
Contents lists available at ScienceDirect

Journal of Autoimmunity

journal homepage: www.elsevier.com/locate/jautimm

cGAS activation causes lupus-like autoimmune disorders in a TREX1 mutant
mouse model

Nanyang Xiaoa, Jingjing Weia, Shan Xua, Hekang Dua, Miaohui Huanga, Sitong Zhanga,
Weiwei Yea, Lijun Suna,b,∗∗, Qi Chena,∗

a Fujian Key Laboratory of Innate Immune Biology, Biomedical Research Center of South China, College of Life Science, Fujian Normal University, Fuzhou, Fujian, 350117,
China
bDepartment of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX 75390-9148, USA

A R T I C L E I N F O

Keywords:
Autoimmune disorder
Trex1 mutation
Innate immunity
cGAS
Lupus
DNA sensor
IFN-signature

A B S T R A C T

TREX1 encodes a major cellular DNA exonuclease. Mutations of this gene in human cause cellular accumulation
of DNA that triggers autoimmune diseases including Aicardi–Goutieres Syndrome (AGS) and systemic lupus
erythematosus (SLE). We created a lupus mouse model by engineering a D18 N mutation in the Trex1 gene which
inactivates the enzyme and has been found in human patients with lupus-like disorders. The Trex1D18N/D18N mice
exhibited systemic inflammation that consistently recapitulates many characteristics of human AGS and SLE.
Importantly, ablation of cGas gene in the Trex1D18N/D18N mice rescued the lethality and all detectable patho-
logical phenotypes, including multi-organ inflammation, interferon stimulated gene induction, autoantibody
production and aberrant T-cell activation. These results indicate that cGAS is a key mediator in the autoimmune
disease associated with defective TREX1 function, providing additional insights into disease pathogenesis and
guidance to the development of therapeutics for human systemic autoimmune disorders.

1. Introduction

As the first line of defense mechanism, the innate immune system
develops pattern-recognition receptors (PRRs) to recognize invading
pathogens. PRRs detect pathogen-associated molecular patterns
(PAMPs) and initiate immune responses to protect the host from in-
fection and other diseases. Nucleic Acids, the key components for mi-
crobial replication and propagation, can be recognized as PAMP by the
Toll-like receptor family (TLRs) and cytosolic sensors for RNA and DNA
[1–3]. As genetic material, DNA is usually confined to cellular com-
partments such as nuclei and mitochondria. When DNA is present in the
cytoplasm, it becomes a PAMP that can elicit immune response. Cyclic
GMP-AMP synthase (cGAS) is a major sensor that detects cytoplasmic
DNA [4,5]. Binding to DNA triggers enzymatic activation of cGAS,
which utilizes ATP and GTP to synthesize cyclic GMP-AMP (cGAMP).
As a second messenger, cGAMP binds to and activate the ER adapter
protein Stimulator of Interferon Genes (STING) [4], which leads to se-
quential activation of kinase complexes including TBK1 and IKK,
transcription factors IRF3/IRF7 and NF-κB, and expression of type I
interferons and inflammatory cytokines [4–6]. In parallel, microbe-

generated RNA species in the cytoplasm are detected by retinoic acid
inducible gene-I (RIG-I) and melanoma differentiation associated gene
5 (MDA5), which interact with the mitochondrial antiviral signaling
protein (MAVS) to activate TBK1 and IKK, and downstream signaling
events [7].

When cells are not under attack by microbes, the cytoplasm is lar-
gely free of DNA in part through the action of several deoxyr-
ibonuclease (DNases), such as TREX1 [8]. TREX1 is a major cytoplasmic
exonuclease that degrades dsDNA and ssDNA [9,10]. Loss-of-function
mutations in the human TREX1 gene have been linked to a spectrum of
autoimmune diseases, including the Aicardi-Goutieres syndrome (AGS),
a severe neuroinflammatory disorder, the familial chilblain lupus (FCL),
a monogenic form of cutaneous lupus erythematosus, the systemic
lupus erythematosus (SLE), and the retinal vasculopathy and cerebral
leukodystrophy (RVCL) [11–13]. A common feature of these TREX1-
associated autoimmune diseases is the elevated expression of type I
interferons and interferon-stimulated genes (ISGs) [14–16], suggesting
that the failure to clear cytosolic DNA drives the interferon pathway.
Mice lacking the Trex1 gene display shortened lifespan, multi-organ
inflammation, and autoantibodies [17]. These autoimmune symptoms
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can be rescued by simultaneous deletion of cGAS gene [18,19]. To
better recapitulate disease phenotype in humans, mice carrying the
same disease-causing mutations in human TREX1 gene will provide an
improved platform to study disease mechanism and to develop ther-
apeutic interventions. D18 N is such a mutation that is present in

