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Abstract 

Large tumor suppressor kinase 2 (Lats2) is a member of the Hippo pathway, a critical regulator of organ 
size. Since Lats2 activity may trigger mitochondrial dysfunction, a key pathogenic factor in acute 
myocardial infarction (AMI), this study sought to investigate whether Lats2 deletion confers 
cardioprotection in AMI. AMI was induced in cardiomyocyte-specific Lats2 knockout (Lats2Cko) and 
control (Lats2flox) mice. Twenty-eight days after AMI surgery, myocardial performance and mitochondrial 
homeostasis were impaired in Lats2flox mice. In contrast, Lats2Cko mice exhibited markedly preserved 
cardiac structure and contraction/relaxation activity, decreased fibrosis, reduced circulating cardiac 
injury biomarker levels, and enhanced cardiomyocyte viability. Consistent with these findings, 
siRNA-mediated Lats2 silencing sustained mitochondrial respiration and inhibited apoptosis in 
hypoxia-treated HL-1 cardiomyocytes. Notably, Lats2 deficiency inhibited AMI/hypoxia-related 
mitochondrial fission and inactivated STING/p65 signaling by preventing hypoxia-induced release of 
mtDNA into the cytosol. Accordingly, pharmacological reactivation of STING signaling abolished the 
cardioprotective effects of Lats2 ablation. Those data suggest that AMI-induced Lats2 upregulation is 
associated with impaired cardiomyocyte viability and function resulting from enhanced mitochondrial 
fission, mtDNA release, and STING/p65 pathway activation. 
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Introduction 
AMI is characterized by sudden blockade of 

blood supply to heart muscle after coronary throm-
bosis or spasm, resulting in massive cardiomyocyte 
death due to acute hypoxia [1]. The pathogenesis of 
AMI is most usually linked to atherosclerosis, which 
involves plaque formation in the heart arteries that 
deliver blood to the cardiac myocyte. However, 
despite considerable research progress, the molecular 
mechanisms underlying AMI-mediated cardiomyo-
cyte dysfunction and heart failure remain 
incompletely understood [2, 3]. Primary therapies for 
AMI such as percutaneous coronary intervention 

(PCI), aimed at promptly opening the blocked 
coronaries to allow myocardial reperfusion. However, 
since ischemia-reperfusion injury greatly limits the 
efficacy of these cardioprotective treatments, 
exploring the molecular basis of AMI and designing 
new targeted therapies may provide additional 
clinical benefits. 

Large tumor suppressor kinase 2 (Lats2) is a 
member of the Hippo pathway [4]. Recent findings 
have highlighted the indispensable action of Lats2 on 
regulating cellular proliferation, differentiation, and 
apoptosis in both normal and cancer cells [5, 6]. Lats2 
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transcription and expression levels are highly 
sensitive to tumor suppressive signaling [5], modulate 
mitochondria-related apoptotic pathways [7], and 
influence cancer metastasis and invasion [8]. Recent 
studies have also associated Lats2 with the 
development of many cardiovascular disorders. 
During a pressure overload-caused heart failure, 
elevated Lats2 expression promotes the abundance of 
pro-death factors, such as Bax and Bak, leading to 
cardiomyocyte death mediated by the p53 pathway 
[9]. Similarly, Lats2-mediated mitochondrial injury 
and cardiomyocyte dysfunction have been identified 
as key downstream effectors of abnormal 
inflammatory responses in septic cardiomyopathy 
[10]. However, evidence describing the influence of 
Lats2 in AMI is limited.  

Previous studies have reported three primary 
pathological effects of Lats2 activation on 
mitochondrial biology: i) induction of mitochondrial 
fission [10]; ii) activation of the mitochondrial 
pathway of apoptosis [11]; and iii) disruption of 
mitochondrial metabolism [12]. Since these three 
molecular events have been proposed as potential 
factors instigating AMI progression, it is reasonable to 
hypothesize that Lats2-mediated mitochondrial 
dysfunction may also play a role in AMI. Excessive 
mitochondrial fission has been found to promote 
mitochondrial membrane rupture, with subsequent 
release of mitochondrial DNA (mtDNA) outside of 
mitochondria [13-15]. The latter was shown to target 
the stimulator of interferon genes (STING)/p65 
pathway, leading to an inflammatory response 
[16-18]. Despite the above evidence, the pathological 
impact of mitochondrial fission as a trigger of 
mtDNA-mediated STING/p65 signaling in AMI 
remains unexplored. Therefore, in this work we 
employed an AMI mouse model, as well as 
hypoxia-treated cultured cardiomyocytes, to 
determine whether Lats2 contributes to AMI-related 
myocardial dysfunction by inducing mitochondrial 
fission, mtDNA release, and STING/p65 pathway 
activation. 

Materials and Methods 
Animals 

Lats2-floxed (Lats2flox) mice (strain #027934) and 
α-MHC (alpha myosin heavy chain)-Cre transgenic 
(α-MHCCre) mice (strain #011038) were obtained from 
The Jackson Laboratory and crossed to obtain 
cardiomyocyte-specific Lats2-knockout (Lats2Cko) 
mice. Lats2flox mice served as control. Lats2 deficiency 
efficiency was confirmed by qPCR. Sample sizes were 
estimated based on sample size power calculations 
using pilot experiment data. 

Myocardial infarction mouse model and 
treatments 

AMI was induced by permanent ligation of the 
left anterior descending (LAD) coronary artery [19]. 
Sham operations were performed without the ligation 
of LAD artery. The procedure was performed by an 
investigator who used the ear-tag number as 
identification and was blinded to the treatment of 
animals. STING agonist-1 (G10, Cat. No. S8954, 
Selleck) (1 μg per mouse) or PBS (control) was injected 
intraperitoneally 15 min prior to AMI modeling and 
sustained for 7 days. A minimum of 6 animals per 
group were used. Four mice died during surgery or 
post-operative recovery prior to end point determi-
nations and were thus excluded. All 18 surviving mice 
were used in this study. 

Echocardiography 
Echocardiography was conducted 28 days after 

AMI/sham surgery using a Vevo 2100 instrument 
(Visual Sonics, Toronto) by an operator blinded to the 
treatment group [20]. The parasternal long-axis view 
was recorded. By tracing the endocardial borders at 
end-diastole and end-systole, quantitative informa-
tion on systolic and diastolic performance [21].  

