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Suppression of TREX1 deficiency-induced cellular
senescence and interferonopathies
by inhibition of DNA damage response

Hekang Du,1 Nanyang Xiao,1,2 Sitong Zhang,1 Xueyuan Zhou,1 Yangfan Zhang,1 Zengzeng Lu,1 Yuqian Fu,1

Miaohui Huang,1 Shan Xu,1 and Qi Chen1,3,*

SUMMARY

TREX1 encodes a major DNA exonuclease and mutations of this gene are associ-
ated with type I interferonopathies in human. Mice with Trex1 deletion or muta-
tion have shortened life spans accompanied by a senescence-associated secre-
tory phenotype. However, the contribution of cellular senescence in TREX1
deficiency-induced type I interferonopathies remains unknown. We found that
features of cellular senescence present in Trex1�/� mice are induced by multiple
factors, particularly DNA damage. The cGAS-STING and DNA damage response
pathways are required for maintaining TREX1 deletion-induced cellular senes-
cence. Inhibition of the DNA damage response, such as with Checkpoint kinase
2 (CHK2) inhibitor, partially alleviated progression of type I interferonopathies
and lupus-like features in the mice. These data provide insights into the initiation
and development of type I interferonopathies and lupus-like diseases, and may
help inform the development of targeted therapeutics.

INTRODUCTION

Cellular senescence is manifested as an irreversible stagnation of the cell cycle and a loss of proliferation

potential.1,2 Morphologically, senescent cells are characterized by an enlarged and flattened cell surface

area, dissociation of heterochromatin from the nuclear layer and localization to the interior of the nucleus,

and accumulation of senescence-associated heterochromatin foci (SAHFs) in the nucleus,3,4 with cyto-

plasmic micronuclei appearing in primary nuclear satellites.5 At themolecular level, senescence-associated

b-galactosidase (SA-b-Gal) activity increases because of increased acidity in aging cells.6 In addition, se-

nescent cells express a senescence-associated secretory phenotype (SASP) involving autocrine or para-

crine signals that cause changes in the tissuemicroenvironment.7,8 SASP is associated with multiple biolog-

ical processes, including wound healing,9 tissue repair,10 and tumorigenesis,7 and SASP-related

inflammatory responses are thought to underlie many aging-related effects and age-related diseases.

Cellular senescence is accompanied by a weakening of genomic stability11 and the entry of damaged DNA

fragments into the cytoplasm in the form of micronuclei. The nuclear envelope of these micronuclei is un-

stable, which allows DNA binding by the cytosolic DNA sensor cGMP-AMP (cGAMP) synthase (cGAS).12,13

cGAS is activated by binding to double-stranded DNA, including microbial and self-DNA,14,15 which trig-

gers 20,30 cyclic GMP-AMP (cGAMP) production14 and subsequent cGAMP binding and activation of the

adaptor protein stimulator of interferon genes (STING) (also known as MITA, MPYS, and TMEM173).

STING then recruits TANK-binding kinase 1 (TBK1) and IkB kinase to activate IFN regulatory factor 3

(IRF3) and NF-kB, respectively, leading to the production of type I interferons and inflammatory cyto-

kines.14,15 During cell senescence, the cGAS-STING pathway is activated on cGAS recognition of damaged

DNA fragments derived from the nucleus.16

The DNA damage response (DDR) also plays a key role in cellular senescence induced by DNA damage.

The DDR pathway is mediated by ataxia telangiectasia mutated (ATM)/ataxia telangiectasia and rad3-

related protein (ATR) and Checkpoint kinase (CHK1/CHK2) proteins, which stabilize P53 through phosphor-

ylation.17 P53 activates the cell cycle inhibitor P21, which leads to Cdk/Cyclin inhibition and cell-cycle arrest

in G1/S phase.17,18 Cdk/Cyclin A, D, and E phosphorylate RB, which blocks the growth inhibitory function of

the RB pathway. RB is activated by P21 or P16, both of which inhibit Cdk/cyclin. Active, hypophosphorylated
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RB binds to E2F protein and inhibits its transcriptional activity, thereby inhibiting cell cycle progression19

and driving cellular senescence.

Three Prime Repair Exonuclease 1 (TREX1) is the major cellular 30-to-50 DNA exonuclease in the cytoplasm.

TREX1 contains 314 amino acids; its N-terminal has a DNase domain20 required for nucleic acid degrada-

tion, whereas its C-terminal domain (CTR) is essential for localization to the endoplasmic reticulum

(ER).20–23 TREX1 is abundantly expressed in mammalian cells, and TREX1 gene mutations are linked to

autoimmune diseases including systemic lupus erythematosus (SLE), Aicardi-Goutières syndrome (AGS),

familial chilblain lupus (FCL), and leukodystrophy-related retinopathy (retinal vasculopathy with cerebral

leukodystrophy, RVCL).24–27 Activation of the cGAS-STING pathway is required for TREX1 deletion- or mu-

tation-induced type I interferonopathies and lupus-like phenotypes, which can be rescued by cGAS dele-

tion.28,29 Recent studies have reported down-regulation of TREX1 in senescent cells and its association with

SASP secretion.30 In this context, we hypothesized that TREX1 deletionmay accelerate cellular senescence.

Here, we confirmed that TREX1 deletion in a mouse model (Trex1�/�) accelerates cellular senescence and

further found that ablation of cGAS inhibiting the cGAS-STING pathway can mitigate this process. We also

found that the DDR plays a critical role in maintaining TREX1 deletion-induced cellular senescence, such

that lupus-like phenotypes in Trex1�/� mice can be alleviated by BML-277, an inhibitor of CHK2 (a compo-

nent of the DDR pathway).

RESULTS

TREX1 deletion accelerates cellular senescence

Human TREX1 is a single-exon gene encoding a protein with an exonuclease domain at the N-terminus

(amino acid numbering 1–212) and a single transmembrane helix at the polar C-terminus (amino acid

numbering 213–314) connected to the ER.31 Different mutant sites in TREX1 affect different functions of

TREX1 while exhibiting different disease features in clinical settings. For example, the TREX1-D18N point

mutation causes loss of TREX1 DNA enzymatic activity,29 and the TREX1-V235fs shift code mutant retains

TREX1 DNA enzymatic activity but loses the ER localization function.32 The diagram of common mutations

in TREX1 associated with various autoimmune and inflammatory diseases is shown in Figure S1A. To better

reproduce the disease phenotype in humans, we have constructed a set of Trex1 genetically modified

mouse models using CRISPR-Cas9 technology, including Trex1 knockout (Trex1�/�) mice,29,33 a Trex1-

D18N point mutant (Trex1D18N) mice,29 and a Trex1-P212fs frameshift mutant (Trex1P212fs) mice (unpub-

lished). Trex1 mouse model gene modification loci sequencing results is shown in Figure S1B. In contrast,

Trex1D18N mice showed no significant change in body size compared to wild-type (WT) mice, whereas

Trex1�/� and Trex1P212fs mice showed a significant reduction in body size (Figure S1C), a significant reduc-

tion in survival rate compared to WT mice for all three mice, and differences between the models (Fig-

ure S1D).To focus on the topic of this study, we isolated above mouse embryonic fibroblasts (MEFs)

from day 13.5 embryos (E13.5) of each mutant and their WT littermates and performed RNA sequencing

(RNA-Seq) analysis (Figure S1E). Compared to WT, MEFs from all three Trex1 gene-modified mouse

models showed differential expression of 29 genes; 99 genes were differentially expressed only in

Trex1�/� MEFs, 1744 in Trex1D18N/D18N MEFs, and 54 in Trex1P212fs/P212fs MEFs. KEGG enrichment analysis

of the 29 differentially expressed genes in common across the Trex1 mutant models indicated that they

were mainly associated with antiviral infection and inflammatory responses (Figures S1F and S1G). We

also performed KEGG enrichment analysis for the 99 genes differentially expressed only in Trex1�/�

MEFs (Figures S1H and S1I). The top-scoring genes were also involved in virus infection-related pathways

as well as cellular senescence-related pathways. These data suggest a role for TREX1 in regulating cellular

senescence.