autoimmune patients [13]. Trex1 D18 N mutant in mice is expressed
normally but is defective in digesting ssDNA and nicked dsDNA [20].
Mice carrying D18 N mutation exhibit systemic inflammation, lym-
phoid hyperplasia, vasculitis, and kidney disease [20,21]. However, the
role of DNA sensing pathway in causing autoimmune phenotype in
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these mice has not been investigated.
We independently generated mice harboring D18 N mutation of

Trex1 gene using the CRISPR/Cas9 technology. The Trex1D18N/D18N

mice manifest autoimmune symptoms that consistently recapitulate
many characteristics of human familial chilblain lupus. By further de-
leting cGas gene in Trex1D18N/D18N mice, we demonstrated the essential
role of cGAS in mediating these disease phenotypes. This study con-
firmed the role of cGAS in linking a specific gene mutation to an au-
toimmune disease, and provided a better platform for testing novel
therapeutic interventions.

2. Results

2.1. cGAS is responsible for lethal autoimmunity disease in Trex1D18 N
mice

To characterize the disease phenotype caused by D18 N mutation in
the Trex1 gene and determine the role of cGAS in this autoimmune
mouse model, we generated Trex1D18N mice by targeted knock-in of the
mutant allele using the CRISPR/Cas9 system (Figs. S1A and S1B). This
mouse line was on C57BL/6J background rather than the 129S6/
SvEvTac background [20], which has a predisposition to the lupus
disease [22]. TREX1-D18 N mutant is orthologous to the pathogenic
mutation identified in patients with FCL and SLE [20,23,24]. Western
blotting data showed normal expression of the TREX1 D18 N protein in
Trex1WT/D18N and Trex1D18N/D18N mice compared to wild type mice
(Fig. S1J). Trex1WT/D18N heterozygous mice didn't exhibit noticeable
unhealthy conditions, consistent with the lack of detectable cytoplasmic
dsDNA in MEFs as shown by immunofluorescence staining (Fig. S6A).
Like the Trex1−/− mice and consistent with other studies [20],
Trex1D18N/D18N mice exhibited shortened life span, but less severe
phenotypes than Trex1−/− mice. Although Trex1D18N/D18N mice start
dying at average age of 8 weeks, greater than 50% of mice can survive
over 25 weeks. In addition, Trex1D18N/D18N mice are fertile up to 6
months.

To determine whether the premature death phenotype of
Trex1D18 N mice was caused by cGAS activation in response to ab-
normal intracellular DNA accumulation due to loss of function of the
mutant TREX1 enzyme, we further deleted cGas gene from Trex1D18N/
D18N mice by breeding. Deletion of both alleles of cGas gene completely
rescued survival of Trex1D18N/D18N mice; more strikingly, deletion of
one allele of cGas rescued majority of mice from early death (Fig. 1B).
Histological analysis revealed inflammation in multiple organs of
Trex1D18 N mice including heart, kidney, and skin (Figs. S1C–I). In-
flammatory myocarditis and fibrosis were obvious in the heart; IgG
deposit and increased infiltrating CD45 + cells and F4/80 + macro-
phages in the glomeruli was observed in kidney sections (Fig. 1I). In
addition, Trex1D18N/D18N mice had enlarged spleens and increased
numbers of splenocytes (Fig. 1N and O). All these autoimmune phe-
notypes were completely eliminated in Trex1D18N/D18N cGas−/- mice
(Fig. 1), as indicated by organ sections and accompanied by double-
blinded histological scoring. Again, deleting just one allele of cGas was
sufficient to markedly reduce disease phenotypes including heart and
kidney inflammation, indicating cGAS mediates the development of
autoimmune disease and lethality in Trex1D18N/D18N mice.

