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Summary

Cytosolic DNA acts as a universal danger-associated molecular pattern (DAMP) signal; however, 

the mechanisms of self-DNA release into the cytosol and its role in inflammatory tissue injury are 

not well understood. We found that the internalized bacterial endotoxin lipopolysaccharide (LPS) 

activated the pore forming protein Gasdermin D, which formed mitochondrial pores and induced 

mitochondrial DNA (mtDNA) release into the cytosol of endothelial cells. mtDNA was recognized 

by the DNA sensor cGAS and generated the second messenger cGAMP, which suppressed 

endothelial cell proliferation by downregulating YAP1 signaling. This indicated that the surviving 

endothelial cells in the penumbrium of the inflammatory injury were compromised in their 

regenerative capacity. In an experimental model of inflammatory lung injury, deletion of cGas in 

mice restored endothelial regeneration. The results suggest that targeting the endothelial 

Gasdermin D activated cGAS-YAP signaling pathway could serve as a potential strategy for 

restoring endothelial function following inflammatory injury.
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eTOC Blurb

Sepsis induces profound vascular injury by promoting endothelial cell death but the role of 

mitochondria in vascular endothelial injury is not well understood. Huang et al. demonstrate that 

the pore-forming molecule Gasdermin D releases mitochondrial DNA into the cytosol which sets 

into motion an amplified response resulting in suppression of endothelial regeneration mediated by 

the cytosolic DNA sensor cGAS.
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Introduction

The endothelium lining all blood vessels plays an essential role in tissue homeostasis, 

maintenance of fluid balance, and as a “gate-keeper” for infiltration of inflammatory cells 

and flux of plasma proteins and water (Komarova et al., 2017). Endothelial death and barrier 

injury are central pathogenic features of many inflammatory diseases including acute lung 

injury (ALI) as well as reperfusion injury following myocardial ischemia (Hausenloy and 

Yellon, 2013). Endothelial repair secondary to regeneration of endothelial cells (EC) is 

required for resolution of inflammatory in injury and tissue homeostasis (Lee and Slutsky, 

2010; Liu et al., 2019). Defective endothelial regeneration induces uncontrolled neutrophil 
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infiltration, vascular hyperpermeability, and progressively intractable inflammation and 

tissue injury (Lee and Slutsky, 2010; Liu et al., 2019; Nourshargh and Alon, 2014), and is a 

hallmark of multiple acute and chronic inflammatory diseases (Castellon and Bogdanova, 

2016).

The bacterial endotoxin lipopolysaccharide (LPS) induces inflammation in large part due to 

its toxic effects on the endothelium (Deng et al., 2018; Mandal et al., 2018). It has recently 

been shown that intracellular breaching by LPS initiates endothelial pyroptosis and the loss 

of vascular integrity secondary to activation of inflammatory caspases, specifically caspases 

4/5 in humans and the homolog caspase-11 in mice, which function as intracellular LPS 

receptors (Cheng et al., 2017). These inflammatory caspases cleave Gasdermin D 

(GSDMD), leading to insertion N-terminal GSDMD domain in the plasmalemma 

membrane, and resulting in formation pores that cause pyroptotic cell death (Liu et al., 

2016). The cleaved GSDMD is also enriched in the mitochondrial membrane where it 

triggers mitochondrial reactive oxygen species (ROS) generation and mitochondrial injury 

(Platnich et al., 2018). Another key feature of mitochondrial injury is release of mtDNA into 

the cytosol (Galluzzi et al., 2016; Nakahira et al., 2011; Platnich et al., 2018). Cyclic GMP-

AMP Synthase (cGAS) as a DNA sensor in cells detects both self-DNA and non-self-DNA, 

to induce cell injury (Cai et al., 2014). After binding to cytosolic double-stranded DNA 

(dsDNA), cGAS induces synthesis of cyclic GMP–AMP (cGAMP) by consuming adenosine 

5´-triphosphate (ATP) and guanosine 5´-triphosphate (GTP) (Ablasser et al., 2013). The 

second messenger cGAMP in turn binds to stimulator of interferon genes (STING) which 

induces is a critical activator of inflammation by increasing the generation of type 1 

interferon (Ahn et al., 2012; Burdette and Vance, 2013).

Pyroptotic death occurs in a relatively small number of endothelial cells but is nevertheless 

sufficient to mediate tissue and vascular injury (Cheng et al., 2017), thus indicating that the 

inflammatory injury propagated by internalized LPS extends beyond the induction of 

pyroptotic cell death. Here we addressed whether surviving endothelial cells were modified 

in any way and interfered with resolution of tissue integrity. We observed that activation of 

caspase-11 by internalized LPS induced GSDMD cleavage and the release of mtDNA into 

the cytosol, thus leading to activation of cGAS-STING pathway. Activation of cGAS/STING 

signaling in turn induced phosphorylation and inactivation of the cell cycle regulatory 

transcription factor YAP1 and impaired transcription of cyclin D genes. Thus, endothelial 

cells surviving pyroptotic death remained severely defective due to suppression of YAP 

signaling and impairment in proliferation capacity; and thereby prevented full resolution of 

inflammatory lung injury.

Results

Mitochondrial DNA (mtDNA) release induced by intracellular LPS is dependent on 
caspase-11 and Gasdermin D

We first studied the time course of pyroptotic death in endothelial cells (EC) by determing 

lactate dehydrogenase (LDH) release following LPS transfection (LPS(T)) which emulates 

LPS breaching by bacterial vesicles and increases intracellular LPS (Cheng et al., 2017). 

While all EC internalized LPS, we observed that only 14% of cells died at 16h, the peak 
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death response, which dissipated within 48h (Fig. S1A). In control experiments in which 

LPS did not breach the plasma membrane, we did not observe any pyroptosis during the 48h 

study period (Fig. S1A). Mitochondrial membrane potential (MMP) determined with the 

potentiometric mitochondrial dye TMRM showed a marked decrease after LPS(T) at 6h and 

recovery by 48h, whereas there was no change in the absence of LPS(T) exposure (Fig. 

S1B). The decreases of MMP seen in WT EC in response to LPS(T) were not seen in EC 

obtained from Casp11−/− and Gsdmd−/− mice that were similarily exposed to LPS(T) (Fig. 

1A) indicating the requirement for caspase-11 and GSDMD in mediating mitochondrial 

depolarization. We also observed that LPS(T) induced dsDNA release into the cytosol in a 

caspase-dependent manner as the response was abolished by pretreatment of Z-VAD, a pan 

caspase inhibitor (Fig. 1B). Next, we investigated the source of cytosolic DNA using real-

time qPCR, and observed that the LPS(T) induced dsDNA release in cytosol was exclusively 

from mtDNA with no nuclear DNA (nDNA) contribution (Fig. 1C). Importantly, deletion of 

either caspase-11 or GSDMD prevented LPS(T) -induced mtDNA release (Fig. 1D & E).

As the formation of membrane pores by GSDMD occurs downstream of caspase-11 

activation by intracellular LPS (Kayagaki et al., 2015), we next investigated whether the 

decreased MMP and released mtDNA were the result of GSDMD-induced mitochondrial 

pore formation because intracellular LPS induces EC pyroptosis via formation of GSDMD 

N-terminal fragment (GSDMD-NT) (Cheng et al., 2017). We observed that the endogenous 

active GSDMD-NT fragment localized to mitochondria following LPS transfection (Fig. 

1F). Overexpression of the active GSDMD-NT fragment in EC also induced GSDMD-NT 

localization to mitochondria (Fig. 1G) and pyroptosis in these cells (Fig. 1H) that was 

accompanied by decrease in MMP (Fig. 1I) and release of mtDNA but not nuclear DNA 

(nDNA) into the cytosol (Fig. 1J). Thus, intracellular LPS induced mtDNA generation in the 

cytosol through activation of caspase-11 and generation of GSDMD-NT.

