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ABSTRACT
Lipid accumulation often leads to lipotoxic injuries to hepatocytes, which can cause nonalcoholic 
steatohepatitis. The association of inflammation with lipid accumulation in liver tissue has been 
studied for decades; however, key mechanisms have been identified only recently. In particular, it is 
still unknown how hepatic inflammation regulates lipid metabolism in hepatocytes. Herein, we found 
that PA treatment or direct stimulation of STING1 promoted, whereas STING1 deficiency impaired, 
MTORC1 activation, suggesting that STING1 is involved in PA-induced MTORC1 activation. 
Mechanistic studies revealed that STING1 interacted with several components of the MTORC1 
complex and played an important role in the complex formation of MTORC1 under PA treatment. 
The involvement of STING1 in MTORC1 activation was dependent on SQSTM1, a key regulator of the 
MTORC1 pathway. In SQSTM1-deficient cells, the interaction of STING1 with the components of 
MTORC1 was weak. Furthermore, the impaired activity of MTORC1 via rapamycin treatment or 
STING1 deficiency decreased the numbers of LDs in cells. PA treatment inhibited lipophagy, which 
was not observed in STING1-deficient cells or rapamycin-treated cells. Restoration of MTORC1 activity 
via treatment with amino acids blocked lipophagy and LDs degradation. Finally, increased MTORC1 
activation concomitant with STING1 activation was observed in liver tissues of nonalcoholic fatty liver 
disease patients, which provided clinical evidence for the involvement of STING1 in MTORC1 activa-
tion. In summary, we identified a novel regulatory loop of STING1-MTORC1 and explain how hepatic 
inflammation regulates lipid accumulation. Our findings may facilitate the development of new 
strategies for clinical treatment of hepatic steatosis.
Abbreviations: AA: amino acid; ACTB: actin beta; cGAMP: cyclic GMP-AMP; CGAS: cyclic GMP-AMP 
synthase; DEPTOR: DEP domain containing MTOR interacting protein; EIF4EBP1: eukaryotic translation 
initiation factor 4E binding protein 1; FFAs: free fatty acids; GFP: green fluorescent protein; HFD: high-fat 
diet; HT-DNA: herring testis DNA; IL1B: interleukin 1 beta; LAMP1: lysosomal associated membrane protein 
1; LDs: lipid droplets; MAP1LC3: microtubule associated protein 1 light chain 3; MAP1LC3B: microtubule 
associated protein 1 light chain 3 beta; MEFs: mouse embryonic fibroblasts; MLST8: MTOR associated 
protein, LST8 homolog; MT-ND1: mitochondrially encoded NADH: ubiquinone oxidoreductase core subunit 
1; mtDNA: mitochondrial DNA; MTOR: mechanistic target of rapamycin kinase; MTORC1: MTOR complex 1; 
NAFL: nonalcoholic fatty liver; NAFLD: nonalcoholic fatty liver disease; NASH: nonalcoholic steatohepatitis; 
NPCs: non-parenchymal cells; PA: palmitic acid; PLIN2: perilipin 2; RD: regular diet; RELA: RELA proto- 
oncogene, NF-kB subunit; RPS6: ribosomal protein S6; RPS6KB1: ribosomal protein S6 kinase B1; RPTOR: 
regulatory associated protein of MTOR complex 1; RRAGA: Ras related GTP binding A; RRAGC: Ras related 
GTP binding C; SQSTM1: sequestosome 1; STING1: stimulator of interferon response cGAMP interactor 1; 
TBK1: TANK binding kinase 1; TGs: triglycerides; TREX1: three prime repair exonuclease 1.
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Introduction

As a spectrum of liver abnormalities ranging from nonalco-
holic fatty liver (NAFL) to nonalcoholic steatohepatitis 
(NASH), nonalcoholic fatty liver disease (NAFLD; recently re- 
termed as metabolic associated fatty liver disease, MAFLD), is 
highly prevalent globally and can lead to cirrhosis and liver 

cancer [1]. NAFL is characterized by hepatic steatosis (fatty 
liver) and can progress to NASH when inflammation and 
hepatocyte damage occur in the liver [2]. Despite its wide-
spread occurrence, there are currently no approved pharma-
cotherapies for NASH. Thus, more studies to elucidate NASH 
pathogenesis and identify potential molecular targets for 
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NASH treatment are necessary [3]. Currently, the pathogen-
esis of NASH is controversial. Although the “two-hit” or 
“multiple parallel hits” theory is proposed to explain NASH 
pathogenesis, the specific mechanism of lipid accumulation 
and inflammation in NASH is still unclear [3].

Hepatic steatosis and other NASH-related conditions begin 
with the abnormal accumulation of hepatocellular lipids. In 
the hepatocytes, free fatty acids (FFAs) are taken up and 
converted to triglycerides (TGs) for storage in lipid droplets 
(LDs). Normally, LDs are degraded via hydrolysis, catalyzed 
by the LIPE-PNPLA2-MGLL axis, and lipophagy. However, 
excessive intake of FFAs results in the abundance of intracel-
lular LDs, which causes lipotoxicity and further promotes ER 
stress, apoptosis, and inflammation [4]. As the major perpe-
trators of lipotoxic injuries to hepatocytes, LD clearance is 
important for the maintenance of liver function. Numerous 
studies have been conducted to determine the role of MTOR 
(mechanistic target of rapamycin kinase) complex 1 
(MTORC1) in LD degradation. Saturated FFA, such as palmi-
tic acid (PA), can increase the activity of MTORC1, whereas 
unsaturated FFA has opposite effects on MTORC1 [5]. The 
inhibition of MTORC1 by rapamycin or RPTOR (regulatory 
associated protein of MTOR complex 1) ablation promotes 
lipid accumulation in cells. The activation of MTORC1 by the 
overexpression of RHEB inhibits lipolysis [6]. RPS6KB1 (ribo-
somal protein S6 kinase B1) is downstream of MTORC1, and 
hence, rps6kb1 KO (knockout) mice have elevated rates of 
lipolysis, and loss of EIF4EBP1 (eukaryotic translation initia-
tion factor 4E binding protein 1) reduces this effect [7,8]. 
Altogether, these results suggest that the MTORC1- 
RPS6KB1 axis negatively regulates lipid clearance and TGs 
breakdown. Recent studies suggested that MTORC1 promotes 
lipid accumulation by regulating the activity of SREBF1/ 
SREBP1, which mediates the transcription of lipogenesis- 
related genes [9]. Herein, we propose that MTORC1 also 
influences lipophagy through STING1 (stimulator of inter-
feron response cGAMP interactor 1).

Recent studies found that STING1 plays an important role 
in hepatic steatosis-related inflammation and the progression 
of NASH. STING1 expression is increased in the liver tissues 
of patients with NAFLD or mice with high-fat diet (HFD)- 
induced hepatic steatosis, and loss of STING1 ameliorates 
HFD-induced inflammatory response and fibrosis [10]. PA 
treatment activates STING1-TBK1 (TANK binding kinase 1) 
signaling and promotes inflammatory response in hepato-
cytes. The STING1-TBK1 axis has been proposed to be asso-
ciated with increased inflammation in the liver tissues of 
HFD-treated mice [11]. STING1 may act as a mitochondrial 
DNA (mtDNA) sensor in the Kupffer cells of the liver under 
lipid overload and promotes inflammation in NASH [12]. 
Although it is known that lipid accumulation in hepatocytes 
causes cell death and inflammation through STING1 [13], it is 
unclear whether the induction of inflammation by the 
STING1 pathway is involved in LD metabolism.

Given the important roles of STING1 and MTORC1 in hepatic 
steatosis, this study determined the relationship between STING1 
and MTORC1-related LD degradation. We found that PA stimu-
lated MTORC1 and consequently blocked lipophagy. Loss of 
STING1 or the inhibition of MTORC1 by rapamycin could rescue 

lipophagy. STING1 was directly involved in the complex forma-
tion of MTORC1 and promotes the SQSTM1 (sequestosome 1)- 
dependent activity of MTORC1. The present study provides a new 
insight into the relationship between STING1 and MTORC1. 
Further, our findings propose the possible mechanism underlying 
the effect of hepatic inflammation on lipid clearance and provide 
new strategies for controlling LD clearance in NAFLD treatment.