2.2. cGAS promotes upregulation of ISGs and inflammatory cytokines in
TREX1-D18 N mice

Since type I interferon response and upregulation of ISGs and in-
flammatory genes are important indicators of autoimmunity in human
patients, we next examined the molecular signatures of immune acti-
vation in Trex1D18N/D18N mice. As revealed by quantitative RT-PCR,
elevated levels of ISGs including Cxcl10, ISG15, IFIT1, OAS1, Ccl5, as
well as inflammatory genes such as IL12p40 were observed in the
hearts and kidneys of Trex1-D18 N mice, compared to their wild-type
littermates (Figs. S2A and S2B). To characterize the change in gene
expression profile caused by D18 N mutation in Trex1 gene, we per-
formed RNA seq analysis in mouse embryonic fibroblasts (MEFs). D18 N
mutation on both alleles of Trex1 led to> 2-fold upregulation of more
than 400 genes (Fig. S2C and supplementary RNA-seq data), the ma-
jority of which belongs to the category of “immune response” (Fig.
S2E). A number of upregulated genes including interferon-β and a few
ISGs were confirmed by quantitative RT-PCR (Fig. S2D). D18 N muta-
tion in a single allele of Trex1 gene didn't cause obvious elevation of
these genes. When cGas gene was deleted from Trex1D18N/D18N mice,
upregulation of these ISGs and inflammatory genes was largely abol-
ished in the heart, kidney, PBMC, and MEFs (Fig. 2A–D). Deletion of
one cGas allele was able to markedly reduce expression levels of these
genes. These results indicate upregulation of ISGs and inflammatory
genes was mediated by cGAS in Trex1D18N/D18N autoimmune mice.

2.3. cGAS is responsible for the autoantibody production in Trex1 mutant
mice

Autoantibodies production is one of the hallmarks of lupus-like
autoimmunity. Trex1D18N/D18N mice, but not Trex1WT/D18N mice devel-
oped antibodies against nuclear antigens (ANA, Fig. S3C). Further
analyses reveal the presence of autoantibodies against ssDNA, dsDNA,
and nuclear proteins such as Histone 3 and U1 subunit of small nuclear
ribonucleoprotein (U1-snRNP) (Figs. S3A, S3B, S3D, and S3E). Anti-
IL12 antibody was also elevated (Fig. S3F). Ablation of both alleles of
cGas gene in Trex1D18 N mice abolished autoantibody production
(Fig. 3). Deletion of one allele of cGas largely reduced autoantibody
levels. These findings confirmed cGAS is responsible for autoantibody
response in lupus-like diseases.

2.4. cGAS is essential for the hyperactive T cells in Trex1 mutant mice

Spontaneous T cell activation plays an important role during auto-
immune responses [25]. To verify the mechanism of Trex1 mutation-
caused autoimmune phenotype, we first evaluated T cell activity in
Trex1D18N/D18N mice. We observed enhanced CD69 levels on the surface
of CD4 and CD8 T cells and increased Ly6c levels on CD8 T cells, in-
dicating the hyperactive T cells were produced in Trex1D18N/D18N mice
(Figs. S4A, B, C). However, these increases in active T cells were
abolished in Trex1D18N/D18N-cGas+/- and Trex1D18N/D18N-cGas−/− mice
(Fig. 4A–C). In addition, our data indicated that the elevated levels of
CD4 and CD8 memory T cells (CD44 hi/CD62Llo) in Trex1D18N/D18N

were also markedly reduced by the deletion of cGas gene (Figs. S4D and
E and Fig. 4D and E).