Defective repair and proliferation of endothelial cells surviving pyroptotic cell death

Next we determined whether the ECs surviving from pyroptosis showed any defects in their 

reparative capacity (Fig. S1A & B). Here we determined whether EC-specific deletion of the 

intracellular LPS receptor caspase-11 showed any differences in EC proliferation as 

measured by BrdU incorporation. We used the cecal ligation puncture (CLP) model to 

induce polymicrobial sepsis because this model is known to induce entry of LPS into the 

cytosol of endothelial cells (Cheng et al., 2017). Casp11fl/fl x Cdh5-CreERT2 mouse lungs 

exhibited marked increases in EC proliferation post-CLP (Fig. 2A & B) and -LPS (Fig. 2C) 

as compared to control Casp11fl/fl lungs. We also determined the restoration of endothelial 

integrity by measuring Evans blue-albumin (EBA) transendothelial flux. As shown in Fig. 

2D, EC barrier integrity was restored at 72h after CLP challenge in Casp11fl/fl x Cdh5-
CreERT2 lungs whereas Casp11fl/fl lung EC exhibited persistent injury, suggesting EC 

deletion of Casp11 promoted recovery of lung injury during sepsis-induced lung injury. 

Staining of mouse lung tissue for cytosolic dsDNA and EC marker CD31 showed markedly 

increased intracellular dsDNA in lung EC from Casp11fl/fl in contrast to Casp11fl/fl x Cdh5-
CreERT2 mice (Fig. 2E & F).
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We next used Gsdmd−/− mice to determine the role of GSDMD in preventing EC 

proliferation as GSDMD is a downstream target of caspase-11. The number of proliferating 

ECs post CLP challenge was higher in Gsdmd−/− lungs as compared to WT (Fig. 2G & H), 

suggesting that GSDMD activation inhibited EC proliferation. As shown in Fig. 2I, EC 

integrity returned to basal at 72h after CLP challenge in Gsdmd−/− lungs as compared to 

WT; thus, the Gsdmd−/− EC survivors showed enhanced recovery of lung injury due to 

increased proliferation of ECs as compared to WT EC. Deletion of the caspase-11 substrate 

GSDMD in mice also prevented dsDNA release in EC after LPS (Fig. 2J & K). These data 

together show that ECs surviving pyroptotic death are markedly defective in EC 

proliferation due to dsDNA release into the cytosol primarily derived from mtDNA via the 

Casp11-GSDMD pathway.

mtDNA activation of cGAS signaling suppresses endothelial proliferation

To study the role of cytosolic DNA-sensing cGAS-STING pathway in preventing endothelial 

recovery, we first quantified changes in cytosolic cGAMP concentrations using LC/MS/MS 

because generation of the second messenger cGAMP by cGAS is a key effector of this DNA 

sensing pathway. LPS induced time-dependent increases in cGAMP with a peak at 6h (Fig. 

3A) whereas deletion of Caspase-11 in EC (Casp11fl/fl x Cdh5-CreERT2) prevented cGAMP 

generation (Fig. 3B). Compared to control mice, Casp11fl/fl x Cdh5-CreERT2 or Gsdmd−/− 

also showed reduced generation of circulating IFN-1β (Fig. 3C &D), cGAS dependent 

phosphorylation of the TBK1 kinase and IRF3 transcription factor (Fig. S2 A &B) as well as 

decreased expression of multiple downstream cGAS target genes (Fig. 3E & F) in lung ECs 

post LPS. In cell culture studies using human lung microvascular endothelial cells 

(hLMVECs), we observed that depletion of GSDMD reduced the phosphorylation of TBK1 

and IRF3 induced by LPS transfection (Fig. S2 C) prior to induction of pyroptosis (Fig. 

S2D). Similar to the transfection of the positive control plasmid DNA (Fig. S3), transfection 

of mtDNA in hLMVECs induced cGAS pathway activation (Fig. 3G and Fig. S3). 

Quantification of cGAMP in hLMVEC showed that both plasmid DNA and mtDNA 

transfection induced cGAMP generation (Fig. 3H). Finally, we observed that intracellular 

mtDNA (Fig. 3I) and cGAMP (Fig. 3J) prevented EC proliferation. These data together 

show that caspase-11 and GSDMD activation suppress EC proliferation secondary to cGAS 

activation.

cGAS-STING pathway activation suppresses endothelial proliferation and vascular repair

Next, we determined whether cGAS signaling also inhibited EC regeneration in vivo. Here 

we observed that the number of proliferating EC in cGas−/− mice after CLP increased when 

compared to those observed in control WT mice (Fig. 4A). To assess the role of cGAS 

signaling in inflammatory lung injury, we determined EC integrity by measuring lung 

endothelial permeability in cGas−/− and WT mice. EC integrity returned to basal at 72h after 

CLP challenge in cGas−/− lungs as compared to the persistent loss of barrier integrity in WT 

mice as assessed by transvascular albumin leak (Fig. 4B). H&E staining revealed that 

perivascular infiltration of leukocytes in cGas−/− mouse lungs during the repair phase (eg, 72 

hours after CLP) was lower than that observed in WT lungs (Fig. 4C). At the peak of lung 

vascular injury (24 hours post CLP), cGas−/− mouse lungs exhibited similar 

myeloperoxidase (MPO) activity to that of WT (Fig. 4D). However, during the repair phase 
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(72 hours post CLP), the MPO activity in cGas−/− lungs returned to basal (Fig. 4D) whereas 

WT lungs demonstrated persistent inflammation. Similar to Casp11fl/fl x Cdh5-CreERT2 
and GSDMD−/−, cGas−/− also decreased LPS-induced circulating IFN-1β concentrations 

(Fig. 4E). We also studied the role of cGAS deletion in human endothelial cells and found 

that depletion of cGAS in hLMVECs rescued the decrease in EC proliferation induced by 

LPS transfection (Fig. S4 A) without modulating its effects on mitochondrial depolarization 

(Fig. S4 B) and cell pyroptosis (Fig. S4C).

We next investigated whether activation of cGAS/STING pathway was involved in the 

impairment of cell repair program. Here we used the STING agonist, 10-carboxymethyl-9-

acridanone (CMA) which activates the STING pathway independent of cytosolic DNA or 

cGAMP (Cavlar et al., 2013; Gaidt et al., 2017; Haag et al., 2018). We observed that STING 

activation impaired endothelial proliferation post LPS challenge by using the BrdU 

incorporation assay (Fig. 4F), suppressed restoration of EC integrity and recovery of lung 

injury (Fig. 4G).

cGAS/STING activation inhibits endothelial proliferation through suppression of YAP 
signaling

To identify downstream effectors of cGAS/STING pathway on endothelial proliferation and 

lung injury repair, we focused on the role of mtDNA and cGAMP in the YAP pathway, 

which is known to regulate cell proliferation (LaCanna et al., 2019). We observed that 

mtDNA (Fig. 5A) and cGAMP (Fig. 5B) increased YAP phosphorylation at S127 and S397, 

as well as the phosphorylation of the large tumor suppressor kinase (LATS1), a kinase which 

directly induces YAP phosphorylation (Meng et al., 2016). Depletion of cGAS in hLMVEC 

suppressed mtDNA induced increase in phosphorylation of LATS1, phosphorylation and 

degradation of YAP, and activation of cGAS signaling (Fig. S5 A).

We next addressed whether mtDNA, cGAMP or increase in intracellular LPS regulated 

translocation of the YAP-TAZ complex to nucleus. We observed that in control EC FBS 

induced YAP-TAZ nuclear translocation whereas cGAMP prevented this response (Fig. 

5C,D). Similarly, LPS transfection or mtDNA transfection also inhibited YAP-TAZ nuclear 

translocation in ECs transfected with control si-RNA (Fig. S4D). However, depletion of 

cGAS in hLMVECs rescued the decrease in YAP-TAZ nuclear translocation following 

transfection of LPS or mtDNA, but not cGAMP (Fig. S4D). mtDNA and cGAMP also 

induced degradation of YAP1 in hLMVECs (Fig. 5E). As IKKε kinase is known to 

phosphorylate YAP and trigger its degradation during viral infections (Wang et al., 2017), 

we assessed the potential role of IKKε in regulating the mtDNA-induced suppression of 

YAP signaling. We observed that mtDNA phosphorylated and thus activated IKKε in 

hLMVECs, whereas depletion of IKKε reduced YAP1 phosphorylation (Fig. S5 B & C).