Results

STING1 mediates PA-induced activation of MTORC1

PA treatment can increase the phosphorylation level of RPS6KB1, 
which is downstream of MTORC1 [14]. PA-induced activation of 
STING1 promotes the phosphorylation of SQSTM1, which is 
necessary for MTORC1 activity [11,15]. Altogether, we proposed 
that STING1 may be involved in MTORC1 activation under PA 
treatment. Cyclic GMP-AMP (CGAMP) synthesized by the 
CGAS (cyclic GMP-AMP synthase) is an upstream regulator of 
STING1 [16]. Thus, we treated Hep3B cells with cGAMP to 
activate STING1. In accordance with previous studies, our results 
showed that STING1 activation by cGAMP enhanced the phos-
phorylation of RELA (RELA proto-oncogene) and TBK1 in 
Hep3B cells (Figure 1A). As the downstream signaling of 
MTORC1, RPS6KB1-RPS6 (ribosomal protein S6) signaling, but 
not EIF4EBP1 signaling, has been detected when LD accumula-
tion is increased [7,8]. Thus, the phosphorylated level of RPS6KB1 
or RPS6 is considered the marker of MTORC1 activity. 
Interestingly, cGAMP treatment promoted the phosphorylation 
of RPS6KB1, indicating increased activity of MTORC1 
(Figure 1A). As a stimulus of CGAS, upstream of STING1, her-
ring testis DNA (HT-DNA) is used to activate CGAS-STING1 
signaling [17]. Similar to cGAMP treatment, HT-DNA and PA 
also promoted the phosphorylation of RPS6KB1, RPS6, and TBK1 
(Figure 1B). These results suggest that direct stimulation by 
cGAMP or indirect stimulation by HT-DNA and PA can promote 
MTORC1 activity in Hep3B cells.

Considering PA-induced STING1 activation, we determined 
the role of STING1 in PA-stimulated MTORC1 activation. Using 
Cas9 technology, we established STING1-KO cells and treated 
them with PA or STING1 stimulus. We also established control 
cells by transferring GFP (green fluorescent protein)-targeted 
guide RNA into cells. Compared with that in normal cells (GFP- 
KO), the phosphorylation levels of RPS6KB1 and RPS6 were lower 
in STING1-KO cells treated with PA, indicating low activity of 
MTORC1 in STING1-KO cells (Figure 1C). To exclude the influ-
ence of PA on other pathways, we used cGAMP to directly 
stimulate STING1. Based on our results, the phosphorylation of 
RPS6 was significantly promoted, indicating increased activity of 
MTORC1. Similarly, the effect of cGAMP on MTORC1 activity 
was hindered in STING1-KO cells (Figure 1D). To further confirm 
the effects of STING1 deficiency on MTORC1 activity, we trans-
fected small interfering RNA (siRNA) to knockdown STING1 in 
Hep3B cells; this impaired MTORC1 activation induced by HT- 
DNA transfection (Figure 1E). Similar observations were made in 
isolated mouse hepatocytes. PA or cGAMP treatment enhanced 
the phosphorylation of RPS6KB1 and TBK1. STING1 deficiency 
impaired the effects of PA and cGAMP on the phosphorylation of 
these proteins, indicating that STING1 is critical for PA-induced 
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activation of TBK1 and MTORC1 (Figure 1F). Similar observa-
tions were also made in mouse primary hepatocytes derived from 
wild-type (WT) or sting1-KO mice (data not shown). Some studies 
report the activation of TBK1 through the CGAS-STING1 path-
way [11,18], which is not observed in CGAS or STING1 knock-
down cells. These studies also show that the amount of cytosolic 
mtDNA significantly increases in cells treated with PA compared 
with that in untreated cells. To confirm these results, we deter-
mined the functions of PA in Hep3B cells and found that PA could 
actually increase the levels of p-TBK1 and p-RPS6KB1 concomi-
tant with an increase in cytosolic mtDNA level, which revealed by 
the DNA levels of MT-ND1 (mitochondrially encoded NADH: 
ubiquinone oxidoreductase core subunit 1) (Fig. S1A and S1B). 

When STING1-siRNA was used to block CGAS signaling, PA lost 
its functions (Fig. S1B). Altogether, these results suggest that 
STING1 plays an important role in MTORC1 activation.

Activated STING1 interacts with the components of the 
MTORC1 complex

Considering the function of STING1 in MTORC1 activation, 
we also investigated whether STING1 is directly involved in 
the MTORC1 complex. We transfected HEK293T cells with 
expressed plasmids of STING1 and the main members of 
MTORC1 complex. Based on our findings, there was 
a strong interaction between STING1 and MLST8 (MTOR 

Figure 1. PA treatment stimulates MTORC1 activity through STING1. (A) Hep3B cells were transfected with 2ʹ3’-cGAMP for indicated concentration. After 6 h, lysates 
were immunoblotted for p-RPS6KB1 (T389), RPS6KB1, p-RELA (S536), RELA, p-TBK1 (S172), TBK1, and ACTB. (B) Lysates of Hep3B cells transfected with the indicated 
concentration of HT-DNA for 12 h, or treated with the indicated concentration of PA for 24 h, were used for immunoblotting with the p-RPS6KB1 (T389), RPS6KB1, 
p-TBK1 (S172), TBK1, p-RPS6 (S235/236), RPS6, and ACTB antibodies. (C) Control (GFP-KO) and STING1-KO Hep3B cells were treated with PA (24 h) for indicated 
concentration, and lysates were immunoblotted for p-RPS6KB1 (T389), RPS6KB1, p-RPS6 (S235/236), RPS6, STING1, and ACTB. (D) Immunoassay of extracts of control 
(GFP-KO) or STING1-KO Hep3B cells treated with 2ʹ3’-cGAMP (cGAMP, 2 μg/ml) for the indicated time interval. (E) Hep3B cells with or without STING1-siRNA (STING1- 
siRNA) transfection were treated with HT-DNA (10 μg/ml) for the indicated time interval were used for immunoblotting with the indicated antibodies. Cells treated 
with scrambled siRNA were used as control. (F) Mouse primary hepatocytes with or without mouse-Sting1-siRNA (MmSting1-siRNA) transfection were treated with PA 
(0.5 mM, 24 h), or transfected with cGAMP (2 μg/ml, 6 h), and the lysates of cells were performed for immunoblotting. Cells treated with scrambled siRNA were used 
as control.
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associated protein, LST8 homolog), DEPTOR (DEP domain 
containing MTOR interacting protein), or RRAGA (Ras 
related GTP binding A) and RRAGC (Ras related GTP bind-
ing C) (Figure 2A). Direct activation by cGAMP or indirect 
activation by HT-DNA/PA increased the interaction of 
STING1 and RPTOR, the main activator of the MTORC1 
complex (Figure 2B). STING1 activation impaired the inter-
action of STING1 and DEPTOR, a critical inhibitor of 
MTORC1 (Fig. S2A). A previous study demonstrates that 
PA or amino acid (AA) treatment can significantly promote 
the lysosome-localization of MTOR [5]. MTORC1 is the core 
component of the MTOR complex, and hence, MTOR stain-
ing may not specifically reveal its localization in cells. Instead 
of detecting the colocalization of MTOR and STING1, we 
detected the colocalization of STING1 and RPTOR puncta, 
which is an indicator of the localization of active MTORC1 on 
the lysosome [19]. Thus, we utilized confocal microscopy to 
capture the involvement of STING1 in the MTORC1 complex 
by detecting the colocalization of STING1 and RPTOR 
puncta. The results showed that the numbers of RPTOR 
puncta were rare in the control cells. PA or cGAMP treatment 
increased the level of RPTOR puncta in control cells but not 
in STING1-deficient cells, indicating that the promotion of 
MTORC1 activation by PA and cGAMP was dependent on 
STING1. Furthermore, the results revealed a rare colocaliza-
tion of STING1 and RPTOR puncta in control cells and the 
enhancement of such localization by PA or cGAMP treatment 
(Figure 2C and D). STING1 could colocalize with RPTOR 
puncta at the lysosome under PA or cGAMP treatment 
(Figure 2E). Besides, PA or cGAMP treatment increased the 
interaction of RPTOR-RRAGA or MLST8-RRAGA, indicating 
that direct or indirect activation of STING1 promoted the 
formation of activated MTORC1 complex (Figure 2F, G and 
S2B). These results demonstrate that activated STING1 is 
associated with the MTORC1 complex.

MTORC1 activity is highly sensitive to AAs; the addition 
of AAs to cells markedly promotes MTORC1 activity [20]. 
Thus, we sought to determine whether STING1 is involved in 
the mechanism through which AAs regulate MTORC1 activ-
ity. We found that essential or non-essential AAs, which 
cannot activate STING1, did not exert any influence on the 
interaction of STING with the components of the MTORC1 
complex (Fig. S2C-G), suggesting that STING1-regulated 
MTORC1 activation is independent of AA signaling.

