiomyocyte proliferation between AAV9:cTNT- SGK3–  or AAV9:cTNT- CON– treated mice at 14 days after 
I/R injury for Ki67+ (4157 in the infarct border zone of AAV9:cTNT- SGK3 group, 3264 cardiomyocytes in the normal zone of AAV9:cTNT- 
SGK3 group, 3734 cardiomyocytes in the infarct border zone of AAV9:cTNT- CON group, 3657 cardiomyocytes in the normal zone of 
AAV9:cTNT- CON group). C and D, Cardiac function of ejection fraction and fractional shortening between AAV9:cTNT- SGK3–  (n=7) or 
AAV9:cTNT- CON– treated mice at 1 and 28 days after I/R injury (n=7). E and F, Masson staining of mouse ventricular cross- sections was 
performed to determine the scar size between AAV9:cTNT- SGK3 (n=7) and AAV9:cTNT- CON mice at 28- days after I/R (n=6). G through 
I, The fibrosis markers of Col- 1, Col- 2, and ACTA2 (actin alpha 2) in the infarction zone between the AAV9:cTNT- SGK3 and AAV9:cTNT- 
CON group were detected by quantitative real- time polymerase chain reaction RT- qPCR. J, The survival rate was quantified in adult 
mice at 28 days post infarction (dpi) between AAV9:cTNT- SGK3 (n=10) or AAV9:cTNT- CON groups (n=10). Data are presented as 
mean±SEM. **P≤0.01; ***P≤0.001. 18S indicates 18S ribosomal DNA; AAV9:cTNT- CON, control adeno- associated virus serotype 9; 
AAV9- cTNT- SGK3, cardiomyocyte- specific SGK3 overexpression- adeno- associated virus serotype 9; Col, collagense; CON, control; 
mRNA, messenger RNA; and NS, no significance.
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Figure 7. BIO, an inhibitor of GSK- 3β (glycogen synthase kinase- 3β), blocks the inhibitory effect of SGK3 (serine/
threonine- protein kinase 3) knockdown on cardiac regeneration after apical resection (AR) injury in neonatal mice.
A, SGK3, GSK- 3β, GSK- 3β Ser9, β- catenin, p- mTOR, and mTOR protein expression between Ad5:cTNT- CON–  and 
Ad5:cTNT- SGK3– transfected cardiomyocytes. B, Immunofluorescence staining of cardiomyocytes in vivo was then 
performed to detect the cardiomyocyte proliferation for Ki67+ (7717 cardiomyocytes in AR+Ad5:cTNT- CON group, 7771 
cardiomyocytes in AR+BIO group, 7456 cardiomyocytes in AR+Ad5:cTNT- SGK3i group and 6915 cardiomyocytes in 
AR+Ad5:cTNT- SGK3i+BIO group). C, Cardiac function of ejection fraction and fractional shortening was evaluated 
in each group mice (AR+Ad5:cTNT- CON group, n=9; AR+BIO group, n=9; AR+Ad5:cTNT- SGK3i group, n=9; 
AR+Ad5:cTNT- SGK3i+BIO group, n=9). D and E, Masson staining of mouse ventricular cross- sections was performed 
to determine the scar size in each group mice (AR+Ad5:cTNT- CON group, n=8; AR+BIO group, n=9; AR+Ad5:cTNT- 
SGK3i group, n=7; AR+Ad5:cTNT- SGK3i+BIO group, n=9). Data are presented as mean±SEM. *P≤0.05; **P≤0.01; 
***P≤0.001. Ad5:cTNT- CON indicates control adenovirus serotype 5; Ad5:cTNT- SGK3, cardiomyocyte- specific SGK3 
overexpression adenovirus serotype 5; Ad5:cTNT- SGK3i, cardiomyocyte- specific SGK3 knockdown adenovirus 
serotype 5; BIO, 6- bromoindirubin- 3’- oxime; CON, control; CONi, knockdown control; dpr, days post resection; GSK- 
3β Ser9, phosphorylated glycogen synthase kinase- 3 beta at Ser9; ki67+, ki67 positivite; mTOR, mechanistic target of 
rapamycin kinase; NS, no significance; and p- mTOR, phosphorylated- mechanistic target of rapamycin kinase.
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staining results showed that GSK- 3β inhibition partially 
blunted the inhibitory role of Ad5:cTNT- SGK3i on car-
diomyocyte proliferation (SGK3i: 0.8827±0.07907%, 
SGK3i+BIO: 1.88±0.1113%; P<0.0001) (Figure  S7A). 
To further verify whether the GSK- 3β pathway medi-
ates the effect of Ad5:cTNT- SGK3i on cardiomyocyte 
proliferation and cardiac function recovery after AR in 
vivo, P1 mice were used to construct the AR+SGK3i 
model in the absence or presence BIO (5 mg/kg, total 
volume=9 µL/mouse, intraperitoneally injected once a 
day for 6 days), the hearts were then collected at 6 days 
after AR. The number of immunofluorescence- stained 
Ki67+ cardiomyocytes (SGK3i: 1.768±0.09055%, 
SGK3i+BIO: 2.992±0.06385%; P<0.0001), which were 
decreased by SGK3 inhibition on the resection border 
zone, was increased after cotreatment with GSK- 3β 
inhibitor (Figure  7B). In addition, at the 22  day after 
AR, EF (49.7±1.9%) in cardiomyocyte- specific SGK3 
knockdown adenovirus treatment mice were markedly 
increased by cotreatment with BIO (EF: 58.3±1.2%; 
P=0.022) (Figure  7C). Finally, Masson staining re-
sults showed that BIO partially reduced fibrous scar 
in the excised myocardial tissue in Ad:cTNT- SGK3i 
neonatal mice at postnatal day 22 mice heart (SGK3i: 
4.03±0.76%, SGK3i+BIO: 2.05±0.47%; P=0.0041) 
(Figure 7D and 7E).