In LPS challenged mice, the isolated lung ECs from Casp11fl/fl x Cdh5-CreERT2 (Fig. S2A) 

or Gsdmd−/− (Fig. S2B) showed decreased LPS induced phosphorylation of YAP1 and 

prevented of YAP1 degradation. We also observed that siRNA silencing of GSDMD (Fig. 

S2C) or cGAS (Fig. S4E) in hLMVECs reduced the LPS(T) induced phosphorylation of 

TBK1 and IRF3, and phosphorylation and degradation of YAP1. In addition, both mtDNA 

and cGAMP reduced the expression of cyclin D1, D2 and D3 (Fig. 5 F, G), known as the 
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downstream gene of YAP1 signaling, and overexpression of YAP1 restored the mtDNA and 

cGAMP induced decreases of cyclin D1, D2 and D3 expression in hLMVECs (Fig. 5H). 

siRNA silencing of cGAS in hLMVECs also restored LPS(T) induced decrease in cyclin D1 

and 2 expression (Fig. S4E). These data collectively show that LPS(T) decreased EC 

proliferation via the cGAS regulated YAP1 pathway.

We observed that TBK1 was also concomitantly activated by both mtDNA and cGAMP 

(Fig. 5A,B), suggesting that TBK1 regulation of YAP phosphorylation prevented YAP 

nuclear translocation, and promoted its degradation. Thus, we next investigated whether 

TBK was responsible for YAP1 degradation. Here upon overexpression of YAP1 and TBK1 

in HEK293 cells, we observed (Fig. 5I) that TBK1 induced LATS1 phosphorylation at S909, 

resulting in phosphorylation and degradation of YAP1. Immunoprecititation of LATS1 from 

HEK293 cells overexpressing both TBK1 and LAST1 showed binding of LATS1 with 

TBK1 (Fig. 5J). The kinase assay showed that TBK1 directly phosphorylated LATS1 (Fig. 

5K). Thus, mtDNA induced activation of TBK1 was responsible for YAP1 degraduation 

through the activation of LATS1.

To address the effects of YAP1 on EC proliferation and repair, we used Yap1fl/fl x Cdh5-
CreERT2 mice. We observed that EC proliferation was reduced in Yap1fl/fl x Cdh5-CreERT2 
mice as compared to Yap1fl/fl mice post CLP challenge (Fig. 5L & M). Furthermore, 

transendothelial albumin flux (with an Evans Blue Albumin tracer) measurements were used 

to assess the recovery of endothelial barrier integrity. We observed that Yap1fl/fl x Cdh5-
CreERT2 mice demonstrated prolonged endothelial injury and slower recovery (Fig. 5N) as 

compared to control Yap1fl/fl mice following CLP injury. These results together show that 

mtDNA-cGAS signaling induces YAP phosphorylation and thereby prevents downstream 

YAP-mediated endothelial proliferation and repair.

Discussion

Here we have identified an additional function of the pore-forming Gasdermin D (GSDMD) 

in releasing mitochondrial DNA into the cytosol in inflammatory injury and activating DNA-

sensing cGAS/STING pathway, and thereby suppressing endothelial cell proliferation and 

vascular repair. cGAS/STING signaling functioned by inhibiting dephosphorylation and 

nuclear translocation of the transcription factor YAP1, and inhibited cyclin D-mediated cell 

proliferation. We showed that intracellular LPS triggered mitochondrial membrane 

localization of active N-terminal GSDMD (GSDMD-NT) fragment resulting in severe 

mitochondrial injury. Mitochondrial injury decreased mitochondrial membrane potential and 

stimulated mtDNA release into endothelial cytosol which in turn was recognized by cGAS 

and induced generation of the second messenger cGAMP and activation of the pro-

inflammatory STING pathway.

Studies have identified the GSDMD as a critical downstream effector of inflammatory 

caspases mediating pyroptosis of macrophages (Kayagaki et al., 2015; Shi et al., 2015) and 

endothelial cells (Cheng et al., 2017). Inflammatory caspases-1, −4, −5 and −11 cleave 

GSDMD to form GSDMD-NT which is the pore forming domain (Broz, 2015; Cheng et al., 

2017; Liu et al., 2016). The pores formed by oligomerization of GSDMD-NT induce loss of 
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cytoplasmic content and pyroptotic cell death (Ding et al., 2016), and transport of pro-

inflammatory cytokine IL-1β across the plasma membrane (Evavold et al., 2018). GSDMD-

NT binding is not only restricted to the plasmalemmal membrane, but also to mitochondrial 

membrane and induce release of mitochondrial reactive oxygen species (ROS) (Platnich et 

al., 2018). We observed that mitochondrial membrane translocation of GSDMD-NT induced 

collapse of mitochondrial membrane potential and release of mtDNA demonstrating an 

additional mitochondrial injury mechanism.

Endothelial pyroptosis has been shown to serve as a key mechanism of inflammatory 

vascular injury as it resulted in endothelial death and release of IL-1β (Cheng et al., 2017). 

Importantly, endothelial cells have the capacity to respond to cell death by compensatory 

proliferation (Liu et al., 2019). However, it is not known whether inflammatory injury 

undermines this crucial homeostatic regenerative mechanism in the large number surviving 

endothelial cells. Here we found that intracellular LPS induced Caspase-11-GSDMD-

mediated release of mtDNA into the cytosol which in turn activated the pro-inflammatory 

cGAS-STING pathway and suppressed cell proliferation of the surviving ECs which did not 

undergo pyroptosis. These findings demonstrate that the severe vascular injury induced by 

intracellular LPS is based on at least three distinct processes: 1) pyroptotic cell death in a 

subset of ECs, 2) suppressed cell proliferation due to activation of the cGAS/STING cascade 

which prevents surviving cells from adaptively compensating for pyroptotic cell loss and 3) 

release of inflammatory mediators such as the type I interferon-1β by the surviving 

endothelial cells. Both Casp11fl/fl x Cdh5-CreERT2 and Gsdmd−/− mice promote endothelial 

regeneration through suppression the LPS induced mtDNA release into lung ECs. The 

greater protection seen in Gsdmd−/− mice when compared to Casp11fl/fl x Cdh5-CreERT2 
mice is likely due to the fact that GSDMD is the downstream effector of multiple pathways, 

including Casp11 and Casp1 (Ding et al., 2016; Rathinam et al., 2019).

Previous studies of cGAS signaling primarily focused on how self-dsDNA (genomic DNA 

fragments or mtDNA) released into the cytosol are recognized by cGAS, trigger cGAMP 

synthesis, and activats STING mediated pro-inflammatory transcriptional programs (Gao et 

al., 2015; Gluck et al., 2017; Rongvaux et al., 2014). Activating mutations in STING have 

also been identified in patients with autoimmune disease (Gaidt et al., 2017; Jeremiah et al., 

2014), underscoring the role of dsDNA-cGAS-STING pathway in mediating inflammation. 

The protective effects of cGas deletion in terms of reducing endothelial barrier leakiness at 

24h in the polymicrobial CLP model as assessed by the Evans blue-albumin (EBA) tracer 

flux assay were weaker than those seen with endothelial Casp11 or Gsdmd deletion. This 

likely reflected the fact that Caspase-11 and Gasdermin D promote injury at this earlier stage 

of injury via several downstream mediators including the release of pro-inflammatory 

cytokines whereas cGAS activation plays a more dominant role during the subsequent repair 

phase at 72h when it suppresses endothelial regeneration. Endothelial cell proliferation and 

regeneration is critical to the restoration of lung endothelial integrity post sepsis (Huang et 

al., 2016; Liu et al., 2019). Additionally, it has also become apparent that cGAS signaling 

inhibits cell proliferation by promoting premature cellular senescence (Gluck et al., 2017; 

Yang et al., 2017). We cannot rule out that additional DNA sensing pathways such as the 

AIM2 inflammasome may also contribute to the sensing of mtDNA (Dang et al., 2017), 

however the near complete protection at 72 h post CLP we observed in the cGas−/− mice 
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does indicate that cGAS serves as the primary DNA sensor in ECs regeneration and recovery 

of lung injury during polymicrobial sepsis.

