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cGAS is essential for cellular senescence
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Cellular senescence is a natural barrier to tumorigenesis and it
contributes to the antitumor effects of several therapies, including
radiation and chemotherapeutic drugs. Senescence also plays an
important role in aging, fibrosis, and tissue repair. The DNA damage
response is a key event leading to senescence, which is character-
ized by the senescence-associated secretory phenotype (SASP) that
includes expression of inflammatory cytokines. Here we show that
c¢GMP-AMP (cGAMP) synthase (cGAS), a cytosolic DNA sensor that ac-
tivates innate immunity, is essential for senescence. Deletion of cGAS
accelerated the spontaneous immortalization of mouse embryonic
fibroblasts. cGAS deletion also abrogated SASP induced by spontane-
ous immortalization or DNA damaging agents, including radiation and
etoposide. cGAS is localized in the cytoplasm of nondividing cells but
enters the nucleus and associates with chromatin DNA during mitosis
in proliferating cells. DNA damage leads to accumulation of damaged
DNA in cytoplasmic foci that contain ¢GAS. In human lung adenocar-
cinoma patients, low expression of cGAS is correlated with poor
survival. These results indicate that cGAS mediates cellular senescence
and retards immortalization. This is distinct from, and complementary
to, the role of cGAS in activating antitumor immunity.
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Cellular senescence is a state of irreversible cell cycle arrest
triggered by various types of cellular and environmental stress,
such as telomere shortening, oncogene activation, and DNA
damage (1, 2). Senescence appears to be an antiproliferation
process that limits the growth of damaged cells and acts as a po-
tent barrier to tumorigenesis (3, 4). Senescence is characterized by
several unique features, including enlarged and flattened cell
morphology (5), increased senescence-associated p-galactosidase
(SA-p-Gal) activity (6, 7), and in some cell types, a widespread
change in chromatin modification, known as senescence-associated
heterochromatin foci (SAHF) (7). At the molecular level, the p53-
p21WAFL and pRb-p16™%4 tumor suppressor pathways have been
reported to be key mechanisms that control the execution and
maintenance of senescence (8, 9). In addition to these cellular
features, senescent cells also undergo massive changes in the ex-
pression of genes that are thought to affect the tissue microenvi-
ronment (5). Senescent cells secrete a variety of soluble factors
including inflammatory cytokines, growth factors, and proteases;
such senescence-associated secretory phenotype (SASP) is a hall-
mark of senescence (10-12).

Components of SASP not only serve as a marker of senescence,
but also participate in the senescence process (13). Interleukin 6
(IL6) and ILS8, two key components of SASP, reinforce the se-
nescence growth arrest in neighboring cells (14, 15). Additionally,
these cytokines and other secreted factors attract immune cells,
leading to the elimination of senescent cells (16). Given these
important functions, SASP is regulated at both transcriptional and
epigenetic levels, such as by nuclear factor kB (NF-xB), CCAAT/
enhancer-binding protein § (C/EBPp), bromodomain-containing
protein 4 (BRD4), lysine methyltransferase MLL1 and G9A (14,
15, 17-21). Importantly, activation of DNA damage response
(DDR) is required for the induction and maintenance of senes-
cence (10). However, the precise regulatory mechanism directly
linking the DDR to SASP remains unknown.
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cGMP-AMP (cGAMP) synthase (cGAS) is a cytosolic DNA
sensor that is activated by binding to double-stranded DNA, in-
cluding microbial and self-DNA (22, 23). Cytosolic DNA triggers
cGAS to produce the second messenger cGAMP (23), which binds
and activates the adaptor protein STING (also known as MITA,
MPYS, and TMEM173). STING then recruits TANK-binding
kinase 1 (TBK1) and IxB kinase to activate IFN regulatory fac-
tor 3 (IRF3) and NF-kB, respectively, leading to the production of
type I interferons and inflammatory cytokines (22, 23).

Interestingly, DNA damage by irradiation or chemicals such as
etoposide or cytosine arabinoside (Ara-C), is linked to type I
IFN signaling (24-26). These DNA damaging agents lead to
accumulation of cytosolic DNA and activate the IRF3 pathway.
Moreover, production of type I interferons by DNA damage leads
to amplification of DNA damage response and induces cellular
senescence (26). How DNA damage induces type I IFN responses
is still not well understood.