Activated STING1 promotes MTORC1 activity through 
SQSTM1 and TBK1

The aforementioned results indicated that STING1 can inter-
act with SQSTM1. SQSTM1 upregulates MTORC1 activity, 
and this effect is dependent on the interaction of SQSTM1 
with RPTOR, the main member of the MTORC1 complex 
[15]. Thus, we determined whether SQSTM1 is necessary for 
the role of STING1 in MTORC1 activity. PA treatment 
increased the phosphorylation of RPS6 and the STING1- 
RPTOR interaction; however, SQSTM1 knockdown impaired 
this effect (Figure 3A). Additionally, PA or cGAMP could not 
promote the phosphorylation of RPS6KB1 and could not 
enhance the interaction between STING1 and the 

components of the MTORC1 complex in SQSTM1-deficient 
hepatocytes (Figure 3B, S3A and S3B). Confocal imaging also 
revealed increased SQSTM1 colocalization with RPTOR- 
positive puncta under PA or cGAMP treatment. SQSTM1 
knockdown by siRNA treatment attenuated PA or cGAMP- 
induced formation of RPTOR puncta (Figure 3C). These 
results indicate that SQSTM1 is critical for the role of 
STING1 in MTORC1 activation.

Activated STING1 had increased effect on MTORC1 activ-
ity (Figs. 1 and 2) and promoted activation of TBK1, which is 
a kinase of SQSTM1. As a result, we speculated that STING1- 
mediated MTORC1 activity is dependent on TBK1. We used 
BX795 to inhibit TBK1 kinase activity and found that the 
phosphorylation of RPS6 and the interaction of STING1- 
RPTOR induced by PA were significantly blocked 
(Figure 3D and E). In summary, our results suggest that 
activated STING1 promotes MTORC1 activity. Further, this 
effect is found to be dependent on SQSTM1 and TBK1.

Phosphorylated SQSTM1 activated by TBK1 binds to 
STING1 following PA treatment

Under various stress conditions, TBK1 phosphorylates 
SQSTM1 on the Ser403 site, a modification essential for 
increased affinity between SQSTM1 and poly-ubiquitin 
chain; this results in efficient interaction between SQSTM1 
and poly-ubiquitinated proteins [21]. Meanwhile, PA treat-
ment can significantly stimulate STING1-TBK1 and conse-
quently increase SQSTM1 phosphorylation on Ser403 in 
hepatocytes [11]. As the promotion of MTORC1 activity by 
activated STING1 is dependent on both SQSTM1 and TBK1, 
we hypothesized that with PA treatment, TBK1 acts as 
SQSTM1 kinase to participate in STING1-regulated activity 
of MTORC1. These results were consistent with the notion 
that phosphorylated SQSTM1 on the Ser403 site and 
p-RPS6KB1 were activated by PA treatment in 
a concentration-dependent manner but were blocked in 
TBK1 knockdown cells (Figure 4A). Such findings indicate 
that TBK1 is essential for SQSTM1 phosphorylation and 
MTORC1 activity under PA treatment. A previous study 
indicates that STING1 has a stronger interaction with 
SQSTM1 phosphorylated on Ser403 [22]. Consistent with 
this result, we found that TBK1 increased the interaction 
between SQSTM1 and STING1 by promoting SQSTM1 phos-
phorylation on Ser403 (Figure 4B). PA also enhanced 
SQSTM1-STING1 interaction by activating p-SQSTM1; how-
ever, BX795 could block this interaction (Figure 4C). 
Endogenous immunoprecipitation also revealed that BX795 
or TBK1 siRNA treatment significantly impaired the interac-
tion of STING1 with RPTOR and SQSTM1, and attenuated 
PA- or cGAMP-induced phosphorylation of RPS6KB1 
(Figure 4D). Confocal imaging also demonstrated the inter-
action between TBK1 of RPTOR, which has been previously 
reported [23]. TBK1 knockdown blocked the formation of 
RPTOR puncta. Moreover, SQSTM1 deficiency inhibited the 
colocalization of TBK1 and RPTOR under PA or cGAMP 
treatment, indicating that TBK1 colocalization with RPTOR 
was dependent on SQSTM1 (Figure 4E). Furthermore, we 
detected MTORC1 phosphorylation (Ser2159) in PA-treated 
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Figure 2. STING1 interacts with the components of the MTORC1 complex. (A) Coimmunoprecipitation and immunoassay of extracts of HEK293T cells transfected with 
various combinations of expression vector for MYC-STING1 and other indicated plasmids. (B) Coimmunoprecipitation and immunoassay of extracts of Hep3B cells 
transfected with Flag-RPTOR, MYC-STING1, and transfected with cGAMP (2 μg/ml, 6 h), HT-DNA (10 μg/ml, 6 h), or treated with PA (0.5 mM, 24 h). (C-E) Confocal 
microscopy of Hep3B cells (C and E), or mouse primary hepatocytes with or without mouse-Sting1-siRNA (MmSting1-siRNA) transfection (D) were treated with PA 
(0.5 mM, 24 h) or cGAMP (2 μg/ml, 6 h). Cells treated with scrambled siRNA were used as control. The cells were fixed 8 h later and stained with indicated antibodies. 
Hoechst 33342 was used for nucleus staining. Representative images are shown. Scale bar: 10 μm. For (E), the right panels of enlarged images correspond to 
rectangular frames in the left single or overlapped results from the same group. For the overlapped results, the enlarged images are listed in the following order: the 
left-upper image in the enlarged part is associated with the overlapped STING1-LAMP1; the left-lower image is associated with the overlapped STING1-RPTOR; the 
right-upper image is associated with the overlapped LAMP1-RPTOR; the right-lower image is associated with the overlapped STING-LAMP1-RPTOR. (F) 
Coimmunoprecipitation and immunoassay of extracts of Hep3B cells transfected with HA-RPTOR, Flag-RRAGA, and transfected with cGAMP (2 μg/ml, 6 h), or 
treated with PA (0.5 mM, 24 h). (G) Coimmunoprecipitation and immunoassay of extracts of Hep3B cells transfected with MYC-MLST8, Flag-RRAGA, and transfected 
with cGAMP (2 μg/ml, 6 h), or treated with PA (0.5 mM, 24 h).
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WT or SQSTM1-KO cells and found that PA could induce the 
phosphorylation of p-TBK1 and p-MTOR (Ser2159) in WT 
cells, but not in SQSTM1-KO cells (Fig. S4A). We also found 
that PA could induce the colocalization of TBK1 and MTOR 
in WT cells, but not in SQSTM1-KO cells (Fig. S4B). These 
data suggest that SQSTM1 provides a bridge between TBK1 
and MTORC1.

To further determine SQSTM1 binding to STING1 
through its phosphorylation on Ser403, we constructed phos-
phorylation-resistant (SQSTM1S403A) and phosphorylation- 
mimic (SQSTM1S403E) mutants. Based on our findings, 
STING1 tended to bind to p-SQSTM1 (Figure 4F). 
Moreover, SQSTM1S403E enhanced STING1-RPTOR interac-
tion (Figure 4G). Next, we constructed cell line with stable 