The present work identifies the key role of YAP signaling as a mechanism by which cGAS-

STING signaling suppresses cell proliferation and regeneration in the penumbral zone of 

pyroptotic cell death. YAP1-TAZ signaling serves as a critical regulator of cell proliferation 

during tissue regeneration (He et al., 2018; LaCanna et al., 2019). YAP1-TAZ are effectors 

of the Hippo pathway which comprises a signaling cascade involving the mammalian ste20-

like kinases 1 and 2 (MST1 and MST2), the large tumor suppressor kinases 1 and 2 (LATS1 

and LATS2), and transcription co-activators YAP1 and TAZ (Meng et al., 2016). Activation 

of Hippo pathway induces phosphorylation of MSTs which phosphorylate LATSs (Lim et 

al., 2019). Activated LATSs in turn induces phosphorylation and ubiquitin-proteasome 

mediated degradation of YAP, which is exported from the nucleus and undergoes 

degradation, thus preventing YAP1-TAZ mediated cell proliferation (Hansen et al., 2015). 

Mechanical forces mediated by actin cytoskeleton, integrin signaling, and cell-cell contact 

activate the Hippo pathway and suppress YAP1-TAZ signaling, and thus induce contact 

inhibition in intact endothelial monolayers to avoid hyper-proliferation (Seo and Kim, 2018; 

Sun and Irvine, 2016). During cell injury or death, mechanical cues from neighboring cells 

are lost, thus leading to nuclear translocation of YAP1-TAZ to initiate compensatory cell 

proliferation (Hong et al., 2016). We found that mtDNA-induced increases in cGAMP 

concentrations during inflammatory injury actively suppressed YAP1-TAZ signaling via 

stimulating LATS dependent the YAP1 phosphorylation and degradation. As IKKε is a 

known trigger YAP1 degradation during viral infections (Wang et al., 2017), we assessed the 

potential role of IKKε in mediating mtDNA-induced suppression of YAP1 signaling. 

mtDNA also activated IKKε in hLMVECs, whereas depletion of IKKε reduced YAP1 

phosphorylation. These findings suggest that mtDNA regulates ECs regeneration through 

cGAS-YAP1 pathway, which is regulated by LATS and IKKε dependent mechanism. 

Despite endothelial injury during severe inflammatory lung injury (Cheng et al., 2017; 

LaCanna et al., 2019), which should activate the regenerative YAP1-TAZ pathway and cell 

cycle genes (Liu et al., 2019), we observed that cGAS/STING activation suppressed this key 

adaptive endothelial proliferation pathway. Thus, endotoxemia not only induced endothelial 

death (Cheng et al., 2017) but also suppressed regenerative pathways responsible for 

restoring vascular homeostasis. Our findings help to explain why endotoxemic and septic 

acute lung injury are so devastating with mortality rates of 20–40% (Cochi et al., 2016).

mtDNA-cGAMP-STING cascade amplified endothelial inflammation and suppressed 

endothelial regeneration raises an intriguing question about the teleological role for this anti-

regenerative response. It is possible that cells face a “fight-or-fix” dilemma during 

inflammatory injury in which amplified inflammation is prioritized over tissue regeneration 

to enhance host defense function of the organism. Our work also identifies several new 

possibilities for shifting the cellular responses on the “fight-or-fix” continuum towards 

regeneration and reduced inflammation. These include preventing GSDMD activation using 

inhibitory peptides targeting GSDMD (Rathkey et al., 2018) and inactivation of cGAS 

(Vincent et al., 2017), STING (Haag et al., 2018) and Hippo signaling (Johnson and Halder, 

2014). Conversely, activation of endothelial proliferation by targeting pro-regenerative 

endothelial transcription factors such as FoXM1 (Huang et al., 2016), Sox17 (Liu et al., 
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2019), or ER71 (Park et al., 2016) may be an additonal therapeutic approaches that 

counterbalance the anti-proliferative effects of mtDNA release. In summary, we have 

identified a fundamental role for mtDNA in activating a self-injurious and anti-regenerative 

response in the endothelium mediated by the DNA sensor cGAS.

STAR Methods

MATERIALS AND METHODS

Mice.—Casp11–/– and Casp11fl/fl mice were provided by Dr. Vishva Dixit (Genentech, 

South San Fransciso, CA); Gsdmd−/− mice were obtained from Dr Thirumala-Devi 

Kanneganti (St. Jude Children’s Research Hospital, Memphis, TN); and cGas−/− mice were 

obtained from Dr Herbert W. Virgin (Washington University School of Medicine, St. Louis, 

MI). Yap1fl/fl (Stock Number: 027929) mice were obtained from Jackson laboratory.Mice 

with Casp-11 and Yap1 EC-specific genetic deletion were generated by backcrossing 

Casp11fl/fl or Yap1fl/fl mice with Cdh5-CreERT2 mice (provided by Dr. Ralf Adams) 

respectively. Mice (male, 8–12 weeks) were used for all experiments. Littermate wild-type 

(WT) mice (C57BL/6J background) were used as controls. All mice were bred and 

maintained in the University of Illinois animal facility under pathogen–free conditions 

according to NIH guidelines and all animal experiments were performed according to 

protocols approved by the institutional Animal Care and Use Committee.

LPS administration and cecal ligation puncture (CLP) in mice.—To induce 

endothelial specific deletion of genes, Casp11fl/fl x Cdh5-CreERT2 or Yap1fl/fl x Cdh5-
CreERT2 mice were injected with tamoxifen (2 mg/mouse in corn oil, i.p., once per day) for 

5 consecutive days followed by a 4wk rest period. To evaluate lung injury and endothelial 

proliferation, mice were challenged with sub-lethal dosage of LPS (10 mg/kg, i.p.) resulting 

in peak injury at 24h post LPS challenge; this was followed by monitoring mice and their 

sacrifice at different time points for tissue harvesting.

CLP was also used to induce polymicrobial sepsis as previously described (Cheng et al., 

2017). Mice were anesthetized with inhaled isofluorane (2.5% mixed with room air) and 

subjected to either CLP involving two 21-gauge punctures or sham control conditions 

(laparotomy surgery). When mice failed to respond to paw pinch, buprenex (0.1 mg/kg) was 

administered subcutaneously prior to sterilization of the skin with providone iodine, after 

which a midline abdominal incision was performed. The cecum was exposed and ligated 

with a 3.0 silk tie 0.5 cm from the tip and the cecal wall was perforated with a 21-gauge 

needle. Sham control mice underwent anesthesia, laparotomy, and wound closure but no 

CLP. Immediately following the procedure, 500 μl of warmed PBS solution was 

administered subcutaneously. Mice received a second dose of buprenex at 6–8 h post-surgery 

subcutaneously.

Silencing of cGAS and GSDMD.—siRNAs targeting human cGAS, GSDMD and a 

siRNA negative control (non-targeting pool siRNA) were obtained from Dharmacon. 

Transient transfections of these siRNAs (300 nM) in human lung microvasculae endothelial 

cells (hLMVECs) were performed with the Amaxa human endothelial nucleofector kit 

(VPI-1001, Lonza) according to the manufacturer’s instructions. To evaluate the efficiency 
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of protein suppresion, protein expression was examined via immunoblotting in cells 2–3 

days after transfection.

Immunoblotting.—Cell lysates were prepared in lysis buffer containing EDTA-free 

complete protease inhibitors, followed by centrifugation at 10,000 g for 10 min, and boiled 

with Laemmli sample buffer for 5 min. Cell lysates (20 μg protein) were separated on 10% 

or 4–20% SDS-PAGE, transferred to PVDF membranes, and blocked with TBST containing 

5% BSA prior to incubation with primary antibodies (1:1000 dilution) overnight, and 

secondary antibodies (1:3000 dilution) for 2h at room temperature. Blots were developed 

using an ECL chemiluminescence kit. Densitometry analysis was performed using ImageJ 

software (NIH), and data were normalized against housekeeping proteins.

LDH cytotoxicity assay.—Cells were cultured in 96-well plates. The supernatants of 

untreated and treated hLMVECs were collected for analysis of LDH activity using the 

CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega). Briefly, 50 l of supernatant 

samples were transferred to a 96-well plate and mixed with 50 l of the CytoTox 96 reagent 

and incubated at room temperature for 30 min. After stoping the reaction by adding 50 l of 

stopping buffer, the LDH activity was measured and analyzed according to the 

manufacturer’s instructions.