Histological analyses and electron microscopy 
Infarct size and tissue fibrosis were measured 28 

days after AMI induction. Hearts were excised and 
5-mm sections were cut and stained with HE [22]. To 
quantify myocardial fibrosis, heart samples were 
fixed with 10% formalin, and submitted for Masson's 
trichrome staining. Collagen volume was determined 
by quantitative morphometry of mid-LV sections [23]. 
Electron microscopy was conducted as previously 
described [24]. 

qPCR 
RNA was collected [25] after disrupting the 

samples with a TissueLyser LT bead mill (Qiagen). 
Subsequently, the mRNA in 1 µg of RNA was 
transcribed into cDNA [26]. The primers used in the 
present study were shown in Supplemental 
Information.  

Cell culture and treatments 
HL-1 cells were purchased from Sigma-Aldrich 

(Cat. No. SCC065) and cultured under normal 
conditions. To mimic myocardial infarction in vitro, 
cells were treated to hypoxia condition (94% N2, 1% 
O2, 5% CO2) for 48 h [27]. Cells were preincubated for 
1 h with Mdivi-1 (5 mM, Cat. No. S7162, Selleck 
Chemicals, Houston, TX, USA) before hypoxia. To 
activate the STING pathway, HL-1 cells were 
similarly pre-treated with a STING agonist (G01, 10 
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μM, Cat. No. S8954, Selleck Chemicals) for 2 hrs. 
FCCP (5mM) was applied to activate mitochondrial 
fission [28].  

ROS, mitochondrial potential, and oxygen 
consumption rate (OCR) detection 

Cellular ROS generation was evaluated using 
6-carboxy-2’,7’dichlorodihydrofluorescein diacetate 
(DCFDA) [29]. HL-1 cells were treated with 20 µM 
DCFDA at 37°C for 30 min. After two washes in 
Tyrode’s buffer, fluorescence was measured at 488 nm 
excitation/530 nm emission by confocal microscopy 
(Nikon, Japan). Mitochondrial potential was detected 
with the assistance of the JC-1 probe (Cat. No. T3168, 
ThermoFisher). Mitochondrial OCR was measured as 
previously described [30].  

Detection of cardiac injury markers, apoptosis- 
related markers, ATP, and glucose 

Sera from mice were separated from peripheral 
blood by centrifugation and and lactate dehydro-
genase (LDH), creatine kinase MB (CK-MB), and 
troponin T (TnT), concentrations were determined by 
ELISA kits (Mouse TnT, Cat. No. abx585262, Abbexa, 
Cambridge, UK; Mouse CK-MB, Cat. No. ab285231, 
Abcam, Cambridge, UK; Mouse LDH, Cat. No. 
abx154299, Abbexa). For determination of apoptosis- 
related markers and variables related to mitochon-
drial function in cultured HL-1 cells, ELISA kits were 
used to measure caspase-9 and ATP levels (Mouse 
Caspase 9 ELISA Kit, Cat. No. abx255241, Abbexa), 
whereas fluorometric/colorimetric assays were used 
to measure caspase-3 activity (Caspase-3 Activity 
Assay, Cat. No. 5723, CST, Danvers, MA, USA) and 
glucose levels (Glucose Assay Kit, Cat. No. ab65333, 
Abcam) [31]. Th levels of ATP in HL-1 cells were 
measured by an ELISA kit (Mouse Adenosine 
Triphosphate ELISA Kit, Cat. No. MBS724442, 
MyBioSource.) [32]. 

Cell viability assay  
Cell viability was assessed using Cell Counting 

Kit 8 (Cat. No. ab228554, Abcam) and an LDH Assay 
Kit (Cytotoxicity) (Cat. No. ab65393, Abcam) in 
accordance with the supplier's protocols [33]. 

Immunoblot analysis 
Frozen hearts and/or cells were lysed in 1 ml 

ice-cold RIPA buffer with protease inhibitor cocktail 
mixture, mixed with 1 mm and 3 mm ceramic beads, 
and homogenized with a Bertin Precellys 24 device at 
5,000 rpm for 10 s with six repeats. The lysates were 
centrifuged at 5,000 g for 15 min at 4 °C [34]. After 
removing the upper aqueous phase and bottom 
organic phase containing lipids, the protein pellets 
were washed once with ice-cold methanol and 

solubilized by sonication in SDS-lysis buffer contain-
ing protease inhibitor mixture [35]. For detecting 
membrane proteins, sample was mixed with 4x 
loading buffer and incubated at 37 °C for 20 min 
before SDS-PAGE. Primary antibodies included: 
cGAS (Cat No. ab252416, Abcam), STING (Cat No. 
ab288157, Abcam), phos-p65 (Cat No. ab76302, 
Abcam), and p65 (Cat No. ab32536, Abcam).  

Immunofluorescence  
The 4% paraformaldehyde, 0.1% Triton X-100/ 

PBS, and 1% bovine serum albumin were used for 
immunofluorescence. Then, cells were treated with 
primary antibodies (cyt-c, Cat. No. ab76107, Abcam; 
phos-p65, Cat. No. ab131100, Abcam), followed by 
treatment with secondary antibodies (Donkey 
Anti-Rabbit IgG H&L Alexa Fluor® 647 preadsorbed, 
Cat. No. ab150063, Abcam) [36]. 

siRNA transfection  
Silencing of Lats2 gene was induced through the 

small interfering RNA (siRNA) technique. Silencer 
Select Lats2-specific siRNA and negative control 
siRNA were purchased from Thermo Fisher Scientific 
(Cat. No. AM16708) [37]. siRNAs were used to 
incubate with HL-1 cells with the assistance of 
Lipofectamine RNAiMAX (Thermo Fisher Scientific). 

Statistical data 
Statistical data were analyzed using GraphPad 

Prism version 8.0. Data are expressed as mean ± SEM. 
Experiments were performed with 2-3 technical 
replicates of each sample, and the resulting data was 
averaged for each biological replicate. ANOVA 
followed by Tukey’s multiple comparison test were 
used to analyze the differences between two or more 
groups. P < 0.05 was considered significant. 