To further explore the mechanism of SGK3 in regu-
lating cardiomyocyte proliferation, the cardiomyocytes 
were transfected with Ad5:cTNT- SGK3 or Ad5:cTNT- 
CON for 48 hours, and mRNA expressions of cell cycle 
regulatory genes were determined. Quantitative real- 
time polymerase chain reaction analysis revealed that 
SGK3 overexpression in cardiomyocytes significantly 
upregulated the cell cycle promoting genes of cyclin 
D1, c- myc, and cdc20 (cell division cycle 20) while 
downregulating the cell cycle inhibiting genes of car-
diomyocytes from P21 (cyclin kinase inhibitor P21) and 
P27 (cyclin kinase inhibitor P27) mice as compared 
with Ad- CON cardiomyocytes (Figure 8A). Cycline D1 
and c- myc are important downstream target genes 
of β- catenin, and we have shown that SGK3 can up-
regulate the expression of β- catenin. SGK3 alone or 
with β- catenin short hairpin RNA were transfected 
in cardiomyocytes for 48 hours, and the transfection 
efficiency was evidenced by Western blot analysis 
(Figure  S7B). Immunofluorescence staining showed 
that the proportion of cardiomyocytes reentering the 
cell cycle (Ki67+) promoted by Ad5:cTNT- SGK3 was 
obviously blocked by β- catenin short hairpin RNA 
(P<0.0001) (Figure S7C). In vivo, specific AAV9:cTNT- 
SGK3 or/and AAV9:cTNT- β- catenin RNA interference 
intramyocardial injection was made by a microinjector 
in P56 adult mice underwent I/R injury. At 14 days after 
reperfusion, Western blot analysis verified the transfec-
tion efficiency of AAV9:cTNT- SGK3 and AAV9:cTNT- β- 
catenin RNAi (Figure 8B). At 28 days after reperfusion, 

I/R injury– impaired cardiac function (EF: 43.3±2.8%, 
FS: 21.5±1.5%) in Ad:cTNT- CON group mice was sig-
nificantly improved after SGK3 overexpression (EF: 
52.5±2.2%, FS: 27.1±1.3%), while β- catenin knock-
down resulted in further reduced EF and FS values (EF: 
27.6±3.1%, FS: 13.3±1.6%). In addition, EF and FS val-
ues in SGK3 overexpression combined with β- catenin 
knockout group mice were lower (EF: 42.6±3.9%, 
P=0.0112; FS: 21.6±2.3%, P=0.014) than in the SGK3 
overexpression group (Figure  8C). Meanwhile, SGK3 
overexpression- induced reduction in scar size after I/R 
injury (20.0±2.3%) was blocked in AAV9:cTNT- SGK3 
and AAV9:cTNT- β- catenin RNA interference cotrans-
fected hearts (26.0±1.3%, P=0.0001) (Figure  8D and 
8E). Overall, in view of the significant downregulation of 
SGK3 expression after P7, we speculate that endoge-
nous SGK3 in cardiomyocytes could hardly affect car-
diac repair after ischemic injury in adult hearts. Here, 
we show that exogenous overexpression of SGK3, 
especially in cardiomyocytes, could promote myocar-
dial regeneration and inhibit apoptosis, and thus play 
a protective role in I/R- induced cardiac injury. The role 
and potential mechanism of SGK3 on neonatal car-
diomyocyte regeneration and the therapeutic effect 
on cardiac repair after I/R injury in adult mice are illus-
trated in Figure 8F.

DISCUSSION
In the present study, we elaborate that SGK3, which 
functions as the upstream of the GSK- 3β/β- catenin 
pathway and some kinds of cell cycle regulatory genes, 
is capable of promoting cardiomyocytes reentering cell 
cycle through in vitro and in vivo experiments. Along 
with cardiomyocyte proliferation, SGK3 overexpres-
sion robustly attenuated oxygen glucose deprivation/
reoxygenation– induced cardiomyocyte apoptosis in 
vitro and I/R injury– induced cardiomyocyte apoptosis 
in the infarct border zone in vivo, which is also of great 
significance for the improvement of and myocardial re-
pair and cardiac function after I/R injury. SGK3 overex-
pression brings beneficial effects in terms of reducing 
the ratio of infarction area/area at risk in the acute phase 
and the long- term fibrous scar size after I/R injury, in-
dicating a strong effect of alleviating postinfarction car-
diac remodeling with this strategy. Mechanistically, the 
beneficial effects are mediated through the GSK- 3β/β- 
catenin pathway. To the best our knowledge, this is the 
first report describing the effects of SGK3 and related 
mechanism after cardiac insult.