In vitro, proliferating cells normally enter the senescence stage because of telomere or external stress34;

immortalized cells can be obtained by serial passaging.35 To determine the effect of TREX1 deletion on

the timing of cellular senescence, we isolated embryos from littermate in the same Trex1+/� mother that

was crossed to a Trex1+/� male and cultured the embryonic fibroblasts in vitro in atmospheric O2 (20%)

through serial passages according to a modified 3T3 protocol. Compared with WT MEFs, Trex1�/�

MEFs entered the senescence stage at passage 5–6, and the cell proliferation rate was significantly lower.

AlthoughWTMEFs could be immortalized by passage 15–16, Trex1�/�MEFs were more difficult to immor-

talize (Figure 1A). We also compared E13.5 MEFs derived from WT and Trex1�/� mice, as show similar re-

sults (Figure 1B). An increase of intracellular acidity in senescent cells leads to an increase in
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Figure 1. TREX1 knockout accelerates cellular senescence in MEFs

(A) Growth curve of MEFs derived from littermateWT and Trex1�/� embryos in the same Trex1+/�mother whereas 20 serial passages according to amodified

3T3 protocol.

(B) Similar to A except that MEFs were from WT and Trex1�/� mice.

(C) Cellular senescence of WT and Trex1�/� MFEs during serial passages was analyzed by SA-b-Gal staining. (D) Histograms indicate the percentage of SA-

b-gal-positive cells.
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b-galactosidase (b-Gal) activity, making b-Gal is an important indicator of cellular senescence.6 We there-

fore examined senescence associated (SA-) b-Gal activity of MEFs during serial passages. Trex1�/� MEFs

had SA-b-Gal-positive cells at passage 6, whereas WT MEFs had positive cells at passage 8; in subsequent

passages, Trex1�/� MEFs had more SA-b-Gal-positive cells than WT MEFs (Figures 1C and 1D). Another

feature of senescent cells is the SASP signature, characterized by the secretion of a distinct set of cytokines,

chemokines, and metalloproteinases.36 We examined the expression of representative SASP factors,

including IL-1b, IL-6, IL-8, Mmp12 and p16 by reverse transcription quantitative polymerase chain reaction

(RT-qPCR) (Figures 1E–1I). Expression of each SASP factor was induced by TREX1 deletion, consistent with

SA-b-Gal staining data. These data suggest that TREX1 deletion accelerates spontaneous cellular senes-

cence and restrains cellular immortalization.

TREX1 deletion-induced cellular senescence is accompanied by DNA damage and oxidative

stress

Cellular senescence can be induced by environmental stress leading to DNA damage.11 In our RNA-Seq

analysis, we found that the transcripts of the ATM were significantly up-regulated (Figure S1G). As an

important regulator of DDR, ATM plays an important role in DNA repair and induction of cellular senes-

cence.37 We examined the presence of another DNA damage marker, g-H2AX, in passage 8 Trex1�/�

MEFs by immunoblotting (Figures 2A and 2B), and its distribution in the nucleus by immunofluorescence

(Figures 2C and 2D). More severe DNA damage was present in Trex1�/�MEFs compared toWTMEFs, indi-

cated by greater expression of nuclear g-H2AX in Trex1�/� MEFs. Notably, TREX1 deletion caused DNA

damage to have already been demonstrated in human TREX1-deficient patient cells.23

Spontaneous cellular senescence also involves the generation of micronuclei, which resemble satellite

nuclei consisting of chromatin surrounded by a nuclear membrane. These micronuclei form in response

to genotoxic stress as well as after mis-segregation of DNA during cell division.38 Micronuclei are closely

associated with DNA damage and are sensitive biomarkers of genotoxicity39; therefore, we examined the

distribution of micronuclei in passage 8 Trex1�/� MEFs by immunofluorescence. Trex1�/� MEFs contained

significantly more micronuclei compared with WT MEFs (Figures 2E and 2F).

Classical cellular senescence is primarily regulated by two pathways, namely the DDR pathway37 and the

tumor suppressor P16Ink4a pathway.40 Therefore, we next evaluated the changes in protein components

of these two pathways in passage 8 Trex1�/� MEFs by immunoblotting (Figures 2G and 2H). p-RB expres-

sion was significantly lower in Trex1�/� MEFs than in WT MEFs, whereas the expression levels of p-CHK2

and p16 were significantly higher in Trex1�/�MEFs thanWTMEFs. In addition, a greater proportion of pas-

sage 8 Trex1�/� MEFs were in cell-cycle arrest (Figures 2I and 2J).

Because oxidative stress is one of the causes of cellular senescence,41 we also examined the level of reac-

tive oxygen species (ROS) in MEFs after Trex1 deletion using the fluorescent probe DCFH-DA by flow cy-

tometry and immunofluorescence. ROS levels in Trex1�/� MEFs were significantly higher than in WT MEFs

(Figures S2A–S2D). Studies by others have also confirmed increased levels of ROS generated by TREX1-

deficient fibroblasts and keratinocytes in response to UV irradiation.42 Therefore, TREX1 deletion promotes

cellular senescence, signified by increased DNA damage and ROS levels.

TREX1 deletion exacerbates cellular senescence induced by multiple factors

Cellular senescence can be affected by diverse factors; therefore, we determined whether TREX1 deletion

adds to the effect of these factors on cellular senescence. We induced cellular senescence in 1 or 2 passage

Trex1�/� MEFs by treatment with ionizing radiation (IR) or a topoisomerase II inhibitor (etoposide, ETO),

both of which cause DNA damage.43–46 WT and Trex1�/� MEFs were irradiated at 3 Gy and 6 Gy, and

expression levels of representative SASP factors were measured by RT-qPCR after three days of culture

(Figures 3C–3G). Expression levels of SASP factors were significantly higher in irradiated Trex1�/� MEFs

than in WT MEFs, in a dose-dependent manner. We also found elevated SA-b-Gal levels in Trex1�/�

MEFs cultured for 6 days after exposure to 6 Gy IR (Figures 3A and 3B). We further explored the effect

Figure 1. Continued

(E–I) Expression of representative SASP factors WT and Trex1�/�MEFs in passages, including IL-6 (E), IL-8 (F), IL-1b (G), Mmp12 (H), p16 (I) by RT-qPCR (n = 3

biological replicates). Data represent mean G S.E.M. of at least 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values were calculated

using by one-way ANOVA versus WT with Dunnett’s correction (D–I).
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of IR on micronuclei production as a marker of genotoxicity in WT and Trex1�/� MEFs by immunofluores-

cence. The results showed that the number of IR-induced micronuclei was significantly higher in Trex1�/�

MEFs than in WT MEFs. Of interest, some nuclei in Trex1�/� MEFs also appeared irregular in shape (Fig-

ure 3H). We also compared the expression levels of DDR pathway and cellular senescence markers

including p-RB, p-CHK2, p21, and g-H2AX, after IR exposure and observed a further decrease of p-RB,

and further increase of p-CHK2, p21, and g-H2AX in IR-treated Trex1�/� MEFs compared to untreated

Trex1�/� MEFs or WT MEFs (Figures 3I and 3J). These data suggest that TREX1 deletion exacerbates IR-

induced cellular senescence, manifested as more severe DNA damage and irregular micronuclei in

Trex1�/� MEFs. We observed a similar effect of TREX1 deletion on ETO-induced cellular senescence (Fig-

ure S3). These results strongly demonstrate that TREX1 deletion accelerates spontaneous cellular senes-

cence induced by IR or DNA damaging drugs.

