1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell. Author manuscript; available in PMC 2020 July 11.

-, HHS Public Access
«

Published in final edited form as:
Cell. 2019 July 11; 178(2): 302-315.e23. doi:10.1016/j.cell.2019.05.035.

The cytoplasmic DNA sensor cGAS promotes mitotic cell death

Christian Zierhut!", Norihiro Yamaguchi?, Maria Paredes?, Ji-Dung Luo3, Thomas CarrolI3,
Hironori Funabikil:4”*

1Laboratory of Chromosome and Cell Biology, The Rockefeller University, New York, NY 10065,
USA.

2Laboratory of Systems Cancer Biology, The Rockefeller University, New York, NY 10065, USA.
3Bioinformatics Resource Center, The Rockefeller University, New York, NY 10065, USA.

4Lead Contact

SUMMARY

Pathogenic and other cytoplasmic DNAs activate the cGAS-STING pathway to induce
inflammation via transcriptional activation by IRF3 and NF«xB, but the functional consequences of
exposing cGAS to chromosomes upon mitotic nuclear envelope breakdown are unknown. Here we
show that nucleosomes competitively inhibit DNA-dependent cGAS activation, and that the
cGAS-STING pathway is not effectively activated during normal mitosis. However, during mitotic
arrest, low level cGAS-dependent IRF3 phosphorylation slowly accumulates without triggering
inflammation. Phosphorylated IRF3, independently of its DNA-binding domain, stimulates
apoptosis through alleviating Bcl-xL-dependent suppression of mitochondrial outer membrane
permeabilization. We propose that slow accumulation of phosphorylated IRF3, normally not
sufficient for inducing inflammation, can trigger transcription-independent induction of apoptosis
upon mitotic aberrations. Accordingly, expression of cGAS and IRF3 in cancer cells makes mouse
xenograft tumors responsive to the anti-mitotic agent taxol. TCGA data for non-small cell lung
cancer patients also suggest an effect of cGAS expression on taxane response.
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In Brief

Activation of the cytoplasmic DNA sensor cGAS is inhibited by nucleosomes during normal
mitosis but during prolonged mitotic arrest, cGAS functions to promote cell death via slowly-
accumulating phosphorylation of IRF3.

INTRODUCTION

Chromosomal DNA is sequestered from the cytoplasm by the nuclear envelope during
interphase, but in mitosis, the nuclear envelope breaks down, and chromosomes promote
spindle assembly (Zierhut and Funabiki, 2015). As spindle assembly and functional nuclear
formation depend on nucleosomes, we speculated that this nucleosome-dependency ensured
that assembly of these structures is limited to self-chromosomes, discriminating them from
foreign pathogenic DNA (Zierhut and Funabiki, 2015; Zierhut et al., 2014). Unlike
fertilization, when nucleosome-free sperm DNA is rapidly chromatinized in egg cytoplasm,
in somatic cells invading pathogenic DNA is sensed by pattern-recognition receptors such as
CGAS (Chen et al., 2016; Sun et al., 2013) (Figure 1). Upon binding to DNA, cGAS is
activated to synthesize a cyclic GMP-AMP dinucleotide, cGAMP (Ablasser et al., 2013;
Chenetal., 2016; Gao et al., 2013a; Sun et al., 2013; Wu et al., 2013). cGAMP recognition
by STING (Chen et al., 2016; Ishikawa and Barber, 2008; Wu et al., 2013) triggers
activation of the transcription factors IRF3 and NFxB (Chen et al., 2016; Sun et al., 2013;
Wau et al., 2013), which induce inflammation through genes such as the type | interferon
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IFNB (Chen et al., 2016). The cGAS pathway can also promote apoptosis by transcriptional
activation of apoptotic regulators, as well as by a transcription-independent role of IRF3
(Chattopadhyay et al., 2010; Gaidt et al., 2017; Gulen et al., 2017; Heylbroeck et al., 2000;
Nakhaei et al., 2012; Petrasek et al., 2013; Tang et al., 2016).

How does chromosomal DNA normally insulate itself from cGAS? While the nuclear
envelope may limit access of cGAS to chromosomes in interphase, CGAS can be recruited to
chromosomes during mitosis (Gentili et al., 2019; Harding et al., 2017; Yang et al., 2017).
Given the stability of cGAMP (Eaglesham et al., 2019), unless cGAS is silenced during
mitosis, it could trigger inflammatory transcription upon mitotic exit. Similarly, in
interphase, cases have been reported, where cGAS can reside in the nucleus, but cGAS
activation is attenuated (Gentili et al., 2019). The mechanism underlying this attenuation is
not understood.

Taxane drugs, such as taxol (paclitaxel), which stabilize microtubules and interfere with
mitosis, are commonly used in cancer chemotherapy. However, how microtubule
stabilization is transferred into anti-cancer effects has remained elusive (Mitchison et al.,
2017; Mitchison, 2012; Weaver, 2014). When proliferating tissue culture cells are treated
with taxol, they are arrested in mitosis by the spindle assembly checkpoint (London and
Biggins, 2014). These cells eventually become committed to one of the two fates; exiting
mitosis with failed chromosome segregation (“slippage™), or apoptotic cell death while
arrested in mitosis (Gascoigne and Taylor, 2008; Topham and Taylor, 2013; Yang et al.,
2009). This fate decision is made stochastically, and the probability of these choices differs
widely amongst cell lines (Gascoigne and Taylor, 2008). Two competing mechanisms
determine the timing of slippage and apoptosis. Slippage timing is affected by checkpoint
strength, sustaining cyclin B above threshold levels (Collin et al., 2013). Apoptosis timing is
determined by the rate at which “death signals” accumulate until threshold levels (Gascoigne
and Taylor, 2008; Topham and Taylor, 2013). Apoptosis during mitotic arrest is executed by
mitochondrial outer membrane permeabilization (MOMP) and subsequent caspase activation
in a p53 independent manner (Blagosklonny, 2007; Topham and Taylor, 2013; Topham et al.,
2015). Whichever mechanism reaches its threshold earlier manifests itself. However, the
mechanisms that define the kinetics of death signal accumulation and threshold are poorly
understood.