In this study, we show that cGAS is essential for cellular se-
nescence. We found that mouse embryonic fibroblasts (MEFs)
from cGas™~ mice displayed reduced signs of senescence and
underwent faster spontaneous immortalization compared with
MEFs from WT mice. Deletion of cGAS in different mouse or
human cells abrogated the expression of senescence-associated
inflammatory genes in response to DNA damaging agents, in-
cluding etoposide and ionizing irradiation. Interestingly, we found
that cGAS is associated with chromatin during mitosis, suggesting
a potential role of cGAS in regulating cell cycle. In response to
DNA damaging agents, cGAS and DNA form cytoplasmic foci.
Bioinformatics analyses of cGAS expression in human cancer
patients revealed that lower expression of cGAS is strongly cor-
related with decreased survival of lung adenocarcinoma patients.

Significance

Cellular senescence is important for the maintenance of tissue
homeostasis. Dysregulation of senescence is linked to many
human diseases, such as cancer, premature aging, and age-
related diseases. Although DNA damage response has been
linked to senescence, the underlying mechanism is unknown.
Here we show that cGAS is essential for the senescence phe-
notypes, including expression of inflammatory genes. This
finding reveals a molecular mechanism of cellular senescence
and suggests that modulation of cGAS activity may be a new
strategy to treat senescence-associated human diseases that
potentially include cancer, neurodegenerative diseases, car-
diovascular diseases, and aging.
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¢GAS Impedes Spontaneous Immortalization of MEFs. Normal cells
divide until they reach a senescence phase as a result of telomere
shortening or when cells are under stress (27, 28). Some cells, such
as MEFs, can be immortalized (i.e., divide indefinitely) through
serial passage of the cells in vitro (29). During this spontaneous
immortalization process, all cells enter a senescence phase after
several passages and then a few cells grow up and become im-
mortalized (30, 31). In the course of studying cytosolic DNA
sensing, we and others previously found that some transformed
cells such as HEK293T cells and some immortalized MEF cells
lost the ability to induce type I interferons in response to trans-
fected DNA (22, 32, 33). These observations led us to speculate
that DNA sensing by cGAS may be a barrier to cellular immor-
talization or transformation. To test this possibility, we isolated
embryos from WT and cGas™™ mice and cultured the embryonic
fibroblasts in vitro in atmospheric O, (20%) through serial pas-
sages according to a modified 3T3 protocol (29). The result
showed that cGas™~ MEFs became immortalized at passages 11—
12, whereas WT MEFs were not immortalized until passages 15—
16 (Fig. 14, Left). Similar results were obtained from the embryos
of another pair of WT and ¢cGas™~ mice (Fig. 14, Right). We also
compared the embryos of different genotypes in a cGas*'~ mother
that was crossed to a cGas™™ male. As shown in Fig. 1B, cGAS
KO MEFs became immortalized as early as passage 11, whereas
MEFs from the WT littermate embryo did not get immortalized
until passage 16. These results indicate that cGAS inhibits spon-
taneous immortalization of primary MEFs.

To determine whether STING plays a role in spontaneous
immortalization, we obtained embryos from two Sting golden-
ticket (Stings"¢") mice, which harbor a point mutation that confers
a null phenotype (34). Surprisingly, unlike MEFs from a cGas ™~
mouse that resumed growth at passage 10, MEFs from a Sting®®'
mouse resumed growth at passage 18, whereas MEFs from an-
other Sting®’s" mouse never became immortalized (Fig. S14; the
genotypes of the MEF cells were confirmed by immunoblotting
shown in Fig. S1B). In parallel experiments, MEFs from a WT
mouse resumed growth at around passage 15, but MEFs from an-
other WT mouse never resumed growth. These results suggest that
deletion of STING does not accelerate spontaneous immortaliza-
tion, implying that cGAS may regulate cellular immortalization
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Fig. 1. cGAS deletion accelerates spontaneous immortalization of MEFs.
(A) Growth curve of MEFs derived from the embryos of two pairs of WT and
cGas™" mice during the course of 20 serial passages according to a modified
3T3 protocol. (B) Similar to A except that MEFs were from littermate WT and

cGas’~ embryos in the same cGas*'~ mother that was crossed to a cGas*'~ male.
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through a STING-independent mechanism. We therefore focus this
study on the role of cGAS in immortalization and senescence.