Activation of the cGAS-STING pathway is essential for TREX1 deletion-induced cellular

senescence

Previous studies showed that TREX1 deletion leads to DNA accumulation in the cytoplasm and activates

the cGAS-STING pathway; the interferon b (IFNb) immune response signal appears to be a hallmark, as

interferon-stimulating genes (ISGs) such as Cxcl10 and Ifi44 are produced downstream of IFNb activation.28

Therefore, we assessed changes in Cxcl10 and Ifi44 in WT and Trex1�/�MEFs during serial passages by RT-

qPCR. Compared with theWT control, Cxcl10 and Ifi44 cytokines from passage 1 Trex1�/�MEF were signif-

icantly different. With progressive cell passages Cxcl10 and Ifi44 cytokines tended to increase, followed by

a decline in later passages (Figures S4A and S4B). We also noted a simultaneous increase in the expression

levels of p-TBK1 and p-IRF3, two majors’ factors downstream of cGAS-STING activation, as shown by

immunoblotting (Figures S4C and S4D). Therefore, TREX1 deletion led to cGAS-STING pathway activation,

consistent with previous reports.29,42 TREX1 deletion can persistently activate the cGAS-STING pathway

and mediate the expression of IFNb. The induced expression of ISGs along with the reported role of

type I IFNs in senescence prompted us to ask if TREX1 deletion-mediated secretion of IFNb is involved

in promoting senescence.16 We found that addition of recombinant IFNb to cultures of WT MEFs was suf-

ficient to induce p21 expression, SA-b-Gal activity and SASP (Figures S4E–S4G).

Because cGAS plays a major role in cellular senescence,16,47 we asked if TREX1 deletion-induced cellular

senescence could be rescued by cGAS knockout. Firstly, we isolated MEFs from Trex1�/�cGas�/� mice

and performed cell passaging experiments simultaneously with MEFs of different genotypes from the

same period. In comparison, both strains of Trex1�/�cGas�/� MEFs had better value-added ability than

WT, Trex1�/�MEFs, but not as good as cGas�/�MEFs (Figure 4A). Examination of SA-b-Gal activity showed

that the number of positive cells decreased significantly when cGas was knocked out in Trex1�/� MEF

(Figures 4B and 4C). To further determine the role of cGAS in TREX1 deletion-induced cellular senescence,

we detected the levels of cytokines (IFNb, Cxcl10, IL-6, IL-1B etc.) in passage 10 MEFs (Figure 4D), ROS

levels (Figures 4E and 4F) and the senescence-related landmark proteins of p-RB, p-CHK2, p-p53, p21,

and g-H2AX were also quantitatively analyzed (Figures 4G and 4H). Compared with Trex1�/� MEFs, we

found that Trex1�/�cGas�/� MEFS SASP (IL-6, IL-1B etc.), ROS and senescence-related landmark proteins

(p-RB, p-CHK2, p-p53, p21, and g-H2AX) were significantly decreased. These data strongly suggest that

deletion of cGAS can inhibit TREX1 deletion-induced cellular senescence.

Figure 2. The DNA damage response is activated in TREX1 knockout-induced cellular senescence

MEFs were derived from day 13.5 mouse embryos and cellular senescence was induced by serial cell passaging.

(A) Expression of g-H2AX protein, a marker of DNA damage, detected by immunoblot in passage 8 of MEFs.

(B) Quantitative analysis of (A); GAPDH was used as control (n = 3 biological replicates).

(C and D) Nuclear DNA damage in passage 8 MEFs detected by immunofluorescence (g-H2AX [red], H2AX [green], 4,6-diamididine-2-phenylindole (DAPI)

[blue]), (D) Quantitative analysis of nuclear DNA damage positive cell (n = 3 biological replicates).

(E and F) Micronuclei distribution in passage 8 Trex1�/� MEFs detected by immunofluorescence (dsDNA [red], g-H2AX [green], 4,6-diamididine-2-

phenylindole (DAPI) [blue]); zoom shows an enlarged region of dsDNA, g-H2AX, and DAPI co-localization in the cytoplasm, (F) Quantitative analysis of

Micronuclei positive cell (n = 3 biological replicates).

(G) Expression of DDR and cellular senescence marker proteins at passage 8 MEFs by immunoblotting.

(H) Quantitative analysis of p-RB, p-Chk2, and p16 proteins, with GAPDH as control (n = 3 biological replicates).

(I and J) In passages 8, WT, Trex1�/� MEFs cell cycle was assessed by FACS (n = 3 biological replicates). Data represent mean G S.E.M. of at least 3

independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values were calculated using by one-way ANOVA versus WT with Dunnett’s correction (B, C,

F, H, J). For gel source data, see Mendeley Data.
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We next asked if inhibition of the cGAS-SING pathway affects cellular senescence induced by TREX1 dele-

tion. Passage 1 and 2 Trex1�/� MEFs pre-treated with ETO were then treated with the TBK1 inhibitor

BX795.48 We evaluated the effect of BX795 on ETO-induced cellular senescence of Trex1�/� MEFs by

SA-b-Gal staining (Figures S5A and S5B), RT-qPCR (Figure S5C–S5H) and immunoblotting (Figures S5I

and S5J). As shown in (Figure S5), ETO pre-treatment significantly activated the cGAS-STING pathway,

whereas BX795 alleviated this activation. In addition, BX795 inhibited the cellular senescence induced

by Trex1 deletion, with or without ETO pre-treatment. Collectively, these data suggest that TREX1 dele-

tion-induced cellular senescence involves activation of the cGAS-STING pathway.

Cellular senescence in Trex1 knockout lupus-like mice

Trex1�/�mice have a shortened life span with accelerated appearance of characteristic signs of aging such

as arched backs, thinning hair and development of lupus-like disease as early as 4 months of age. Cellular

senescence in these mice manifests as diverse histopathologies in various tissues; of these, tissue fibrosis is

one of the most important.49 Therefore, we examined fibrosis in the heart and liver of 4-5-month-old WT

and Trex1�/�mice by Sirius red staining (Figures 5A and 5B). We observed a large amount of positive stain-

ing in the heart and liver of Trex1�/� mice, especially in the heart. Moreover, In the SA-b-GAL staining of

mouse kidney tissue, Trex1�/� mice had obvious positive results (Figure 5C). p21 was also at a high level

by immunohistochemical analysis (Figure 5D). Immunofluorescence results showed that the signals of

g-H2AX and p16 in Trex1�/� mouse kidneys were stronger, and the distributions were correlated and

rounded, like the glomerular structure (Figures 5E and 5F). Trex1�/� mice heart also had higher levels of

p-CHK2, p53, p21, and significantly higher g-H2AX than age-matched WT mice by immunoblotting

(Figures 5G and 5H). To better characterize aging in different tissues of Trex1�/� mice, we analyzed the

expression of IFNb, ISGs (Cxcl10, Ifi44, Isg15), SASP (IL-6, IL-1b), and age-related landmark proteins

(p16, p19, p21, Gadd45b, Atf3, Btg2) using RT-qPCR. We found that high levels of SASP were detected

in different organs including heart (Figures 5I and 5J), kidney (Figures S6A and S6B), liver (Figures S6C

and S6D), lung (Figures S6E and S6F), and muscle (Figures S6G and S6H) of Trex1�/� mice compared

with mice of the same age. Taken together, these data indicate that Cellular senescence in Trex1 knockout

lupus-like mice.