Here, we reveal that nucleosomes have a higher affinity for cGAS than naked DNA, but
suppress DNA-dependent stimulation of cGAS activity. Accordingly, chromosomes are
refractory to the innate immune system during normal mitotic progression. However, when
cells arrest in mitosis, cGAS-dependent IRF3 phosphorylation slowly accumulates, and
triggers intrinsic apoptosis through releasing Bcl-xL-dependent suppression of MOMP by a
transcription-independent mechanism. Mouse xenograft experiments, as well as data from
The Cancer Genome Atlas (TCGA), indicate a role for cGAS in the tumor response to
taxane treatment.
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RESULTS

Nucleosomes competitively suppress DNA-induced cGAS activation

Although it has been reported that chromatin can interact with cGAS (Mackenzie et al.,
2017), the functional implication was unclear. We found that cGAS binds nucleosome arrays
much better than naked DNA /n vitro (Figure. 1B), and that even in physiological M-phase
Xenopus egg extracts, did nucleosomes bind cGAS (Figure S1A). Quantitative gel-shift
analysis using purified components further demonstrated that recombinant cGAS (Figure
S1B) has ~2-fold higher affinity for mononucleosomes than for naked DNA (Figures 1C and
S1C). Mutating DNA binding residues (Civril et al., 2013) greatly reduced affinity for naked
DNA (KRKK mutant, Figure 1D), but only modestly for nucleosomes (Figure 1E),
suggesting that mechanisms of cGAS binding to naked DNA and to nucleosomes are
distinct. Indeed, cGAS bound the purified H2A-H2B heterodimer (Figure 1F), but mutating
the acidic patch of H2A-H2B, which is frequently targeted by nucleosome binding proteins,
to either alanine or lysine/arginine abrogated the interaction (ap*A and ap*KR Figure 1F).

In agreement with a recent report (Mackenzie et al., 2017), nucleosomes were able to
stimulate cGAMP synthesis by cGAS, but when compared to DNA-bound cGAS,
nucleosome-bound cGAS showed a ~3-fold reduction in the apparent catalysis rate (Kcat,
Figures 1G, 1H, S1D). When increasing amounts of nucleosomes were added to a constant
amount of naked DNA and cGAS, nucleosomes competitively suppressed the capacity of
naked DNA to activate cGAS (Figure 11). These results suggest that, on chromosomes,
nucleosomes could interfere with cGAS activation by nucleosome-free regions.

CcGAS-dependent IRF3 phosphorylation slowly accumulates during mitotic arrest

Consistent with the interaction between cGAS and nucleosomes, cGAS is recruited to
mitotic chromosomes (Gentili et al., 2019; Harding et al., 2017; Yang et al., 2017). Live
imaging of GFP-tagged cGAS (GFP-cGAS) in HeL a cells showed that cGAS associates
with chromosomes immediately after nuclear envelope breakdown (Figures S1E and S1F,
Movie S1), and this localization was not affected by mutations in the cGAS DNA binding
domain (Fig. S1G). Immunofluorescence of endogenous cGAS confirmed its localization to
mitotic chromosomes in HeL a cells, and in telomerase-immortalized human BJ hTERT
fibroblasts (Figures S1H-J).

To determine if chromosome-bound cGAS could activate downstream signaling during
mitosis, we monitored IRF3 phosphorylation at Ser396, a widely used indicator of cGAS
activation (Chen et al., 2016). We initially found little evidence for phosphorylation on the
endogenous protein in HeLa cells, where STING function is compromised by
papillomavirus E7 protein (Lau et al., 2015), but when detection sensitivity was increased by
overexpressing GFP-tagged IRF3, a slow cGAS-dependent increase in phospho-Ser396 was
revealed during mitotic arrest induced with taxol and nocodazole (Figures 2A, B and S2A),
in a manner dependent on the IRF3 kinase TBK1(Chen et al., 2016) (Figure 2B). Mitotic,
cGAS-dependent, phosphorylation was also observed on endogenous IRF3 at Ser396 after
enrichment by immunoprecipitation, as well as Ser386 (Schoggins et al., 2014) (Figure 2C,
D and S2B). Association of cGAS with mitotic chromosomes, and mitotic IRF3
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phosphorylation was also observed in untransformed human embryonic stem cells (Figures
S2C and S2D).

In BJ hTERT, which maintains an intact cGAS-STING pathway (Ablasser et al., 2013;
Konno et al., 2013), levels of mitotic IRF3 phosphorylation, albeit detectable, appear to be
highly suppressed compared to the level achieved by DNA transfection of asynchronous
cells (Figures S2E and S2F). Other known consequences of cGAS signaling, such as IxBa
degradation and phosphorylation of c-Jun kinase (JNK) can also be stimulated during
mitotic arrest, but only slowly (Figures S2G-S2J) (Abe and Barber, 2014).

Recently, mitotic defects were indirectly linked to cGAS activation in the following
interphase (Dou et al., 2017; Glick et al., 2017; Harding et al., 2017; Mackenzie et al., 2017,
Yang et al., 2017). Micronuclei generated from aberrant mitosis can activate cGAS due to
their compromised nuclear envelopes. However, in our experiments, cells were treated with
high taxol concentrations (500 nM), and additionally with proTAME, an inhibitor of the
anaphase promoting complex (Zeng et al., 2010), resulting in tight cell cycle arrest that
prevented slippage and micronuclei formation (see below, Figure 4D). Therefore, the
observed cGAS-dependent IRF3 phosphorylation did not arise from micronuclei, but was
specific to mitotic cells. Overall, we conclude that the cGAS pathway, despite chromosomal
enrichment of cGAS during mitosis, requires long periods of time for activation.

CcGAS affects cell fate during mitotic arrest

cGAS binding to chromosomes may not have any consequences during normal mitosis,
which usually completes within 30 min, whereas cGAS signaling occurs over multiple hours
(Sun et al., 2013) (Figures 2A and 2C). Indeed, cGAS depletion affected neither viability nor
duration of unperturbed mitosis (Figures 2E and 2F). However, when cells are arrested in
mitosis, even low cGAS activity may have functional consequences. Because cGAS protein
levels vary drastically between cell lines (Figure 3A), and because cGAS and its downstream
effectors STING and IRF3 had been suggested to promote cell death (Chattopadhyay et al.,
2010; Gaidt et al., 2017; Nakhaei et al., 2012; Petrasek et al., 2013), we tested whether
cGAS affects the decision between slippage and death. By tracking individual mitotic cells
by live imaging (Gascoigne and Taylor, 2008; Wheelock et al., 2017), we monitored death
rates as well as mitotic lifespans of individual cells.

Since breast cancer is frequently treated with taxanes (Jordan and Wilson, 2004), we first
analyzed seven breast cancer cell lines (Figure 3A), four of which expressed cGAS, and
three of which did not. Three of the four cGAS-expressing cell lines (HCC1143, MDA-
MB-231, BT549) showed stimulation of IRF3 phosphorylation during mitotic arrest (Figures
S3A-D), while the fourth cGAS-expressing cell line, MDA-MB-157, had comparable basal
IRF3 phosphorylation in an asynchronous population. When exposed to 10 nM taxol, similar
to the estimated concentration within tumors during clinical treatment (Mitchison, 2012;
Weaver, 2014), the three cGAS-negative cell lines did not die during mitotic arrest, rather
slipping into interphase eventually. In contrast, three out of four cGAS-positive cell lines
were prone to die in mitosis (Figures 3B and S3E). In the fourth cGAS-positive cell line,
MDA-MB-231, mitotic cell death appears to be prevented by faster slippage (Figure S3E).
When taxol was increased to 500 nM, arrest times were generally extended in cGAS
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negative cell lines and in MDA-MB-231, increasing the chance to undergo mitotic cell
death. However, cells of the cGAS-negative cell lines CAL51 and T47D were still more
likely to undergo slippage, which generally occurred later than death (Figures 3C and S3F).
Therefore, the reduced tendency of mitotic cell death in cGAS-negative cell lines is not
caused by faster slippage. No difference in mitotic viability was observed in the absence of
taxol (Figure 3D). siRNA-mediated depletion of cGAS reduced mitotic mortality by ~50%
in the three most sensitive cell lines (Figures 3E and S3G), with cGAS knockdown generally
resulting in an extension of mitotic lifespan (Figure S3H). cGAS knockdown in MDA-
MB-231 reduced mitotic cell death following treatment with high taxol concentrations
(Figures 3F, S3I and S3J). Another cGAS expressing cell line, HBL-100, also showed high
mitotic mortality in taxol in a manner partially dependent on cGAS (Figures S3K-S3N).
Altogether, the expression of cGAS correlates with susceptibility to die during taxol-induced
mitotic arrest in a number of cell lines.