ELISA.—The Type 1 interferon (IFN-1β) serum concentrations were measured using the 

Quantikine sandwich ELISA kit (R&D Systems) according to the manufacturer’s 

instructions and the standard curve was calculated by GraphPad Prism linear regression 

analysis.

Myeloperoxidase (MPO) assay.—MPO content was measured by using the MPO assay 

kit according to the manufacturer’s instructions. Briefly, after homogenization in 1 ml of ice 

cold PBS with proteinase inhibitors, lung tissues (~100 mg) were centrifuged at 4°C (8,000 

g, 10 min). The pellets were suspended in 1mL of lysate buffer with 0.5% 

hexadecyltrimethylammonium bromide incubated at 4°C for 1 h, and the solution was 

centrifuged at 4°C (10,000 g, 10 min). The supernat ant was then collected and mixed 1/30 

(vol/vol) with assay buffer (0.2 mg/mL o-dianisidine hydrochloride and 0.0005% H2O2). 

The change in absorbance was measured at 460 nm for 3 min, and MPO activity was 

calculated as change in absorbance over time.

Evans blue-albumin tracer measurement of transendothelial flux.—Evans blue-

albumin (EBA) tracer flux assay was performed to determine lung vascular injury as 

described (Cheng et al., 2017). EBA was injected in mice (20 mg/kg BW, i.v.) at 30 min 

before tissue collection. Lungs were perfused with blood-free PBS, blotted dry, weighed, 

and snap frozen in liquid nitrogen. The lung was homogenized in 1 ml PBS, and Evans blue 

dye was extracted by mixing with 2 ml formamide and incubating at 60°C for 18h. After 

centrifugation (5,000 g, 30 min), the supernatant was collected and dye concentration was 

determined at 620 nm and 740 nm. EBA uptake in lung tissue was quantified as micrograms 

of Evans blue dye per g lung tissue. The EBA value post LPS or CLP was used an indicator 

of lung injury.
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Endothelial cell proliferation assay.—Endothelial cell (EC) proliferation in mice lungs 

was determined by staining BrdU labeled lung ECs as previously described (Liu et al., 

2019). Briefly, BrdU (i.p., 150 mg/kg, BW; Sigma B5002) was injected in mice 14 h before 

sacrifice. Mouse lung cryosections (5 m thick) were stained with mouse anti-BrdU antibody 

(1:25, BD Biosciences), rat Anti-CD31 antibody (1:50, BD Biosciences) and DAPI. EC 

number was analyzed by using ImageJ software (NIH). The number of ECs with positive 

staining of BrdU was normalized to the total number of ECs. In vitro EC proliferation was 

also assayed in cultured ECs using the proliferation kit obtained from Abcam Inc 

(ab126556, Cambridge, United Kingdom).

Culture of primary microvascular endothelial cells.—Human lung microvascular 

ECs (hLMVECs) were obtained from Lonza and cultured in EGM2 medium (Lonza; Basel, 

Switzerland). Mouse lung microvascular ECs (mLMVECs) were isolated and cells were 

cultured in mouse endothelial culture medium (Cheng et al., 2017). hLMVECs and 

mLMVECs at passages 3–7 were used for all experiments.

Mouse EC isolation and pull down assay.—To remove blood and circulating immune 

cells from the lung tissue, the mouse lungs were flushed with 5 ml of PBS from the right 

ventricle. Then, lungs were minced and digested with 5 ml Type 1 collagenase I (2 mg/ml in 

PBS, 37 °C, 1 h), then the cell tissue mixtures were pipett ed through a 40 m disposable cell 

strainer. After treatment with red blood cell lysis buffer (Qiagen) for 5 min on ice, isolated 

cells were incubated with 5 μg CD31 antibody (4 °C, 20 min, millpore sigma, CBL1337), 

and followed with pulldown with pre-washed 25 μl of Dynabeads (4 °C, 25 min, Invitrogen 

#11035) at with gentle tilting and rotation.

Transfection of LPS, mtDNA, plasmids and cGAMP.—LPS, mtDNA plasmids and 

cGAMP were transfected into cells via lipofectamine 2000 according to the manufacturer’s 

instructions. For transfecting LPS into hLMVECs, cells were first primed with (0–0.2 μg/ml) 

extracellular LPS for 3 h, and then transfected with LPS (0–0.5 μg/ml) to enable LPS 

internalization.

Co-immunoprecipitation assay (Co-IP).—Co-IP was performed as in described before 

(Lim et al., 2019). Cell lysates from HEK293 cells transfected with 2 μg/ml of myc-LATS1 

and flag-TBK1 for 48 h using lipofectamine 2000 transfection reagent. Cells were lysated 

with lysate buffer including proteinase inhibitor and incubated with either mouse anti–myc 

antibody, or an equal amount of normal mouse IgG, and then with protein A– or protein G–

conjugated Sepharose beads, followed by Immuno blot analysis.

In vitro kinase assay.—In vitro kinase assay was performed as described before (Lim et 

al., 2019). Briefly, HEK293 cells transfected with either FLAG-TBK1 or myc-LATS1 were 

lysed in ice cold cell lysis buffer with protease inhibitor and phosphatase inhibitor cocktail. 

Immunoprecipitation with anti-FLAG or anti-myc antibodies was performed as described 

above. Immunoprecipitated pellets were washed with ice-cold cell lysis buffer and ice-cold 

in vitro kinase assay buffer with protease inhibitor cocktail. Then, mixed the pellets 

containing immunoprecipitated FLAG-TBK1 or Myc-LATS1 were incubated at 30°C for 30 

min with or without 500 μM ATP. The rea ctions were terminated by adding 4X sample 
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buffer and incubating at 95°C for 5min. L ATS phosphorylation was analyzed by 

immunoblotting.

Immunofluorescence staining.—hLMVECs were fixed (3.7% paraformaldehyde, 10 

min), permeabilized (4 min in Tris-buffered saline (TBS) containing 0.25% Triton X-100) 

and incubated with primary antibodies (1:200 dilution in blocking buffer) for 1h, followed 

by 3 rinses (15 min each) in TBST and stained with Alexa Fluor secondary antibodies 

(1:200 dilution in blocking buffer; Life Technologies, Grand Island, NY) for 1h. To 

determine mitochondrial membrane potential, cells were stained with TMRM (100 nM) and 

Hoechst dye (1 μM) for 15 min, and then washed with EBM2 medium (3×5 mins) and 

imaged. Slides and stained cells were examined using a confocal microscope system 

(LSM880; Carl Zeiss, Inc) equipped with a 63×1.2 NA objective lens (Carl Zeiss, Inc.).

Staining and analysis of cytosolic dsDNA.—Lung tissues were flushed with 5 ml of 

PBS from the right ventricle to remove blood. Then, lungs were infused with 70% OCT 

intratracheally, placed in a cassette with OCT for freezing on dry ice. After storage for 48h 

at −80°C, lungs were sectioned into 5 μm frozen slices. Cryosections and cells were fixed 

with 4% paraformaldehyde for 15 min, permeabilized by incubation with Triton-X 100 

(0.02%, 10 min at room temperature) (Winton et al., 2008), and overnight incubated with 

anti-dsDNA antibody (1:100, Millipore) and anti-CD31 (1:40, BD Biosciences) at 4°C, and 

incubated with donkey anti -rabbit and anti-mouse secondary antibodies (1:200, invitrogen) 

at room temperature for 2 h. Stained sections were imaged with a confocal microscope 

system LSM880 (Zeiss) and analyzed by Zen software (Zeiss). EC number was determined 

using ImageJ software (NIH), and the number of ECs positive for intracellular dsDNA was 

normalized to the total EC number.

RT-qPCR analysis.—Total RNA was isolated from cells using TRIZOL reagent (Life 

Technology, Rockville, MD), and RNA (1 μg) was reversed transcripted using cDNA 

synthesis kit (Bio-Rad). Quantitative real-time PCR (RT-qPCR) analysis was then performed 

with the sequence detection system (ABI Prism 7000; Applied Biosystems/Invitrogen) with 

a SYBR Green 1-step kit (Invitrogen). Mouse gene expression was normalized to mouse 

GAPDH. Thermal cycling conditions were as follows: 10 s at 95°C, 40 cycles of 5 s at 95°C, 

an d 30 s at 60°C.