BML-277 alleviates lupus-like phenotypes in Trex1�/� mice

The role of cellular senescence in the development and progression of type I interferonopathies and lupus-

like disease is unknown. Our data suggests that the DDR plays an essential role in TREX1 deletion-induced

cellular senescence. We therefore assessed whether inhibition of DDR, specifically inhibition of CHK2

within the DDR pathway, could alleviate the development of type I interferonopathies or lupus-like disease

in mice with TREX1 deletion. Trex1�/� mice 6 to 8 weeks of age were given a daily dose of 1 mg/kg BML-

27750 or solvent (5% DMSO 10% PEG300 2.5% Tween-80 in PBS) control by intraperitoneal injection for

4 weeks. Previous study showing BML-277 alleviated T cell apoptosis induced by IR.51 We examined the

muscle tissue p-CHK2 levels in BML-277-treated Trex1�/� mice by WB, compared to the down-regulated

p-CHK2 levels in Trex1�/�mice after treatment (Figures S7A and S7B). Trex1�/�mice treated with BML-277

showed significant body size increase, shiny hair, and weight improvement (Figures 6A and 6B). The size

and weight of the spleen were also significantly reduced compared with the untreated control group

(Figures 6C and 6D). Inflammation noted in multiple organs of untreated Trex1�/�mice including the heart,

kidney, lung, and muscle was significantly alleviated by BML-277 treatment (Figure 6E). Sustained high

levels of autoantibodies are an important hallmark of lupus-like disease; we therefore examined the pro-

duction of autoantibodies in Trex1�/� mice treated with BML-277 (Figures 6F–6I). Strikingly, multiple auto-

antibodies including anti-dsDNA IgG1 (Figure 6F), anti-SSDNA IgG (Figure 6G), anti-ANA Total Ig

Figure 3. TREX1 knockout exacerbates IR-induced cellular senescence in MEFs

Cellular senescence was induced by IR in 1 or 2 passage MEFs derived from E13.5 mouse embryos.

(A) In 1 or 2 passage MEFs were pre-treated with 6 Gy IR for 6 days, then subjected to SA-b-Gal analysis.

(B) Histograms indicate the percentages of SA-b-gal-positive cells (n = 3 biological replicates).

(C–G) Expression level of SASP factors examined by RT-qPCR (n = 3 biological replicates).

(H) Micronuclei distribution of Trex1�/� MEFs were pre-treated with 6 Gy IR detected by immunofluorescence (dsDNA [red], g-H2AX [green], 4,6-

diamididine-2-phenylindole (DAPI) [blue]); zoom shows an enlarged region of dsDNA, g-H2AX, and DAPI co-localization in the cytoplasm.

(I) Expression of DDR and cellular senescence marker proteins measured by immunoblotting.

(J) Quantitative analysis of p-RB, p-CHK2, p21, and g-H2AX proteins, with GAPDH as control (n = 3 biological replicates). Data represent meanG S.E.M. of at

least 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values calculated using two-way ANOVA with Bonferroni’s correction (B-G, J). For gel

source data, see Mendeley Data.
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(Figure 6H), and anti-NRNP IgG (Figure 6I) were significantly decreased by BML-277 treatment. In addition,

elevated levels of ISGs including IFNb, Cxcl10, Ifit3; SASP factors such as IL-6 and Mmp12; and age-related

landmark proteins p16, were reduced in the heart (Figures S7C and S7D), kidney (Figures S7E and S7F), lung

(Figures S8A and S8B), and liver (Figures S8C and S8D) of Trex1�/� mice treated with, relative to their wild-

type littermates. These data strongly demonstrate that inhibition of DDR-induced cellular senescence can

significantly alleviate TREX1 deletion-induced lupus-like phenotypes in mice.

Spontaneous T cell activation plays an important role in autoimmune diseases,29 so we further evaluated

T cell activation in the spleen of Trex1�/� mice treated with BML-277 using flow cytometry. Levels of

CD69 in CD4+ and CD8+ T cells of Trex1�/�mice were significantly increased, and Ly6c were reduced, after

BML-277 treatment (Figures 7A–7C). We also analyzed the expression levels of CD44hiCD62Llo as a marker

of effector memory T cells among CD4+ and CD8+ T cells in Trex1�/� mice. We found that Trex1�/� mice

had significantly more effector memory T cells compared to their WT littermates, and that the levels were

significantly suppressed by BML-277 treatment (Figures 7D and 7E). These findings provide further evi-

dence that BML-277 treatment can alleviate the autoimmune phenotype of Trex1�/� mice.

DISCUSSION

As a major exonuclease in mammalian cells, TREX1 prevents the abnormal activation of the innate immune

system in the host because of DNA accumulation.25 In clinical research, TREX1 gene mutations have been

associated with a variety of autoimmune diseases or type I interferonopathies, and Trex1 knockout mice

also show a variety of lupus-like disease phenotypes.24,25 Currently, JAK1/2 inhibitors are used clinically

to treat autoimmune diseases or type I interferonopathies caused by TREX1 gene mutations.52 We and

others have previously shown that knockout of either cGAS or STING gene can rescue lethal autoimmune

phenotypes in Trex1-deficient and mutant mice,28,29 suggesting that the development of small-molecule

inhibitors targeting cGAS and STING may be an effective strategy for the treatment of autoimmune dis-

eases. Thus far, several cGAS/STING inhibitors have shown good therapeutic effects in mouse autoimmune

disease models, identifying new drug targets and candidate molecules for further clinical development of

autoimmune disease therapeutics.53,54 However, cGAS also plays an essential role in cellular senescence,

suggesting a connection between cellular senescence, inflammation, and autoimmune responses

including autoantibody production.

Investigating the mechanisms underlying the role of cellular senescence in the TREX1 deletion-mediated

lupus-like phenotype is a topic of intense interest, particularly whether cellular senescence caused by

TREX1 gene dysfunction directly leads to lupus-like phenotypes, or if they are indirectly related. The pre-

sent study demonstrated that deletion of the TREX1 gene accelerates cellular senescence, which can be

alleviated by inhibition of cGAS-STING pathway. The cGAS-STING pathway response is likely enhanced

by the loss of TREX1 exonuclease-mediated degradation of cytoplasmic DNA as damaged DNA fragments

enter the cytoplasm in the form of micronuclei. In general, lupus-like autoimmune diseases are primarily

treated by suppressing inflammation and the autoimmune response. Notably, cellular senescence is pre-

sent in Trex1-deficient lupus-like mice, an aspect of the pathology that has often been neglected in previ-

ous studies. Here, we found that activation of the cGAS-STING pathway is necessary to maintain TREX1

deletion-induced cellular senescence. Because the deletion of the cGAS gene rescued not only the

lupus-like phenotype, but also the cellular senescence phenotype in Trex1�/� mice, our data suggest

that cellular senescence caused by TREX1 gene dysfunction are indirectly related to lupus-like phenotypes.

Then, one question may be raised is if DNA damage triggers g�H2AX which in turn activates cGAS on

Figure 4. Activation of the cGAS-STING pathway is essential for TREX1 knockout-induced cellular senescence

MEFs were derived from E13.5 mouse embryos.

(A)Proliferation curve of primary WT, Trex1�/�, cGas�/�, and Trex1�/�cGas�/� MEFs cultured under 20% O2.