cGAS Is Required for the Senescence Phenotypes of MEFs During
Spontaneous Immortalization. The faster immortalization of cGas™~
MEFs compared with WT MEFs led us to investigate whether
cGAS plays a role in the senescence of cells during serial passages.
A commonly used method to detect senescence cells is SA-p-Gal
staining (28). As shown in Fig. 24, f-Gal positive cells appeared in
passages 6-11 in the culture of WT MEF cells, followed by a de-
cline in later passages, correlating with the growth kinetics of these
cells (Fig. 1). In contrast, very few senescent cells were detected in
the time course of spontaneous immortalization of cGas™~ MEFs
(Fig. 2 A and B).

Another hallmark of senescent cells is SASP, which can be
assessed by measuring the expression levels of SASP genes, in-
cluding those involved in inflammation and cell cycle arrest.
Quantitative reverse transcription-PCR (qRT-PCR) analysis of
three SASP genes, including interleukin 8 (IL8), IL1p, and metal-
loprotease 12 (MMP12) revealed that these genes were expressed
during the middle passages (passages 6-11) of WT MEFs (Fig. 2
C-E), correlating with their senescent states as measured by the
B-Gal assay (Fig. 24). In contrast, the exPression of these SASP
genes was significantly reduced in ¢cGas™~ MEFs. These results
indicate that cGAS is required for MEF cells to acquire the se-
nescence phenotypes during spontaneous immortalization.

cGAS Is Essential for Cellular Senescence Induced by DNA Damage.
Senescence can be induced by cellular and environmental stress,
such as DNA damage. The topoisomerase inhibitor etoposide is
a cytotoxic anticancer agent that induces DNA damage and
cellular senescence (35, 36). To determine whether cGAS plays a
role in etoposide-induced cellular senescence, we treated im-
mortalized MEFs with different concentrations of etoposide and
then performed p-Gal staining and SASP gene analyses. About
30% of the WT MEF cells became p-Gal positive on day 6 after
treatment with etoposide (Fig. 3 4 and B). In contrast, virtually
no p-Gal positive cells were detected in cGas™'~ MEFs. Consis-
tently, the SASP genes including IL6, IL1p, and the cyclin-
dependent kinase (CDK) inhibitor p21 were induced by etoposide
in WT, but not cGas™'~, MEF cells (Fig. 3 C-E).

To study senescence in human cells, we used the human fi-
broblast cell line BJ that has been immortalized with telomerase;
this cell line has been used extensively for senescence studies (11,
37). For our studies, we generated a cGas-deficient BJ cell line
using the transcription activator-like effector nuclease (TALEN)
technology (Fig. S2 A-C). As expected, this cell line failed to
induce IFNB or CXCL10 in response to stimulation by herring
testis DNA (HT-DNA) but the induction of these cytokines by
poly[l:C] or ¢cGAMP was normal (Fig. S2 D-G). SA-p-Gal
staining showed that more than 50% of the WT BJ cells were
B-Gal positive after treatment with etoposide, whereas fewer
than 5% of the cGas™~ cells became senescent in the same ex-
periment (Fig. 3 F and G). Consistently, expression of SASP
genes, including IL6, ILS8, IL1f, and p21, was induced by eto-
poside in WT but not cGas™'~ BJ cells (Fig. 3 H-K). We further
examined a larger panel of SASP genes, including MMP12,
GRO« (CXCL1), IL1a, GM-CSF, IFNB, and CXCL10 (Fig. S2
H-M). With the exception of IL1a, all SASP genes that we have
examined depended on cGAS for their expression in response
to etoposide.