Based on gain-  and loss- of- function study in vitro, 
we indicated that SGK3 overexpression obviously 
increased, whereas SGK3 knockdown significantly 
inhibited the proportion of cardiomyocytes in DNA 
synthesis and mitotic state. In line with our results, 
Scortegagna et al also reported that inhibition of SGK3 
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can significantly reduce the expression of cyclin D1 
and the phosphorylation of P70S6K, resulting in the 
arrest of melanoma cell cycle in the Gap 1 phase.22 In 

contrast, overexpression of SGK3 could increase the 
phosphorylation level of GSK- 3β on Ser9, thus sup-
pressing β- catenin degradation and promoting cell 
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cycle gene CCND1 expression in hepatocellular car-
cinoma.19,23 These results suggest that SGK3 plays 
an important role in cell cycle regulation. Furthermore, 
it was also demonstrated that SGK3 overexpression 
could attenuate oxygen glucose deprivation/reoxygen-
ation and I/R- induced cardiomyocyte apoptosis in vitro 
and in vivo. The above results indicate that SGK3 can 
simultaneously exert a dual role in promoting prolifera-
tion and inhibiting apoptosis of cardiomyocytes.

Our results are consistent with previous findings, 
which showed that modulating functional genes could 
protect against heart injury through promoting prolifer-
ation and suppressing apoptosis of cardiomyocytes. 
For instance, Hauck et al and Magadum et al revealed 
that Pkm2 (pyruvate kinase muscle isozyme 2) played a 
crucial role in promoting myocardial proliferation, inhib-
iting oxidative stress and apoptosis after MI injury.24,25

In the neonatal heart, cardiomyocyte- specific 
SGK3 overexpression adenovirus was used to trans-
fect SGK3 to isolated cardiomyocytes, and the ex-
pression of reported downstream proteins of SGK3 
related to cardiomyocyte regeneration and cardiac 
repair was explored.19,23,26 We found that SGK3 signifi-
cantly promoted the phosphorylation level of GSK- 3β 
on Ser9 and β- catenin expression, but did not affect 
the expression of phosphorylated- mTOR and mTOR, 
suggesting that SGK3 played a role in cardiomyocyte 
proliferation through mTOR- independent pathways. 
We also demonstrated that SGK3 can regulate a se-
ries of cell cycle genes including β- catenin targets. 
In cardiomyocytes, GSK- 3β is activated by SGK3, 
which could lead to ubiquitination and degradation of 
β- catenin in the cytoplasm, and promote the accu-
mulation of β- catenin in the nucleus. Subsequently, 
as a transcription coactivator of T- cell factor/lymphoid 
enhancer factor transcription factors, β- catenin could 
translocate to the nucleus and initiate the transcription 

events of target genes.27,28 These mechanistic data 
collectively demonstrate that SGK3 might be a critical 
regulator of cardiomyocyte regeneration and cardiac 
repair through regulating GSK- 3β/β- catenin and cell 
cycle regulator genes.

The GSK- 3β/β- catenin signaling pathway is gen-
erally considered as the downstream common path-
way to drive the proliferation of cardiomyocytes. For 
instance, Hippo/Yap, insulin- like growth factor, per-
oxisome promoter activated receptor delta, and neu-
regulin/erb- b2 receptor tyrosine kinase 2 signaling 
pathways have all been reported to be involved in 
the enhancement of downstream β- catenin signal-
ing to stimulate the cardiomyocyte proliferation.11,29– 31 
However, Quaife- Ryan et al recently showed that when 
the β- catenin signal was directly activated, it could just 
promote cell proliferation in immature cardiomyocytes, 
while the activation of the β- catenin signaling pathway 
can induce cardiomyocyte hypertrophy instead of car-
diomyocyte proliferation in mature cardiomyocytes.32 
The possible reason for this phenomenon might be 
that the transcriptional responses of immature and 
mature cardiomyocytes to active β- catenin signal dif-
fer significantly. β- catenin signal could drive the tran-
scriptional regulatory network of cell cycle– related 
target genes in immature cardiomyocytes,whereas in 
mature cardiomyocytes, it is converted to the regu-
lation of the transcriptional program of inflammation, 
apoptosis, and metabolism- related target genes.32– 34 
Although the activation of β- catenin cannot induce 
mature cardiomyocyte proliferation, it can give rise to 
cardioprotection response and decrease in scar size 
after MI in the adult heart.32 In our study, we observed 
that the cardiomyocyte- specific overexpression of 
SGK3 kinase activated downstream β- catenin signal in 
neonatal and adult cardiomyocytes. The protective ef-
fect of SGK3 on the cardiac function recovery and the 

Figure 8. The cardiac function improvement of SGK3 (serine/threonine- protein kinase 3) on ischemia/reperfusion (I/R)- 
induced cardiac injury was partially reversed by β- catenin knockdown.
A, Quantitative real- time polymerase chain reaction analysis was performed to detect the messenger RNA (mRNA) expression of 
SGK3, cyclin D1, c- myc (cellular- myelocytomatosis viral oncogene), cdc20 (cell division cycle 20), P21 (cyclin kinase inhibitor P21), and 
P27 (cyclin kinase inhibitor P27). B, The AAV9:cTNT- SGK3 was transfected into myocardium with or without AAV9:cTNT- β- catenin RNAi 
after ischemia, and reperfusion was given after 45 minutes of ischemia. Western blot analysis was then performed to determine the 
expression of SGK3 and β- catenin after 14 days of I/R. C, Cardiac function of ejection fraction and fractional shortening was tested 
in each group of mice (I/R+AAV9:cTNT- CON group, n=8; I/R+AAV9:cTNT- β- catenin RNAi group, n=14; I/R+AAV9:cTNT- SGK3 group, 
n=9; I/R+AAV9:cTNT- SGK3+AAV9:cTNT- β- catenin RNAi group, n=12). D and E, Masson staining of mouse ventricular cross- sections 
was performed to determine the scar size in each group mice (I/R+AAV9:cTNT- CON group, n=7; I/R+AAV9:cTNT- β- catenin RNAi group, 
n=7; I/R+AAV9:cTNT- SGK3 group, n=8; I/R+AAV9:cTNT- SGK3i+AAV9:cTNT- β- catenin RNAi group, n=8). F, A model illustration of the 
role and mechanism of SGK3 in promoting cardiomyocyte regeneration and cardiac function recovery in neonatal and adult heart. 
Transient high expression of SGK3 in the neonatal heart maintains the regeneration ability within 7 days after birth. In the adult heart, 
the expression and activity of SGK3 is significantly downregulated. Exogenous administration of SGK3 significantly promotes the 
cardiomyocyte proliferation and cardiac repair after I/R injury. Data are presented as mean±SEM. *P≤0.05; **P≤0.01; ***P≤0.001. 18S 
indicates 18S ribosomal DNA; AAV, adeno- associated virus serotype; AAV9:cTNT- CON, control adeno- associated virus serotype 9; 
AAV9:cTNT- SGK3, cardiomyocyte- specific SGK3 overexpression adeno- associated virus serotype 9; CON, control; cyclin D1, G1/
S- specific cyclin- D1; dpi, days post infarction; GAPDH, glyceraldehyde- 3- phosphate dehydrogenase; GSK- 3β, glycogen synthase 
kinase- 3β; MI, myocardial infarction; NS, no significance; P21, postnatal day 21; P27, postnatal day 27; and RNAi, RNA interference.