B) Cellular senescence of WT, Trex1�/�, cGas�/�, Trex1�/�cGas�/� MFEs in 8 passages was analyzed by SA-b-Gal staining.

C) Histograms indicate the percentage of SA-b-gal-positive cells (n = 3 biological replicates).

(D) WT, Trex1�/�, cGas�/�, Trex1�/�cGas�/� MFEs in 10 passages expression of depicted genes was measured via RT-qPCR (n = 3 biological replicates).

(E) ROS levels in WT, Trex1�/�, cGas�/�, Trex1�/�cGas�/� MFEs cells in 8 passages detected by flow cytometry.

(F) Statistical results of flow cytometry (n = 3 biological replicates).

(G) Expression of DDR and cellular senescence marker proteins measured by immunoblotting.

(H) Quantitative analysis of p-RB, p-CHK2, p-p53, p21, and g-H2AX proteins, with GAPDH as control (n = 3 biological replicates). Data represent mean G

S.E.M. of at least 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values were calculated using by one-way ANOVA versus WT with

Dunnett’s correction (C, D, F, H). For gel source data, see Mendeley Data.
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leakage of damaged DNA in the cytoplasm and micronuclei leading to the downstream activation of

g-H2AX, then why does cGAS inactivation reduces g-H2AX? One explanation might be that because of

the presence of cGAS, DNA free in the cytoplasm continuously activates the cGAS-STING pathway, medi-

ating the production of large amounts of ISG and inflammatory factors. These cytokines will cause a rise in

ROS and further aggravate DNA damage, a process that is mutually cyclic and facilitative. However, the

deletion of cGAS prevents this process from occurring, and therefore cGAS KOwill reduce g-H2AX produc-

tion. In the other hand, because cGAS has mutiple functions, cGAS deficiency may either cause cell death

or accelerate cell proliferation. We believe that cGAS deficiency is more likely to induce cell proliferation

because we did not find evidence that cGAS KO leads to cell death, and most published reports also sug-

gest that cGAS deficiency is more favorable for cell proliferation and low expression of inflammatory

factors.16,47

In most cases cGAS is present in the cytoplasm, whereas DDR occurs in the nucleus. However, it has been

shown that nuclear cGAS can bind to replication forks during cell replication to affect the replication rate of

the cell.55 Our available evidence only demonstrates that activation of the cGAS-STING pathway affects

g-H2AX expression, and the extended idea of whether cGAS in the nucleus is involved in DDR is unclear

or if cGAS works as an upstream determinant of DDR pathway needs to be further studied. In the study,

TBK1 inhibitor, which blocks activation of the cGAS-STING pathway, can suppress cellular senescence in

Trex1�/�mice, but this effect cannot be uncoupled from its role in suppressing inflammation and the auto-

immune response. Therefore, we focused on inhibition of the DDR pathway to block cellular senescence

and alleviate lupus-like disease phenotypes.

Currently, two strategies are used to inhibit senescence: ‘‘senolytics’’ are used to eliminate senescent cells

and ‘‘senomophics’’ are used to eliminate the harmful effects of intercellular communication, including by

SASP factors.56 Senescent cells often upregulate negative regulators of apoptosis, including members of

the BCL-2 family, to resist apoptosis. Thus, the anti-aging drugs ABT-737 and ABT-263 inhibit the activity of

BCL-2 family members, thereby causing apoptosis in senescent cells.57 Antisense oligonucleotides (ASOs)

specifically inhibit DDR-stimulating sequences; ASOs effectively reduced DDR activation and SASP factor

release in a mouse model of Hutchinson-Gilford progeria syndrome.58 Of note, activation of the DDR

pathway correlates with SASP, with ATM/ATR, CHK2, and p53 as the main activated genes (Figure S9A).

In the present study, we asked if inhibition of these targets could slow the release of SASP. KU-60019

(ATM inhibitor, IC50 is show in Figure S9B) and VE-821 (ATM/ATR inhibitor, IC50 is show in Figure S9C)

did not reduce ISG expression Trex1�/�MEFs, but rather increased it (Figure S9H). It is likely that inhibition

of ATM and ATR function led to inefficient DNA repair, thus indirectly aggravating the degree of DNA

damage. Treatment of Trex1�/� MEFs with the p53 repressors Pifithrin-a (IC50 is show in Figure S9F)

and Pifithrin-m (IC50 is show in Figure S9G) likewise increased the expression of ISGs (Figure S9J). It has

been reported that inhibition of p53 further enhances SASP factor expression, which may contribute to

the generation of an inflammatory microenvironment prone to senescence escape and malignant transfor-

mation.59 Cellular senescence is a chronic inflammatory process that affects the function of the organism

through secretion of autocrine and paracrine factors,7,8 thus, inhibitors of ATM/ATR and p53 may not be

ideal for rescuing cellular senescence. In contrast, treatment of Trex1�/� MEFs with BML-277(CHK2 inhib-

itor, IC50 is show in Figure S9D) and Rabusertib (CHK1 inhibitor, IC50 is show in Figure S9E), a selective

inhibitor of CHK2, had no effect on expression of ISGs (Figure S9I). Thus, CHK2might be a promising target

for inhibiting the DDR pathway and rescuing cellular senescence, given that it has no effect on DNA repair.

We treated Trex1�/� mice with BML-277, with fascinating results: both markers of cellular senescence and

Figure 5. Cellular senescence in Trex1 knockout lupus-like mice

4-5-month-old WT and Trex1�/� lupus-like mice were compared.

(A and B) Heart (A) and liver (B) fibrosis were examined by Sirius red staining.

(C) Representative images of SA-b-gal staining on kidney from WT, Trex1�/� mouse.

(D) Immunohistochemistry representative images of p21 on kidney from WT, Trex1�/� mouse.

(E and F) Representative images of g-H2AX and p16 in sit hybridization with immunofluorescence of kidney, (F) Quantitative analysis of g-H2AX and p16

positive cell (n = 3 biological replicates).

(G) Expression of p-CHK2, p53, p21 and g-H2AX in the heart was measured by immunoblotting.

(H) Quantitative analysis of p-CHK2, p53, p21 and g-H2AX with GAPDH as control (n = 3 biological replicates).

(I and J) mRNA expression of IFNb, ISGs, SASP factors, and aging marker proteins in the heart by RT-qPCR (n > 6 biological replicates). Data represent

meanG S.E.M. of at least 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values were calculated using by one-way ANOVA versus WT with

Dunnett’s correction (A–D, F, H–J).
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Figure 6. BML-277 alleviates lupus-like phenotypes in Trex1-/- mice

Trex1�/� mice 6 to 8 weeks of age were given a daily dose of 1 mg/kg BML-277 or solvent (5% DMSO 10% PEG300 2.5% Tween-80 in PBS) control by

intraperitoneal injection for 4 weeks (n > 6 per group).
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lupus-like phenotypes of Trex1�/� mice were alleviated. Thus, inhibiting the DDR pathway can mitigate

lupus-like phenotypes, possibly by slowing down cellular senescence, but also by eliciting changes in

the inflammatory environment, the interaction of senescent cells with the immune system, and the transfor-

mation of various tissues, organs, systems in lupus-like diseases. It would be intriguing to explore how this

systematic and complex process is regulated, and if other types of anti-aging drugs can also be used to

alleviate the onset of lupus-like diseases in the future.