Results 
Lats2 deficiency in heart reduces AMI-related 
myocardial dysfunction 

To describe the pathological feature of Lats2 in 
AMI, we modeled AMI in cardiomyocyte-specific 
Lats2 knockout (Lats2Cko) and control (Lats2flox) mice 
through permanent ligation of LAD. Echocardio-
graphic evaluation of myocardial function 28 days 
after AMI induction (Figure 1A-1G) indicated a drop 
in the myocardial contraction parameters LVEF and 
LVEF in Lats2flox compared to sham-operated mice. 
Suggesting dilation of the heart cavity, IVS was 
decreased and LVDs/LVDd was increased after AMI 
in Lats2flox mice. In addition, disrupted cardiac 
relaxation capacity, evidenced by decreased E/A and 
E/e’, was also observed in these mice. Interestingly, 
following AMI the contractile function of the heart 
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was normalized in Lats2Cko mice (Figure 1A-1G). 
Masson’s trichrome staining evaluation of AMI- 
related cardiac fibrosis showed that AMI Lats2flox mice 
developed severe fibrosis, and this alteration was 
significantly attenuated in Lats2Cko mice (Figure 1H, 
1I). Supporting these findings, the transcription of 
pro-fibrosis genes, i.e. MMP9 and TGFβ, was 
significantly elevated in Lats2flox mice and maintained 
instead at near normal levels in Lats2Cko mice (Figure 
1J, 1K). HE staining further showed that AMI-related 

myocardial swelling and dilation were largely 
reduced in Lats2Cko mice compared to Lats2flox mice 
(Figure 1L). Similarly, electron microscopy (EM) 
showed that after AMI, myocardial fiber disarray, 
evidenced by blurred Z-lines, was obvious in Lats2flox 
mice but markedly attenuated in Lats2Cko mice (Figure 
1M). These results showed that cardiac-specific Lats2 
deletion markedly attenuates AMI-induced myocar-
dial deficits in mice. 

 

 
Figure 1. Lats2 knockout alleviates myocardial dysfunction in an AMI mouse model. Lats2Cko and Lats2flox mice were subjected the permanent ligation of the LAD 
coronary artery to induce AMI. (A-G) Myocardial function was determined 28 days following AMI surgery using echocardiography. Left ventricular ejection fraction (LVEF), 
fractional shortening (FS), left ventricular systolic dimension (LVSd), left ventricular diastolic dimension (LVDd), early to late (atrial) mitral flow velocity ratio (E/A), ratio of mitral 
peak velocity of early filling to early diastolic mitral annular velocity (E/e′), and interventricular septal thickness (IVS) were measured in Lats2Cko and Lats2flox mice. (H, I) Masson’s 
staining was used to observe myocardial fibrosis. (J, K) RT-qPCR was used to analyze cardiac transcription of MMP9 and TGFβ. (L) HE staining was used to observe myocardial 
structure. (M) Electron microscopy (EM) was used to observe the ultrastructure of myocardium. #p<0.05.  
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Figure 2. Loss of Lats2 attenuates cardiomyocyte damage and dysfunction induced by myocardial infarction. (A-F) Contractility measurements in primary 
cardiomyocytes isolated from Lats2Cko and Lats2flox mice. PS, peaking shortening; +dL/dt, maximal velocity of shortening; TPS, time-to-peak shortening; −dL/dt, maximal velocity 
of relengthening; TR90, time-to-90% relengthening. (G-I) Serum was collected from mice and levels of TnT, CK-MB, and LDH were measured via ELISA. (J) Cell viability was 
determined using CCK-8 assays in HL-1 cells transfected with siRNA against Lats2 (Lats2/siRNA) or negative control siRNA and exposed to hypoxia for 48 h. (K) LDH levels in 
the supernatant of hypoxia-treated HL-1 cells were determined by ELISA. #p<0.05.  

 

Loss of Lats2 attenuates AMI-induced 
cardiomyocyte damage  

To investigate the mechanisms by which Lats2 
deficiency alleviates AMI-related cardiac dysfunction, 
we evaluated the features of cardiac myocytes 
obtained 28 days after AMI induction from Lats2flox 
and Lats2Cko mice. Results of morphometric analyses, 
summarized in Figure 2A-2F, indicated that Lats2 
deletion did not alter cardiomyocyte structure nor 
average length. In contrast, both peak shortening and 
maximal shortening velocity were reduced, whereas 
time-to-peak shortening was prolonged, in cardiac 
myocytes obtained from Lats2flox mice. Notably, these 
parameters were corrected in cardiac myocytes from 
Lats2Cko mice. Likewise, significant suppression of the 
maximal velocity of relengthening and time-to-90% 
relengthening were evident in Lats2flox cardiac 
myocytes, and these alterations were largely 
prevented in Lats2-deficient cardiomyocytes (Figure 

2A-2F). In accordance with the cardioprotective 
effects of Lats2 ablation in vivo, after AMI induction 
serum biomarkers of cardiomyocyte rupture, namely 
TnT, CK-MB, and LDH, were markedly elevated in 
Lats2flox mice but not in Lats2Cko mice (Figure 2G-2I).  

To focus on the cardioprotective properties of 
Lats2 deletion on cardiomyocyte dysfunction, 
cultured mouse HL-1 cardiomyocytes were treated 
with hypoxia. To induce Lats2 silencing, siRNA 
against Lats2 (Lats2/siRNA) was infected into HL-1 
cells before exposure to hypoxic stress. After 48 h of 
hypoxia, cardiomyocyte function was detected by 
CCK-8 and LDH analysis experiments. Hypoxia 
treatment reduced viability (Figure 2J) and promoted 
LDH upregulation in HL-1 cells infected with 
negative control siRNA (Figure 2K). On the other 
hand, cell viability was preserved, and LDH release 
was prevented, in cells treated with Lats2/siRNA 
(Figure 2J, 2K). Those data offered obvious evidence 
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that Lats2 deficiency ameliorates AMI-mediated 
cardiomyocyte dysfunction.  

Lats2 silencing prevents mitochondrial 
dysfunction in hypoxic cardiomyocytes 

Mitochondrial damage and dysfunction are key 
determining events in AMI-related cardiac arrest [38, 
39]. Since Lats2 acts as a negative regulator of 
mitochondrial fitness [10, 11], we asked whether Lats2 
deficiency would attenuate mitochondrial dysfunc-
tion in hypoxia-treated HL-1 cardiomyocytes. ELISA 
measurements showed that ATP production was 
repressed in cells administrated with negative control 
siRNA, but restored instead in those transfected with 
Lats2/siRNA (Figure 3A). Furthermore, accelerated 
glucose consumption was evident in the latter group 
of cells (Figure 3B). Parallel measurements of oxygen 
consumption rate (OCR) in isolated mitochondria 
indicated that following hypoxia, mitochondrial 
respiration was inhibited in control siRNA-delivered 
cells, but not in Lats2/siRNA-infected cells (Figure 
3C-3E). The above data showed that Lats2 deletion 
sustains mitochondrial function and homeostasis in 
cardiac cells exposed to hypoxic stress.  