J Am Heart Assoc. 2021;10:e022802. DOI: 10.1161/JAHA.121.022802 18

Li et al SGK3 Exerts Cardiac Protection After Injury

fibrous scar size reduction after I/R injury in adult mice 
was significantly reversed by cardiomyocyte- specific 
AAV9:cTNT- β- catenin RNA interference, indicating that 
the β- catenin pathway mediated the protective effect 
of SGK3 on adult I/R injury.

It is known that AKT and its downstream pathways, 
including the AKT/GSK- 3β pathway, play an important 
role in cardiac repair after MI injury.35,36 After cardiac 
injury, inhibition of GSK- 3β activity downstream of 
AKT improved cardiac function and promoted myo-
cardial repair by enhancing cardiomyocyte prolifera-
tion and reducing apoptosis.37,38 In this study, SGK3 
overexpression promoted cardiomyocyte prolifera-
tion and ameliorated adult I/R injury, and increased 
phosphorylation level of GSK- 3β at ser9, which is 
linked to GSK- 3β activity inhibition. In line with these 
results, inhibition of GSK- 3β activity significantly 
blocked the inhibitory effect of SGK3 knockdown on 
cardiomyocyte proliferation and cardiac function re-
covery after AR in neonatal mice. Although SGK3 is 
highly homologous with AKT in structure, and mul-
tiple substrates of SGK3 are also regulated by AKT, 
including GSK- 3β/β- catenin signaling,23 some down-
stream AKT signaling is not mediated by AKT in some 
types of cells, but is dependent on other signaling, 
such as SGK3.39,40 Previously, Liu et al also reported 
the role of SGK3 in the progression of hepatocellular 
carcinoma via AKT independent pathways.23 In view 
of the complexity of the PI3K pathway, future studies 
are warranted to explore if other downstream signal-
ing of SGK3 pathways also mediated the effects of 
exogenous introduction of SGK3 and promoted car-
diomyocyte regeneration and cardiac repair in adult 
mice post MI, in addition to the defined GSK- 3β/β- 
catenin pathway.

Although our current results provide convincing ev-
idence to support the effects of SGK3 in cardiac re-
pair after I/R, several issues should be considered in 
interpretation of present results. One of the concerns 
is the specificity of SGK3 action. As a potential car-
cinogenic kinase, it is necessary to achieve transient- 
specific overexpression in myocardial tissue after MI, 
so as to improve cardiac repair and reduce adverse 
effects on other organ systems. Another limitation of 
this study is that no commercial isoform- specific SGK3 
inhibitors are available currently, which hindered further 
investigating on the molecular mechanism of SGK3 in 
promoting cardiomyocyte proliferation.

In conclusion, we explored the potential cardiopro-
tective effect of SGK3 kinase, and proved the cardiac 
protective role of SGK3 through GSK3β and β- catenin. 
The present findings extend our knowledge on the ki-
nase regulatory network of myocardial regeneration 
and indicate that targeting the SGK3 and GSK3β/β- 
catenin pathway might have therapeutic implication on 
cardiac repair after heart injury.
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Animal model construction and intervention 

Apical resection (AR) on neonatal (P1) mice (n=139, and 117 survived the operation.) 

was carried out as previously described.6 Briefly, P1 mice were anesthetized by cooling 

on an ice bed for 3 min. Lateral thoracotomy at the fourth intercostal space was 

performed by blunt dissection of the intercostal muscles following skin incision. 

Approximately one square millimeter of the apical myocardium was removed 

perpendicular to the long axis of the heart. After AR, the thoracic wall and skin incision 

was sutured with 6.0 non-absorbable silk sutures. All P1 mice were then placed under 

a heat lamp until recovery and returned to their mother. 

The injection of adenovirus (AR+ Ad5: cTNT-SGK3i, n=71; AR+ Ad5: cTNT-CONi, 

n=68) was performed right after the removal of apex myocardium, 62 survived mice in 

SGK3i group and 55 survived mice in CONi group were investigated in subsequent 

experiments. The stock solution of adenovirus was diluted with 10% trypan blue 

solution in PBS (The total amount of virus injected was 1.5*107PFU). A microsyringe 

with a 36G needle was used for adenovirus injection around the apex of the P1 heart. 