Subcellular fractionation.—Cell fractions were isolated using the Cell Fractionation Kit 

(Abcam, ab109719) according to the manufacturer’s instructions. The purity of fraction was 

analyzed by immunoblotting.

Mitochondrial DNA isolation and quantification.—Mitochondria were purified from 

mouse liver and cultured cells using the mitochondrial isolation kit (Abcam, ab110168). 

Freshly isolated mitochondria were used to isolate mtDNA by using the mitochondrial DNA 

isolation kit (Abcam) following manufacturer’s instruction. Total DNA in cytosolic fraction 

was isolated using the DNeasy Blood and Tissue Kit from Qiagen Inc, according to 

manufacturer’s manual (Nakahira et al., 2013). For quantitative real-time polymerase chain 

reaction (qPCR) assay, DNA solution was further diluted 10x with nuclease-free deionized 

distilled H2O. The primer sequences were as follows: human NADH dehydrogenase 1 gene 
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(mtDNA): forward 5’-ATACCCATGGCCAACCTCCT-3’, reverse 5’-

GGGCCTTTGCGTAGTTGTAT-3’; human b-globin (nuclear DNA): forward 5’-

GTGCACCTGACTCCTGAGGAGA-3’, reverse 5’-CCTTGATACCAACCTGCCCAG-3’. 

Mouse NADH dehydrogenase 1 gene (mtDNA) forward primer: 5′-
TATCTCAACCCTAGCAGAAA-3′; Reverse primer: 5′-TAACGCGAATGGGCCGGCTG - 

3′. Then RT-qPCR analysis was performed with a sequence detection system (ABI Prism 

7000; Applied Biosystems/Invitrogen) with a SYBR Green 1-step kit (Invitrogen). The 

thermal cycling conditions for both genes were pre-denatured at 95°C for 10min, followed 

by 40 cycles of 95°C for 15 s and 58°C for 1 min with data collection.

Determining cGAMP concentration.—Cells were lysed in cold 80% methanol, 

followed by adding 0.45 pmol of cyclic-di-AMP as internal control. Lung tissue (~300 mg) 

was homogenized in 1 ml of ice cold 80% methanol. After removing cell debris by 

centrifugation, samples were dried by flowing nitrogen, and subjected to solid phase 

extraction using HyperSep Aminopropyl columns (Thermo Fisher), which was pre-activated 

by using 80% methanol. After loading samples, the columns were washed twice with a 

solution of 2% (v/v) acetic acid/80% (v/v) methanol, and final elution was performed using 

a solution of 4% (v/v) ammonium hydroxide/80% (v/v) methanol. Samples were dried under 

flowing nitrogen and resuspended in 40 μl H2O for analysis by liquid chromatography and 

mass spectrometry (LC-MS) as described before (Almine et al., 2017).

Statistical analysis.—Each data point represents an in vitro biological replicate or an 

individual animal. Data are obtained from at least three independent experiments and are 

presented as mean ± standard deviation as indicated in the figure legends. Results were 

subjected to a two-tailed Student t test when comparing two groups (GraphPad Prism 8, 

GraphPad Software, San Diego, CA). Values of P < 0.05 were considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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GSDMD Gasdermin D

cGAS Cyclic GMP-AMP Synthase

dsDNA double-stranded DNA

cGAMP cyclic GMP–AMP

ATP adenosine 5´-triphosphate

GTP guanosine 5´-triphosphate

nDNA nuclear DNA

hLMVECs Human lung microvascular ECs

mLMVECs mouse lung microvascular ECs

TBS Tris-buffered saline

RT-qPCR Quantitative real-time PCR

NT-GSDMD GSDMD N-terminal fragment

EBA Evans blue-albumin

ROS reactive oxygen species

LC-MS liquid chromatography and mass spectrometry

LPS (T) intracellular LPS

CMA 10-carboxymethyl-9-acridanone

WT wild-type

LATS1/2 large tumor suppressor kinases ½

LPS (E) extracellular LPS
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Highlights

Activated Gasdermin D forms mitochondrial pores in the endothelium

Mitochondrial pore formation releases mitochondrial DNA into the cytosol

Released mitochondrial DNA activates cGAS signaling and suppresses endothelial 

regeneration

Deletion of cGAS in an experimental model of polymicrobial sepsis reduces tissue injury
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Fig. 1. Intracellular LPS induces mtDNA release through caspase11 and Gasdermin D.
(A) Quantification of MMP in mLMVECs from WT, Casp11−/− and GSDMD−/− mouse 

lungs transfected with LPS. mLMVECs were primed with LPS (LPS (E), 0.2 μg/ml, 3h), 

followed with medium change and transfection with or without LPS (LPS (T), 0.5 μg/ml, 0–

24 h). Values are shown as mean ± SD; data were obtained from three independent 

experiments (n= 15–25). (B) Percentage of cells with cytosol dsDNA in LPS (T) treated 

hLMVECs were analyzed by staining dsDNA. hLMVECs were pretreated with (0, 50 μM, 

30 min) Z-VAD-FMK and followed with priming with LPS (0.2 μg/ml, 3h) and treated with 

LPS (T) (0, 0.5 g/ml, 0–24h). Values are shown as mean ± SD; data were obtained from 

three independent experiments (n= 5–10). (C) RT-qPCR analysis of cytosolic nuclei DNA 

(nDNA) and mitochondrial DNA (mtDNA) in hLMVECs after LPS (T) (0.5 g/ml, 24h), n 

=5–6. (D & E) RT-qPCR quantification of cytosolic mtDNA in mLMVECs ((D) WT vs. 

Casp11−/−, n=7; (F) WT vs. GSDMD−/−, n=5; after LPS (T) (0, 0.5 g/ml, 24h). (F) LPS (T) 

induced endogenous GSDMD-NT formation and trans-localizes to mitochondrial 

membrane. Primed hLMVECs (LPS, 0.2 μg/ml, 3h) were transfected with LPS (0.5 μg/ml, 

16h). The mitochondrial fractions were isolated using mitochondrial isolation kit, and the 

expression of protein were analyzed by immunoblotting, n = 4. (G-I) GSDMD-NT localizes 
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to mitochondrial membrane, decreases MMP, induces cell pyroptosis and cytosolic release 

of mtDNA. Vehicle plasmid and the GSDMD-NT plasmid (3 μg/ml) were transfected into 

hLMVECs for 24h, the LDH released into the medium was assayed. The mitochondrial 

membrane potential was analyzed using the potentiometric dye TMRM, and the release of 

mtDNA into cytosolic fraction was analyzed by RT-qPCR. (G) Fractionation analysis of 

hLMVECs with or without overexpression of GSDMD-NT (24h), n = 3. (H) LDH release 

from hLMVECs with or without GSDMD-NT overexpression, n = 5. (I) TMRM staining 

(100 nM, 15 min) and analysis of hLMVECs with or without overexpression of GSDMD-

NT. Quantification of MMP in hLMVECs with or without GSDMD-NT transfection (24h). 