Lats2 silencing inhibits mitochondria- 
dependent apoptosis in hypoxic 
cardiomyocytes  

Since AMI-related mitochondrial dysfunction 
correlates with cardiomyocyte apoptosis [40-42], we 
next asked whether Lats2 deficiency would also 
prevent mitochondria-dependent apoptosis in 
hypoxic cardiomyocytes. Oxidative stress is regarded 
as an early signal of activation of the 

mitochondria-initiated apoptotic cascade [43]. As 
illustrated in Figure 4A, 4B, hypoxia augmented the 
reactive oxygen species (ROS) production in control 
HL-1 cardiomyocytes, and this effect was nullified by 
Lats2/siRNA. Research has shown that oxidative 
stress is paralleled by mitochondrial potential reduct-
ion [44], which augments the release of pro-death 
factors, such as cyt-c and Smac. JC-1 fluorescence 
assays showed that in response to hypoxic stress, 
mitochondrial membrane potential was reduced in 
control cells, but remained instead stable in those 
transfected with Lats2/siRNA (Figure 4C, 4D). In 
turn, immunofluorescence showed that hypoxia 
promoted cytosolic and nuclear redistribution of cyt-c 
in control-siRNA cells (Figure 4E, 4F). In contrast, 
transfection of Lats2/siRNA normalized the subcel-
lular distribution of cyt-c and prevented its 
translocation to cell nuclei (Figure 4E, 4F). Cyt-c 
release is facilitated mitochondrial permeability pore 
(mPTP) opening and triggers the intrinsic apoptosis 
pathway through caspase-9/3 activation. Additional 
assays showed that in control cells the mPTP opening 
rate was prolonged upon hypoxia (Figure 4G), and 
this alteration was accompanied by increased 
caspase-9 levels and activation of caspase-3 (Figure 
4H, 4I). In contrast, a normalized mPTP opening rate 
(Figure 4G), as well as reduced caspase-9/3 
expression/activity (Figure 4H, 4I) were noted in 
cardiomyocytes administrated by Lats2/siRNA. 
Thus, Lats2 signaling contributes critically to 
mitochondria-dependent apoptosis in hypoxia- 
exposed cardiomyocytes. 

 

 
Figure 3. Lats2 silencing prevents mitochondrial dysfunction in hypoxic cardiomyocytes in vitro. (A) ATP production was measured by ELISA in HL-1 cells 
transfected with Lats2/siRNA or control siRNA before hypoxia exposure for 48 h. (B) Glucose levels in culture media from HL-1 cells were measured by ELISA. (C-E) OCR and 
gene expression analysis of mitochondrial respiration function in HL-1 cells. #p<0.05.  
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Figure 4. Lats2 silencing prevents ROS generation, mitochondrial membrane depolarization, and mitochondria-dependent apoptosis in hypoxic 
cardiomyocytes. Measurements were made in cultured HL-1 cardiomyocytes 48 h after hypoxia treatment. (A, B) DCFDA fluorescence assay was used to determine the 
production of cellular ROS. (C, D) Analysis of changes in mitochondrial membrane potential (ratio of red-to-green fluorescence intensity) in cells loaded with JC-1. (E, F) 
Immunofluorescence staining of cyt-c. (G) Measurement of mPTP opening rate. (H, I) Analysis of caspase-3 activity and caspase-9 concentration. #p<0.05.  

 

Lats2 ablation reduces mitochondrial fission in 
hypoxic cardiomyocytes 

Whereas previous studies have shown that Lats2 
signaling promotes mitochondrial fission in cancer 
cells [10], this phenomenon has not been verified in 
cardiac tissue following AMI. RT-qPCR displayed 
that compared with sham-operated mice, the mRNA 
abundance of mitochondrial fission-related genes 
(Drp-1, Mff, and Fis1) was doubled after AMI in heart 
tissue from Lats2flox mice (Figure 5A-5C). Similarly 
suggesting mitochondrial fission induction, upon 
hypoxic exposure the mitochondrial network was 
disrupted and fragmented mitochondria were 
observed in cultured HL-1 cardiomyocytes (Figure 
5D-5F). Concurrent morphometric analysis showed 
that hypoxia treatment shortened the mitochondrial 
length from ~17 μm to 9 μm (Figure 5D-5F). In 
contrast, loss of Lats2 prevented the upregulation of 

mitochondrial fission-related genes in vivo (Figure 
5A-5C) and normalized mitochondrial network and 
morphology in HL-1 cells (Figure 5D-5F).  

To confirm that Lats2-mediated mitochondrial 
fission contributes to hypoxia-related mitochondrial 
dysfunction, FCCP, an activator of mitochondrial 
fission, was incubated with HL-1 cardiomyocytes. 
After hypoxia induction, the normalizing effects of 
Lats2/siRNA transfection on ATP production (Figure 
5G), mitochondrial respiration (Figure 5H, 5I), and 
oxidative stress (Figure 5J, 5K) were significantly 
attenuated or abolished by FCCP. Similarly, upon 
FCCP treatment, Lats2 silencing no longer prevented 
abnormal mPTP opening (Figure 5L) nor caspase-9/3 
activation (Figure 5M, 5N) in hypoxia-treated 
cardiomyocytes. These data suggest that during AMI, 
Lats2-dependent mitochondrial fission contributes to 
impaired mitochondrial function in cardiomyocytes.  
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Figure 5. Ablation of Lats2 attenuates myocardial infarction-mediated mitochondrial fission. (A-C) RT-qPCR analysis of the transcription of Drp1, Mff, and Fis1 in 
mouse heart. (D-F) Immunofluorescent detection of mitochondria and quantification of mitochondria average length and ratio of HL-1 cells with fragmented vs tubular 
mitochondria. (G) ELISA-based analysis of ATP production in HL-1 cells pre-treated with FCCP. (H, I) Analysis of mitochondrial respiration function in HL-1 cells pre-treated 
with FCCP. (J, K) Analysis of ROS generation in FCCP pre-treated, DCFDA-loaded HL-1 cells. (L) Quantification of mPTP opening time in HL-1 cells pre-treated with FCCP. 
(M, N) Analysis of caspase 3 activity and caspase 9 concentration in FCCP-treated HL-1 cells. #p<0.05.  