Needle was inserted into the left ventricle from apex, and injection was made on three 

locations around the apex (front, middle and back: 2µl for each point) respectively from 

the endocardium. 



The EDU solution was diluted by PBS to a concentration of 5 μg/ul and was injected 

intraperitoneally at 350 μg at the 4th day post AR (4 dpr). Cardiac function was assessed 

by echocardiography at 1dpr and 22 dpr (n=10 mice each group). The infarct area was 

assessed by Masson staining 

Myocardial ischemia-reperfusion injury (I/R) was performed in P56 mice (n=159, 

and 125 survived the operation) as previously described.41 Briefly, P56 mice were 

intraperitoneally anesthetized with 1.2% Avertin (Sigma-Aldrich, St. Louis, USA) and 

artificially ventilated following tracheal intubation. Lateral thoracotomy at the fourth 

intercostal space was performed by blunt dissection of the intercostal muscles following 

skin incision. The PE10 catheter was placed on the surface of the heart parallel to the 

LAD. The LAD and the catheter were then ligated with 7.0 non-absorbable silk sutures 

for 45 min. The coronary artery occlusion was confirmed by ST-segment elevation in 

electrocardiography and myocardial color change. After that, the reperfusion was 

achieved by the withdrawal of the catheter. Following the reperfusion, the thoracic wall 

and skin incision was sutured with 3.0 non-absorbable silk sutures. All I/R mice were 

then placed on the heat stage until recovery. 

The injection of adeno-associated virus injection (I/R+AAV9: cTNT-SGK3, n=76, 

I/R+AAV9:cTNT-CON, n=83) was performed in P56 mice following the ligation of 

LAD and 125 mice survived. A microsyringe with a 36G needle was used for 

adenovirus injection around the apex of the P56 heart (The total amount of virus 

injected was 1.5*109v.g.). The needle was inserted into the left ventricle from apex, and 

injection was made on three locations around the apex (the front, middle and back: 3µl 



for each point) respectively from the endocardium. Cardiac function was assessed by 

echocardiography at 1dpi and 28dpi (n=10 mice each group). The infarct area was 

assessed by Masson staining. 

The adeno-associated virus (I/R+ Ad5:cTNT-SGK3, n=25, I/R+Ad5:cTNT-CON, 

n=27) was injected in P56 mice following the ligation of LAD, of which 41 mice 

survived. The injection procedure is same as I/R+AAV9 groups listed above (The total 

amount of Ad5 injected was 7.5*107PFU). Cardiac function was assessed by 

echocardiography at 1 hour and 2 days post I/R operation. TTC and TUNEL staining 

were performed 2 days post operation. 

Quantification of infarct size 

Mice were re-anesthetized and re-intubated 2 days after reperfusion. The LAD 

coronary artery was re-occluded by ligating the suture in the same position. Animals 

were executed and then 1 ml of 1% Evans Blue dye was infused i.v. to define the area 

at risk (AAR, representing the myocardium lacking blood flow, i.e. negative for blue 

dye staining). After OCT embedding, transversal sections (n=8, 1-2mm) were cut from 

the apex to the ventricle. Slices were incubated in triphenyltetrazolium chloride (1% 

TTC, Sigma) at 37℃ for 30 min to identify the infarcted myocardium. The sections 

were emerged in formaldehyde overnight. A camera was used to take pictures of four 

sections of heart tissue in sequence. Regions negative for Evans Blue staining (AAR) 

and TTC (infarcted myocardium) were then re-photographed and quantified with 

ImageJ software. % of AAR was determined as the percentage of the area of AAR to 

LV, and % of infarct size was determined as the percentage of the area of infarcted 
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myocardium to AAR averaged from the four sections. 

At 28 dpi post-reperfusion, mice were sacrificed under deep anesthesia (n=7), then 

hearts were harvested and fixed overnight in 4% paraformaldehyde, and then embedded 

in paraffin. Transverse serial sections (5 μm) were obtained from apex to ventricle at 

an interval of more than 150 μm, then dewaxed by gradient alcohol and rehydrated for 

Masson staining under standard procedures and infarct area (blue regions) versus the 

total left ventricular area was quantified using Image J software.  

Cardiomyocyte isolation, culture and intervention 

Neonatal mice CMs were isolated from 1-3-day-old ICR mice (50-150 mice each 

time) as previously described.42 Briefly, after 75% alcohol epidermis disinfection, 

neonatal mice ventricular myocardium were collected. The ventricular muscle was then 

shredded and washed out most of red blood cells. Heart tissues were digested with 20 

ml digestive solution containing 0.06 g/100ml trypsin (Sigma, USA) and 0.04 g/100ml 

collagenase II (Worthington, USA) for 6-7 minutes each time until the myocardia 

tissues were digested into single cells. After incubation with DMEM containing 10% 

FBS for 45 min, the adherent fibroblasts were removed. The collected suspension was 

then centrifuged with Percoll liquid (3000 rpm, 30 minutes, slowly rising and falling) 

to separate CMs from fibroblasts. After discarding the fibroblasts in the upper layer, the 

CMs in the middle layer were collected and cultured in incubator with 5% CO2 at 37 ℃. 

After 24 hours of culture, the cells without adherence were washed out, and the cells 

were incubated for another 24 hours and then transfected with plasmids or adenoviruses 

for different experiments. 



To explore the functional role of SGK3 on CMs, CMs were transfected with Ad5: 

cTNT-SGK3 or Ad5: cTNT-SGK3i for 48 h.  