Another unanswered question is how phenotypes differ in aging and lupus-like diseases. At the cellular

level, senescent cells show high levels of SASP factor expression, whereas lupus-like diseases also show

high levels of inflammatory factors, most of which overlap each other. We found that cellular senescence

is accompanied by reduced genomic stability, with high levels of g-H2AX in the heart of Trex1�/�mice (Fig-

ure 5G). The most characteristic features of lupus-like disease are the maintenance of high levels of auto-

antibodies and the spontaneous over-activation of the immune system. Senescent cells can affect the tissue

microenvironment through both autocrine and paracrine signaling. Specific SASP chemokines can attract

different subsets of immune cells including NK cells, neutrophils, dendritic cells, monocytes/macrophages,

B cells, and T cells.56,60 Of these cell types, NK cells, T cells, and macrophages can interact with senescent

cells under pathological and physiological conditions.56,61 This response is mediated by SASP factors and a

direct interaction between immune cells and senescent cells. The immune system monitors and removes

senescent cells, limiting the development of precancerous cells and pathological fibrosis. However, the

persistent release of SASP factors from senescent cells can lead to infection, increased autoimmune sus-

ceptibility, and the development of malignant tumors.56 An aged immune system drives senescence and

aging of solid organs, as can increased autoimmune susceptibility.62 It is therefore difficult to draw a clear

line between aging and lupus-like phenotypes, which have distinct characteristics but also intersect with

each other.

Therapy of certain cancers with checkpoint inhibitors, given in addition to radiation therapy or chemo-

therapy, has been shown to improve outcomes.63,64 However, a feared side effect is autoimmunity, in

particular in patients with preexisting autoimmune diseases. It is well known that radiation therapy and

some chemotherapy drugs can cause DNA damage and thus cause cancer cell death. During this process

the cells will initiate a DDR response to repair the damaged DNA to save themselves, thus counteracting

the effects of radiotherapy and chemotherapy. Therefore, DDR inhibitors are invoked in the treatment of

cancer to inhibit the DDR response to enhance the effect of radiotherapy and chemotherapy. Therefore,

the combined use of checkpoint inhibitors and DDR inhibitors in cancer treatment is conceivable. However,

this combination if overly aggressive often leads to over activation of the immune system, which causes a

storm of inflammatory factors detrimental to patient treatment.65 How do we overcome this aspect if the

DDR inhibitors would literally be used for treating the autoimmune phenotypes, particularly when present

in cancer patients? In fact, the strategy described in our study for the use of checkpoint inhibitors for the

alleviation of lupus-like disease differs from the regimen of using radiotherapy in combination with check-

point inhibitors in oncology treatment. Firstly, we found that deletion of trex1 accelerated the cellular

senescence and focused on the role of DDR in this process as also shown by others in human AGS cells.23

We intent to develop new strategies for the treatment of lupus-like phenotype, i.e. whether the treatment

of lupus-like phenotypes can be achieved by alleviating cellular senescence.56 Notably, DDR is not only

involved in the DNA repair process, but also mediates cell-cycle arrest. As described in our study, the

aim is to prevent the onset of cell-cycle arrest without affecting DNA repair. To this end we screened for

DDR targets, we found that not all DDR targets are suitable for use in Trex1�/� mice. We eventually

selected CHK2 as the target for DDR inhibition for the treatment of Trex1�/�mice and attained good feed-

back as described above. We will construct Trex1�/� (or mutant ones)/CHK2�/� double knockout mice to

further understand the CHK2 role in TREX1 defects.

Figure 6. Continued

(A) Representative treated mouse body size.

(B) Body weight in treated and untreated WT and Trex1�/� mice.

(C) Representative treated mouse spleen.

(D) Spleen weight in treated and untreated WT and Trex1�/� mice.

(E) Representative plots of H&E analyses of heart, kidney, lung, and skeletal muscle.

(F–I) Levels of autoantibodies in mouse serum determined by ELISA, (F) anti-dsDNA IgG1, (G) anti-ssDNA IgG, (H) anti-ANA Total Ig, and (I) anti-nRNP IgG.

Data represent mean G S.E.M. of at least 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values calculated using two-way ANOVA with

Bonferroni’s correction (B, D, F–I).
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In summary, we demonstrated accelerated cellular senescence in a Trex1�/� mouse, and that inhibition of

the DDR pathway can partially alleviate the autoimmune phenotype in these mice. cGAS may interact with

the DDR pathway to regulate cellular senescence, because activation of the cGAS-STING pathway can lead

to the IFNb release and production of inflammatory factors and chemokines, many of which overlap with

SASP factors. These factors, together with ROS, can cause instability of the genome, which activates the

DDR pathway, mediates cell-cycle arrest, and ultimately leads to cellular senescence. A model of TREX1

deletion-induced cellular senescence and its role in lupus-like diseases is shown in graphical abstract. In

this model, inhibitors of the cGAS-STING pathway and the DDR pathway can alleviate cellular senescence,

which plays an essential role in lupus-like phenotypes and type I interferonopathies. Our studies provide an

insight into the mechanisms driving the development of lupus-like diseases or type I interferonopathies

and may provide new strategies for developing targeted treatments.

Limitations of the study

We describe the induction of cellular senescence in the absence of TREX1 and its effects on cellular func-

tion and health, and demonstrate that the cGAS-STING pathway and DNA damage response play an

important role in TREX1 deletion-induced cellular senescence. Treatments with a CHK2 inhibitor (BML-

277) attenuate type I interferonopathies and lupus-like phenotypes present in Trex1�/� mice. However,

how CHK2 affects Trex1�/� mouse disease progression in vivo required further studies. We need the

Trex1�/�Chk2�/� mouse model to explore the underlying mechanisms. Aging of the immune system plays

an important role in the abnormalities of the immune system. Although we demonstrated the presence of

multi-organ senescence in Trex1�/� mice, however, it is unknown whether there is immune system senes-

cence in Trex1�/� mice and whether it affects disease progression; these questions also need to be further

addressed.
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(A–E) Trex1�/� mice 6 to 8 weeks of age were given a daily dose of 1 mg/kg BML-277 or solvent (5% DMSO 10% PEG300 2.5% Tween-80 in PBS) control by
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(B) activated CD8+ T cells, (C) Ly6c CD8+, (D) CD4+ memory T cells, and (E) CD8+ memory T cells. Data represent mean G S.E.M. of at 2 independent

experiments. *p < 0.05; **p < 0.01; ***p < 0.001, p values calculated using two-way ANOVA with Bonferroni’s correction (A–E).
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Rabbit monoclonal anti-TBK1 Cell Signaling Technology Cat#3504; RRID: AB_2255663
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Rabbit monoclonal anti-Phospho-IRF-3 (Ser396) (4D4G) Cell Signaling Technology Cat# 4947; RRID: AB_823547

Rabbit monoclonal anti-Rb (D20) Cell Signaling Technology Cat# 9313;RRID: AB_1904119

Rabbit monoclonal anti-Phospho-Rb (Ser807/811) Cell Signaling Technology Cat# 9308; RRID: AB_331472

Mouse monoclonal anti-p53 (1C12) Cell Signaling Technology Cat# 2524; RRID: AB_331743

Rabbit monoclonal anti-Phospho-p53 (Ser15) Cell Signaling Technology Cat# 9284; RRID: AB_331464

Rabbit monoclonal anti-Histone H2A.X (D17A3) Cell Signaling Technology Cat# 7631; RRID: AB_10860771

Rabbit monoclonal anti-Phospho-Histone
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Cell Signaling Technology Cat# 9718; RRID: AB_2118009

Mouse monoclonal anti-Phospho-Histone
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Rabbit monoclonal recombinant anti-CDKN2A/p16INK4a Abcam Cat# ab211542; RRID: AB_2891084