 
AMI-induced, Lats2-dependent mitochondrial 
fission activates the mtDNA/STING/p65 
pathway in cardiomyocytes 

To further explore the outcomes of enhanced 
cardiac mitochondrial fission triggered by AMI, we 
focused on mtDNA leakage and the activation of 
STING/p65 pathway. To assess mtDNA leakage, we 
analyzed the expression of mtDNA-specific mRNAs 
in the mitochondria-free cytosolic fraction of 
cardiomyocytes. The expression of TFAM, TRMT10C, 
ELAC2, and FASTKD2 mRNAs was undetectable in 
normal heart tissue (Figure 6A-6D). Upon AMI 

induction, the expression of these mtDNA-related 
mRNAs was prominent in heart samples from Lats2flox 
mice, and partly suppressed in Lats2Cko mice (Figure 
6A-6D). Similar results were obtained in vitro, in 
hypoxic cardiomyocytes (Figure 6E-6H). Importantly, 
further experiments in HL-1 cells showed that 
supplementation of Mdivi-1 reduced the abundance 
of mtDNA-related mRNAs in the cytosolic 
compartment (Figure 6E-6H). These results suggested 
that under hypoxic conditions, Lats2-mediated 
mitochondrial fission facilitates mtDNA leakage into 
the cytosol.  
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Figure 6. Excessive mitochondrial fission activates the mtDNA/STING/p65 pathway in cardiomyocytes. (A-D) RT-qPCR was used to analyze the transcription of 
TFAM, TRMT10C, ELAC2, and FASTKD2 in cytosolic extracts from heart tissues. (E-H) Transcriptional analysis of TFAM, TRMT10C, ELAC2, and FASTKD2 expression in cytosolic 
fractions from HL-1 cells. (I-L) Western blot analysis of cGAS and STING expression and p65 phosphorylation in HL-1 cells. (M, N) Immunofluorescence detection of 
phosphorylated p65 in HL-1 cells. Mdivi-1 was used to inhibit mitochondrial fission before hypoxia treatment. #p<0.05.  

 
Western blots further showed that following 

hypoxia, expression levels of cGAS, STING, and 
phosphorylated p65 were markedly elevated in 
siRNA-control cells, and these changes were 
prevented in Lats2-deficient cells (Figure 6I-6L). 
Consistent with these findings, immunofluorescence 
showed that hypoxia led to increased p65 
phosphorylation, and this alteration was corrected by 
Lats2/siRNA or Mdivi-1 pre-treatment (Figure 6M, 
6N). These results suggested that Lats2-mediated 
mitochondrial fission leads to cGAS/STING/p65 
pathway activation in heart tissue during AMI. 

STING reactivation attenuates the 
cardioprotective action of Lats2 ablation in 
AMI 

To assess whether the cardioprotective effect of 
Lats2 ablation in AMI is dependent on STING, 
STING agonist-1 (G10) was administered to the mice 
before AMI induction. Echocardiography data 
displayed G10 abrogated the normalizing effects of 
Lats2 deletion on myocardial contraction parameters, 
as evidenced by impaired LVEF/LVEF, decreased 
IVS, and increased LVDs (Figure 7A-7G). Likewise, 
indicators of cardiac muscle relaxation capacity 
(LVDd, E/A and E/e’) were also impaired in Lats2Cko 
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mice after G10 administration (Figure 7A-7G). G10 
treatment negated also the preventative actions of 
Lats2 ablation on the transcription of the pro-fibrosis 
genes MMP9 and TGFβ (Figure 7H, 7I), and reversed 
AMI-induced upregulation of the cardiomyocyte 
rupture biomarkers TnT, CK-MB, and LDH in mouse 
sera (Figure 7J-7L). 

Meanwhile CCK-8 and LDH release assays in 
HL-1 cells in vitro showed that the pro-survival effect 
of Lats2/siRNA transfection was abrogated in cells 
pre-treated with G10 (Figure 7M, 7N). Taken together, 
these results confirmed our hypothesis that Lats2 
deficiency confers cardioprotection by inhibiting 
STING activation.  

 

 
Figure 7. Re-activation of STING abolishes the cardioprotective effects of Lats2 ablation in AMI. (A-G) Myocardial function was determined by echocardiography 
28 days after AMI surgery in Lats2Cko and Lats2flox mice treated or not with STING agonist-1 (G10). Left ventricular ejection fraction (LVEF), fractional shortening (FS), left 
ventricular systolic dimension (LVSd), left ventricular diastolic dimension (LVDd), early to late (atrial) mitral flow velocity ratio (E/A), ratio of mitral peak velocity of early filling 
to early diastolic mitral annular velocity (E/e′), and interventricular septal thickness (IVS) were measured in Lats2Cko and Lats2flox mice. (H, I) RT-qPCR was used to analyze the 
transcription of MMP9 and TGFβ in heart tissue from Lats2Cko and Lats2flox mice. (J-L) Serum was collected from mice and levels of TnT, CK-MB, and LDH were measured by 
ELISA. (M) Analysis of cell viability (CCK-8 assay) in HL-1 cells pre-treated with the STING agonist G10 and subjected to hypoxia for 48 h. (N) LDH levels in HL-1 cell culture 
supernatants were determined by ELISA. #p<0.05. 
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Discussion 
The present study explored the molecular basis 

of Lats2 in AMI. Three main findings could be 
obtained. First, Lats2 is significantly upregulated in 
heart tissue after AMI, and its expression correlates 
with worsened heart function. Second, Lats2 upregu-
lation promoted cardiomyocyte death through accele-
rating mitochondrial dysfunction and launching the 
mitochondria-dependent apoptosis signalings. Third, 
the molecular mechanism underlying Lats2-induced 
mitochondrial dysfunction and apoptosis is associ-
ated with activation of mitochondrial fission and 
subsequent induction of cGAS/STING/p65 signaling. 
Based on the above findings, Lats2 upregulation 
seems to be a critical pathological factor exacerbating 
myocardial damage during AMI. Therefore, blocking 
Lats2 upregulation or inactivating the mitochondrial 
fission/cGAS/STING/p65 pathway may be useful 
therapeutic strategies to attenuate cardiac damage in 
AMI. 

Mitochondrial abnormalities significantly pro-
mote the pathogenesis of AMI, as it leads to reduced 
ATP metabolism, redox imbalance, and abnormal 
calcium handling in cardiomyocytes, resulting in 
myocardial tissue injury and death [45]. Our 
experiments showed that Lats2 ablation in vivo 
ameliorated AMI-related cardiac dysfunction and 
damage by attenuating mitochondrial dysfunction. 
Specifically, Lats2 deficiency inhibited mitochondrial 
fission, prevented mPTP opening and mitochondrial 
membrane rupture, inhibited the leakage of mtDNA 
into the cytosol, and blocked apoptosis by inactivating 
cGAS/STING/p65 signaling. These findings are 
consistent with previous studies [41, 42]. In 
hepatocellular carcinoma (HCC) cells, Drp1-depen-
dent division aguments mtDNA stress and thus 
enhances the secretion of CCL2 via the TLR9-involved 
NF-κB pathway [15]. Under physiological conditions, 
mitochondrial fission/fusion events regulate the 
localization of mtDNA in the mitochondrial popula-
tion to sustain an adequate respiratory capacity [46]. 
However, the exact mechanism by which mitochon-
drial fission promotes mtDNA release into the cytosol 
is still under investigation. It is thought that 
fragmentation of mitochondria during fission induce 
mitochondrial membrane rupture, leading to mtDNA 
leakage [13-15]. Additionally, enhanced mitochon-
drial fission may facilitate the recruitment of the 
autophagy machinery to damaged mitochondria, 
promoting the engulfment and subsequent 
degradation of the organelles and the release of 
mtDNA [47, 48]. In our studies, we found that in the 
AMI setting, loss of Lats2 inhibits mitochondrial 
fission and thus prevents mtDNA release outside of 
mitochondria.  