CGAS activity promotes cell death during mitotic arrest

To characterize the mechanism by which cGAS promotes mitotic cell death in detail, we
focused on two cell lines, HeLa Flp-In T-Rex (referred to as “HelLa” hereafter) (Gassmann et
al., 2010; Tighe et al., 2008), which were used to inducibly express siRNA-resistant, wild
type or mutant GFP-cGAS, and BJ-hTERT fibroblasts. Similar to our observations in breast
cancer cells, cGAS knockdown reduced mitotic cell death in HeLa cells treated with 10 nM
taxol (Figures 4A and 4B). This effect was not due to accelerated slippage, since cGAS
depletion extended mitotic lifespan (Figure 4C).

To verify if cGAS depletion delayed cell death, we blocked slippage using 500 nM taxol and
proTAME (Figure S4A). Depleting cGAS in HeLa cells (Figures 4A, 4D, 4E, S4B, Movie
S1), or BJ-hTERT cells (Figures 4A, 4F and 4G) extended mitotic lifespan. cGAS depletion
also extended lifespan in another HeLa line, which had an overall longer lifespan than HeLa
Flp-In T-REx (Figure S4B). cGAS depletion also delayed death during mitotic arrest by
nocodazole (Figures S4C-S4E), and by proTAME alone (Figures S4F-S41). In contrast,
ARPE-19 hTERT retinal pigment epithelium cells, which express very little cGAS (Figure
4A), tolerated mitotic arrest extremely well, and cGAS siRNA treatment did not have any
impact on mitotic lifespan (Figure 4H).

Multiple lines of evidence indicate that cGAS siRNA extends mitotic lifespan due to
reduced cGAS activity. First, the phenotype can be reversed by expressing siRNA resistant
wild type cGAS (GFP-cGAS,,:), but not by two catalytic mutants, GFP-cGAS;: (E225A
D227A) mutated in the catalytic pocket, or GFP-cGASpna (K407E K411A) in which DNA
binding does not induce catalysis (Civril et al., 2013) (Figures 41 and S4J). Second, control
SiRNA by itself did not affect timing of death (Figure S4K). Third, CRISPR-Cas9 mediated
disruption of cGAS with two different short guide RNAs caused phenotypes identical to
cGAS knockdown (Figures 4J and S4L). cGAS does not appear to be a general death
accelerator, as its depletion did not affect timing of death after UV irradiation (Figures S4M
and S4N). Altogether, these results indicate that cGAS promotes death during mitotic arrest.
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CGAS promotes apoptosis by suppressing Bcl-xL-dependent inhibition of MOMP

Muitotic cell death was always accompanied by caspase-3/7 activation (Figures S5A-S5C),
indicating that cGAS acts by accelerating apoptosis. Consistently, the caspase inhibitor
ZVAD delayed mitotic cell death (Figures S5D), and increased the surviving fraction of cells
(Figure S5E), whereas the necroptosis inhibitor Nec-1s (Takahashi et al., 2012) had no such
effect (Figure S5E). A crucial step in apoptosis is MOMP, mediated by the Bax protein
family (Figure S5A). This releases SMAC and cytochrome C from mitochondria, and
activates the effector caspases, caspase-3 and caspase-7 (Figure S5A). cGAS depletion
delayed Bax activation (Figures 5A-C) and release of SMAC and cytochrome C (Figures
5D-5F and S5F-S5K), suggesting that cGAS promotes apoptosis by regulating MOMP.

Two members of the anti-apoptotic Bcl2 family, Bcl-xL and Mcl1, are the major inhibitors
of MOMP during mitosis (Figure S5A) (Shi et al., 2011; Topham et al., 2015), and Mcl1
was suggested to be the timer for mitotic death because it is degraded during mitotic arrest
(Harley et al., 2010; Sloss et al., 2016; Topham and Taylor, 2013). However, Mcl1 started
degrading hours before death, independently of cGAS (Figures S5L-S5N). In contrast, BcL-
XL was more stable, and cGAS depletion mildly increased BcL-xL levels in mitotic HeLa
cells (Figures S5L and S5N). In BJ hTERT, Bcl-xL gradually decreased during mitotic arrest
in a manner dependent on cGAS (Figures S5M and S5N).

To determine if cGAS operates on the Mcl1 or Bcl-xL branch, we used inhibitors to these
proteins (S63845 and ABT-263, respectively). Either inhibitor accelerated the timing of
death in HelLa cells, and simultaneous treatment with both inhibitors immediately triggered
apoptosis before mitotic entry (Figure S50), confirming that Mcl1 and Bcl-xL represent the
major mechanisms to suppress apoptosis in this cell line. In contrast, a specific inhibitor of
Bcl-2, ABT-199 (Souers et al., 2013), had no effect on mitotic cell death (Figure S5P).
While depletion of cGAS delayed the timing of mitotic death in cells treated with the Mcl1
inhibitor, it did not do so for cells treated with the Bcl-xL inhibitor (Figure S50), suggesting
that cGAS operates upstream of Bcl-xL, but independently of Mcl1. Altogether, the simplest
explanation is that the cGAS pathway directly or indirectly overcomes the Bcl-xL-dependent
suppression of Bax activation and MOMP.

The cGAS-cGAMP-STING-IRF3 axis promotes mitotic cell death independently of
transcription induction

As the cGAS-STING-IRF3 pathway could promote death through regulating apoptotic
protein expression by p53-dependent and p53-independent mechanisms (Goubau et al.,
2009; Gulen et al., 2017; Knowlton et al., 2012; Lallemand et al., 2007), steady-state cCGAS
signaling could promote mitotic death either by changing gene expression directly, or
through IFNB-stimulated JAK-STAT signaling (Wang et al., 2017). However, an involvement
of p53 is unlikely since mitotic cell death is independent of p53 (Blagosklonny, 2007), and
cGAS promotes mitotic cell death in cell lines with defective p53 (HeLa, HCC1143, MDA-
MB-157, MDA-MB-231, BT549, Figures 3B-3F and 4B-4D). Furthermore, cGAS depletion
did not cause substantial changes in levels of any apoptotic protein tested (Figure 6A) or of
an interferon-stimulated gene, IRF1 (Figure 6B). Treating BJ hTERT cells with neutralizing
antibodies to the IFNAR2 subunit of the IFNB receptor (Wu et al., 2018) abrogated the
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capacity of IFN to induce IRF1 (Figure 6B) but did not affect mitotic lifespan (Figure 6C),
and neither did treatment with a pan JAK inhibitor, pyridone 6 (Thompson et al., 2002)
(Figure S6A). Thus, cGAS regulates mitotic cell death independently of IFNB production.