Values are shown as mean ± SD, data were obtained from three independent experiments, n 

= 15–19. (J) RT-qPCR quantification of cytosolic nDNA and mtDNA from hLMVECs with 

or without GSDMD-NT overexpression, n = 4–6. * P < 0.05, * * P < 0.01, * * * P < 0.001, 

two-tailed t-test. Values are mean ± SD. Please also see Figure S1.
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Fig. 2. Caspase11-Gasdermin D pathway induces mtDNA release, impairs endothelial cell 
proliferation, and resolution of inflammatory lung injury following polymicrobial sepsis and 
endotoxemia.
(A-G) EC specific deletion of Casp11 (Casp11fl/fl x Cdh5-CreERT2) in mice promotes 

endothelial regeneration and recovery from inflammatory lung injury. Casp11fl/fl mice were 

crossed with Cdh5-CreERT2 mice to delete caspase 11 in endothelial cells. Mice underwent 

either CLP or LPS injection (10 mg/kg, i.p). (A-C) Proliferation of endothelial cells as 

determined by the number of BrdU+ endothelial cells in lungs of Casp11fl/fl and 

Casp11ECKO mice post CLP and LPS challenge. (A) Representative images of proliferating 

lung endothelial cells from three independent experiments following CLP challenge for 72 

h. Green, anti-BrdU; Red, anti–CD31; Blue, DAPI. Arrows indicate proliferating endothelial 
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cells. Scale bar, 100 m. Br indicates bronchia; V, vessel. (B & C) Quantification of BrdU+ 

endothelial cell from Casp11fl/fl x Cdh5-CreERT2 and Casp11fl/fl mice lung post CLP (B) or 

LPS (C) challenge for 72 h, n = 5. (D) Lung transvascular albumin permeability in 

Casp11ECKO and Casp11fl/fl mice with or without CLP challenge, n = 5–6. (E & F) 

Representative images from three independent experiments (E) and quantification (F) of 

endothelial cells with cytosolic dsDNA in Casp11fl/fl and Casp11fl/fl x Cdh5-CreERT2 lungs 

post LPS (10 mg/kg, i.p, 24 h) challenge, n = 5. (G-K) GSDMD deletion (GSDMD−/−) in 

mice promoted endothelial regeneration and recovery from inflammatory lung injury in 

response to CLP. (G & H) Proliferation of endothelial cells as determined by the number of 

BrdU+ endothelial cells in lungs from WT and GSDMD−/− mice post CLP challenge. (G) 

Representative images of proliferating lung endothelial cells from three independent 

experiments following CLP challenge for 72 h. Green, anti-BrdU; Red, anti–CD31; Blue, 

DAPI. Arrows indicate proliferating endothelial cells. Scale bar, 200 m. Br indicates 

bronchia; V, vessels. (H) Quantification of BrdU+ endothelial cells from WT and GSDMD
−/− mice lung post CLP for 72 h, n = 5. (I) Lung transvascular albumin permeability in WT 

and GSDMD−/− mice with or without CLP challenge, n = 5–6. (J & K) Representative 

images from three independent experiments (J) and quantification (K) of endothelial cells 

with cytosolic dsDNA in WT and GSDMD−/− mice lungs post-LPS (10 mg/kg, i.p, 24 h) 

challenge, n = 5. * P < 0.05, * * P < 0.01, two-tailed t-test. Values are shown as mean ± SD.
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Fig. 3. Intracellular dsDNA activates cGAS-STING pathway and induces defective endothelial 
cell proliferation.
(A) Time course of cGAMP concentration in mouse lung tissues post-LPS (10 mg/kg, i.p,) 

challenge, n = 4–11. (B) cGAMP concentration in lung tissues from Casp11fl/fl and 

Casp11fl/fl x Cdh5-CreERT2 mice post-LPS challenge (10 mg/kg, i.p, 6 h), n = 5–8. (C &D) 

circulating IFN-1β concentration in LPS treated mice (10 mg/kg, i.p, 6h). (C) Casp11fl/fl vs 

Casp11fl/fl x Cdh5-CreERT2 mice, n = 5–8; (D) WT vs Gsdmd−/− mice, n =5. (E & F) 

Expression of cGAS/STING responsive genes (CXCL10, IFIT1 and IFIT3) in lung ECs 

isolated from Casp11fl/fl and Casp11fl/fl x Cdh5-CreERT2 mice (E) or WT and Gsdmd−/− 

mice (F) post LPS challenge (10 mg/kg, 6 h, i.p), n = 5–8. (G) Immuno blot analysis of 

protein expression in hLMVECs transfected with mtDNA (3 μg/ml, 6h), n =3. (H) 
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Intracellular cGAMP concentration in hLMVECs transfected with the positive control 

plasmid DNA or mtDNA (3 μg/ml, 6h), n = 4. (I & J) hLMVECs transfected with mtDNA 

(0–10 μg/ml), n = 5; (I) or cGAMP (0–12 μg/ml), n = 8, (J) for 20 h followed by serum 

treated (10%, 8 h). Endothelial cell proliferation (BrdU+ cells) was analyzed by proliferation 

kit. Data are shown as mean ± SD obtained from at least three independent experiments. * P 
< 0.05, * * P < 0.01, * * * P < 0.001, two-tailed t-test. Please also see Figure S2 & 3.
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Fig. 4. cGAS-STING pathway impairs endothelial regeneration and recovery from inflammatory 
injury.
(A) Quantification of BrdU+ lung endothelial cell from WT and cGas−/− mice post CLP for 

72 h, n = 5. (B) Lung transvascular albumin permeability in WT and cGAS−/− mice with/

without CLP challenge, n = 5–7. (C) Representative H&E staining of lung tissue from three 

independent experiments (WT and cGas−/−) post CLP challenge (24 and 72 h). Red arrows 

indicate infiltrated immune cells. Scale bar, 200 m. Br indicates bronchia; and V, vessels. 

(D) Myeloperoxidase (MPO) activity in mouse lungs after CLP challenge, n = 5–7. (E) 

IFN-1β concentration in serum from LPS treated WT and cGas−/− mice (10 mg/kg, i.p, 6h), 

n = 5. (F) Quantification of BrdU+ lung endothelial cells from WT mice post-LPS exposure 

(10 mg/kg, i.p) with or without treatment of the STING agonist, CMA, (10 mg/kg, i.p, every 

24h from 24h-72h post LPS challenge) for up to 72h post-LPS, n = 5. (G) Lung 

transvascular albumin permeability in LPS treated mice with or without CMA treatment, n = 

5. Data are shown as mean ± SD. * P < 0.05, * * P < 0.01, two-tailed t-test. Please also see 

Figure S4.
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Fig. 5. mtDNA and cGAMP prevent endothelial proliferation through inhibition of YAP.
(A, B) Immuno blot of protein expression in hLMVECs with transfection of mtDNA (3 

μg/ml, 0–4h, A) or cGAMP (3 μg/ml, 0–4h, B), n = 3. (C, D) hLMVECs with cGAMP (3 

μg/ml, 20h) transfection were challenged with 10% FBS for 1 h, and the YAP1-TAZ nuclear 

translocation in hLMVECs were analyzed by Immunofluorescence staining. (C) 

Representative image and (D) percentage of hLMVECs with YAP1-TAZ nuclear trans-

localization with FBS challenge. Values are shown as mean ± SD; data were obtained from 

three independent experiments, n= 7–8. (E) Immuno blot analysis YAP1 phosphorylation 

and YAP1 expression in hLMVECs with transfection of mtDNA (3 μg/ml, 20h) or cGAMP 

(3 μg/ml, 20h), n=3. (F, G) Expression of cyclin D1,D2, D3 in hLMVECs transfected with 
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mtDNA (F) or cGAMP (G) (3 μg/ml, 20h), n = 3. (H) YAP1 restores mtDNA induced 

decrease of cyclin D1, 2, 3 expression in hLMVECs. Control plasmid or YAP1 plasmid (3 

μg/ml, 48h) transfected hLMVECs were transfected with mtDNA (3 μg/ml) for 20h, the 

expression of cyclin D1, 2, 3 were analyzed by immunoblotting, n = 3. (I) Transfection of 

TBK1 induces LATS1 phosphorylation. HEK293T cells were co-transfected with plasmids 

encoding TBK1 and YAP1 (3 μg/ml, 48h) before immunoblotting analysis, n = 4. (J) 

HEK293 cells were co-transfected with myc-tagged LATS1 (myc-LATS1) and either vector 

control (Vector), Flag-tagged TBK1 (Flag-TBK1). LATS1 was immunoprecipitated to assess 

the binding proteins by immunoblotting. Input lysates were used to blot protein and verify 

the transfected protein expression. Representative images from three independent 

experiments, n = 3. (K) IP-purified myc-LATS1 (Myc-LATS1) from myc-LATS1 transfected 

HEK293 cells was co-incubated with IP-purified Flag-TBK1 from Fag-TBK1 transfected 

HEK293 cells. Purified proteins were used for in vitro kinase assay. Phosphorylated LATS1 

(S909) was analyzed via immunoblotting and quantitated via densitometry, n = 3. (L-N) 

Endothelial cell specific deletion of Yap1 (Yap1fl/fl x Cdh5-CreERT2) in mice prevents 

endothelial regeneration and recovery from lung injury. Yap1fl/fl mice were crossed with 

Cdh5-CreERT2 to delete YAP1 in endothelial cells. After tamoxifen induced deletion of 

Yap1, mice were used for CLP. (L) Representative micrographs from three independent 

experiments showing endothelial cell (EC) proliferation in lungs from Yap1fl/fl and Yap1fl/fl 

x Cdh5-CreERT2 mice at 72h post CLP. Green, anti-BrdU; Red, anti–CD31; Blue, DAPI. 