Fig. 1. cGAS causes the lethality and lupus-like inflammation in multiple organs of Trex1D18N/D18N mice. (A) Survival curves of Trex1+/+, Trex1+/D18N and
Trex1D18N/D18N mice. (B) Survival curves of Trex1D18N/D18N, Trex1D18N/D18N cGas ± and Trex1D18N/D18N cGas−/- mice. Statistical analyses in A and B were performed
with the Log-rank (Mantel-Cox) test. (C) H&E staining of the hearts from mice of indicated genotypes. (D) Blinded histological analysis of the hearts from indicated
mice. (E) Periodic Acid Schiff (PAS)-staining of the hearts from indicated mice. (F) H&E and PAS staining of the kidney sections from indicated mice. (G) Blinded
histological analysis of the kidneys from indicated mice. (H) Immunofluorescence staining for IgG in the kidney sections from indicated mice. (I) The kidney sections
from indicated mice were stained with anti-CD45, anti-F4/80, and anti-PCNA antibodies. (J) H&E staining of the skin from mice of indicated genotypes. (K)
Histological scoring of the skin from indicated mice. (L) H&E staining of the skeletal muscle from mice of indicated genotypes (M) Histological scoring of the skeletal
muscle from indicated mice. Statistics of histological scores were performed using Student's t-test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. (N)
Spleen weight and (O) Splenocyte cell counts were measured from 4-month mice as indicated. The error bars represent the mean and SD. Statistical analysis was
performed with a two-tailed t-test. **: p < 0.01.
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Fig. 2. cGAS induces the increased ISGs expression in Trex1D18N/D18N mice. Quantitative RT-PCR analysis of ISGs and TNFαmRNA in the hearts (A), kidneys (B),
PBMC (C) and MEFs (D) from Trex1D18N/D18N, Trex1D18N/D18N cGas ± and Trex1D18N/D18N cGas−/− mice. Statistics were performed using Student's t-test. *: p < 0.05,
**: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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To evaluate T cell activation, we stimulated these cells from mice of
different genotypes with PMA and measured levels of T-bet and
Interferon-γ (IFN-γ). D18 N mutation in Trex1 gene caused elevated
expression of IFN-γ in both CD4 and CD8 T cells from spleen (Figs. S5A
and S5B) and PBMC samples (Figs. S5C and S5D), indicating these T
cells are hyper-reactive. High expression levels of T-bet and IFN-γ were
greatly reduced in CD4 and CD8 T cells from spleen and PBMC of
Trex1D18N/D18N-cGas+/- and Trex1D18N/D18N-cGas−/− mice (Fig. 5A–E).
Furthermore, the elevated expression of IFN-γ (Fig. 6B), IL-12p40
(Fig. 6D), as well as Tbx21 (Fig. 6F) was detected in the heart from
Trex1D18N/D18N mice; however, these elevations were abolished when
one or two alleles of cGas were deleted (Fig. 6A, C, and E), indicating
infiltration of hyperactive T cells are involved in development of in-
flammatory myocarditis, which is medicated by cGAS. These findings
further underline the role of cGAS in the development of lupus-like
autoimmunity.

3. Discussion

TREX1 functions as a crucial DNase to protect the host innate im-
mune system from excessive activation [26]. Multiple TREX1 mutations
have been identified in human patients with severe autoimmune and
spontaneous inflammatory diseases [27–29]. Here, we established a
Trex1 missense mouse model to better simulate the clinical and pa-
thologic features of the human disease than the previously constructed
Trex1−/− mice. D18 N mutant, as found in familial chilblain lupus
patients, affects a highly conserved amino acid residue critical for
chelating Mg2+ ion and therefore essential for the catalytic activity of
TREX1 [30]. TREX1-D18 N protein lost DNase activity toward both
dsDNA and ssDNA [31]. The Trex1D18N/D18N mice develop similar au-
toimmune disease phenotypes, including inflammation in multiple tis-
sues, elevated autoantibodies, hyperactive T cell, and typical inter-
feron-signaling signature. Interestingly, these autoimmune phenotypes

Fig. 3. cGAS is required for generation of autoantibodies in Trex1D18N/D18N mice. ELISA quantification of autoantibodies in sera from Trex1D18N/D18N, Trex1D18N/
D18N cGas ± and Trex1D18N/D18N cGas−/−mice. (A) ssDNA IgG, (B) dsDNA IgG, (C) dsDNA Ig's (total A + G + M), (D) Antinuclear antibody (ANA), (E) Anti-Histone
Ig's(total A + G + M), and (F) Anti-small nuclear ribonucleoproteins (sn-RNP) IgG. Statistics were performed using Student's t-test. *: p < 0.05, **: p < 0.01, ***:
p < 0.001, ****: p < 0.0001.
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Fig. 4. cGAS drives T cells activation in Trex1D18N/D18N mice. Representative Flow-cytometric plots and quantification of the frequency of (A) activated CD4+ T
cells, (B) activated CD8+ T cells, (C) Ly6c in CD8+ T cells, (D)memory CD4+ T cells, and (E) memory CD8+ T cells in the spleen of Trex1D18N/D18N, Trex1D18N/D18N