Our earlier data had indicated that cGAMP synthesis by cGAS is important for limiting
mitotic lifespan (Figure 4l). If cGAS promotes death through cGAMP, cGAMP addition
may substitute for cGAS and reduce mitotic lifespan. Although cGAMP membrane
transversal is inefficient (Gao et al., 2013b; Konno et al., 2013; Wu et al., 2013), simple
addition to the medium of cells having entered mitotic arrest partially rescued the timing of
cell death in both HeLa and BJ-hTERT cells depleted for cGAS (Figures 6D and 6E),
supporting a direct role of cGAS during mitotic arrest, not in the preceding interphase.
cGAMP addition could not induce IRF3 phosphorylation in ARPE-19 hTERT cells (Figure
S6B), and accordingly, cGAMP addition or cGAS overexpression had only modest, if any,
effects on mitotic cell death of ARPE-19 hTERT cells (Figures S6C-6E), indicating that
cGAMP treatment does not induce death by nonspecific cytotoxicity. Altogether, these
observations suggest that cGAMP signaling promotes mitotic cell death directly in mitosis.

The major known consequence of cGAS activation and cGAMP production is stimulation of
transcription factors, such as IRF3. Although transcription is generally shut off in mitosis
(Prescott and Bender, 1962), low level mitotic transcription may occur (Palozola et al.,
2017). However, expression of the IRF3 targets IFNB1, CXCL10 and IRF1 (Chen et al.,
2016), was not induced during mitosis in BJ-hTERT, whilst DNA transfection in
asynchronous cells stimulated their transcription in a manner dependent on cGAS (Figures
6F, S6F and S6G). Furthermore, the transcription inhibitor triptolide (Bensaude, 2011) did
not extend mitotic lifespan (Figures 6G and 6H), as recently reported (Novais-Cruz et al.,
2018). Altogether, these data indicate that cGAS activation in mitosis does not induce an
IRF3-dependent transcription response.

IRF3 was reported to induce apoptosis independently of transcription during RNA-virus
induced apoptosis (known as RIPA) by directly activating the proapoptotic protein Bax, and
inhibiting the anti-apoptotic protein XIAP (Chattopadhyay et al., 2010; Nakhaei et al., 2012;
Petrasek et al., 2013). Indeed, disruption of either STING or IRF3 extended mitotic lifespan
similarly to cGAS depletion (Figures S6H and S61), and these effects could be reversed by
wild type STING or IRF3 (Figures 61-6K; S6J and S6K). To further characterize the role of
IRF3, we generated cells expressing mutant versions of IRF3 (Figure 6J). An IRF3 construct
incapable of transcriptional induction due to lack of the DNA-binding domain (ADBD)
(Chattopadhyay et al., 2010) rescued the extended lifespan of IRF3 disruption (Figures 6L
and S6L), supporting the transcription-independent mechanism of apoptosis. In contrast to
RIPA, which depends on key ubiquitylation sites on IRF3 whilst being independent of IRF3
phosphorylation (Chattopadhyay et al., 2016), mutation of the RIPA ubiquitylation sites only
partially compromised mitotic apoptosis (Figures S6M and S6N), whereas S396 of IRF3,
which is phosphorylated during mitotic arrest in a manner-dependent on cGAS (Figures 2A,
2C and S2A), was required for timely mitotic cell death (Figures 6M and S60).
Accordingly, disruption of the IRF3 S396 kinase TBK1 also extended mitotic lifespan
(Figures S6P and S6Q). Altogether, we conclude that induction of cGAS-dependent

Cell. Author manuscript; available in PMC 2020 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zierhut et al. Page 9

phosphorylation of IRF3 during mitotic arrest promotes apoptosis independently of
transcription induction by IRF3.

CGAS promotes the taxol response in a mouse xenograft cancer model

To assess if the cGAS pathway within tumors could affect taxol chemotherapy, we
performed a mouse xenograft experiment (Figure S7A). Control or cGAS-disrupted HelLa
cells (Figure 4J) were injected subcutaneously into immunocompromised NSG mice (Shultz
et al., 2005). Once tumors had become palpable, taxol or DMSO was administered weekly.
Immunofluorescence of surgically resected tumors confirmed that cGAS was exclusively
present in the cytoplasm of interphase wild type cells, but enriched on chromosomes during
mitosis (Figure S7B). Taxol delayed the growth of wild type tumors, but not that of cGAS-
depleted tumors (Figures 7A, 7B, S7C). Furthermore, wild type tumors treated with taxol,
but not control-treated tumors or cGAS-disrupted tumors, showed large areas of apoptosis
(Figures 7C-7F and S7D).

To determine if cGAS worked through IRF3 in the xenograft model, we repeated these
experiments with IRF3-disrupted cells and their derivatives expressing doxycycline-
inducible wild type GFP-IRF3 or GFP-IRF3_ADBD (Figure 4K and 4L). Taxol treatment
again delayed the growth of wild type tumors (Figure STEi), but not IRF3-disrupted tumors
(Figure S7Eii). Tumors of the wild type GFP-IRF3 and ADBD rescue lines mimicked the
IRF3 disrupted parental cell line in the absence of doxycycline (Figure S7Eiv and S7Evi),
but doxycycline-induced-expression of wild type GFP-IRF3 rescued the taxol response
(Figure S7Eiii). Similarly, re-expression of GFP-IRF3_ADBD allowed taxol to delay tumor
growth (Figure S7Ev), suggesting that cGAS signaling to IRF3 can mediate the response to
taxol independently of IRF3-dependent transcription, a finding that is also in agreement with
the suppression of the cGAS pathway in interphase HelLa cells (Lau et al., 2015). However,
the taxol response by GFP-IRF3_ADBD required a longer time to manifest itself (Figure
STEv), suggesting that some transcription-dependent mechanisms may perhaps also be
involved.