Figure 3. PA-induced STING1 activation stimulates MTORC1 relied on SQSTM1. (A) Hep3B cells with or without SQSTM1-siRNA transfection were treated with the 
indicated concentration of PA for 24 h, and the lysates of cells were performed for immunoblotting with p-RPS6, RPS6, LC3B, SQSTM1, and ACTB. Cells treated with 
scrambled siRNA were used as control. (B) Mouse primary hepatocytes were treated with or without PA (0.5 mM, 24 h), or transfected with cGAMP (2 μg/ml, 6 h) in 
the presence or absence of mouse-Sqstm1-siRNA (MmSqstm1-siRNA) transfection for 48 h. STING1 was immunoprecipitated from whole-cell lysates, and levels of 
STING1 and RPTOR and RRAGA in the precipitates were evaluated by immunoblotting. Cells treated with scrambled siRNA were used as control. (C) Confocal 
microscopy of Hep3B cells treated with PA (0.5 mM, 24 h) or cGAMP (2 μg/ml, 6 h). The cells were fixed 8 h later and stained with antibodies against SQSTM1 and 
RPTOR. Hoechst 33342 was used for nucleus staining. Representative images are shown. Scale bar: 10 μm. (D) Hep3B cells were treated with the indicated 
concentration of PA (0.5 mM) for 24 h with DMSO or BX795 (10 μM), and lysates were immunoblotted for p-RPS6, RPS6, and ACTB. (E) Coimmunoprecipitation and 
immunoassay of extracts of Hep3B cells transfected with HA-RPTOR, Flag-STING1 followed with PA (0.5 mM, 24 h) with or without BX795 (10 μM).
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Figure 4. PA treatment stimulates SQSTM1 phosphorylation and the interaction of STING1 and SQSTM1. (A) Hep3B cells with TBK1-siRNA transfection for 48 h were 
treated with the indicated concentration of PA for 24 h, and lysates were immunoblotted for p-RPS6KB1 (T389), p-SQSTM1 (S403), SQSTM1, and ACTB. Cells treated 
with scrambled siRNA were used as control. (B) Coimmunoprecipitation and immunoassay of extracts of Hep3B cells transfected with MYC-STING1, Flag-SQSTM1, and 
HA-TBK1. (C) Coimmunoprecipitation and immunoassay of extracts of Hep3B cells transfected with HA-STING1, Flag-SQSTM1, and followed with PA treatment 
(0.5 mM, 24 h) with or without BX795 (10 μM). (D) Hep3B were treated with or without PA (0.5 mM, 24 h), or transfected with cGAMP (2 μg/ml, 6 h) in the presence 
or absence of TBK1-siRNA transfection for 48 h, or in the presence of absence of BX795 (10 μM, 8 h). Cells treated with scrambled siRNA were used as control (Ctrl- 
siRNA). STING1 was immunoprecipitated from whole-cell lysates, and levels of STING1, RPTOR and SQSTM1 in the precipitates were evaluated by immunoblotting. (E) 
Confocal microscopy of Hep3B cells treated with PA (0.5 mM, 24 h) or cGAMP (2 μg/ml, 6 h). Cells treated with scrambled siRNA were used as control. The cells were 
fixed 8 h later and stained with antibodies against TBK1 and RPTOR. Hoechst 33342 was used for nucleus staining. Representative images are shown. Scale bar: 
10 μm. Quantitative analysis of colocalized puncta of TBK1 and RPTOR is shown on the right. The numbers of puncta per cell were quantified by blind counting. The 
data are presented as means of three views of counting. **p < 0.01, *p < 0.05, ns = not significant. (F) Coimmunoprecipitation and immunoassay of extracts of Hep3B 
cells transfected with various combinations of expression vector for MYC-STING1 and other indicated plasmids, and treated with PA (0.5 mM, 24 h). (G) 
Coimmunoprecipitation and immunoassay of extracts of Hep3B cells transfected with various combinations of expression vector for Flag-STING1, HA-RPTOR and 
other indicated plasmids.
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expression of WT SQSTM1 or SQSTM1-mutants. 
Accordingly, p-SQSTM1 was more likely to bind to STING1 
and could enhance the interaction of STING1 and RPTOR 
(Fig. S4C and S4D). These results suggest that activated 
STING1 promotes the phosphorylation of TBK1 and 
SQSTM1, and p-SQSTM1 binds to STING1 and influences 
MTORC1 activity.

STING1 is involved in lipophagy inhibition under PA 
treatment

Lipophagy is an important metabolic pathway for lipid degra-
dation; however, the associated mechanism is unknown. 
Based on the aforementioned results, PA activated STING1, 
which in turn influenced MTORC1 activity. However, the 
mechanism through which STING1 or MTORC1 influences 
the metabolism of intracellular LDs is not clear. Both STING1 
and MTORC1 regulate lipid metabolism. Thus, we proceeded 
to determine whether they could regulate lipophagy of intra-
cellular PA. First, we determined the number of LDs using oil 
red O staining. Increased numbers of LD were detected using 
PA treatment. Both rapamycin treatment and STING1 KO 
reduced the number of intracellular LDs. Meanwhile, 
MTORC1 activation via AA treatment inhibited the effect of 
STING1 deficiency on amount of LDs (Figure 5A). AAs could 
not stimulate STING1-TBK1 (Fig. S2G), and hence, we con-
sidered using AAs as a STING1-independent activator of 
MTORC1. We proceeded to detect whether PA and AAs 
have a synergistic effect on MTORC1 activation in hepato-
cytes. AA treatment could enhance PA-induced activation of 
MTORC1, but did not influence PA-induced TBK1 phosphor-
ylation. In STING1-deficient hepatocytes, AAs, not PA, pro-
moted MTORC1 activation (Fig. S5A). By detecting the 
number of LDs in mouse hepatocytes, we found that higher 
activation of MTORC1 induced more accumulation of LDs in 
cells treated with both AAs and PA than in cells treated with 
PA alone. Although STING1 deficiency decreased the number 
of LDs, the re-activation of MTORC1 by AA treatment in 
STING1-deficient hepatocytes also enhanced the number of 
LDs (Fig. S5B). Such findings demonstrate that MTORC1 
activity enhances the accumulation of LDs.

We proceeded to investigate whether the STING1- 
regulated activity of MTORC1 influenced lipophagy. GFP 
loses its structure in the acidic and/or proteolytic conditions 
of the lysosome lumen, whereas mCherry is more stable and 
can be detected in the lysosome. Therefore, colocalization of 
GFP and mCherry fluorescence is considered to indicate 
a compartment that has not fused with a lysosome. Tandem 
mRFP/mCherry-GFP fluorescence microscopy is a useful 
technology for monitoring lysosome-related degradation 
[24], and PLIN2 (perilipin 2) is a known protein localized 
on the surface of LDs in hepatic cells [25]. Combining tandem 
mCherry-GFP microscopy and PLIN2, we constructed 
a tandem mCherry-GFP-PLIN2 fusion protein for monitoring 
the lysosomal degradation of LDs. Compared with that in cells 
in normal condition, PA treatment significantly increased the 
accumulation of lipid drops, but inhibited lipophagy, which 
was revealed by decreased number of red puncta (Figure 5B). 
The lipophagy was rescued with the blockage of MTORC1 

signaling using rapamycin, a specific inhibitor of MTORC1, as 
shown by increase in the number of red puncta (Figure 5B), 
suggesting that MTORC1 and its downstream signaling are 
involved in lipophagy inhibition by PA. As shown in afore-
mentioned results, we found that STING1 is involved in the 
regulation of MTORC1 activity. Furthermore, we determined 
the function of STING1 in lipophagy. The fusion of LDs and 
lysosomes was observed in STING1-KO cells upon treatment 
with PA. The knockout of STING1 significantly rescued lipo-
phagy. However, the activation of MTORC1 by AA treatment 
blocked lipophagy in STING1-KO cells (Figure 5B). To 
further validate the role of STING1 and MTORC1 activation 
in lipophagy, we isolated primary hepatocytes from mouse 
liver. After PA treatment, the live hepatocytes were labeled for 
LDs and lysosomes using BODIPY and LysoTracker Red 
probe, respectively. Thereafter, the labeled live cells were 
subjected to confocal imaging to determine the colocalization 
of LDs and lysosome, which is an indicator of lipophagy [26]. 
Rapamycin treatment could significantly promote the coloca-
lization of LDs and lysosome in control cells under normal 
conditions. Compared with normal hepatocytes, hepatocytes 
with STING1 knockdown showed increased lipophagy and 
lower number of LDs under PA treatment. Rapamycin could 
enhance lipophagy and decrease the number of LDs in normal 
hepatocytes under PA treatment, but not in STING1-deficient 
hepatocytes (Figure 5C). Similar observations were made in 
mouse primary hepatocytes derived from WT or sting1-KO 
mice (data not shown). These results indicate that STING1 
and MTORC1 can inhibit lipophagy by PA treatment.

STING1 is reported to promote autophagic flux through its 
direct interaction with MAP1LC3/LC3 (microtubule associated 
protein 1 light chain 3) [27]. To further assess whether lipo-
phagy inhibition by STING1 was canonical macroautophagy/ 
autophagy specifically, we detected the autophagic flux under 
STING1 activator or FFA treatment. Consistent with the pre-
vious study, stimulating STING1 by cGAMP or HT-DNA 
enhanced autophagic flux. STING1 KO suppressed basal and 
cGAMP/HT-DNA-stimulated autophagy (Fig. S5C). However, 
treatment with PA, but not oleic acid, promoted LC3B-II and 
SQSTM1 accumulation, indicating that PA induced the block-
ade of autophagic flux. STING1 KO did not improve SQSTM1 
accumulation, suggesting that STING1 was involved in lipo-
phagy independent of canonical autophagy (Fig. S5D). These 
results demonstrate that the effect of STING1 on lipophagy 
differs from that previously reported on autophagy flux.