The cGAS/STING cascade is characteristically 
induced in response to the presence of foreign (e.g. 
viral or bacterial) DNA [49, 50] in the cytoplasm. 
Notably, this signaling is also sensed by mtDNA upon 
mitochondrial damage [51, 52]. The molecular basis 
through which mtDNA induces the cGAS/STING 
cascade involves several steps. First, mtDNA is 
captured by cGAS, which binds to mtDNA and thus 
induces cGAMP [53]. Next, the crosslink between 
cGAMP and STING [54] leads to STING activation, 
which augments the abundance of interferon 
regulatory factor 3 (IRF3) and NF-κB [55]. Nuclear 
expression of IRF3 and NF-κB leads to inflammation 
and tissue damage by inducing the transcription of 
proinflammatory cytokines and interferons. These are 
typically involved in the inflammation reaction 
against pathogens [56] and are expressed in the 
presence of cytosolic mtDNA [57, 58]. The present 
data indicated that mtDNA release, resulting from 
enhanced mitochondrial fission, determines the 
opening of the cGAS/STING/p65 cascade in hypoxic 
cardiomyocytes. Furthermore, evidence that this 
signaling axis is a downstream effector of Lats2 
activation in AMI was obtained in vivo, as Lats2 
ablation fully prevented STING activation and 
relieved heart damage in our AMI model. Accord-
ingly, reactivation of STING signaling through 
administration of the STING agonist G10 abolished 
the cardioprotective effects of Lats2 deletion in mice.  

The pathological contribution of the cGAS/ 
STING cascade to cardiovascular disorders is widely 
described. Angiotensin II-mediated cardiac hyper-
trophy is associated with STING activation and 
subsequent inflammation and fibrosis due to ER stress 
[59]. In septic cardiomyopathy, inhibition of the 
cGAS/STING cascade sustains heart function through 
preventing NLRP3-mediated apoptosis and pyrop-
tosis [60]. Given the necessary actions offered by 
STING in myocardial inflammation and cardiac 
apoptosis, the usage of selective or specific STING 
inhibitors arises as a promising strategy for the 
treatment of cardiac fibrosis after AMI [61].  

Three limitations require further exploration. 
First, the mechanism by which Lats2 activates STING 
was not specifically addressed; thus, the potential 
interaction between Lats2 and STING should be 
verified. Since Lats2 is a kinase, it is reasonable to 
guess that cGAS/STING could be a phosphorylation 
substrate of Lats2. Although the phosphorylation of 
cGAS/STING is observed by several studies, the 
identity of the upstream kinase remains unclear [62].  

In conclusion, our studies described the 
pathological role of Lats2 in myocardial dysfunction 
after AMI. We thus propose that increased expression 
of Lats2 is a novel phenotypic alteration in the 
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infarcted heart that leads to impaired cardiomyocyte 
viability and function by inducing mitochondrial 
dysfunction. Mechanistically, Lats2 promotes 
mitochondrial fission and thus activates the 
cGAS/STING/p65 cascade, ultimately contributing to 
cardiomyocyte death and decreased heart 
performance after AMI.  

Supplementary Material 
Supplementary information.  
https://www.ijbs.com/v19p3428s1.pdf 

Acknowledgments 
Author contributions 

Libao Liu, Shuai Huang and Yingzhen Du 
performed all the experiments; Hao Zhou and Kai 
Zhang analyzed all the data and organized all the 
figures. Jingyuan He wrote the paper. All the authors 
approved the submission. 

Data availability  
All data generated or analyzed during this study 

are included in this published article. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Boateng S, Sanborn T. Acute myocardial infarction. Dis Mon. 2013; 59: 83-96. 
2. Chang X, Toan S, Li R, Zhou H. Therapeutic strategies in ischemic 

cardiomyopathy: Focus on mitochondrial quality surveillance. EBioMedicine. 
2022; 84: 104260. 

3. Zhou H, Ren J, Toan S, Mui D. Role of mitochondrial quality surveillance in 
myocardial infarction: From bench to bedside. Ageing Res Rev. 2021; 66: 
101250. 

4. Ma S, Meng Z, Chen R, Guan KL. The Hippo Pathway: Biology and 
Pathophysiology. Annu Rev Biochem. 2019; 88: 577-604. 

5. Furth N, Aylon Y. The LATS1 and LATS2 tumor suppressors: beyond the 
Hippo pathway. Cell Death Differ. 2017; 24: 1488-501. 

6. Ikeuchi M, Yuki R, Saito Y, Nakayama Y. The tumor suppressor LATS2 
reduces v-Src-induced membrane blebs in a kinase activity-independent 
manner. Faseb j. 2021; 35: e21242. 

7. Xie Y, Lv Y, Zhang Y, Liang Z, Han L, Xie Y. LATS2 promotes apoptosis in 
non-small cell lung cancer A549 cells via triggering Mff-dependent 
mitochondrial fission and activating the JNK signaling pathway. Biomed 
Pharmacother. 2019; 109: 679-89. 

8. Guo C, Liang C, Yang J, Hu H, Fan B, Liu X. LATS2 inhibits cell proliferation 
and metastasis through the Hippo signaling pathway in glioma. Oncol Rep. 
2019; 41: 2753-61. 

9. Shao D, Zhai P, Hu C, Mukai R, Sciarretta S, Del Re D, et al. Lats2 promotes 
heart failure by stimulating p53-mediated apoptosis during pressure overload. 
Sci Rep. 2021; 11: 23469. 

10. Tan Y, Ouyang H, Xiao X, Zhong J, Dong M. Irisin ameliorates septic 
cardiomyopathy via inhibiting DRP1-related mitochondrial fission and 
normalizing the JNK-LATS2 signaling pathway. Cell Stress Chaperones. 2019; 
24: 595-608. 

11. Tian Y, Lv W, Lu C, Zhao X, Zhang C, Song H. LATS2 promotes 
cardiomyocyte H9C2 cells apoptosis via the Prx3-Mfn2-mitophagy pathways. 
J Recept Signal Transduct Res. 2019; 39: 470-8. 