Effect of cGAS expression on survival of taxane-treated lung and ovarian cancer patients

Finally, we investigated a possible correlation between the cGAS pathway and the response
to taxane chemotherapy in human non-small cell lung and ovarian cancer patients using data
recorded within TCGA (Cancer Genome Atlas Network, 2012). Patients were stratified
according to RNA levels of cGAS within their tumors, as well as according to whether or
not they were treated with taxanes (Tables S1 and S2). Taxane-treated non-small cell lung
cancer patients whose tumors expressed high levels of cGAS displayed prolonged survival
when compared to patients with low-expressing tumors (Figure 7G). In contrast, for patients
who received other types of therapy but were never treated with taxanes, expression levels of
cGAS did not show any apparent correlation with survival (Figure 7G). For ovarian cancer
patients, the scarcity of taxane-free patients made it difficult to assess the correlation
between cGAS and taxane efficacy, but a similar trend of cGAS expression and prolonged
survival was also observed among patients treated with taxanes (Figure 7H). These
observations are consistent with the idea that cGAS is important for taxane therapy in lung,
and perhaps ovarian cancer patients. We note, however, that this analysis is complicated by
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the fact that taxanes are not given as a monotherapy, but in combination with other
chemotherapeutic agents (Tables S1 and S2). Furthermore, cGAS expression may in part
reflect and/or cause immune cell infiltration into tumors, although the effects would still be
specific for patients that were treated with taxanes. Despite these caveats, our data altogether
suggest that the cGAS pathway contributes to the effect of taxane chemotherapy.

DISCUSSION

Our findings suggest that the organization of genomic DNA into nucleosomes prevents
spikes in cGAS signaling during normal mitosis when cGAS is localized to chromosomes.
This mechanism may also explain why cGAS activation upon enrichment on micronuclei is
not as potent as activation with other stimuli such as viral DNA or transfected DNA
(Harding et al., 2017; Mackenzie et al., 2017; Spektor et al., 2017). Since DNA length and
bending are important for cGAS activation (Andreeva et al., 2017), it is possible that
nucleosomes interfere with formation of such DNA structures. However, its higher affinity
for nucleosomes than for naked DNA, and interaction with H2A-H2B suggest that cGAS
interacts with nucleosomes in a configuration where it cannot readily be activated.
Nucleosomes suppress cGAS lacking its disordered N-terminus, demonstrating that the
suppression can act independently of its regulation via liquid phase condensation (Du and
Chen, 2018), although nucleosome binding may also affect phase separation. Overall, our
data are consistent with the idea that nucleosomes act as a hallmark of self-DNA
distinguishing it from pathogenic DNA (Zierhut and Funabiki, 2015; Zierhut et al., 2014).

As phosphorylated IRF3 slowly accumulates during mitotic arrest, and all tested
manipulations that block IRF3 phosphorylation delayed mitotic cell death, we suggest that
phosphorylated IRF3 acts as a death signal during mitotic arrest. Mitotic IRF3
phosphorylation levels are much lower than what can be achieved through cytoplasmic DNA
in interphase, but can still affect the fate decision between death and slippage. Although the
detailed mechanism remains unclear, phosphorylated IRF3 appears to promote apoptosis
through suppressing Bcl-xL in a manner independent of its transcriptional capacity. We
propose that the cGAS pathway operates in two distinct modules depending on the
transcriptional competence and apoptotic potential of the cell (Figure 71): inflammatory
signaling in transcriptionally competent interphase cells that have low apoptotic potential,
and induction of apoptosis in transcriptionally attenuated mitotic cells that have high
apoptotic potential.

Gradual accumulation of phosphorylated IRF3 may be due to the slow buildup of cGAMP
synthesized by chromosomal cGAS, since nucleosomes do not completely inhibit cGAS.
Additionally, although cGAS operates upstream of MOMP and caspase induced DNA
damage, it is possible that pre-apoptotic mitotic stresses such as mitophagy and DNA
damage contribute to cGAS activation (Doménech et al., 2015; Orth et al., 2012; Orthwein
etal., 2014). As cGAS-depletion delayed, but not blocked, initiation of apoptosis, other
mechanisms exist to influence the timing of mitotic cell death, such as degradation of Mcl-1
(Harley et al., 2010; Sloss et al., 2016), Cdk1-dependent caspase phosphorylation (Allan and
Clarke, 2007; Andersen et al., 2009), mitophagy (Doménech et al., 2015), and
transcriptional control of apoptotic regulators in the preceding interphase (Engel et al., 2016;
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Topham et al., 2015; Topham and Taylor, 2013). Mitotic duration before apoptosis can be
affected by the cGAS pathway and any of these other partially redundant mechanisms.

Our xenograft experiments indicate that cGAS and IRF3 are important for suppression of
tumor growth by taxol, although it remains unclear if this is directly mediated through
mitotic cell death. The cGAS pathway is also expected to become activated in slipped cells
due to the generation of micronuclei, and, within tumors, may mediate inflammation,
senescence-like gene expression patterns, and metastasis (Bakhoum et al., 2018; Barber,
2015; Harding et al., 2017; Mackenzie et al., 2017; Mitchison et al., 2017). Both apoptotic
cells and senescent cells can modulate the cancer microenvironment, in ways that may be
detrimental or beneficial for the patient (Ichim and Tait, 2016; Sieben et al., 2018), and thus
it will be important to understand how cGAS activation in tumors affects the immune
system. Regardless of the exact mechanism, our analysis of TCGA data suggests that cGAS/
STING/IRF3 expression within tumors contributes to the response to taxanes in lung and
ovarian cancer patients. Since taxane treatment is regularly combined with other therapies,
future studies specifically designed to assess the taxane response are needed to determine
potential benefits of using the cGAS pathway as a predictive biomarker or as a combinatory
therapeutic target for taxane-based treatment. As certain types of DNA damage may lead to
mitotic arrest and mitotic cell death (Garner et al., 2013), cGAS may also influence the
response to other types of chemotherapy. Further investigation of cGAS function in the
response to mitotic defects will contribute to our understanding of tumor development and
chemotherapy response.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Hironori Funabiki (funabih@rockefeller.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells—The identity of all cell lines was validated using polymorphic short tandem repeat
loci (Memorial Sloan Kettering Cancer Center). Note that the identity of cell line HBL-100,
despite its high risk of contamination was correctly verified. We used it as a further example
of a cGAS-expressing cell line (in addition to the seven others that we used), and any
potential issues about its origin are irrelevant for this purpose. Mycoplasma contamination
was monitored by fluorescence microscopy or PCR (Universal Mycoplasma Detection Kit,
ATCC). HelLa FIp-In T-Rex cells stably expressing H2B-RFP (referred to as HeLa cells
throughout this manuscript, a gift of A. Desai and R. Gassmann) (Gassmann et al., 2010),
HelLa CCL-2 cells (a gift from I. Nakagawa), BT474, BT549, HBL-100, CAL51, MDA-
MB-157, MDA-MB-231 and T47D cells (gifts of K. Birsoy) were grown in DMEM (Gibco
11995065) supplemented with 10% tet-tested FBS (Atlanta Biologicals) and penicillin-
streptomycin (100 u/ml, Gibco). HCC1143 cells (a gift of K. Birsay) were grown in RPMI
1640 medium (Life Technologies SH30027FS) supplemented with 10% tet-tested FBS
(Atlanta Biologicals) and penicillin-streptomycin (100 u/ml, Gibco). BJ hTERT cells (a gift
of T. de Lange) were grown in DMEM (Gibco 11995065) supplemented with 10% tet-tested
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FBS (Atlanta Biologicals), penicillin-streptomycin (100 u/ml, Gibco) and 10% medium 199
(Sigma M4530). ARPE-19 hTERT cells (a gift of T. de Lange) were grown in DMEM-F12
(Life Technologies 10565-018) supplemented with 10% tet-tested FBS (Atlanta Biologicals)
and penicillin-streptomycin (100 u/ml, Gibco). RUES2 human embryonic stem cells XX
female; US National Institutes of Health, human ESC registry no. 0013) were, as previously
described (Yoney et al., 2018), grown in HUESM medium conditioned by mouse embryonic
fibroblasts and containing 20 ng/ml bFGF. hES cell usage is covered by protocol
#2019-03-004, approved by the Tri-Institutional Stem Cell Initiative Embryonic Stem Cell
Research Oversight Committee.