Concomitant enhancement of the phosphorylated levels 
of RPS6KB1 and TBK1 correlates with inflammatory levels 
in liver tissues with NAFLD

Based on the correlation between STING1 and MTORC1 
activity, we determined the activation of STING1 and 
MTORC1 in human liver tissues with or without NAFLD. 
As the main downstream effector of STING1 or MTORC1, 
we used TBK1 phosphorylation to demonstrate STING1 
activation. Moreover, MTORC1 activity was determined by 
measuring RPS6KB1 phosphorylation. The results of immu-
nohistochemical assay revealed higher levels of RPS6KB1 
phosphorylation in liver tissues with NAFLD, indicating 
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Figure 5. STING1 involves in inhibition of lipophagy under PA treatment. (A) Control (GFP-KO) and STING1-KO Hep3B cells with indicated treatment were fixed and 
stained with Oil red O (ORO stain), and followed by confocal fluorescence microscopy. The numbers of red-only puncta per cell were quantified by blind counting. 
Shown on the right is the mean plus SD of ten views of counting. ***p < 0.001. (B) Control (GFP-KO) and STING1-KO Hep3B cells transfected with mCherry-eGFP- 
PLIN2 plasmid for 48 h were treated with or without PA (0.5 mM, 24 h) followed with rapamycin (200 nM, 6 h) and AA (60 min). Cells were fixed and followed by 
confocal fluorescence microscopy. Representative images are shown. Right panels are enlarged photographs from the boxed areas. Arrow denotes the red-only 
puncta. Scale bar: 10 μm. The numbers of red-only puncta per cell were quantified by blind counting. Shown on the right is the mean plus SD of ten views of 
counting. ***p < 0.001, ns = not significant. (C) Confocal microscopy of mouse primary hepatocytes with or without mouse-Sting1-siRNA (MmSting1-siRNA) 
transfection followed with treatment of PA (0.5 mM, 24 h) or rapamycin (200 nM, 6 h). Cells treated with scrambled siRNA were used as control. For the combination 
treatment of PA and rapamycin, PA was treated for 18 h followed with 6 h of rapamycin treatment. The cultured cells were stained with Bodipy-FL and LysoTracker 
Red. Representative images are shown. Scale bar: 10 μm. The numbers of colocalized puncta per cell were quantified by blind counting. Shown on the right is the 
mean plus SD of ten views of counting. Ctrl-si referred to scrambled siRNA. MmSting1-si refereed to mouse-Sting1-siRNA. ***p < 0.001, **p < 0.01. ns = not 
significant.
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increased MTORC1 activity (Figure 6A). The phosphory-
lated levels of TBK1 were also enhanced in liver tissues with 
NAFLD (Figure 6B and S6A). The copy numbers of cyto-
solic mtDNA, which were revealed by the DNA levels of 
MT-ND1, were increased in liver tissues with NAFLD (Fig. 
S6B). The copy numbers of cytosolic mtDNA and the acti-
vation of STING1 and MTORC1 were also increased in the 
liver tissue of MCD-treated mice (Fig. S6C and S6D). 
Furthermore, a strong positive correlation was found 
between the staining scores of p-RPS6KB1 and p-TBK1 
from the surgically removed samples of liver tissues with 
NAFLD (Figure 6C). In addition, we determined the levels 
of lipophagy by detecting the colocalization of PLIN2, 
a typical protein located on the LD surface, and LAMP1 
(lysosomal associated membrane protein 1), a lysosomal 
marker. By using NAFLD samples with high or low phos-
phorylation of RPS6KB1 and TBK1, confocal imaging 
revealed that liver tissue with high phosphorylation of 
RPS6KB1 and TBK1 had reduced colocalization of PLIN2 
and LAMP1, indicating that the ability of lysosome- 
clearance of LDs was impaired in the liver of NAFLD 
patients with high MTORC1 activity (Figure 6D).

We confirmed that the mRNA levels of IL1B (interleukin 1 
beta), an inflammatory factor, were slightly increased in 
NAFLD samples compared with those in normal liver tissues 
(Figure 6E). Notably, a significant positive correlation was 
observed between p-RPS6KB1 levels and IL1B mRNA in the 
NAFLD tissues. TBK1 phosphorylation also correlated with 
IL1B mRNA, indicating that STING1 was involved in the 
initiation of inflammation in the liver tissues with NAFLD 
(Figure 6F). Collectively, these results provided evidence to 
support the clinical relevance of STING1 activation and 
MTORC1 activity in NAFLD progression.

Discussion

Steatosis and inflammation in hepatocytes severely endanger the 
normal function of the liver, resulting in chronic damage of the 
liver tissue. Lipid accumulation in hepatocytes causes liver 
inflammation, and the dysfunction of lipid metabolism has 
been associated with lipid accumulation [3]. Initiation of liver 
inflammation is a marker of NASH, which typically occurs after 
lipid accumulation [28]. Although lipid accumulation contributes 
to the initiation of liver inflammation, the particular mechanism 
associated with the role of inflammation in the clearance of 
lipids, especially LDs, and the reason for the difficulty in rever-
sing NASH, remain unclear. Herein, we demonstrated that 
STING1 activation by PA treatment prevents the lysosomal 
degradation of LDs and proposed an explanation for the diffi-
culty associated with reversing liver inflammation of NASH.

Novel roles of STING1 in LD clearance

As a central pivot of sensing exogenous and intracellular 
DNA, STING1 is a critical receptor that links the upstream 
signal of DNA to activation of the downstream IRF3 and 
NFKB pathways. By stimulating the transcription of inter-
feron and inflammatory factors, STING1 signaling has been 
demonstrated to be essential for protecting cells against 

a variety of pathogens [29]. STING1 activation by self-DNA, 
which may be derived from necrotic cells or dysfunctional 
mitochondria, plays an important role in auto-inflammatory 
disease and chronic inflammation involving the sensing of 
self-DNA [30]. PA treatment also stimulates STING1 and 
enhances the inflammatory response in hepatic cells [11]. 
We also found that PA can significantly promote STING1 
activation. In hepatic steatosis-related disease, the activation 
of the STING1-TBK1 pathway promotes hepatocyte injury 
and dysfunction by inducing inflammation and apoptosis 
and impairing glucose and lipid metabolism [13]. A recent 
study reported that the elevated expression of STING1 pro-
motes macrophage-mediated hepatic inflammation and fibro-
sis [10]. STING1 deficiency markedly attenuates hepatic 
steatosis, fibrosis, and inflammation in both MCD- and HFD- 
fed mice. Such roles of STING1 mainly rely on the sensing of 
intracellular mtDNA derived from dysfunctional mitochon-
dria in Kupffer cells [12]. These findings indicate that STING1 
activation contributes to the inflammation that occurs in the 
liver. However, it is unclear whether STING1 activation has 
other roles in hepatic steatosis.

Some studies concluded that STING1 is not expressed in 
mouse hepatocytes [10,12], whereas several studies found that 
STING1 plays a role in mouse hepatocytes [11,18]. Using wes-
tern blot, qPCR, IF and IHC, we confirmed STING1 expression 
in hepatocytes and liver non-parenchymal cells (NPCs). 
Further, STING1 was found to have a relatively weaker expres-
sion in hepatocytes than in NPCs (data not shown). Because of 
the low expression of STING1 in hepatocytes, some reports 
concluded that STING1 is not expressed in mouse hepatocytes, 
which may be attributed to the weak immunoblotting signals.

In this study, STING1 activation by PA treatment pro-
moted MTORC1 activation (Figure 1), which has been asso-
ciated with enhanced accumulation of intracellular lipids [31]. 
Recently, STING1 knockdown was reported to reduce lipid 
deposition in hepatocytes [32]. We also demonstrated that 
STING1 KO could reduce the number of LDs (Figure 5A). 
We also found that STING1 deficiency promoted the lysoso-
mal-related degradation of LD. The STING1-regulated activ-
ity of MTORC1 impairs lipophagy, indicating the roles of 
STING1 and MTORC1 in the lysosomal-associated clearance 
of hepatic LD (Figure 5B). Such findings suggest that STING1 
activation may not only enhance the inflammation of liver 
tissue, but also increase lipid accumulation by regulating 
MTOR activity in the progression of hepatic steatosis.