Oxygen glucose deprivation/ reoxygenation (OGD/R) 

After being washed three times with phosphate buffered saline (PBS), primary 

neonatal CMs were incubated with glucose and serum free DMEM in AnaeroPACK 

Rectangular Jar (Mitsubishi gas chemical company, INC, Japan) with 95% N2 and 5% 

CO2 at 37℃. After 8 hours the medium was replaced with DMEM containing 10% FBS 

and 1% PS. CMs were then placed in an incubator with 5% CO2 balanced with air at 

37℃ for 12 hours.  

Recombinant adenovirus and plasmid 

Recombinant Adenovirus of SGK3 (Ad5:cTNT-SGK3) and Adenovirus of control 

(Ad5:cTNT-CON) were designed by CM specific cTNT promoter obtained from 

Genechem Company (Shanghai, China). Adenoviruses carrying scrambled shRNA for 

mouse SGK3 (Ad5: cTNT-SGK3i) and adenovirus of control (Ad5: cTNT-CONi) were 

also purchased from Genechem Company (Shanghai, China).  

The Adeno associated virus type 9 (AAV9) driven by CM specific cTNT promoter 

cTNT:3Flag-SGK3 (AAV9:cTNT-SGK3) and control Adeno associated virus type 9 

(AAV9:cTNT-CON) were purchased from company Hanbio Company (Hanbio, 

Shanghai, China). The Adeno associated virus type 9 (AAV9) carrying scrambled 

shRNA for mouse β-catenin (AAV9: cTNT-β-catenin RNAi) and Adeno associated 

virus type 9 (AAV9:cTNT-CONi) were also purchased from Genechem Company 

(Shanghai, China).   



Preparation of nuclear and cytoplasmic extracts 

The myocardial tissue was grinded and lysed with cytoplasmic lysate (including 0.1% 

phenylmethylsulfonyl fluoride, 0.1% protease inhibitor, 1% phosphatase inhibitor, 1% 

cocktail) and then placed on ice for 1 hour. After centrifugation (4 ℃, 14000rpm, 

20min), the supernatant is cytoplasmic protein. Then, the precipitate was washed three 

times with precooled PBS, and then added with nuclear cracking solution. After 

blowing and mixing, the precipitate was ultrasonic (energy 25%, 4 ℃, 3 seconds) for 

three times, and then the cracking solution was placed on ice for about 1 hour. The 

supernatant obtained after centrifugation is nucleoprotein. Cytoplasmic and nuclear 

fractionations were homogenized according to nuclear and cytoplasmic extraction 

reagent kit (Thermo Fisher, USA). 

Histological and immunohistochemical staining 

To determine the effects of SGK3 on the infarct size, we collected the hearts after MI 

with SGK3 specifically overexpression in myocardial tissue. The collected hearts were 

embedded in paraffin, and 5 μm thick cross section was prepared. Each heart was cut 

into 5 transversal sections (5µm) at 150-200µm interval from apex to base, and each 

section was stained by Masson staining according to the standard procedure. Finally, 

the infarct area and total left ventricular area were quantified by Image J software. 

Measurement of cardiac function by echocardiography 

AR and adenovirus injection (AR+Ad5: cTNT-SGK3i) or AR and adenovirus 

carrying vector injection (AR+Ad5:cTNT-CONi) was performed in P1 mice. 

Echocardiography was used to evaluate cardiac function at 1 and 22 dpr 



(AR+Ad5:cTNT-CONi group; AR+ Ad5: cTNT-SGK3i group). 

I/R and adeno-associated virus injection (I/R+Ad5: cTNT-SGK3) or I/R and adeno-

associated virus carrying vector injection (I/R+Ad5: cTNT-CON) were performed in 

P56 mice. Cardiac function was assessed by echocardiography at 1 hour and 2 dpi  

(I/R+ Ad5: CON group; I/R+ Ad5: cTNT-SGK3 group). 

I/R and adeno-associated virus injection (I/R+AAV9:cTNT-SGK3) or I/R and adeno-

associated virus carrying vector injection (I/R+AAV9:cTNT-CON) were performed in 

P56 mice. Cardiac function was assessed by echocardiography at 1 and 28 dpi (I/R+ 

AAV9: cTNT-CON group; I/R+ AAV9: cTNT-SGK3 group). 

 

 



Table S1. The sequences of RT-PCR primers. 

Primer(mouse) Sequence (5'to3') 