Rabbit monoclonal recombinant anti-p21 antibody Abcam Cat# ab188224; RRID: AB_2734729

Rabbit monoclonal recombinant anti-CHK2 antibody Abcam Cat# ab7433

Rabbit monoclonal anti-phospho-Chk2 (T68) Abcam Cat# ab85743; RRID: AB_10858765

Rabbit Polyclonal anti-Tubulin Proteintech Cat# 11224-1-AP; RRID: AB_2210206

Mouse monoclonal anti-GAPDH Proteintech Cat# 60004-1-Ig; RRID: AB_2107436
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Mouse monoclonal anti-TREX1 BD Biosciences Cat# 611986; RRID: AB_399407
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Goat anti-Mouse IgG H&L (IRDye� 680RD) Abcam Cat# ab216776; RRID: AB_2933974

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor� Plus 488
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Goat anti-Mouse IgG (H + L) Cross-Adsorbed
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Armenian Hamster monoclonal anti-mouse
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Rabbit monoclonal anti-Mouse CD4, PE-Cy7 BD Biosciences Cat# 561099; RRID: AB_2034007
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Rabbit monoclonal anti-Mouse CD44 APC BD Biosciences Cat# 559250; RRID: AB_398661
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Chemicals, peptides, and recombinant proteins

KU-60019 Selleck S1570 CAS: 925701-49-1

VE-821 Selleck S8007 CAS: 1232410-49-9

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rabusertib Selleck LY2603618 CAS: 911222-45-2

BML-227 Selleck S8632 CAS: 516480-79-8

Pifithrin-a (PFTa) HBr Selleck S2929 CAS: 63208-82-2

Pifithrin-m Selleck S2930 CAS: 64984-31-2

Etoposide MCE HY-13629 CAS: 33419-42-0

BX795 MCE HY-10514 CAS: 702675-74-9

IFN-beta Protein, Human, Recombinant SinoBiologicl 10704-HNAS

Critical commercial assays

T-PER� Tissue protein Extraction Reagent Thermo Fisher Scientific 78510

Pierce Protease and Phosphatase

Inhibitor Mini (without EDTA)

Thermo Fisher Scientific A32961

Cell Counting Kit-8 MCE HY-K0301

Mouse anti-dsDNA IgG1-specific

ELISA Kit, 96 tests, Quantitative

Alpha Diagnostics

International

5120-1

Mouse Anti-ssDNA IgG-specific

ELISA Kit, 96 tests, Quantitative

Alpha Diagnostics

International

5320

Mouse Anti-Nuclear Antigens (ANA/ENA)

Ig’s ELISA Kit, 96 tests, Quantitative

Alpha Diagnostics

International

5210

Mouse Anti-nRNP IgG ELISA Kit, 96 tests, Quantitative Alpha Diagnostics

International

5415

PrimeScript� RT reagent Kit with gDNA

Eraser (Perfect Real Time)

Takara RR047B

TB Green� Premix Ex Taq� II (Tli RNaseH Plus) Takara RR820B

DCFDA/H2DCFDA Beyotime S0033S

Pierce BCA protein Assay Kit Beyotime P0010S

Deposited data

RNA-sqe Raw data This paper GSE226512

Gel source data This paper https://data.mendeley.com/datasets/twy2gg3kgd/

draft?a=c3aa8057-8c00-4383-ba64-3ce132169ca3

Experimental models: Cell lines

WT MEFs This paper N/A

Trex1�/� MEFs This paper N/A

Trex1D18N MEFs This paper N/A

Trex1P212fs MEFs This paper N/A

cGas�/� MEFs This paper N/A

Trex1�/� cGas�/� MFEs This paper N/A

Experimental models: Organisms/strains

WT C57BL/6 mouse This paper N/A

Trex1�/� C57BL/6 mouse This paper N/A

Oligonucleotides

qPCR primers for mRNA validation, Table S1 This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad prism GraphPad Software https://www.graphpad.com/

FlowJo FlowJo https://www.flowjo.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Qi Chen (chenqi@fjnu.edu.cn)

Materials availability

All materials used in this study are either commercially available or through collaboration, as indicated.

Data and code availability

d RNA sequencing data were deposited in NCBI GEO database under the accession number GSE226512.

Original data for figures in the paper are available at Mendeley Data: https://data.mendeley.com/

datasets/twy2gg3kgd/draft?a=c3aa8057-8c00-4383-ba64-3ce132169ca3.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

MEFs were generated from embryonic day 13.5 (E13.5) embryos of WT, Trex1�/�, cGas�/�, Trex1�/�

cGas�/�mutant mice. Cell culture reagents were purchased from ThermoFisher Scientific (CA, USA) unless

otherwise indicated. PrimaryMEFs, spontaneously immortalizedMEFs, in Dulbecco’s modified Eagle’s me-

dium (DMEM) plus 10% (v/v) FBS, 2 mM L-glutamine, 10 mM HEPES and 1 mM sodium pyruvate (complete

DMEM) with the addition of Pen-Strep and cultured at 37�C with 5% CO2. MEFS were not tested for sex.

Animal experiments

Trex1�/�, cGas�/�, Trex1�/�cGas�/�, Trex1D18N, Trex1P212fs genetically modified mice on the C57BL/6

background were generated with CRISPR-Cas9 technology. Briefly, the Cas9 protein and the D18 N sgRNA

were co-injected into the zygotes from C57BL/6 with an 120bp oligo DNA containing the D18N point mu-

tation sequence. cGas�/� mice were created by the CRISPR-Cas9 knockout technology on C57BL/6 back-

ground. The sequences of the D18N and cGas single-guide RNA were as follows: sgD18N CCACTG

GCCTGCCTTCGTCT and sgcGas CCTTACGACTTTCCGCGCCT29。Trex1P212fs mouse (unpublished,

Amino acid codon CCA at 212th of TREX1 protein was modified to CA). Briefly, the Cas9 protein and

the P212fs sgRNA were co-injected into the zygotes from C57BL/6 with an 120bp oligo DNA containing

the P212fs point mutation sequence. The sequences of the P212fs single-guide RNA were as follows: sg

GCCACAGGCCCTACTGCAGT.) which resulted in a frameshift mutation of the Trex1 gene (Figure S1B).

C57BL/6 WT mice were purchased from Shanghai SLAC Experimental Animal Company (China). Male

and female mice 6 to 8 weeks of age were randomly allocated for all experiments. The efficacy study in

Trex1�/� mice was conducted as follows: mice (aged 6–8 weeks) were administered with vehicle (5%

DMSO 10% PEG300 2.5% Tween-80 in PBS) or BML-277(1mg kg�1 bodyweight) in 200 mL PBS (containing

5% DMSO, 10% PEG300, and 2.5% Tween-80) once every day for 30 consecutive days. Mice were eutha-

nized via anaesthetization in a CO2 chamber, followed by cervical dislocation. All mice were bred andmain-

tained under specific pathogen-free conditions in the Animal Facility of Fujian Normal University according

to the animal care procedures approved by the Animal Ethical and Welfare Committee of Fujian Normal

University and Fujian Provincial Office for Experimental Animals.