To extend our findings to a tumor cell line, we used the mouse
B16F10 melanoma cells, which express cGAS and STING and
have a functional DNA sensing pathway. We generated a cGas™~
B16F10 cell line using the CRISPR technology (Fig. S3 A and B);
this cell line is defective in the induction of IFNp and CXCL10 in
response to DNA transfection but the induction of these genes by
poly[I:C] was normal (Fig. S3 C-F). In response to etoposide
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Fig. 2. cGAS deletion abrogates the senescence phenotypes of MEFs during spontaneous immortalization. (A) WT and cGas’~ MEFs at indicated passages
were analyzed by SA-B-Gal staining. (B) Quantification of the f-Gal positive cells shown in A. (C—E) qRT-PCR analyses of the indicated SASP genes. Error bars
indicate SEs of triplicate measurements. All results in this and other figures are representative of at least two independent experiments.

treatment, more than 60% of WT B16F10 cells stained positive
for p-Gal, whereas the number of senescent cells significantly
decreased when cGas was deleted (Fig. S3 G and H). Consistent
with these results, cGAS was essential for the expression of SASP
genes, including IL6, IL8, IFNf, CXCL10, and p21, in response to
etoposide treatment (Fig. S3 I-M).

cGAS Is Essential for Cellular Senescence Induced by lonizing
Radiation. Ionizing radiation (IR) is well known to induce cellu-
lar senescence by causing double-stranded DNA breaks (11, 38,
39). To investigate the role of cGAS in IR-induced senescence,
we irradiated WT and c¢Gas™'~ MEF cells with X-ray at 3 Gy
followed by several days of culture before cells were stained with
B-Gal. Approximately 25% and 33% of WT MEFs were stained
positive with p-Gal on day 6 and 9, respectively, after IR (Fig. 4 4
and B). In contrast, very few cGas~~ MEFs were stained positive
for p-Gal. Moreover, expression of the SASP genes IL6, IL1p,
and MMP12, which was significantly induced by IR in WT
MEFs, was barely detectable in cGas™~ MEFs (Fig. 4 C-E).
IR also induced senescence in WT BJ and B16F10 cells as
evidenced by significant number of p-Gal positive cells after IR
(Fig. 4 F and G and Fig. S4 4 and B). In both cell types, deletion
of cGAS abrogated the appearance of p-Gal positive cells.
cGAS™~ BI cells also expressed significantly lower levels of
SASP genes after IR compared with WT cells (Fig. 4 H-K and
Fig. S4 C-F). However, p21 was only weakly induced by IR and

E4614 | www.pnas.org/cgi/doi/10.1073/pnas.1705499114

this induction appeared normal in cGas™~ BJ cells (Fig. S4G).
Overall, our results show that cGAS is required for cellular se-
nescence and the induction of most SASP genes by DNA dam-
aging agents in human and mouse cells.

c¢GAS Is Cytoplasmic in Nondividing Cells but Accumulates on
Chromatin During Mitosis in Proliferating Cells. To investigate the
mechanism by which cGAS regulates cellular senescence, we
stably expressed GFP-cGAS in a c¢Gas™~ MEF cell line and
performed cell imaging. Interestingly, we found that in cells
growing at low density, GFP-cGAS was mainly detected in the
nucleus, whereas in cells growing at high density, GFP-cGAS was
predominantly localized in the cytoplasm (Fig. 54). Because cells
growing at low density divide faster than those at higher density,
we tested whether the nuclear localization of cGAS is associated
with rapidly dividing cells by detecting incorporation of the nu-
cleoside analog 5-ethynyl-2’-deoxyuridine (EdU), which can be
conjugated to a fluorescent dye through the click chemistry. In-
deed, EdU positive cells contained GFP-cGAS in the nucleus,
whereas EdU negative cells contained GFP-cGAS in the cyto-
plasm (Fig. 54). In contrast to cGAS, STING was localized in
the cytoplasm in cells at both high and low densities (Fig. S54).
Strikingly, live cell imaging showed that cGAS entered the nu-
cleus and associated with the chromatin during mitosis (Movie
S1). In contrast, STING remained in the cytoplasm of dividing
cells (Fig. S5B).
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MEFs were treated with the indicated con-

centrations of etoposide (Eto) for 24 h followed by 5 d of culturing in normal media before cells were stained by SA-p-Gal (A) and quantified (B). (C-E)
Aliquots of the MEF cells treated with Eto were analyzed for the expression of SASP genes by qRT-PCR. p21 is a cell cycle-dependent kinase inhibitor and a

senescence marker. (F~K) Similar to A-E, except that WT and cGas™"~

additional SASP genes are shown in Fig. S2 H-M. ND, not detectable.