18S-F TAACGAACGAGACTCTGGCAT 

18S-R CGGACATCTAAGGGCATCACAG 

MAST3-F CTCTGTCCCAACTGCAGGTAA 

MAST3-R AGTGACCATCTTCTGCCGTC 

MASTL-F TCGGCAAGTGAGGAGAATGAA 

MASTL-R TTTGACAACCTTCACTGCGTACA 

NDR1-F CTCATCGGCTACCCACCATT 

NDR1-R ATCAGGCCCTTGGCTTTCTC 

NDR2-F GACACCGGCAGTTCCAGTTA 

NDR2-R TTCTCCAGTGTGAGCTTGGC 

RSKL1-F TGCTTAGTGCTGCGTGGAG 

RSKL1-R TGAAACAACCCGTGCGGTAA 

YANK2-F GAGAGAAACTCAGGAGGCAGC 

YANK2-R CAGACAGTGTCATCTGGGCA 

STLK3-F TACGAGCTCCAGGAGGTTATC 

STLK3-R ATGGCTTGAATTTCTTTCAGGAG 

MAST4-F TGCTGTGCACTCAGTAGGAG 

MAST4-R GTATTGGCGTTGGAGCTTGG 

SGK3-F TTCTCTTATGCACCTCCTTCA 

SGK3-R ATGGCAAACTGCTCACAAA 



STAT1-F TGCTCCCTCTCTGGAATG 

STAT1-R CTCCTTGCTGATAAGCC 

TLR3-F GGGATTGGTGAGTCTGAAGT 

TLR3-R AGTGAGCAAGGGAGAATGAG 

IRF7-F CCCATCTTCGACTTCAGCA 

IRF7-R TGCCCAAAACCCAGGTAG 

cyclin D1-F GCGTACCCTGACACCAATCTC 

cyclin D1-R ACTTGAAGTAAGATACGGAGGGC 

c-myc-F AGGCAGCTCTGGAGTGAGAG 

c-myc-R CCTGGCTCGCAGATTGTAAG 

cdc20-F TTCGTGTTCGAGAGCGATTTG 

cdc20-R ACCTTGGAACTAGATTTGCCAG 

P21-F CCTGGTGATGTCCGACCTG 

P21-R CCATGAGCGCATCGCAATC 

P27-F TCAAACGTGAGAGTGTCTAACG 

P27-R CCGGGCCGAAGAGATTTCTG 

Colla1-F CAGAGGCGAAGGCAACA 

Colla1-R GTCCAAGGGAGCCACATC 

Colla3-F AGAACCTGGCCGAGATG 

Colla3-R TGGACTTCCGGGCATAC 

ACTA2-F GCCCAGAGCAAGAGAGG 

ACTA2-R TGTCAGCAGTGTCGGATG 



Table S2. Statistic data source (see Excel file). 

 



Table S3. Fisher’s exact test for enrichment analysis of each predicted kinase in 

the KSN by iGPS. 

Kinase.ID  Kinase.Name  a(tar sig)  b(tol sig-tar sig)  c(tar all)  d(tol all-tar all)  ER        p       p.adj 

Q91YS8 CaMK1a 6 536 36 16189 5.0333 0.002164 0.0547 

Q9D7B0 MAP2K2 11 531 113 16112 2.9534 0.002287 0.0547 

Q1HKZ5 LZK 10 532 101 16124 3.0005 0.003185 0.0619 

B2RTJ7 HH498 10 532 101 16124 3.0005 0.003185 0.0619 

O55222 ILK 10 532 101 16124 3.0005 0.003185 0.0619 

Q9WVS7 MAP2K5 10 532 102 16123 2.9709 0.003399 0.0622 

Q8CE90 MAP2K7 10 532 103 16122 2.9418 0.003624 0.0626 

Q9ERE3 SGK3 9 533 87 16138 3.1318 0.003864 0.0632 

Q99MK8 BARK1 11 531 125 16100 2.6679 0.004665 0.0725 

Q91VJ4 NDR1 8 534 77 16148 3.1414 0.006158 0.0725 

Q3TBR3 PKN2 8 534 77 16148 3.1414 0.006158 0.0725 

Q7TSJ6 LATS2 6 536 47 16178 3.8528 0.00703 0.0725 

Q9JJX8 YANK2 8 534 81 16144 2.9855 0.008085 0.0725 

Q8QZV4 YANK3 8 534 81 16144 2.9855 0.008085 0.0725 

Q811L6 MAST4 8 534 81 16144 2.9855 0.008085 0.0725 

Q3U214 MAST3 8 534 81 16144 2.9855 0.008085 0.0725 

Q8BLK9 RSKL1 8 534 81 16144 2.9855 0.008085 0.0725 

A2AQY2 MASTL 8 534 81 16144 2.9855 0.008085 0.0725 

Q8BYR2 LATS1 8 534 81 16144 2.9855 0.008085 0.0725 



Q8R2S1 RSKL2 8 534 81 16144 2.9855 0.008085 0.0725 

Q5SYL1 SgK494 8 534 81 16144 2.9855 0.008085 0.0725 

Q80TN1 CaMK2a 14 528 192 16033 2.2140 0.008327 0.0725 

P70268 PKN1 6 536 49 16176 3.6945 0.008411 0.0725 

B1AST8 MAST2 6 536 49 16176 3.6945 0.008411 0.0725 

Q9ESL4 ZAK 7 535 65 16160 3.2525 0.008528 0.0725 

B1ASQ8 AMPKa2 8 534 82 16143 2.9490 0.00863 0.0725 

B2KFR4 NDR2 8 534 83 16142 2.9133 0.009202 0.0734 

Q9R1L5 MAST1 8 534 83 16142 2.9133 0.009202 0.0734 

Q923T9 CaMK2g 14 528 196 16029 2.1683 0.00946 0.0735 

Q9QYK9 CaMK1b 6 536 52 16173 3.4811 0.010832 0.0780 

Q8BGR3 CaMK4 6 536 52 16173 3.4811 0.010832 0.0780 

Q8BW96 CAMK1d 6 536 52 16173 3.4811 0.010832 0.0780 

Q6GSA6 AKT1 32 510 597 15628 1.6424 0.011034 0.0780 

Q9WUA6 AKT3 32 510 601 15624 1.6311 0.011503 0.0794 

Q5SVJ0 CaMK2b 6 536 53 16172 3.4152 0.011739 0.0794 

Note: a. The number of significantly up-regulated phosphorylation sites annotated with 

the kinase; b. The number of significantly up-regulated phosphorylation sites annotated 

without the kinase; c. The number of identified phosphorylation sites annotated with 

the kinase from this phosphoproteome study; d. The number of identified 

phosphorylation sites annotated without the kinase from this phosphoproteome study. 