METHOD DETAILS

Immortalization of MEFs

MEFs were generated from embryonic day 13.5 (E13.5) embryos of WT, Trex1�/�, cGas�/�, Trex1�/�

cGas�/�mutant mice under the normal culture conditions that includes 20% oxygen and 5%CO2. For spon-

taneous immortalization, we followed a modified 3T3 protocol by seeding 1 3 106 cells in a 10-cm dish

every 3.5 days.35 Aliquots of the cells at indicated passages were expanded for continuous serial

passaging, frozen in liquid nitrogen, or analyzed by b-Gal staining, RT-qPCR and Immunoblot analysis.
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SA-b-gal staining

Senescence was induced by spontaneous immortalization, etoposide treatment, or irradiation. Senescent

cells were identified by a senescence-associated b-galactosidase kit (Beyotime, Shanghai, China) accord-

ing to the manufacturer’s protocol. For senescence induced by spontaneous immortalization, MEFs during

serial passages were harvested and fixed for SA-b-Gal staining. For etoposide-induced senescence,

immortalized MEFs were treated with 10 mM etoposide for 24 h and cultured in normal medium for another

5 days. For IR experiments, MEFs were irradiated with 3 Gy and 6 Gy using an X-ray irradiator. The cells were

harvested on day 6 for SA-b-Gal assays. Fresh tissues from 5-month-old WT, Trex1�/� and littermate con-

trols were fixed in 4% Paraformaldehyde for 12 h and then transferred to 30% sucrose overnight. Tissues

were then embedded in cryo-embedding medium (OCT) and cryosectioned at 8 mm for staining of SA-

b-gal (pH 6.0) at 37�C for 16–24 h in SA-b-gal staining solution. Slides were imaged at 103 with upright

microscope (ZEISS).

RNA isolation and real-time quantitative PCR

Total RNA of cells and tissues was extracted by using TRIzol reagent (Takara Dalian, China) according to the

manufacturer’s instructions and subjected to reverse transcription with the cDNA Synthesis Kit (Takara Da-

lian, China). Gene transcripts were measured by real-time quantitative PCR using FastStart Universal SYBR

Green Master (Rox) (Roche, Basilea, Switzerland). The thermocycling conditions were as follows: 95�C for

10 min; 40 cycles of 95�C for 15 s, 58�C for 30 s, and 72�C for 30 s. PCR primers used are listed (Table S1).

RNA sequencing

RNA was isolated from the passages 1 WT, Trex1�/�, Trex1D18N, Trex1P212fs MEFs using the TRIzol reagent

(Takara Dalian, China). After the total RNA was extracted, the mRNA was enriched with magnetic beads

with Oligo(dT), fragmented, cDNA synthesized, and purified by QiaQuick PCR kit (Qiagen, Dusseldorf,

Germany). Then, the target size fragments were recovered by agarose gel electrophoresis, and PCR ampli-

fication was performed to constract the library. The constructed library was sequenced with Illumina Hi-

Seq2000. Sequencing data were processed using HTSstation online software from the Bioinformatics

and Biostatistics Core Facility (EPFL). Heat maps were produced from normalized expression data using

Cluster 3.0 for computation and JTreeview for visualization.

Immunoblot analysis

Cells were collected and resuspended in lysis buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA,

0.5 mM EGTA, 10% Glycerol, 0.5%NP40) supplemented with protease and phosphatase inhibitors

(ThermoFisher). Cell lysates were then centrifuged at 14,000 rpm for 10 min at 4�C and the supernatants

were collected for immunoblotting. The total protein concentration was determined by the BCA protein

assay kit (Beyotime). Equal amounts of protein samples were subjected to SDS-PAGE, followed by transfer

to polyvinylidene difluoride (PVDF) membranes (Merck, Darmstadt, Germany) using a semi-dry transfer sys-

tem (Bio-Rad, CA, USA). The PVDF membranes were blocked with 5% non-fat milk in TBST for 1 h at room

temperature and incubated with the indicated antibodies. Membranes were probed with primary anti-

bodies as follows: cGAS (1:1000 dilution), STING(1:1000 dilution), TBK1(1:1000 dilution), p-TBK1(1:1000

dilution), IRF3(1:1000 dilution), p-IRF3(1:1000 dilution), TREX1(1:5000 dilution), RB (D20) (1:1000 dilution),

p-RB (1:1000 dilution), CHK2 (1:1000 dilution), and p-CHK2 (phospho T68) (1:1000 dilution), p53(1:1000 dilu-

tion), p-p53(1:1000 dilution), p21(1:1000 dilution), p16(1:1000 dilution), H2AX(1:1000 dilution),

g-H2AX(1:1000 dilution), GAPDH(1:5000 dilution), Tubulin(1:5000 dilution). The membranes were then

washed with TBST buffer three times and incubated with Goat anti-Rabbit IgG H&L (IRDye 800 CW,

ThermoFisher) preabsorbed ab216773 and anti-mouse IgG H&L (IRDye 680 CW, ThermoFisher) preab-

sorbed ab216776 secondary antibodies at 1:10,000 dilution for 1 h at room temperature. The protein sig-

nals were analyzed by luminescence.

Cell cytotoxicity assay

Cell viability was determined using CCK-8 Kit (TransGen Biotech, Beijing, China) according to the manu-

facturer’s protocol. Briefly, cells (100 mL/well, 1 3 104 cells/ml) were seeded on 96-well plates for 24 h,

then treated with or without different concentrations of various inhibitors and incubated at 37�C for

different times. CCK-8 solution was added to each well of the plates, followed by incubation at 37�C for

1 h. The optical density (OD) was measured at 450 nm using an enzyme-labeled instrument (BMG. FLUO

star Optima, Offenburg, Germany). The cell inhibitory rate was calculated by using the following equation:
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Cell inhibitory rate = [1 � (OD experiment � OD blank)/(OD control � OD blank)] 3 100%.

All experiments were performed in triplicate and repeated three times independently.

Fluorescence microscopy

Passage 8 MEFs during spontaneous aging or MEF cells treated with etoposide or IR were immunofluores-

cence with an antibody against dsDNA or g-H2AX according to published protocols.47 Briefly, cells were

fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 for 15 min at room temperature.

After blocking with 5% BSA in PBS, cells were stained with a primary antibody against dsDNA or g-H2AX,

followed by a goat anti-mouse IgG conjugated with Alexa Fluor 568 or 633. Nuclei were stained with DAPI

in the mounting medium (Vectashield). Images were captured using a Zeiss LSM700 confocal microscope

and processed with a Zeiss LSM image browser.

Flow cytometry

Spleens from the indicated mice were collected and dissociated, followed by filtering through a cell

strainer in PBS with 1% FBS. Cells were collected by centrifugation at 1500 rpm for 5 min, red blood cells

were removed by red blood cell lysis buffer, and the remain cells were resuspended and incubated with

antibodies (CD3-BV421, CD4-PECy7, CD8-BB515, CD69-BV711, Ly6c-BV786, CD44-APC, CD62L-PE, all

from BD Biosciences) on ice in the dark (or wrap in foil) for 20 min. The strained cells were resuspended

in PBS and analyzed with FACSymphony� A5 instrument (BD Biosciences).

Quantification and statistical analysis

Each representative graph is the result of at least three independent experiments. For microscopic pic-

tures, at least three different field pictures were taken for each sample in each independent experiment.

The number of cells counted was determined according to the magnification of the microscope, and in

principle was not less than 100 cells. Prism software (Graphpad Software) was used to perform statistical

tests and to generate graphs. Statistical significance was determined by one-way ANOVA versus WT

with Dunnett’s correction or by two-way ANOVA with Bonferroni’s correction. Values of *p < 0.05;

**p < 0.01; ***p < 0.001 were considered statistically significant. Data are represented as means G S.D.

or S.E.M. No statistical methods were used to predetermine sample sizes. Sample sizes were instead deter-

mined based on previous experimental experience or based on general practices in the field. Replicates

are biological replicates. For the in vivo studies, mice were randomly allocated to groups. For histological

analysis of tissues, experimenters were blinded to the experimental conditions.
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