12. Zhang L, Li S, Wang R, Chen C, Ma W, Cai H. Anti-tumor effect of LATS2 on 
liver cancer death: Role of DRP1-mediated mitochondrial division and the 
Wnt/β-catenin pathway. Biomed Pharmacother. 2019; 114: 108825. 

13. Wang S, Zhu H, Li R, Mui D, Toan S, Chang X, et al. DNA-PKcs interacts with 
and phosphorylates Fis1 to induce mitochondrial fragmentation in tubular 
cells during acute kidney injury. Sci Signal. 2022; 15: eabh1121. 

14. Zhou H, Hu S, Jin Q, Shi C, Zhang Y, Zhu P, et al. Mff-Dependent 
Mitochondrial Fission Contributes to the Pathogenesis of Cardiac 

Microvasculature Ischemia/Reperfusion Injury via Induction of 
mROS-Mediated Cardiolipin Oxidation and HK2/VDAC1 
Disassociation-Involved mPTP Opening. J Am Heart Assoc. 2017; 6. 

15. Bao D, Zhao J, Zhou X, Yang Q, Chen Y, Zhu J, et al. Mitochondrial 
fission-induced mtDNA stress promotes tumor-associated macrophage 
infiltration and HCC progression. Oncogene. 2019; 38: 5007-20. 

16. Zhou L, Zhang YF, Yang FH, Mao HQ, Chen Z, Zhang L. Mitochondrial DNA 
leakage induces odontoblast inflammation via the cGAS-STING pathway. Cell 
Commun Signal. 2021; 19: 58. 

17. Kong L, Li W, Chang E, Wang W, Shen N, Xu X, et al. mtDNA-STING Axis 
Mediates Microglial Polarization via IRF3/NF-κB Signaling After Ischemic 
Stroke. Front Immunol. 2022; 13: 860977. 

18. Maekawa H, Inoue T, Ouchi H, Jao TM, Inoue R, Nishi H, et al. Mitochondrial 
Damage Causes Inflammation via cGAS-STING Signaling in Acute Kidney 
Injury. Cell Rep. 2019; 29: 1261-73.e6. 

19. Zhou H, Shi C, Hu S, Zhu H, Ren J, Chen Y. BI1 is associated with 
microvascular protection in cardiac ischemia reperfusion injury via repressing 
Syk-Nox2-Drp1-mitochondrial fission pathways. Angiogenesis. 2018; 21: 
599-615. 

20. Tan Y, Mui D, Toan S, Zhu P, Li R, Zhou H. SERCA Overexpression Improves 
Mitochondrial Quality Control and Attenuates Cardiac Microvascular 
Ischemia-Reperfusion Injury. Mol Ther Nucleic Acids. 2020; 22: 696-707. 

21. Zou R, Tao J, Qiu J, Lu H, Wu J, Zhu H, et al. DNA-PKcs promotes 
sepsis-induced multiple organ failure by triggering mitochondrial 
dysfunction. J Adv Res. 2022; 41: 39-48. 

22. Zou R, Shi W, Qiu J, Zhou N, Du N, Zhou H, et al. Empagliflozin attenuates 
cardiac microvascular ischemia/reperfusion injury through improving 
mitochondrial homeostasis. Cardiovasc Diabetol. 2022; 21: 106. 

23. Elamaa H, Kaakinen M, Nätynki M, Szabo Z, Ronkainen VP, Äijälä V, et al. 
PHD2 deletion in endothelial or arterial smooth muscle cells reveals vascular 
cell type-specific responses in pulmonary hypertension and fibrosis. 
Angiogenesis. 2022; 25: 259-74. 

24. Bonanini F, Kurek D, Previdi S, Nicolas A, Hendriks D, de Ruiter S, et al. In 
vitro grafting of hepatic spheroids and organoids on a microfluidic vascular 
bed. Angiogenesis. 2022; 25: 455-70. 

25. Ma L, Zou R, Shi W, Zhou N, Chen S, Zhou H, et al. SGLT2 inhibitor 
dapagliflozin reduces endothelial dysfunction and microvascular damage 
during cardiac ischemia/reperfusion injury through normalizing the 
XO-SERCA2-CaMKII-coffilin pathways. Theranostics. 2022; 12: 5034-50. 

26. Menger MM, Laschke MW, Nussler AK, Menger MD, Histing T. The 
vascularization paradox of non-union formation. Angiogenesis. 2022; 25: 
279-90. 

27. Zhu H, Tan Y, Du W, Li Y, Toan S, Mui D, et al. Phosphoglycerate mutase 5 
exacerbates cardiac ischemia-reperfusion injury through disrupting 
mitochondrial quality control. Redox Biol. 2021; 38: 101777. 

28. Wang Y, Jasper H, Toan S, Muid D, Chang X, Zhou H. Mitophagy coordinates 
the mitochondrial unfolded protein response to attenuate 
inflammation-mediated myocardial injury. Redox Biol. 2021; 45: 102049. 

29. Zhou H, Toan S, Zhu P, Wang J, Ren J, Zhang Y. DNA-PKcs promotes cardiac 
ischemia reperfusion injury through mitigating BI-1-governed mitochondrial 
homeostasis. Basic Res Cardiol. 2020; 115: 11. 

30. Zhou H, Dai Z, Li J, Wang J, Zhu H, Chang X, et al. TMBIM6 prevents VDAC1 
multimerization and improves mitochondrial quality control to reduce 
sepsis-related myocardial injury. Metabolism. 2023; 140: 155383. 

31. Onetti Y, Kälin RE, Pitter B, Hou M, Arribas V, Glass R, et al. Deletion of 
endothelial α-parvin inhibits tumour angiogenesis, reduces tumour growth 
and induces tumour cell apoptosis. Angiogenesis. 2022; 25: 155-8. 

32. Bao M, Chen Y, Liu JT, Bao H, Wang WB, Qi YX, et al. Extracellular matrix 
stiffness controls VEGF(165) secretion and neuroblastoma angiogenesis via the 
YAP/RUNX2/SRSF1 axis. Angiogenesis. 2022; 25: 71-86. 

33. Shimizu Y, Kondo K, Hayashida R, Sasaki KI, Ohtsuka M, Fukumoto Y, et al. 
Therapeutic angiogenesis for patients with no-option critical limb ischemia by 
adipose-derived regenerative cells: TACT-ADRC multicenter trial. 
Angiogenesis. 2022; 25: 535-46. 

34. Tai Z, Li L, Zhao G, Liu JX. Copper stress impairs angiogenesis and 
lymphangiogenesis during zebrafish embryogenesis by down-regulating 
pERK1/2-foxm1-MMP2/9 axis and epigenetically regulating ccbe1 
expression. Angiogenesis. 2022; 25: 241-57. 