Synergetic axis of STING1-TBK1-SQSTM1 in MTORC1 
activation

As a central pivot of intracellular signaling, MTOR senses 
upstream stress and change in energy level, and controls 
cellular behaviors by targeting different types of substrates 
[31]. There are at least five major activators of MTORC1, 
namely insulin, stress, glucose, oxygen, and AAs. With regard 
to lipids, it is known that saturated FFAs, but not unsaturated 
FFAs, can activate MTORC1 signaling by enhancing 
MTORC1 translocation onto lysosomal membranes [5]. 
Furthermore, saturated FFA results in apoptosis through the 
hyperactivation of MTORC1, but not of MTORC2 [5]. 
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Figure 6. Concomitant enhancement of phosphorylated levels of RPS6KB1 and TBK1 correlates with inflammatory levels in liver tissues with NAFLD. (A) 
Immunohistochemical staining of 6 cases of normal human liver tissue specimens (Healthy Sample, HS) and 16 cases of NAFLD specimens (NAFLD Sample, 
NAFLD) with the anti-p-RPS6KB1 antibody. Scale bar: 100 μm. Quantitative analysis of p-RPS6KB1 staining is shown as scores. The data are presented as means ± SD. 
***p < 0.001. (B) Immunohistochemical staining of normal human liver tissue specimens (Healthy Sample, HS) and NAFLD specimens (NAFLD Sample, NAFLD) with 
the anti-p-TBK1 antibody. Scale bar: 100 μm. Quantitative analysis of p-TBK1 staining is shown as scores. The data are presented as means ± SD. ***p < 0.001. (C) 
Human NAFLD specimens were immunohistochemically stained with anti-p-RPS6KB1 or anti-p-TBK1 antibodies. Representative images are shown. Scale bar: 100 μm. 
The correlation of p-RPS6KB1 and p-TBK1 was statistically significant among different specimens (n = 16, r = 0.7435, p < 0.001). (D) Confocal microscopy of human 
NAFLD specimens using in above. NAFLD-1 is related to the NAFLD sample-1 in (C). NAFLD-2 is related to the NAFLD sample-2 in (C). Representative images are 
shown. Scale bar: 10 μm. The quantitative data are presented as means ± SD. **p < 0.01. (E) The IL1B mRNA expression level in the normal liver (healthy sample, HS) 
(n = 6) and NAFLD tissue (NAFLD) (n = 16) samples was determined by qPCR assay. The data are presented as means ± SD. *p < 0.05. (F) The correlation of IL1B 
mRNA expression and p-RPS6KB1 (upper) and p-TBK1 (lower) was statistically significant among different specimens (n = 16). (G) Schematic representation of 
STING1-regulated MTORC1 activity and lipophagy under PA treatment.
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However, the particular mechanism associated with saturated 
FFA-stimulated activation of MTORC1 is unknown. Herein, 
we found that PA stimulated the activation of MTORC1 
through STING1 (Figure 1). STING1 could interact with the 
members of the MTORC1 complex. The stimulator of 
STING1 and PA could reinforce the complex formation of 
MTORC1 (Figure 2). Mechanistic studies revealed that 
STING1 was involved in MTORC1 activation mainly through 
the recruitment of SQSTM1 (Figure 3), a known regulator of 
MTORC1 [15]. Without SQSTM1, PA could not stimulate 
MTORC1 activity (Figure 3). The phosphorylation of 
SQSTM1 by TBK1 was important for both SQSTM1- 
STING1 interaction and the involvement of STING1 in 
MTORC1 complex (Figure 4). Previous studies have mainly 
focused on the degradative role of SQSTM1 in SQSTM1- 
STING1 interaction [22], and thus, our work may provide 
new insights into the role of STING1 in lipid homeostasis in 
relation to the regulation of MTORC1 signaling.

Several studies have indicated that TBK1 has controversial 
roles in MTORC1 activation. Consistent with the results of 
this study, two recent studies revealed that TBK1 enhances the 
activation of MTORC1 in response to growth factors and 
innate immune agonists [23,33]. Moreover, although many 
studies reported that TBK1 interacts with the main compo-
nents of the MTORC1 complex, they concluded that TBK1 
directly inhibits MTORC1 [34–36]. The activation of 
MTORC1 signaling is strictly and timely regulated in response 
to various conditions in cells. It is highly possible that TBK1 
influences MTORC1 signaling directly or indirectly in certain 
physiologic or pathological contexts. One hypothesis is that 
TBK1 may regulate MTORC1 signaling in specific stress, 
which re-wires cell signaling and positively impacts the 
MTORC1 pathway. Upon continuous stimulation, such as 
PA-induced lipotoxicity or long-term nutrient oversupply, 
active TBK1 may indirectly promote MTORC1 signaling 
through SQSTM1. However, specific stress or condition may 
result in the negative engagement of MTORC1. For example, 
one study found that KO of the Trex1 (three prime repair 
exonuclease 1) in mouse embryonic fibroblasts (MEFs) acti-
vates the CGAS-STING1-TBK1 pathway. Active TBK1 in 
trex1−/- MEFs directly inhibits MTORC1 signaling [34]. The 
continuous accumulation of self-DNA or glycans in trex1−/- 

MEFs or mice tissue may stimulate not only CGAS-STING1 
signaling, but also protective signaling in cells, such as endo-
plasmic reticulum stress signaling or macroautophagy, which 
stimulates the reduction of MTORC1 activity. Interestingly, 
trex1−/- mice have lower MTORC1 activity in liver and lower 
body fat in normal condition and lower weight under HFD 
condition. This result partially supports our conclusion that 
high MTORC1 activity increases the accumulation of LDs. 
Other studies also detected the relationship between TBK1 
and MTORC1 activity under no stimulus and concluded that 
TBK1 inhibits MTORC1 signaling [35,36]. However, some 
studies determined that TBK1 supports MTORC1 activity 
under specific stimuli, such as that with EGF (epidermal 
growth factor) [23] and AAs [33]. In this study, cells were 
mainly treated with PA or cGAMP, which can partially pre-
clude MTORC1 engagement in negative feedback. However, 
the effect of PA and TBK1 on MTORC1 could vary depending 

on the cell contexts. In this study, the TBK1-dependent acti-
vation mechanism overrides the negative impacts on 
MTORC1 signaling, and this may rely on the unique intra-
cellular context of hepatocytes.

Another hypothesis is that TBK1 may have indirectly regu-
lated MTORC1 signaling through other regulators of 
MTORC1, such as SQSTM1. Other studies that have reported 
the controversial effect of TBK1 on MTORC1 activity mainly 
focus on the direct regulation of the MTORC1 complex by 
TBK1. We found that SQSTM1 is critical for TBK1-regulated 
MTORC1 activation under PA or cGAMP stimulus 
(Figure 4E). SQSTM1 is reported to promote MTORC1 sig-
naling through the regulation of the formation of the active 
Rag heterodimer and the recruitment of MTOR to lysosomes 
[15], which may represent the missing link between TBK1 and 
MTORC1. Without SQSTM1, TBK1 could not colocalize with 
RPTOR puncta upon PA or cGAMP treatment (Figure 4E). 
Our data also revealed that TBK1 was involved in the PA- 
induced activation of MTORC1, which was dependent on the 
phosphorylation of SQSTM1 (Ser403) (Figure 4). Although 
the mechanism is not clear, our data indicate that TBK1 
indirectly contributes to MTORC1 activation in response to 
PA or cGAMP-induced STING1 activation in hepatic cells.

STING1-regulated lipophagy is dependent on MTORC1

Although it is clear that MTORC1 signaling regulates lipid 
homeostasis, the detailed mechanism remains unclear. In 
2008, it is first identified that MTORC1 promotes lipogenesis 
by regulating SREBP activity and the expression of genes 
involved in lipogenesis [37]. Nonetheless, mice with a liver- 
specific deletion of Tsc1 shows enhanced MTORC1 activity 
but defective SREBP1c activation and lipogenesis, indicating 
that MTORC1 increases the cellular accumulation of lipid 
through other catabolic processes. Lipolysis is defined as the 
catabolism of triacylglycerols stored in cellular LD, and more 
recent studies have proposed the role of MTORC1 in this 
process. The link between MTORC1 and lipolysis of adipose 
tissue has been observed in various experimental conditions, 
such as under rapamycin treatment [6,8]. MTORC1 may 
control lipolysis by regulating the expression and activity of 
lipid hydrolases, such as PNPLA2 and LIPE [38]. However, 
the roles of MTORC1 in lysosome-related LD clearance (lipo-
phagy) are unknown. Herein, we demonstrated that MTORC1 
inhibition by rapamycin could rescue lipophagy inhibition 
under PA treatment (Figure 5). Moreover, we identified that 
MTORC1 activity was increased in liver tissues with NAFLD 
compared with that in normal liver tissues. Importantly, 
MTORC1 activity has a high correlation with STING1 activa-
tion and transcription of inflammatory factors (Figure 6), 
suggesting that STING1 activation contributes to MTORC1 
signaling and consequent accumulation of lipid in the 
hepatocytes.

Although STING1 has been reported to promote autopha-
gic flux, the effect of STING1 on autophagy is not dependent 
on its downstream signaling. PA was demonstrated to pro-
mote CGAS-STING1 activation and TBK1 activation. 
However, according to previous studies, STING1 promotes 
autophagy by directly interacting with MAP1LC3, 
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independently of TBK1, the downstream factor of CGAS- 
STING1 signaling [27,39]. We found that STING1 regulated 
the activity of MTORC1 through TBK1 activation and TBK1- 
induced SQSTM1 phosphorylation (Figs. 3 and 4). Therefore, 
STING1 activation has two different effects on autophagic 
degradation in the liver. On one hand, STING1 activation 
promotes autophagic initiation by directly interacting with 
MAP1LC3. On the other hand, STING1-TBK1 signaling can 
sustain a high level of MTORC1 activation, which suppresses 
the function of lysosome and lipophagy. This hypothesis is 
partially supported by the results of studies conducted on 
animals subjected to short- or long-term HFD treatment. 
Autophagic degradation increases during the first few weeks, 
which was followed by a gradual decrease in autophagic 
degradation in long-term HFD- and MCD-treated animals 
[40]. This fluctuation in autophagy may partially be attributed 
to the activation of STING1-TBK1 signaling and MTORC1 in 
the liver.