DNA Damage Leads to Accumulation of Cytosolic DNA and Its Association
with ¢GAS. Our findings that cGAS is important for the induction of
SASP genes suggest that DNA may associate with cGAS in the
cytosol to activate the enzyme in response to DNA damage. Eto-
poside treatment led to significant DNA damage as evidenced by
staining with an antibody against phosphorylated H2AX (y-H2AX),
a marker of DNA damage (Fig. 5B). Staining of the same cells with
DAPI and a dsDNA-specific antibody revealed that the damaged
DNA accumulated in the cytoplasm. Remarkably, virtually all cy-
toplasmic DNA foci contained GFP-cGAS (Fig. 5B). Similarly,
ionizing radiation led to formation of cytoplasmic DNA foci that
colocalized with GFP-cGAS (Fig. 5B). These results indicate that
DNA damage leads to accumulation of damaged DNA in the cy-
toplasm, leading to cGAS activation and expression of SASP genes.
Furthermore, our findings that cGAS is associated with chromatin
DNA in the nucleus during the cell cycle and that cGAS is asso-
ciated with damaged DNA in the cytoplasmic foci raise an inter-
esting possibility that cGAS may regulate cell cycle and senescence
through mechanisms that are both STING dependent and STING
independent.

Low Expression of cGAS Is Correlated with Poor Survival Outcome in
Human Lung Adenocarcinoma. It has been shown that senescence is
associated with the premalignant stages of tumorigenesis, but is
largely absent in malignant tumors (40, 41). This observation
suggests that senescence may act as a barrier to tumor progression.
Our findings that cGAS is required for senescence and our pre-
vious findings that cGAS is important for antitumor immunity

Yang et al.

BJ cells were used. Error bars indicate SEs of triplicate measurements. Analyses of

predict that cGAS may be a tumor suppressor under some cir-
cumstances (42). To test this possibility, we carried out bio-
informatics analyses of publicly available gene expression datasets,
including The (human) Cancer Genome Atlas (TCGA), the Gene
Expression Omnibus (GEO), and the Cancer Biomedical In-
formatics Grid (caBIG). As shown in Fig. 64, Kaplan-Meier
analysis showed that lower expression of cGAS was strongly cor-
related with worse survival of lung adenocarcinoma patients (Fig.
64). We also found that low expression of STING and MDAS5 was
correlated with decreased survival of lung adenocarcinoma pa-
tients (Fig. 6 B and C), whereas no statistically significant corre-
lation was found between the expression levels of MAVS, RIG-I
(also known as DDX58), and MyD88 and the survival of these
cancer patients (Fig. 6D and Fig. S6 A and B). For the lung
squamous cell carcinoma patients, none of the innate immunity
genes that we have examined showed a statistically significant
correlation with patient survival (Fig. S6 C-H). These analyses
support the tumor-suppressing functions of cGAS in lung
adenocarcinoma.

Discussion

Since its formal description more than 50 years ago (27), cellular
senescence has been extensively studied and found to play a
critical role in cancer, aging, and age-related diseases (2). Cellular
senescence can be induced by DNA damage, telomere shortening,
oxidative stress, and oncogenes. Interestingly, all of these senescence-
inducing conditions impinge on DNA directly or indirectly. Here
we showed that the DNA sensor cGAS is essential for cellular
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Analyses of additional SASP genes are shown in Fig. S4 C—F. ND, not detectab

senescence during spontaneous immortalization or in response
to DNA damaging agents. We found that damaged DNA is as-
sociated with cGAS in the cytoplasm and that deletion of cGAS
abrogated SASP gene expression and other markers of cellular
senescence. These results reveal cGAS as an important molec-
ular link between DNA damage, SASP gene expression, and
senescence. This conclusion is consistent with the previous re-
ports that cGAS is activated by dsDNA independently of the
DNA sequence and that cGAS activation by endogenous DNA
causes autoimmune diseases in mice lacking the DNase Trex1 or
DNasell (22, 43, 44).

Surprisingly, we found that Sting®® MEFs, which have been
shown to lack the STING protein and are completely defective
in the cytosolic DNA signaling pathway, were more resistant to
spontaneous immortalization than cGas™'~ MEFs (Fig. S1B).
The simplest interpretation of these data is that cGAS has
additional functions that are independent of STING. Indeed,
we found that cGAS is present in the cytoplasm of nondividing
cells but becomes associated with chromatin DNA during mi-
tosis of rapidly dividing cells. These findings raise the in-
teresting possibility that cGAS may regulate cell cycle and
cellular senescence through mechanisms yet to be unveiled.
Nevertheless, cGAS-dependent expression of SASP genes
likely contributes to the establishment and maintenance of
cellular senescence.