ER: Enrichment ratio. P: P-value of Fisher’s exact test. FDR-q: Adjusted P-value of 

Fisher’s exact test. Benjamini-Hochberg (BH) method was used for multiple testing 

correction in adjusted P-value calculation. 



Figure S1. Decreased cardiac proliferation after birth in mice. 

 

 

pH3 positive cells representing CM proliferation were detected by 

immunofluorescence staining at P1 (5140 CMs in P1 group, n=3), P7 (8766 CMs in 

P7 group, n=3) and P28 (4660 CMs in P28 group, n=3).   

 

 

 

 

 

 

 

 

 

 

 

 



Figure S2. SGK3 homology analysis between human and mouse.   

 

SGK3 homology analysis between human and mouse genome was conducted using 

BLAST. 

 

 

 

 

 

 



Figure S3. Selection of SGK3 CM-specific adenovirus transfection concentration 

and its effect on proliferation of cardiac fibroblasts. 

 

A-B.  Different titers (MOI = 10, 25, 50 and 100) of CM-specific SGK3 

overexpression/knockdown associated adenovirus vector 5 (Ad5:cTNT-SGK3/ 

Ad5:cTNT-SGK3i) were used to transfect CMs for 48 hours. According to the 

fluorescence intensity, MOI = 50 was finally used as the appropriate transfection titer. 

C-D. Ki67+ immunofluorescence staining in primary neonatal cardiac fibroblasts (CFs) 

after SGK3 overexpression or SGK3 knockdown in CMs.  



Figure S4. The transfection efficiency of AAV9:cTNT-SGK3 in neonatal mice 

myocardial tissue. 

 

The AAV9:cTNT-SGK3 (1.1×1012 v.g/ml, total stock solution volume = 8 μl/mouse) or 

AAV9:cTNT-CON (1.1×1012 v.g/ml, total stock solution volume = 8 μl/mouse) 

intraperitoneally injected into P1 mice. After 14 days of intraperitoneal injection, 

western blot analysis was used to detect the expression of SGK3 between AAV9:cTNT-

SGK3 and AAV9:cTNT-CON group myocardial tissue.  

 

 

 

 

 

 

 

 

 

 



Figure S5. The transfection efficiency of Ad5:cTNT-SGK3 in neonatal mice post 

apical resection. 

 

The Ad5:cTNT-SGK3i (2×1010 PFU/ml, total stock solution volume= 0.5 μl/mouse, 

diluted to 6 μl with PBS) or Ad5:cTNT-CONi (1×1011 PFU/ml, total stock solution 

volume= 0.1 μl/mouse, diluted to 6 μl with PBS) into three different locations around 

the apex (2 μl for each point) after apical resection (AR) in P1 mice using microinjector. 

At the 6-day after AR, western blot analysis was used to determine the expression of 

SGK3 between Ad5:cTNT-SGK3i and Ad5:cTNT-CONi group myocardial tissue.  

 

 

 

 

 

 

 

 



Figure S6. The transfection efficiency of CM-specific SGK3 associated adenovirus 

and adeno-associated virus in adult myocardial tissue post ischemia reperfusion 

injury. 

 

A. The Ad5:cTNT-SGK3 (2×1010 PFU/ml, total stock solution volume= 5 μl/mouse, 

diluted to 9 μl with PBS) or Ad5:CON (1×1011 PFU/ml, total stock solution volume= 1 

μl/mouse, diluted to 9 μl with PBS) were injected into three different locations around 

the apex (3 μl for each point) post I/R injury in P56 mice. After 45 minutes of LAD 

ligation, the suture was untied to allow reperfusion. Western blot analysis was used to 

determine the expression of SGK3 between Ad5:cTNT-SGK3 and Ad5:cTNT-CON 

group myocardial tissue at 2-day post I/R. B. The AAV9:cTNT-SGK3 (1.1×1012 v.g/ml, 

total stock solution= 1 μl/mouse, diluted to 9 μl with PBS) or AAV9:CON (1.1×1012 

v.g/ml, total stock solution= 1 μl/mouse, diluted to 9 μl with PBS) into three locations 

(3 μl for each point) of infarct border myocardium after ischemia. Western blot analysis 

was used to determine the expression of SGK3 between AAV9:cTNT-SGK3 and 

AAV9:cTNT-CON group myocardial tissue at 14-day post I/R.  

 

 



Figure S7.  SGK3 regulates CM proliferation via GSK-3β/β-catenin pathway in 

vitro. 

 

A. BIO (2μM), an inhibitor of GSK-3β, treated CMs with or without Ad5:cTNT-SGK3 

for 48 hours. Immunofluorescence staining was then used to confirm the CM 

proliferation for EDU+ (5902 CMs in Ad5:CON group, 4907 CMs in BIO group, 5674 

CMs in Ad5:SGK3i group and 5647 CMs in Ad5:SGK3i+BIO group, n=6). B. The CMs 

were transfected with SGK3 alone or with β-catenin shRNA for 48 hours, the 

transfection efficiency was proved by western blot analysis. C. Immunofluorescence 

staining of CMs in vitro was used to confirm the CM proliferation for Ki67+ (3604 CMs 

in Ad5:CON group, 3701 CMs in β-catenin shRNA group, 3416 CMs in Ad5:cTNT-

SGK3 group and 3367 CMs in Ad5:cTNT-SGK3+β-catenin shRNA group, n=6). Data 

are presented as mean± SEM. ***P≤0.001; NS: no significance.  