The role of CGAS-STING1 signaling in lipophagy may not 
be strictly related to the role of STING1 in autophagic flux. 
Autophagic flux comprises various steps that are differentially 
regulated by different signaling processes. Some proteins reg-
ulate autophagic degradation by influencing the fusion of 
autophagosome and lysosome, but have little effect on auto-
phagic flux [41]. However, lipophagy is selective and is more 
dependent on the fusion of LDs and lysosomes. According to 
previous studies, the oversupply of fatty acid induces the 
dysfunction of lysosomes. Autophagosomes and lysosomes 
isolated from the livers of mice maintained on regular diet 
(RD) or HFD for 16 weeks exhibit significantly different 
fusion rates [42]. The fusion rate between the fractions iso-
lated from the HFD group are up to 40% lower than that 
between those isolated from the RD mice [42]. Moreover, the 
fusion rates of autophagosomes from the RD group and lyso-
some from the HFD group are 75% lower than those isolated 
from the RD mice [42]. This may contribute to the increased 
activity of MTORC1, which suppresses TFEB and reduces the 
levels of lysosome-associated proteins [43]. Activated 
MTORC1 may also inhibit lysosomal function through other 
mechanisms [44]. Our results also showed that PA-induced 
activation of MTORC1 blocks the colocalization of LDs and 
lysosome as well as lipophagy in normal hepatocytes, but not 
in STING1-deficient hepatocytes with lower activation of 
MTORC1. Stimulating MTORC1 activity with AAs in 
STING1-deficient hepatocytes caused an increase in the num-
ber of LDs and a concomitant inhibition of lipophagy 
(Figure 5). Although STING1 can directly interact with 
MAP1LC3 and facilitate the maturation of autophagosome, 
STING1-mediated activation of MTORC1 can suppress lyso-
somal function in the course of autophagosome-lysosome 
fusion and further inhibits lipophagy. Thus, the role of 
STING1-MTORC1 in lipophagy does not conflict with that 
of STING1 in autophagic flux.

Based on our findings, we propose herein a working model 
to illustrate how directional communication between STING1 
and MTORC1 suppresses the clearance of LDs (Figure 6F). 
Saturated fatty acid, such as PA, causes mitochondrial damage 
and mtDNA release. By sensing mtDNA, CGAS activates 
STING1 and promotes SQSTM1 phosphorylation on the 

Ser403 site. STING1, through phosphorylated SQSTM1, facil-
itates the complex formation of MTORC1 and increases the 
activation of MTORC1 signaling. Finally, activated MTORC1 
suppresses the lysosomal degradation of LDs. Our study 
unveiled a synergetic suppressing effect of STING1 and 
MTORC1 on LD clearance. STING1 activation may contri-
bute to MTORC1-inhibited lipid degradation. The interaction 
of STING1 and MTORC1 signaling may explain the difficulty 
associated with clinically treating patients with NASH than 
patients with NAFL. Manipulating STING1 activation in the 
clinical treatment of NASH may not only be a viable ther-
apeutic option against excessive inflammation, but it may also 
mitigate lipid accumulation and lipid-related toxicity.

Materials and methods

Cell culture and transfection

HEK293T (GNHu17) and Hep3B (SCSP-5045) cells were 
purchased from the Cell Bank at the Institute of 
Biochemistry and Cell Biology, China Academy of Science, 
and were cultured in Dulbecco’s modified Eagle medium 
(DMEM; Gibco, 11965092) supplemented with 10% fetal 
bovine serum (PAN, P30-3302) and 1% GlutaMAX 
Supplement (Gibco, 35050061), and maintained at 37°C 
under 5% CO2. Transient transfections of cells were per-
formed with Lipofectamine 3000 reagent (Invitrogen, 
L3000075) according to the manufacturer’s instructions. For 
cGAMP transfection, the concentration of cGAMP is the dose 
diluted in the culture medium.

Isolation of mouse primary hepatocytes

The method of isolating mouse hepatocytes is based on pre-
viously reported with slight modifications [45]. Briefly, the 
two-step collagenase perfusion procedure was used. The mice 
were perfused with Ca2+ and Mg2+-free Hanks’ buffered salt 
solution (HBSS; Gibco, 14185052) containing EGTA (Sigma, 
E4378) (2.5 mM) through portal vein cannulation (Step 1), 
followed by the enzymatic solution containing collagenase 
P (Sigma, 11249002001) (Step 2). The cell suspensions were 
filtered through a 70 μm nylon mesh, centrifuged at 50 g for 
1 min at 4°C, and the cell pellets (hepatocytes) were collected.

Patients and tissue samples

We obtained 16 cases of snap-frozen tissue samples for the 
extraction of RNA and 16 cases of paraffin-embedded speci-
mens from partial liver donation with biopsy-proven NAFLD 
at the Third Affiliated Hospital of Sun Yat-Sen University 
(Table S1). Liver sample obtained from 6 healthy subjects 
candidate for partial liver donation served as controls (Table 
S2). The usage of the clinical samples and methods in this 
study was carried out in accordance with the approved guide-
lines by the Third Affiliated Hospital of Sun Yat-Sen 
University, and written informed consent to participate in 
the study was obtained from all subjects.
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Antibodies and reagents

The primary antibodies used were as follows: monoclonal 
anti-Flag M2-peroxidase (Sigma, A8592), anti-HA- 
peroxidase (Roche, 12013819001), anti-MYC-horseradish 
peroxidase (Santa Cruz Biotechnology, sc-40; HRP), mono-
clonal anti-ACTB/actin beta (Abclonal, AC026), anti- 
p-MTOR (S2159; Merck, ABS79), anti-p-RPS6KB1 (T389; 
Cell Signaling Technology [CST], 9234S), anti-RPS6KB1 
(CST, 2708S), anti-p-SQSTM1 (S403; CST, 39786S), anti- 
STING1 (Proteintech, 19851-1-AP; Proteintech, 66680-1-Ig; 
CST, 13647), anti-RPTOR (CST, 2280S; Santa Cruz 
Biotechnology-sc-81537), anti-RRAGA (CST, 4357), anti- 
MTOR (CST, 2983S; Proteintech, 66888-1-Ig), anti-p-TBK1 
(S172; CST, 5483S), anti-p-RPS6 (S235/236; CST, 4858S), 
anti-RPS6 (Immunoway, YT4139), anti-SQSTM1 
(Proteintech, 18400-1-AP), anti-MAP1LC3B (Proteintech, 
18725-1-AP), anti-PLIN2 (Proteintech, 15294-1-AP), anti- 
LAMP1 (CST, 15665). The secondary antibodies used in 
western blotting were as follows: goat anti-rabbit IgG-HRP 
(CST, 7074S) and goat anti-rabbit IgG-HRP (CST, 7076S). 
Goat anti-rabbit IgG (H + L; Biotium, CF405M-20373, 
CF488-20019, CF568-20103), goat anti-mouse IgG (H + L; 
Biotium, CF488-20018, CF568-20101), Anti-Flag affinity gel 
(B23102) was purchased from Bimake. Protein A/G agarose 
(20241) was purchased from Pierce. The chemical reagents 
used were as follow: 2ʹ3’-cGAMP (Invivogen, tlrl-nacga23), 
HT-DNA (Sigma, D6898), rapamycin (Selleckchem, S1039), 
BX795 (Selleckchem, S1274), amino acids solution (Gibco, 
11130051), non-essential amino acids (Gibco, 11140076), 
LysoTracker Red (Beyotime, C1046), BODIPY-493/503 
(Invitrogen, D3922). For FFA treatment, de-lipidated low- 
endotoxin bovine serum albumin (BSA; Shanghai Yeasen 
Biotechnology, 36104ES25) was loaded with PA (Sigma, 
P5585) and OA (Sigma, O1008), as described [11].

Plasmid construction and mutagenesis

The human genes STING1, SQSTM1, MLST8, DEPTOR, 
RRAGA, RRAGC, and RPTOR were generated by PCR amplifi-
cation from a normal liver cDNA library and cloned into Flag-, 
HA- and MYC-tagged FG-EH-DEST vectors were derived from 
Cui Jun lab in Sun Yat-Sen University. Flag-tagged 
SQSTM1S403E and SQTM1S403A mutants were generated using 
a site-directed mutagenesis kit (SBS Genetech, SDM-15).