35. Jin Q, Li R, Hu N, Xin T, Zhu P, Hu S, et al. DUSP1 alleviates cardiac 
ischemia/reperfusion injury by suppressing the Mff-required mitochondrial 
fission and Bnip3-related mitophagy via the JNK pathways. Redox Biol. 2018; 
14: 576-87. 

36. Zhou H, Zhu P, Wang J, Zhu H, Ren J, Chen Y. Pathogenesis of cardiac 
ischemia reperfusion injury is associated with CK2alpha-disturbed 
mitochondrial homeostasis via suppression of FUNDC1-related mitophagy. 
Cell Death Differ. 2018; 25: 1080-93. 

37. Cryan LM, Tsang TM, Stiles J, Bazinet L, Lee SL, Garrard S, et al. Capillary 
morphogenesis gene 2 (CMG2) mediates growth factor-induced angiogenesis 
by regulating endothelial cell chemotaxis. Angiogenesis. 2022; 25: 397-410. 

38. Zhu H, Toan S, Mui D, Zhou H. Mitochondrial quality surveillance as a 
therapeutic target in myocardial infarction. Acta Physiol (Oxf). 2021; 231: 
e13590. 

39. Chang X, Lochner A, Wang HH, Wang S, Zhu H, Ren J, et al. Coronary 
microvascular injury in myocardial infarction: perception and knowledge for 
mitochondrial quality control. Theranostics. 2021; 11: 6766-85. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

3440 

40. Wang J, Toan S, Zhou H. New insights into the role of mitochondria in cardiac 
microvascular ischemia/reperfusion injury. Angiogenesis. 2020; 23: 299-314. 

41. Wang J, Toan S, Zhou H. Mitochondrial quality control in cardiac 
microvascular ischemia-reperfusion injury: New insights into the mechanisms 
and therapeutic potentials. Pharmacol Res. 2020; 156: 104771. 

42. Wang J, Zhou H. Mitochondrial quality control mechanisms as molecular 
targets in cardiac ischemia-reperfusion injury. Acta Pharm Sin B. 2020; 10: 
1866-79. 

43. Ott M, Gogvadze V, Orrenius S, Zhivotovsky B. Mitochondria, oxidative stress 
and cell death. Apoptosis. 2007; 12: 913-22. 

44. Wolf P, Schoeniger A, Edlich F. Pro-apoptotic complexes of BAX and BAK on 
the outer mitochondrial membrane. Biochim Biophys Acta Mol Cell Res. 2022; 
1869: 119317. 

45. Ho MY, Wang CY. Role of Irisin in Myocardial Infarction, Heart Failure, and 
Cardiac Hypertrophy. Cells. 2021; 10. 

46. Ishihara T, Ban-Ishihara R, Maeda M, Matsunaga Y, Ichimura A, Kyogoku S, et 
al. Dynamics of mitochondrial DNA nucleoids regulated by mitochondrial 
fission is essential for maintenance of homogeneously active mitochondria 
during neonatal heart development. Mol Cell Biol. 2015; 35: 211-23. 

47. Chang X, Li Y, Cai C, Wu F, He J, Zhang Y, et al. Mitochondrial quality control 
mechanisms as molecular targets in diabetic heart. Metabolism. 2022; 137: 
155313. 

48. Sun D, Wang J, Toan S, Muid D, Li R, Chang X, et al. Molecular mechanisms of 
coronary microvascular endothelial dysfunction in diabetes mellitus: focus on 
mitochondrial quality surveillance. Angiogenesis. 2022; 25: 307-29. 

49. Kwon J, Bakhoum SF. The Cytosolic DNA-Sensing cGAS-STING Pathway in 
Cancer. Cancer Discov. 2020; 10: 26-39. 

50. Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING pathway as 
a therapeutic target in inflammatory diseases. Nat Rev Immunol. 2021; 21: 
548-69. 

51. Guo Y, Gu R, Gan D, Hu F, Li G, Xu G. Mitochondrial DNA drives 
noncanonical inflammation activation via cGAS-STING signaling pathway in 
retinal microvascular endothelial cells. Cell Commun Signal. 2020; 18: 172. 

52. Willemsen J, Neuhoff MT, Hoyler T, Noir E, Tessier C, Sarret S, et al. TNF 
leads to mtDNA release and cGAS/STING-dependent interferon responses 
that support inflammatory arthritis. Cell Rep. 2021; 37: 109977. 

53. Wang Y, Luo J, Alu A, Han X, Wei Y, Wei X. cGAS-STING pathway in cancer 
biotherapy. Mol Cancer. 2020; 19: 136. 

54. Jiang M, Chen P, Wang L, Li W, Chen B, Liu Y, et al. cGAS-STING, an 
important pathway in cancer immunotherapy. J Hematol Oncol. 2020; 13: 81. 

55. Zhang X, Bai XC, Chen ZJ. Structures and Mechanisms in the cGAS-STING 
Innate Immunity Pathway. Immunity. 2020; 53: 43-53. 

56. Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING pathway 
of cytosolic DNA sensing. Nat Immunol. 2016; 17: 1142-9. 

57. Wan D, Jiang W, Hao J. Research Advances in How the cGAS-STING Pathway 
Controls the Cellular Inflammatory Response. Front Immunol. 2020; 11: 615. 

58. Samson N, Ablasser A. The cGAS-STING pathway and cancer. Nat Cancer. 
2022; 3: 1452-63. 

59. Zhang Y, Chen W, Wang Y. STING is an essential regulator of heart 
inflammation and fibrosis in mice with pathological cardiac hypertrophy via 
endoplasmic reticulum (ER) stress. Biomed Pharmacother. 2020; 125: 110022. 

60. Li N, Zhou H, Wu H, Wu Q, Duan M, Deng W, et al. STING-IRF3 contributes 
to lipopolysaccharide-induced cardiac dysfunction, inflammation, apoptosis 
and pyroptosis by activating NLRP3. Redox Biol. 2019; 24: 101215. 

61. Hu S, Gao Y, Gao R, Wang Y, Qu Y, Yang J, et al. The selective STING inhibitor 
H-151 preserves myocardial function and ameliorates cardiac fibrosis in 
murine myocardial infarction. Int Immunopharmacol. 2022; 107: 108658. 

62. Basit A, Cho MG, Kim EY, Kwon D, Kang SJ, Lee JH. The 
cGAS/STING/TBK1/IRF3 innate immunity pathway maintains chromosomal 
stability through regulation of p21 levels. Exp Mol Med. 2020; 52: 643-57. 

 