HelL a Cell lines expressing GFP-tagged versions of cGAS, IRF3 and STING were generated
using plasmid pcDNAS5/FRT/TO as a backbone following instructions based on the Flp-In
system (Invitrogen). ARPE-19 hTERT cell lines expressing GFP-tagged versions of cGAS
were generated using the piggyBac transposon system. cGAS,; represents the E225A
D225A double mutant, cGASpna represents the K407E K411A double mutant, and the
cGAS KKKR mutant is the K407E K411A K173E R176E quadruple mutant. Plasmid
construction details are available on request.

SiRNA knockdowns were performed using the reverse transfection procedure. Briefly,
SiRNA was mixed with media without FBS (Opti-MEM, Life Technologies # 51985-034)
and Lipofectamine RNAIMAX (Invitrogen # 13778075) at an siRNA concentration of 120
nM (10 nM final concentration once cells and media were added). Lipofectamine
RNAIMAX was added at 1.2 pl/ml of final volume. The mixture was incubated for 15 min,
and cells were then added in media without antibiotics. Media was changed the next day.
CGAS siRNA (# L-015607-02, ON-TARGET plus SMARTpool) was obtained from
Dharmacon. Non-targeting control siRNA (# D-001810-01, ON-TARGET plus) was
obtained from Dharmacon.

For synchronous release into mitotic arrest, cells were pre-synchronized in S phase for 18 h
with 2.5 mM thymidine. Cells were then washed twice in PBS and once in media, and cells
were then released from the S phase arrest for 2 h in media without drugs. RO3306 (9 UM
final) was then added to capture cells in G2. After 8-10 h, cells were washed twice with
PBS, once with media containing 500 nM taxol before further incubation in media
containing 500 nM taxol and 10 uM proTAME. Alternatively, 1.7 uM nocodazole was used
instead of taxol. If BJ hTERT, or ARPE-19 hTERT cells were prepared for time-lapse
microscopy, SiR-DNA (125 nM final concentration) was added to the media 2 h before
release from G2 arrest, and to the final media containing taxol and proTAME to allow for
visualization of DNA. Similarly, Sir-DNA was added to the media of breast cancer cells 2 h
before addition of taxol and the start of time-lapse imaging. For induction of GFP-cGAS,
GFP-IRF3 or GFP-STING, doxycycline was added to a final concentration of 100 ng/ml ~24
h before release from G2 arrest. To visualize Caspase 3/7 activity, IncuCyte Caspase-3/7
Reagent (Essen Bioscience # 4440) was added to the media at 1:2000 dilution.

If cells were prepared for time-lapse imaging, cells were subjected to siRNA knockdown at
the same time as they were plated at ~30% confluence onto glass bottom culture dishes
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(MatTek P35GC-1.5-14-C). Cells were grown over night before addition of thymidine. To
limit phototoxicity, the final imaging media did not contain phenol red.

Xenopus laevis frogs—To prepare egg extracts, eggs were collected from the female
African frog Xenopus laevis. Mature female frogs larger than 9 cm were purchased from
NASCO, and housed in the dedicated water tanks with temperature controlled at 16-20 °C at
the Rockefeller University Comparative Bioscience Center (CBC). Prior to ovulation, small
numbers of frogs were transferred at the certified satellite facility with the temperature
control in the Funabiki lab. The procedure is covered by IACUC protocol # 17051.

Mice—We used 7 weeks old male NOD-scid IL2Rg"U!1 (NSG) mice (Jackson Laboratory)
to avoid variability caused by estrous cycles in females, and to eliminate immune responses
that could affect tumor growth in a complex manner. Animals were monitored twice a day
for 48 h, and daily for the first 5 days following tumor cell inoculation or primary tumor
resection for signs of bleeding or distress (distress was defined as problems with any of the
following functions: ambulation, eating, drinking, defecation, urination, or breathing). No
mice displayed these symptoms. Similarly, mice were monitored for problems in
ambulation, eating, drinking, defecation, urination, or breathing, but these symptoms did not
appear. The procedure is covered by IACUC protocol #18038-H.

METHOD DETAILS

Antibodies—Bad was detected with #9239 from Cell Signaling Technology (1:250
dilution for Western blotting); Bak was detected with #12105 from Cell Signaling
Technology (1:250 dilution for Western blotting); active Bax was detected with antibody
6A7 (Thermo Fisher; 5 pg/ml for immunofluorescence); Bax was detected with antibody
50599-2-lg (Proteintech, 1:1000 dilution for Western blotting); Bcl-xL was detected with
#2764 from Cell Signaling Technology (1:250 dilution for Western blotting); Bim was
detected with #2819 from Cell Signaling Technology (1:250 dilution for Western blotting);
c-1AP1 was detected with #7065 (Cell Signaling Technology, 1:500 for Western blotting);
Casp-2 was detected with ab179520 (abcam, 1:1000 for Western blotting); Casp-7 was
detected with ab201959 (abcam, 1:500 for Western blotting); Casp-9 was detected with
ab202068 (abcam, 1:1000 for Western blotting); cGAS was detected with #15102 from Cell
Signaling Technology (1:500 dilution for Western blot, 1:400 dilution for
immunofluorescence); cleaved casp-3 was detected with # 9661 from Cell Signaling
Technology (1:500 for immunofluorescence); cytochrome C was detected with ab110325
(abcam; 1:250 dilution for immunofluorescence); anti-IFNAR2 antibody was obtained from
EMD Millipore (MAB1155); IxBa was detected with #9242 (Cell Signaling Technology,
1:500 for Western blotting); IRF1 was detected with #8478 (Cell Signaling Technology,
1:500 for Western blotting); IRF3 (S396ph) was detected with #4947 from Cell Signaling
Technology (1:500 dilution for Western blotting); IRF3 (S386ph) was detected with ab76493
(abcam; 1:1000 dilution for Western blotting); IRF3 (total) was detected with ab68481
(abcam; 1:1000 dilution for Western blotting) or 11312-1-AP (Proteintech; 1:1000 dilution
for Western blotting. This antibody was used for the ADBD construct, as the abcam antibody
does not recognize it); IRF3 was immunoprecipitated with 11312-1-AP (Proteintech); Mcll
was detected with #4572 from Cell Signaling Technology (1:500 dilution for Western
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Blotting); mouse 1gG2a isotype control antibody was obtained from Sigma-Aldrich
(M5409); INK2 was detected with #9258 (Cell Signaling Technology, 1:500 for Western
blotting); phospho-SAPK/IJNK (T183/Y185) was detected with #4668 (Cell Signaling
Technology, 1:500 dilution for Western blotting); phospho-CDK substrate motif was
detected with #9477 (Cell Signaling Technology, 1:500 dilution for Western blotting);
PUMA was detected with #12450 from Cell Signaling Technology (1:250 for Western
blotting); RNA pol 11 CTD S2ph was detected with ab5095 (abcam, 1:500 for
immunofluorescence); SMAC/DIABLO was detected with #15108 (Cell Signaling
Technology, 1:200 dilution for immunofluorescence); STING was detected with D2P2F
(#13647) from Cell Signaling Technology (1:500 dilution for Western blotting); TBK1 was
detected with ah40676 (abcam, 1:1000 for Western blotting); a tubulin was detected with
T9026 from Sigma (1:20000 dilution for Western blotting); XIAP was detected with #2045
(Cell Signaling Technology, 1:500 for Western blotting). For Western blotting, IRDye
800CW and 680LT secondary antibodies were used at 50 ng/ml and detected on an Odyssey
infrared imaging system (LI-COR). For immunofluorescence microscopy, Alexa-488,
Alexa-555 and Cy5 coupled secondary antibodies were used (Jackson ImmunoResearch).