Arrows indicate proliferating endothelial cells. Scale bar, 200 m. Br indicates bronchia; V, 

vessel. (M) Graphic presentation of increased proliferating endothelial cells in Yap1fl/fl as 

compared to Yap1fl/fl x Cdh5-CreERT2 lungs post-CLP, n = 5. (N) Lung transvascular 

permeability measurement following CLP showed defective recovery in Yap1fl/fl x Cdh5-
CreERT2 as compared to Yap1fl/fl mice, n = 5. Data are shown as mean ± SD. * P < 0.05, * 

* P < 0.01, * * * P < 0.001, two-tailed t-test. Please also see Figure S2, 4 & 5.
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Table 1.

Key resource

Reagent or resource Source Identifier

Antibodies

Rabbit polyclonal anti-GSDMD Abcam ab209845

Rabbit monoclonal anti-pIRF3 (Ser396) Cell signaling Technology 29047S

Rabbit monoclonal anti-pIRF3 (Ser386) Abcam Ab76493

mouse monoclonal anti-IRF3 Santa Cruz sc-33641

Caspase-11 Antibody (17D9) Novus NB-120-10454

Alexa Fluor® 488 Mouse anti-BrdU BD Bioscience 558599

Mouse Anti-GAPDH antibody Santa Cruz Sc-47724

Mouse anti-beta-actin antibody Sigma A5316

Rabbit Anti-TBK1 Cell signaling Tech 3504T

Rabbit Anti-pTBK1 (Ser172) Cell signaling Tech 5483S

Rabbit monoclonal Anti-STING Cell signaling Tech 13647

Rabbit monoclonal Anti-pSTING (Ser365) Cell signaling Tech 72971

Phospho-YAP/TAZ Antibody Sampler Kit Cell signaling Tech 52420T

Rabbit monoclonal Anti-LATS1 Cell signaling Tech 3477S

Rabbit monoclonal Anti-MST 1 Cell signaling Tech 14946S

Rabbit anti-pLATS1 (Ser909) Cell signaling Tech 9157S

Rabbit monoclonal Anti-pMST1 (Thr183)/MST2 (Thr180) Cell signaling Tech 49332S

Mouse Anti-BrdU antibody BD Biosciences 347580

Mouse Monoclonal Anti-β-Actin antibody Sigma A5441

Rabbit Ployclonal anti-cGAS mybiosource MBS8291689

Cyclin Antibody sample kit Cell signaling Tech 9869

Mouse monoclonal anti-Flag Sigma F1804

AF488 donkey anti-rat antibody Invitrogen A-21208

AF594 donkey anti-rat antibody Invitrogen A-21209

AF594 donkey anti-mouse antibody Invitrogen A-21203

AF594 donkey anti-rabbit antibody Invitrogen A-21207

AF488 donkey anti-mouse antibody Invitrogen A-11001

Rabbit monoclonal Anti-TAZ Cell signaling Tech 83669S

Rat anti-CD31 BD Bioscience 550274

Rat anti-CD31 millpore sigma CBL1337

Mouse Anti-dsDNA Antibody Millipore MAB1293

Rabbit anti-Tom20 Antibody Santa Cruz sc-11415

Rabbit anti-IKKε antibody Cell signaling Tech 2905T

Rabit anti-pIKKε antibody (ser172) Cell signaling Tech 8766S

Mouse anti-Lamin B1 antibody Santa Cruz sc-56143

Chemicals and Recombinant Proteins

9-Oxo-10(9H)-acridineacetic acid (CMA) Sigma 17927

2′,3′-cGAMP sodium salt Sigma SML1229
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Reagent or resource Source Identifier

LPS Sigma L2630

LPS InvivoGen tlrl-3pelps

BrdU Sigma B5002 −1G

Mitochondrial DNA Isolation Kit abcam Ab65321

DNeasy Blood & Tissue Kits QIAGEN 69506

Tetramethylrhodamine (TMRM) ThermoFisher scientific T668

ProLong™ Gold Antifade Mountant ThermoFisher scientific P10144

Z-VAD-FMK Selleckchem S7023

Protease Inhibitor Cocktail Sigma P8340

BrdU Cell Proliferation ELISA Kit abcam ab126556

Evans Blue Sigma E2129

iScript cDNA synthesis kit BioRad 1708897BUN

SYBR Green PCR Master Mix ThermoFisher scientific 4312704

Phosphatase Inhibitor Cocktail VWR 80501-130

Endothelial growth medium 2 (EBM-2) Lonza CC-3162

Non-Radioactive Cytotoxicity Assay Kit Promega G1780

Lipofectamine 2000 ThermoFisher scientific 11668019

TRIZOL reagent ThermoFisher scientific 15596026

BrdU Cell Proliferation ELISA Kit Abcam ab126556

ECL prime immuno blotting reagent Fisher Scientific RPN2232

RIPA Buffer Sigma R0278

HyperSep Aminopropyl columns ThermoFisher scientific 60108-364

Mitochondria Isolation Kit for cell Abcam ab110170

Mitochondria Isolation Kit for Tissue Abcam ab110169

pClneoMyc-LATS1 Addgene 66851

pWZL Neo Myr Flag TBK1 Addgene #20648

pcDNA4/HisMaxB-YAP1 Addgene #18978

Flag-Gsdmd Addgene #80950

Flag-Gsdmd-NT Addgene #80951

Fetal Bovine Serum Sigma F2442

Amaxa human endothelial nucleofector kit Lonza VPI-1001

Human si-cGAS Dharmacon E-015607-00-0005

sc-RNA negative control Dharmacon D-001810-10-20

Human si-GSDMD Dharmacon E-016207-00-0005

Human si-IKKε Dharmacon E-oo3723-00-0005

LDH assay kit Promega G1780

Tamoxifen Sigma T5648-1g

MPO assay kit Cell Biologics CB6937

Adenosine 5′ -triphosphate disodium salt Sigma A2383

Cell Fractionation Kit Abcam ab109719

Kinase assay buffer Cell signaling Tech 9802

Dynabeads Sheep Anti-Rat IgG Invitrogen 11035
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Reagent or resource Source Identifier

RBC Lysis buffer Qiagen 158904

Triton-X 100 Fisher Scientific 151-100

Mouse INF-beta duoset ELISA kit R&D systems DY8234-05

Cells

Human lung microvascular ECs (hMVECs) Lonza Lonza™ CC-2527

HEK293T ATCC Cat# CRL-3216
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Table 2.

Primers for RT-qPCR.

Primer Sequence

Human NADH 1 forward 5’-ATACCCATGGCCAACCTCCT-3’

Human NADH 1 reverse 5’-GGGCCTTTGCGTAGTTGTAT-3’

Human b-globin forward 5’-GTGCACCTGACTCCTGAGGAGA-3’

Human b-globin reverse 5’-CCTTGATACCAACCTGCCCAG-3’

Mouse NADH1 forward 5′-TATCTCAACCCTAGCAGAAA-3′

Mouse NADH1 reverse 5′-TAACGCGAATGGGCCGGCTG-3′

Mouse IFIT1 forward 5′-TCTAAACAGGGCCTTGCAG-3′

Mouse IFIT1 reverse 5′-GCAGAGCCCTTTTTGATAATGT-3′

Mouse IFIT3 forward 5′-T GAACT G CT CAGCCCACA-3′

Mouse IFIT3 reverse 5′-TCCCGGTTGACCTCACTC-3′

Mouse CXCL10 forward 5′-GCCGTCATTTTCTGCCTCA-3′

Mouse CXCL10 reverse 5′-CGTCCTTGCGAGAGGGATC-3′

Mouse GAPDH forward 5′-AGGTCGGTGTGAACGGATTTG-3′

Mouse GAPDH reverse 5′-GGGGTCGTTGATGGCAACA-3
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