In response to DNA damage, cytoplasmic DNA foci appear
and they contain cGAS and y-H2AX, suggesting that damaged
DNA fragments are associated with cGAS. It has been shown
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that oxidatively damaged DNA (e.g., 8-hydroxyguanosine gen-
erated by UV) could still bind and activate ¢cGAS (45). This
finding is consistent with the crystal structure of the cGAS:DNA
complex, which shows that cGAS binds to the sugar phosphate
backbone but not bases of DNA (46). Oxidized DNA is more
resistant to degradation by nucleases such as Trex1 (45). Thus,
damaged DNA may accumulate in the cytoplasmic foci and re-
cruit cGAS. It remains to be determined whether cGAS is activated
by the DNA in the foci, although the induction of inflammatory
genes suggests that this is the case. The composition and fate of
the cytoplasmic DNA foci also require further investigation. It is
possible that such foci represent micronuclei, which are com-
monly detected in cells exposed to genotoxic compounds. It has
been shown that cytoplasmic DNA generated during senescence
can be cleared by the lysosome, likely through an autophagy
pathway (47).

Whereas cGAS clearly plays an important role in cellular se-
nescence, it should be noted that cGas-deficient mice appear to
be healthy in a barrier facility (48). We have not observed a
significant increase in spontaneous tumors in our cGas™~ mice
even though some of these mice are more than 20 months old.
Because there are multiple barriers for a cell to become a ma-
lignant cancer cell, removal of cGAS alone may not be sufficient
to cause spontaneous tumors. However, it will be very interesting
to test whether cGAS deletion promotes tumor development
driven by oncogenes such as Ras, which is known to induce se-
nescence. In this context, we recently reported that cGas-deficient
mice are refractory to the antitumor effect of immune checkpoint
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EdU MERGE

dsDNA y-H2A MERGE

cGAS enters the nucleus in proliferating cells and associates with damaged DNA in the cytosol in response to DNA damage. (A) MEF cells stably

expressing GFP-cGAS were grown at low (8 x 10% per well of a 12-well plate) or high (3 x 10° per well of a 12-well plate) densities as indicated. The cells were
cultured in the presence of EdU for 12 h and then EdU on the DNA was labeled and detected by fluorescence microscopy. Highlighted area indicates Edu-
negative cells that contained GFP-cGAS predominantly in the cytoplasm. (B) GFP-cGAS MEF cells were treated with etoposide or IR and then stained with DAPI
or antibodies specific for dsDNA or y-H2AX. Zoomed cells highlight colocalization of cGAS with DNA and y-H2AX in the cytoplasmic DNA foci.

blockade in a syngeneic tumor transplant model (42), indicating
that cGAS is required for generating intrinsic antitumor immu-
nity. It remains to be determined whether cGAS has a cell-
autonomous function in impeding the transformation of a normal
cell into a cancer cell. Consistent with the tumor-suppressive
functions of the cGAS-STING pathway, many tumor cell lines
have lost the expression of cGAS and/or STING (22, 49). Our
analyses of the public database show that low expression levels of
c¢GAS and STING are correlated with the poor survival of hu-
man lung adenocarcinoma patients. The low expression of cGAS
in advanced metastatic tumors may also explain why these tumor
cells lose the senescence phenotypes (40, 41). However, the
correlation between cGAS expression and patient survival does
not apply to all tumor types. In addition to lung squamous cell
carcinoma, no statistically significant correlation between cGAS
expression and patient survival was observed in ovarian and

Yang et al.

gastric cancers (kmplot.com/analysis; data not shown). More-
over, in breast cancer, higher levels of cGAS expression appear
to correlate with poor patient survival, although such correlation
is less significant in estrogen receptor positive or negative pa-
tients (data not shown). It is not clear why cGAS expression
levels correlate particularly well with the survival of lung ade-
nocarcinoma patients, but it is interesting to note that smoking,
which induces DNA damage, is a major etiological agent of this
type of cancer.