DNA transfections to induce cGAS signaling—Cells were grown close to confluence
on 6 cm dishes. Media was removed from cells and replaced with 2.4 ml of media
containing no antibiotics. To generate the transfection mix, 7.5 ug of pAS696 (Guse et al.,
2011) were combined with 0.3 ml Opti-MEM (Life Technologies # 51985-034). Separately,
25 pl Lipofectamine 2000 (Life Technologies, # 11668) were mixed with 0.3 ml Opti-MEM.
Both mixtures were incubated at room temperature for 5 min, combined and incubated at
room temperature for 20 min before being added to the cell dish. Cells were harvested after
2h.

CRISPR-Cas9 mediated gene disruptions.—Sequences encoding short guide RNAs
(sgRNAs) were cloned into pX330 (Cong et al., 2013), and transfected into cells. Cells were
grown for five days, and then plated for single colonies. Multiple candidate clones were
picked and tested for gene disruption by western blot. SQRNA sequences were as follows:
CGAS sg#l: CTGCCCCCAAGGCTTCCGCA,; cGAS sg#2:
GGCGCCCCTGGCATTCCGTG; IRF3 sg#l: GGTTGCGTTTAGCAGAGGAC; IRF3 sg#2:
ACCTCTCCGGACACCAATGG; STING sg#l: GCTGGGACTGCTGTTAAACG; STING
sg#2: GCAAGCATCCAAGTGAAGGG; TBK1 sg#l: CATAAGCTTCCTTCGTCCAG;
TBK1 sg#2: ACAGTGTATAAACTCCCACA.

Western blots.—All cells harvested during mitotic arrest were collected using mitotic
shake-off. Other cells were removed from dishes by trypsin treatment (Life Technologies #
25300-054), washed in PBS and resuspended in 2x sample buffer (125 mM Tris-Cl [pH 6.8
at 22 °C]J; 2% SDS; 0.7 M 2-mercaptoethanol) and boiled for 5 min. Samples were then
subjected to water bath sonication, spun down, and sample buffer containing glycerol and
bromophenol blue were added to result in a final concentration of 6.25% glycerol and 25
ug/ml bromophenol blue. Samples were again boiled and subjected to gel electrophoresis
and western blotting. Alternatively, samples were lysed in lysis buffer (150 nM NaCl; 3 mM
MgCly; 0.5 % Triton X-100; 1 mM EGTA; 1 mM DTT; 50 mM Na-Hepes [pH 7.5 at 4 °C];

Cell. Author manuscript; available in PMC 2020 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zierhut et al.

Page 15

1 x phosphatase inhibitor cocktail 3 [Sigma Aldrich P0044]; 1x complete protease inhibitor
cocktail [Roche 11873580001]; 10 pug/ml LPC [leupeptin, pepstatin, chymostatin) by
rotation at 4 °C for 20 min. Samples were spun at 4 °C for 10 min (16.000 g) and diluted in
3 X sample buffer (see above).

For checking siRNA efficiency, cells treated identically to the cells that were used for
microscopy were harvested just before release into taxol.

Recombinant proteins.—Nucleosomes were prepared from pre-formed H2A-H2B
dimers and H3-H4 tetramers. Our previously published methods were used for histone
purification (Zierhut et al., 2014). Briefly, histones H2A, H2B, H3 and H4 were individually
expressed in £. coli under conditions in which they formed inclusion bodies. Histones were
then individually purified under denaturing conditions (6 M Guanidine HCI; 500 mM NacCl,;
50 mM Tris-Cl [pH 8 at 22 °C]; 5 mM 2-mercaptoethanol; 7.5 mM imidazole), refolded into
H2A-H2B dimers or H3-H4 tetramers by dialysis into 20 mM MOPS; 500 mM NacCl; 2%
glycerol; 1 mM EDTA; 5 mM 2-mercaptoethanol; pH 7 at 22°C, and purified using size-
exclusion chromatography.

cGAS was purified using a modified version of published procedures (Gao et al., 2013a).
Similar to previous work (Ablasser et al., 2013; Gao et al., 2013a; Kranzusch et al., 2013),
we generated cGAS lacking its N terminal (amino acids 1-150) unstructured tail. This
truncation had previously been shown to be catalytically active (Ablasser et al., 2013; Gao et
al., 2013a; Kranzusch et al., 2013), and to fully substitute for full-length cGAS in interferon
induction in response to cytoplasmic DNA (Sun et al., 2013). The DNA-binding KRKK
mutant carried K173E R176E K407E K411A. We expressed these proteins in E. coli with an
N-terminal MBP tag and a C-terminal 10xHis tag, with the tags separated from the rest of
the protein with TEV protease recognition sites. £. coli Rosetta 2 (DE3 pLysS) cells
containing cGAS expression plasmids were grown in 1.5 x TBG-M9 medium (15 g/l
tryptone; 7.5 g/l yeast extract; 5 g/l NaCl; 0.15 g/l MgSOy; 1.5 g/l NH4CI; 3 g/l KHoPOy; 6
g/l Na,HPOy; 0.4 % glucose) until an ODggq of ~0.9, and protein expression was induced at
18 °C with 0.6 mM IPTG for 20 h. Cells were then lysed by sonication in wash/lysis buffer
(50 mM Tris-Cl [pH 7.5 at 4 °C]; 0.3 M NaCl; 10 mM 2-mercaptoethanol) supplemented
with 1 mM PMSF; 0.25 mg/ml lysozyme; 10 ug/ml leupeptin; 10 pug/ml pepstatin; 10 pg/mi
chymostatin. The fusion protein was enriched on amylose resin (NEB), and eluted by
treatment with TEV protease. To remove TEV protease (which itself was His-tagged), the
eluate was also run over a Ni-NTA column (Qiagen). Proteins were further purified on a
HiTrap heparin column (GE Healthcare) on an AKTA FPLC system (GE Healthcare) using a
salt gradient for elution that was established with wash/lysis buffer as low salt buffer and
wash/lysis buffer containing 1 M NaCl as high salt buffer. Peak fractions were subjected to a
final purification step by size-exclusion chromatography using a Superdex 200 10/300 GL
column (GE Healthcare) on an AKTA FPLC system (GE Healthcare) in 20 mM Tris-Cl [pH
7.5at 4 °C]; 0.3 M NaCl; 1 mM DTT. Peak fractions were combined, concentrated, and
stored at —20 °C in the same buffer containing 48% glycerol.