cGas ± and Trex1D18N/D18N cGas−/− mice. Error bars represent SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, by unpaired Student's t-test.
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were eliminated by genetic deletion of the DNA sensor cGAS. Our re-
sults suggest that cGAS is responsible for the lupus-like autoimmune
diseases FCL caused by a TREX1 missense mutation and confirm that
cGAS-STING pathway activation is the key signaling for autoimmunity.

Trex1D18N/D18N mice exhibited less severe phenotype compared to
Trex1−/− mice (our unpublished data and references 20,21). It is
possible that TREX1 has functions that are independent of its DNase
activity. TREX1 protein contains an N-terminal exonuclease domain
and a C-terminal domain tailed with a single transmembrane motif that
anchors to ER [32,33]. Frameshift mutations at C-terminals have been
associated with autoimmune disorders such as RVCL [34]. In addition
to localizing TREX1 protein to ER, the C-terminal of TREX1 may have
DNase-independent functions. In a study, a chimeric protein with GFP
replacing the N-terminal exonuclease domain of TREX1 was able to
suppress ISG elevation when expressed in Trex1−/− cells [32]. It would
be interesting to test whether this is true in mice. Nonetheless,
Trex1D18N/D18N mice provided a more specific model to study the dis-
ease that is caused by the same missense mutation in human.

TREX1D18 N mutant exhibits dominant effects in human, actually
only heterozygous D18 N mutation was found in human patients
[12,24,31,35]. Therefore, it was a surprise to see Trex1WT/D18N mice
exhibited no overt phenotype. Biochemical studies have demonstrated
TREX1 WT/D18 N heterodimer protein was not able to digest dsDNA.
However, in Trex1WT/D18N cells, it is reasonable that active WT/WT
homodimers will exist in a certain proportion. Whether these functional
homodimers have access to dsDNA that are locked and protected by
D18 N homodimers or WT/D18 N heterodimers remains a question, but
our data indicate MEFs from Trex1WT/D18N mice are devoid of detectible
dsDNA in their cytoplasm (Fig. S6A), suggesting these mice have
functional TREX1 enzymes, which are likely WT/WT homodimers. To
further explore this possibility, we expressed WT and D18 N mutant of
TREX1 proteins in HEK293T cells and purified them separately. We
mixed these two proteins at various ratios and tested their enzyme
activity using a linearized plasmid as substrate (Fig. S6). Consistent
with previous finding [24,35], WT, but not D18 N mutant of TREX1, has
enzymatic activity (Fig. S6C). Mixtures of these two versions of TREX1
also exhibited various levels of activity, depending on the ratios. At 1:1
ratio, the mixture displayed only slightly reduced activity compared to
WT TREX1. These results are in line with the absence of cytoplasmic
DNA in Trex1WT/D18N MEFs, and strongly support the presence of
functional WT/WT homodimers of TREX1 in these cells. It is also pos-
sible that differences in the binding affinity to dsDNA between human
and mouse Trex1D18 N mutants caused the phenotype discrepancy
between human and mice carrying D18 N mutations on a single allele of
Trex1 gene. Another factor to consider is that human faces more com-
plex environmental challenges including UV exposure and pathogen
infection, while mice are usually maintained in uniformly clean facil-
ities. It would be intriguing to test whether environmental and frequent
pathogen challenges would cause more severe phenotypes in Trex1WT/

D18N mice.
In both Trex1−/− [18,19] and Trex1D18N/D18N mice, deletion of one

allele of cGas was nearly sufficient to rescue mice from the disease
phenotype. This gene dosage phenomenon suggests both alleles of cGas
gene have to be expressed to reach a concentration of cGAS protein that
is sufficient to trigger the activation of the pathway in response to low
concentrations of cytosolic DNA accumulation caused by TREX1 defi-
ciency. The underlying mechanism is intriguing. A recent study de-
monstrated that the cellular cGAS was activated through a phase se-
paration mechanism [36]. It is likely that concentrations of both DNA

and cGAS are critical factors in forming such liquid droplets and
thereby “switching on” the signaling pathway. These results raise the
interesting possibility that partial inhibition of cGAS activation may be
sufficient to alleviate symptoms of autoimmune diseases in patients
carrying TREX1 gene mutations.