Recent studies have provided strong evidence that senescence
has a causal role in aging and age-related diseases and that genetic
deletion of senescent cells increases the lifespan and ameliorates
age-related pathologies in mice (50, 51). It would be very in-
teresting to determine whether cGAS plays a role in normal aging
as well as age-related diseases in animal models. If so, cGAS in-
hibitors may be used for treating not only autoimmune diseases
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CGAS expression levels positively correlate with better survival of human lung adenocarcinoma patients. Kaplan-Meier curves were generated from

the public microarray databases of human patients using online software (kmplot.com/analysis/). Groups of patients with high (top one-third) expression
levels of the indicated genes cGAS (A), STING (B), MDAS5 (C), and MAVS (D), were compared with those with low expression levels (bottom one-third). The
Affymetrix microarray ID for each gene is shown in Materials and Methods. Statistical significance was determined using the log-rank test. HR, hazard ratio.

but also a variety of age-related diseases, including atherosclerosis
and neurodegenerative diseases.

Materials and Methods

Cell Lines. Human foreskin fibroblast BJ/TERT cells, spontaneously immor-
talized MEFs, and B16F10 cells were cultured in DMEM supplemented with
10% FBS and penicillin and streptomycin (GIBCO).

cGas™~ BJ cells were generated using the TALEN method. TALEN constructs
were designed using the free online tool Mojo Hand (www.talendesign.org/
mojohand_main.php), and assembled using the Golden Gate TALEN and TAL
Effector Kit (Addgene, 1000000016), according to published protocols (52). The
TALEN constructs were designed to target exon 2 of the human cGAS genomic
locus, which encodes most of the catalytic domain of cGAS. Assembled TALENs
were transfected into BJ cells using electroporation (Amaxa) following the
manufacturer’s protocol and the cells were then maintained at 30 °C, 5% CO,
for 3 d before splitting to isolate single colonies. The single cell clone screening
was performed as previously described (52). Briefly, genomic DNA was
extracted from each cell clone, and DNA fragments flanking the TALEN target
sites were amplified using specific primers (5 primer: GTCCCACTCCCA-
GAGGGTAT, 3’ primer: TGAGAATGGGAGTGTACATTGG). The PCR product was
then digested with EcoRl and resolved on 2% agarose gel. Resistance to di-
gestion indicates that deletion had occurred at the EcoRl sites, thus single cell
clones containing the uncleavable DNA were expanded for further analyses.
DNA sequencing was performed after TA cloning of DNA from each of seven
single cell clones. More than 12 TA cloned plasmids for each single cell clone
were sequenced. Deletion of cGAS was further confirmed by Western blotting
using a human cGAS specific antibody.

cGas™"~ B16F10 cells was generated with the CRISPR technology. The sgRNA
sequence of cGas was designed based on the Human CRISPR Knockout Pooled
Library (GeCKO v2) (53). This sequence, ATATTCTTGTAGCTCAATCC, was
cloned into lentiCRISPR v2 (AddGene, 52961), which was cotransfected with
packaging plasmids pMD2.G and psPAX2 (Addgene, plasmids 12259 and
12260) into HEK293 cells to generate lentivirus. Briefly, HEK293T cells growing
at 80% confluency on a 6-well plate were transfected with Lipofectamine 2000
(Life Technologies) together with 1 pg lentiCRISPR, 0.25 pg pMD2.G and
0.75 pg psPAX2. After 6 h, cells were cultured in fresh DMEM plus 10% FBS.
The virus was harvested at 24 h and filtered with 0.45 um low protein binding
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membrane (Millipore). B16F10 cells were infected with the virus at a 1:1 (virus:
medium) ratio and selected with 1 pg/mL puromycin for another 3 d. Single
cells were seeded on 96-well dishes with fresh medium. Clones were expanded
and evaluated for knockout status by Western blotting with an antibody
against human cGAS. DNA in the clones lacking the cGAS protein was se-
quenced after TA cloning.

MEF cells stably expressing GFP-cGAS were generated by infecting cGas™~
MEF cells with lentiviruses expressing human cGAS fused to eGFP at the N
terminus and a hygromycin B-resistant gene. The drug-resistant cells were
used for this study.