Knockout of STING1 by the CRISPR-Cas9 system

Construction of the lenti-CRISPR-Cas9 vectors targeting 
STING1 was performed following a standard protocol. 
Briefly, gRNA was synthesized and annealed and then was 
ligated into the vector at the BsmBI restriction sites. The 
gRNA sequences of STING1 were obtained using an online 
gRNA design tool as follows:

GFP-sgRNA (as control): Forward 5ʹ- CACCGGGGC 
GAGGAGCTGTTCACCG −3ʹ, reverse 5ʹ- AAACCGGTGAACA 
GCTCCTCGCCCC −3ʹ;

Human STING1-sgRNA:

Forward 5ʹ- CACCGCGGGCCGACCGCATTTGGGAG 
GG −3ʹ, reverse 5ʹ- AAACCCCTCCCAAATGCGGTCGG 
CCCGC −3ʹ;

RNA interference

LipoRNAiMAX (Invitrogen, 13778150) was used for the 
transfection of siRNAs into cells according to the manufac-
turer’s instructions. The sequences of siRNAs are listed as 
follows:

Scramble-siRNA: 5ʹ- UUCUCCGAACGUGUCACG 
UTT −3ʹ

Human STING1-siRNA: 5ʹ- GCAUCAAGGAUCGGGUU 
UATT −3ʹ

Human SQSTM1-siRNA: 5ʹ- GAUCUGCGAUGGCUGCA 
AUTT −3ʹ

Human TBK1-siRNA: 5ʹ- GCAGUUUGUUUCUCUGUA 
UTT −3ʹ

Mouse Sqstm1-siRNA: 5ʹ- CUCAGCCAAGCAGCUGC 
UCTT-3ʹ

Mouse Sting1-siRNA-1#: 5ʹ- GCAUCAAGAAUCGGG 
UUUATT −3ʹ

Mouse Sting1-siRNA-2#: 5ʹ- CAACAUUCGAUUCCGAG 
AUTT −3ʹ

Mouse Sting1-siRNA-3#: 5ʹ- GAGGUCACCGCUCCA 
AAUATT −3ʹ

Mouse Sting1-siRNA-4#: 5ʹ- GAUUCUACUAUCGUCUU 
AUTT −3ʹ

Transfection and generation of stable cell lines

For transient transfection, Hep3B cells were plated in 24-well 
plates at density of 1.2 × 105 cells per well 24 h before 
transfection. Lipofectamine 3000 (Invitrogen, L3000015) was 
used for transfection according to the manufacturer’s instruc-
tions. To generate stable cell lines, lentivirus-containing med-
ium was collected from HEK293T cells twice at 24 h intervals 
beginning 48 h after transfection with the lentiviral overex-
pression or CRISPR-Cas9-mediated gene knockout vector. 
The infection of Hep3B cells was performed with serial dilu-
tions of lentivirus in the presence of 5 µg/ml polybrene 
(Sigma, 107689). Forty-eight hours post-transduction, lenti-
virus-transduced Hep3B cells were cultured with 2 µg/ml 
puromycin (Invivogen, ant-pr) for 2 weeks. The puromycin- 
resistant colonies were then collected and expanded for 
further analysis under selective conditions.

qPCR

Total RNA was extracted using TRIzol (Invitrogen, 15596026) 
and was reverse transcribed to cDNA using a PrimeScript RT 
reagent kit (Vazyme, R233-01). Real-time qPCR was per-
formed using the Lightcyler 480 Real-Time PCR System 
(Roche) and SYBR Green PCR Master Mix (Genstar, A301). 
RPL13A was used for normalization. The primers for the 
qPCR are listed as follow:

RPL13A-Forward: GCCATCGTGGCTAAACAGGTA
RPL13A-Reverse: GTTGGTGTTCATCCGCTTGC
IL1B-Forward: AAATACCTGTGGCCTTGGGC
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IL1B-Reverse: TTTGGGATCTACACTCTCCAGCT
Human MT-ND1-Forward: ATACCCATGGCCAACC 

TCCT
Human MT-ND1- Reverse: GGGCCTTTGCGTAG 

TTGTAT
Mouse Mt-nd1-Forward: TATCTCAACCCTAGCAGAAA
Mouse Mt-nd1-Reverse: TAACGCGAATGGGCCGGCTG

Immunoprecipitation and immunoblot analysis

After the indicated treatment, cells were rinsed twice with cold 
PBS (Boster Biological Technology, PYG0021) and were lysed in 
low salt lysis buffer (150 mM NaCl [Sigma, S5886], 50 mM 
HEPES [Sigma, H3375], pH 7.4, 1 mM EDTA[Sigma, E6758], 
1.5 mM MgCl2 [Sigma, V900020], 1% Triton X-100 [Sigma, 
X100] containing protease inhibitors [Bimake, B14011] and phos-
phatase inhibitors [Bimake, B15001]) for 30 min at 4°C. For 
immunoprecipitation, equal amounts of protein from each 
group were incubated with anti-Flag antibody-conjugated affinity 
gel (Bimake, B23102) or primary antibodies with either protein A/ 
G agarose beads (Pierce, 20423) in lysis buffer overnight. The 
beads were centrifuged at 5000 g for 5 min at 4°C and were 
extensively washed with lysis buffer. The beads were then re- 
suspended with loading buffer (62.5 mM Tris-HCl [Solarbio, 
T8230], pH 6.8, 2.5% SDS [Solarbio, S8010], 0.002% bromophenol 
blue [Sigma, 114391], 0.7135 M (5%) β-mercaptoethanol 
[Solarbio, M8210], 10% glycerol [Sigma, G5516]) and subjected 
to SDS-PAGE. After electrophoresis, the protein bands in the gel 
were transferred to polyvinylidene fluoride (PVDF) membranes 
(Millipore, IPVH00010) and probed with specific primary anti-
bodies, followed by the appropriate secondary antibodies. The 
bands were detected using the ChemiDoc XRS system (Bio-Rad 
Laboratories, Hercules, CA, USA).

Immunohistochemistry

Immunohistochemistry procedures were performed as previously 
described [46]. Briefly, paraffin-embedded specimens were cut 
into 4 μm sections and were placed on polylysine-coated slides. 
After baking at 45°C for 2 h, sections were deparaffinized with 
xylenes and rehydrated using graded ethanol. Next, the slides were 
placed in 3% hydrogen peroxide (Aladdin, H112517) to eliminate 
the activity of endogenous peroxidase and then were processed for 
antigen retrieval by microwave heating for 15 min in 10 mM 
citrate buffer (pH 6.0) (Maixin Biological, MVS-0100). The sec-
tions were then submerged into 5% goat serum (Boster Biological 
Technology, AR0009) diluent for 1 h to block nonspecific binding, 
and were incubated with the indicated antibodies diluted in 
SignalStain Antibody Diluent (CST, 8112S) overnight. After 
washing, the sections were incubated with GTVision detection 
system (Dako, GK500705) for 1 h, and then were stained with the 
DAB kit (Maixin Biological, DAB-0031). Images were obtained 
using a Nikon Eclipse Ni microscope (Nikon Instruments Inc., 
USA) with NIS-Elements D software, and positive cells were 
quantified using ImagePro Plus software. The staining score was 
blindly calculated by different individuals using the staining inten-
sity multiplied by the cell percentage (+) %*1 + (++) %*2 + (+++) 
%*3. + indicates a weak staining signal; ++ indicates a medium 
staining signal; +++, indicates a strong staining signal.

Immunofluorescence

Immunofluorescence was performed essentially as previously 
reported [46]. In brief, cells were fixed with 4% paraformal-
dehyde and permeabilized with 100% methanol. The permea-
bilized cells were incubated with appropriate primary 
antibodies at 4°C overnight. After PBS wash, cells were incu-
bated with CF488-conjugated goat-anti-mouse IgG (Biotium, 
20018) or CF568-conjugated goat-anti-rabbit IgG (Biotium, 
20103) at room temperature for 1 h. Nuclei were revealed by 
Hoechst 33342 (Sigma, B2261) staining. Fluorescence images 
were collected using a confocal laser scanning microscope 
(Zeiss LSM880+Airyscan, Germany). To label LDs, fixed sam-
ples were washed in 60% isopropanol (Aladdin, I112023) for 
30 s and 60% Oil Red O (Sigma, O0625) solution (5 mg/ml in 
isopropanol) for 1.5 min and then washed in 60% isopropanol 
for an additional 30 s. Images were acquired using confocal 
microscope. LD numbers were quantified by blind counting.

Statistical analysis

Student’s t-test was used for statistical analysis with GraphPad 
Prism 5.0 software. Pearson’s correlation test was used to 
analyze the correlation between the levels of IHC staining. 
P < 0.05 is considered to be statistically significant.
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