4. Materials and methods

4.1. Mice

Trex1D18N/D18N mice were generated by the CRISPR-Cas9 knock-in
strategy with previously reported methods [37,38], which introduced
the D18 N point mutation into the zygote. 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 D18 N point mutation sequence.
cGas−/− mice were created by the CRISPR-Cas9 knockout technology
on C57BL/6 background. The sequences of the D18 N and cGas single-
guide RNA were as follows: sgD18 N CCACTGGCCTGCCTTCGTCT and
sgcGas CCTTACGACTTTCCGCGCCT. In our studies, male and female
mice exhibited similar phenotypes so that they were randomly allo-
cated for all experiments. Mice were bred and maintained under spe-
cific pathogen-free conditions in the Animal Center of Fujian Normal
University. All research and animal care procedures were approved by
the Animal Ethical and Welfare Committee of Fujian Normal University.

4.2. Pathology

All fresh tissues in the studies were fixed in 4% neutral buffered
formalin and paraffin embedded, which were then cut into 5−μm
section for the staining with hematoxylin and eosin or picrosirius red.
The histological analysis of tissues was performed by blind evaluation
following the previously described [17].

4.3. Immunofluorescence and immunohistochemistry

For detection of immune complex deposition in the kidneys, fresh
tissues were frozen in OCT and stored at −80 °C until sectioning. The
kidney tissues were sectioned at 7 μm and fix in acetone. The sections
were blocked in PBS with 1% BSA for 1 h and then incubated with anti-
mouse IgG Alexa Fluor 488 (Abcam, ab150117). After washing, the
section slides were imaged with a Zeiss LSM 780 confocal microscope.
For cytoplasmic dsDNA staining, cells were fixed for 15min in 4% PFA
in PBS and permeabilized with 0.1% saponin for 15min, followed by
blocking with 1% BSA, 0.1% saponin in PBS for 1 h and then incubated
with anti-dsDNA antibody (Abcam., ab27156) overnight at 4 °C. After
three washes, cells were incubated with anti-mouse IgG H&L secondary
antibody-Alexa fluor 488 (Invitrogen, A-21202) for 1 h at RT. After
washes, the slides were mounted with mounting medium containing
Hoechst 33342 (Invitrogen, H3570). For the performance of CD45 and
F4/80 staining, kidneys were isolated and fixed in 4% neutral buffered
formalin, then the tissues were embedded in paraffin and sectioned.
The paraffin-sections were blocked in hydrogen peroxide and incubated
with anti-CD45 (Abcam, ab10558) and anti-F4/80 (Abcam, ab6640)
antibodies after antigen retrieval. The sections were counterstained
with hematoxylin after incubation with diaminobenzidine.

4.4. ELISA

Sera from 4-month-old mice of different genotypes were performed

Fig. 5. cGAS is responsible for hyperreactive T cells generation in Trex1D18N/D18N mice. (A and B): Representative Flow-cytometric plots and quantification of
the frequency of intracellular IFN-γ in response to PMA plus ionomycin treatment in splenic CD4+ T cells (A) and CD8+ T cells (B) from Trex1D18N/D18N, Trex1D18N/
D18N cGas+/− and Trex1D18N/D18N cGas−/− mice. (C and D) FACS analysis of T-bet levels in splenic CD4+ (C) and CD8+ (D) T cells from indicated genotypes. (E and
F): Similar to (A–B), IFN-γ+ CD4+ T cells (E) and IFN-γ+ CD8+ T cells (F) in PBMC were analyzed. Error bars represent SD. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001, by unpaired Student's t-test.
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Fig. 6. cGAS mediates infiltration of autoreactive immune cells in the hearts of Trex1D18N/D18N mice. Quantitative RT-PCR analysis of IFN-γ (A and B), IL-
12p40 (C and D) or T-bet (E and F) RNA in hearts from mice of indicated genotypes. Fold changes are relative to WT (B, D and F) or Trex1D18N/D18N cGas−/− (A, C and
E). Error bars represent SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, by unpaired Student's t-test.
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to analyze autoantibodies levels. The levels of autoantibodies were
determined by the ELISA kits (Alpha Diagnostics International) ac-
cording to the manufacturer's instructions. Plasma IL-12 was measured
by using the Mouse IL-12 (p70) ELISA Kit (Biolegend) according to the
manufacturer's instructions.