MEF Immortalization. cGas~~ mice on a C57BL/6 background were generated
and maintained as described previously (48). Sting”9* mice were purchased
from The Jackson Laboratory (34). MEFs were generated from embryonic
day 13.5 (E13.5) embryos of WT and mutant mice under the normal culture
condition that includes 20% oxygen and 5% CO, (29). For spontaneous
immortalization, we followed a modified 3T3 protocol by seeding 1 x 108
cells in a 10-cm dish every 3.5 d. Aliquots of the cells at indicated passages
were expanded for continued passages, frozen in liquid nitrogen, or ana-
lyzed by p-Gal staining and gRT-PCR. Mice were maintained in the animal
research center of the University of Texas Southwestern Medical Center
according to protocols approved by the Institutional Animal Care and
Use Committee.

Senescence Assays. Senescence was induced by spontaneous immortalization,
etoposide treatment, or irradiation. Senescent cells were identified by a
senescence-associated p-galactosidase kit (Cell Signaling, 9860) according to
the manufacturer’s protocol. For senescence induced by spontaneous im-
mortalization, MEFs at passages 2, 3, 6, 8, 11, 18, and 20 were harvested and
fixed for B-Gal staining. For etoposide-induced senescence, immortalized
MEFs were treated with 3 uM or 10 pM etoposide for 24 h and cultured in
normal medium for another 5 d. The same treatment with etoposide was
performed on BJ (10 pM or 20 pM) and B16F10 cells (1 pM or 3 pM). For
ionizing radiation experiments, BJ cells and MEFs were irradiated with 3 Gy
by the X-ray irradiator. The cells were harvested on days 6, 9, and 12 for SA-
B-Gal assay. B16F10 cells were irradiated with 10 Gy or 25 Gy to induce
senescence as described previously (39).
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RNA Isolation and qRT-PCR. Total cellular RNA was isolated with TRIzol re-
agent according to the manufacturer’s instructions (Invitrogen). cDNA was
synthesized from the purified RNA using iScript ¢cDNA Synthesis Kit (Bio-
Rad). gPCR was performed using a SYBR Green Supermix PCR kit (Bio-Rad).
PCR primers used are listed in Dataset S1.

Fluorescence Microscopy. MEF cells stably expressing GFP-cGAS were treated
with etoposide or irradiation followed by immunostaining with an antibody
against dsDNA or y-H2AX according to published protocols (24). Briefly, cells
were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton
X-100 for 15 min at room temperature. After blocking with 6% BSA in PBS,
cells were stained with a primary antibody against dsDNA (Santa Cruz Bio-
technology, HYB331-01) or phosphohistone H2AX (y-H2AX, Ser-139; Cell
Signaling Technology, 9718), 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.

For live cell imaging, GFP-cGAS MEFs were grown on a four-chambered cover
glass (Lab-Tek 1, 155382) at a density of 40,000 cells per chamber (~50%
confluency) in 5% CO, and 20% O, at 37 °C, and the green fluorescence was
captured every 5 min with a Nikon A1R confocal microscope for 20 h.

EdU Labeling of Proliferating Cells. MEFs were labeled with EdU (10 pM) using
the Click -iT EdU Alexa Fluor 647 Imaging Kit (Thermo Fisher Scientific, C10340).
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Briefly, after overnight incubation with EdU, cells were fixed for 10 min in 3.7%
paraformaldehyde in PBS, permeabilized with 0.5% Triton X-100 in PBS for
20 min at room temperature. After blocking with 3% BSA in PBS, the cells were
incubated for 30 min at room temperature with Click-iT reaction mixtures. After
washing with PBS, nuclei were labeled by staining with DAPI and images were
captured using a Zeiss LMS700 confocal microscope.

Kaplan—-Meier Analysis of Lung Cancer Patients. Kaplan—-Meier curves were
generated using publicly available microarray datasets of human lung ade-
nocarcinoma and squamous cell carcinoma patients (54) (kmplot.com/anal-
ysis). Patients were divided according to the expression values of target
genes, with expression values in the top one-third (~33%) range grouped as
high expressers and those in the bottom one-third range grouped as low
expressers. The Affymetrix IDs for cGAS is 1559051, STING (also named
TMEM173) is 224929, RIG-I (also known as DDX58) is 242961, MDAS is
216020, MAVS is 220305, and MyD88 is 209124.
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