4.5. Flow cytometry

Spleens removed from 4-month-old mice were pressed through the
cell strainer to collect splenic cells in PBS with 2% FCS (Hyclone). Red
blood cells were removed by red blood cell lysing solution. Samples
were resuspended in straining buffer (2% FCS in PBS) and cell counts
were then performed. For surface staining, samples were incubated
with antibody in staining buffer for 30min at 4 °C. For T regulatory cell
staining, splenocytes or PBMCs were treated with 50 ng/mL PMA, 1 μM
ionomycin and 1 μg/mL brefeldin A for 4.5 h. And stimulated cells were
stained with murine CD3, CD4 and CD8 antibodies. Cells were then
treated according to the protocol for Cytofix/Cytoperm™ Fixation/
Permeabilization Kit (BD Bioscience). For transcription factor staining,
cells were preformed following BD Pharmingen™ transcription factor
kit protocol. Samples were analyzed on a FACSymphony™ A5 instru-
ment (BD Biosciences, CA, USA) and data were analyzed using FlowJo
software. Antibodies used for staining were as following: CD3-Percp
Cy5.5, CD3-BV421,CD4-FITC, CD4-Percp Cy5.5, CD8-APC, CD8-FITC,
CD44-APC, CD62L-PE, IFN-γ-PE, T-bet-APC, Ly6c-APC(BD Bioscience).

4.6. Cell culture

Primary MEFs were isolated from day 13.5 embryos of indicated
mice. MEFs were maintained in DMEM (Dulbecco's modified Eagle
medium) supplemented with 10% FBS (Fetal bovine serum) with the
addition of 100 U/ml penicillin and 100mg/mL streptomycin, and
cultured at 37 °C with 5% CO2. Cells within 5 passages were used for
experiments.

4.7. Quantitative real-time PCR and RNA seq

Total RNA of the tissues and cells was isolated with TRIzol reagent
(Thermo Fisher Scientific, USA) according to the manufacturer's pro-
tocol. cDNA was reversely transcribed by PrimeScript™ RT reagent Kit
(Takara). Primers and qPCR analysis was performed as previously de-
scribed [18]. Quant 6 Flex PCR system (Applied Biosystems, USA) were
used for quantitative RT-PCR analysis. Relative expression of the ISGs
was normalized by the level of mHPRT expression in each sample. RNA-
seq was performed and analyzed as previously described [39].

4.8. Western Blotting

Whole-cell lysates were extracted with cell lysis buffer (20mM Tris,
pH7.5, 150mM NaCl, 0.5% NP40, 0.2 mM EDTA, 0.2mM EGTA, 10%
glycerol and 1× protease inhibitor cocktail). Proteins were separated
by SDS-PAGE then transferred to PVDF membrane (Millipore).
Membranes were blocked in 5% non-fat milk in TBS with 0.1% Tween
and incubated with antibody against cGAS (Cell Signaling Technology),
TREX1 (Santa Cruz) and GAPDH (Sigma-Aldrich).

4.9. Exonuclease assays

The exonuclease assay was performed as previously described [35].
Briefly, FLAG-tagged TREX1 and its mutants were expressed in
HEK293T cells and affinity-purified using anti-Flag beads. The TREX1
enzymes were then used to digest linearized PUC19 plasmids in the
reaction buffer (20mM Tris pH 7.5, 5 mM MgCl2, 2mM DTT, 100 μg/
ml BSA) at 25 °C for 30min. The reaction products were examined by
agarose electrophoresis.
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