Preparation of nucleosome arrays and mononucleosomes for binding assays
—DNA substrates used for nucleosome arrays and for their naked DNA counterparts were
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generated as described previously (Guse et al., 2011; Zierhut et al., 2014). Briefly, plasmid
pAS696 containing 19 tandem copies of the “601” nucleosome-positioning sequence
(Lowary and Widom, 1998) was digested with Haell, Dral, EcoRI and Xbal to remove the
601 array and to digest the vector backbone into smaller pieces. The array was then
separated from the vector backbone fragments using PEG precipitation. To facilitate
coupling to streptavidin beads, ends were filled in with Klenow fragment (NEB) in the
presence of dCTP, biotin-14-dATP (Invitrogen), thio-dTTP and thio-dGTP (both
ChemCyte). This resulted in biotinylation of both ends of the linear array. Arrays were
separated from unincorporated nucleotides using Sephadex G-50 Nick columns (GE
Healthcare).

To generate the DNA used for mononucleosomes or single copies of the naked 601
sequence, pAS696 was digested with Aval (which cuts in between 601 monomers), and the
fragment was separated from the vector backbone using PEG precipitation.

Nucleosomes were assembled on these substrates using salt dialysis following published
procedures (Guse et al., 2011; Zierhut et al., 2014). 50 ul reactions were prepared containing
10 ug of DNA, and histones H2A-H2B and H3-H4 at empirically determined
concentrations that varied slightly with each batch (but usually in slight excess over DNA), 2
M NaCl and 1x TE. Mixtures were moved to dialysis buttons (Hampton Research),
submerged in 500 ml high salt buffer (10 mM Tris-Cl [pH 7 at 22 °C]; 1 mM EDTA; 2 M
NaCl; 5 mM 2-mercaptoethanol; 0.01 % Triton X-100) and salt was reduced through
dialysis over an exponential gradient established by pumping in 2 | of low salt buffer 1 (as
high salt buffer but 50 mM NaCl) whilst removing excess buffer from the original 500 ml
over 1-3 days at 4 °C. Nucleosomes were then dialyzed into low salt buffer 2 (10 mM Tris-
Cl [pH 7 at 22 °C]; 0.25 mM EDTA,; 100 mM NaCl; 1 mM TCEP). Mononucleosomes that
were used for cGAMP synthesis assays were further dialyzed into 20 mM Tris (pH 7.5 at

22 °C), 150 mM NaCl, 1 mM DTT, 10 mM MgCl,. The quality of nucleosome formation on
arrays was assessed by digestion with Aval (which cuts in between 601 monomers on the
array) followed by native gel electrophoresis in 5% polyacrylamide using 0.5x TBE as
running buffer, as described previously (Guse et al., 2011). Quality of mononucleosome
formation was determined by native gel electrophoresis without prior digestion.

Generation of beads coupled to naked DNA or nucleosome arrays—For both
nucleosome beads and naked DNA beads, nucleosomes were initially coupled to Dynabeads
M280 Streptavidin (Invitrogen). Nucleosomes containing a total amount of 330 ng of DNA
were coupled to 2 pl beads in 75 pl of buffer containing 2.5 % polyvinylalcohol, 150 mM
NaCl, 50 mM Tris-Cl (pH8 at 22 °C), 0.25 mM EDTA, 0.05 % Triton X-100. Coupling was
carried out under agitation at room temperature for 2 h. Beads were then washed four times
in low salt wash buffer 150 mM NaCl, 50 mM Tris-Cl (pH8 at 22 °C), 0.25 mM EDTA,
0.05 % Triton X-100. For naked DNA beads, nucleosomes were subsequently stripped by
incubation under agitation at 20 °C in 2 M NaCl, 50 mM Tris-Cl (pH8 at 22 °C), 0.25 mM
EDTA, 0.05 % Triton X-100 for 10 min. Beads were then washed four times in the same
buffer, and once in low salt wash buffer.
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Cell-free Xenopus egg extracts—Cytostatic factor (CSF) M phase arrested X. /aevis
egg extracts were prepared as previously described (Murray, 1991). Histones H3 and H4
were depleted using antibodies recognizing acetylated lysine 12 on histone H4 using our
previously described method (Zierhut et al., 2014). The protocol for work with X /aevis was
approved by The Rockefeller University Institutional Animal Care and Use Committee.

Nucleosome/naked DNA bead binding assays—For bead pull downs in the absence
of egg extract, nucleosome beads, chromatin beads and uncoupled beads were washed twice
in binding buffer (20 mM Hepes pH 7.7; 200 mM NacCl; 0.05 % Triton X-100; 0.5 mM
TCEP pH 7.5). 35S labeled full-length cGAS was generated with the TnT Coupled
Reticulocyte Lysate System (Promega) according to the manufacturer’s instructions. TnT
reactions were diluted 1:10 in binding buffer supplemented with BSA to a final
concentration of 0.25 pg/ul, and beads were incubated in 20 pl of this mixture at 20 °C for
45 min under agitation. Beads were then washed in binding buffer, bound proteins were
eluted with SDS sample buffer, and analyzed by gel electrophoresis followed by staining
with coomassie brilliant blue and fluorography. In parallel, DNA was extracted from another
set of beads subjected to an identical procedure to determine whether nucleosome beads and
DNA beads contained equal amounts of DNA. To this end, beads were incubated in 500 pl
Stop solution 2 (20 mM Tris pH 8.0 at 22 °C; 20 mM EDTA,; 0.5% SDS; 1 mg/ml Proteinase
K [Roche]) at 37 °C for 45 min. DNA was then extracted using phenol/chloroform,
precipitated with ethanol/NaOAc in the presence of glycogen, and run on an agarose gel.
Bands were visualized using SYBR-safe (Invitrogen), and quantified using ImageJ (v. 2.0.0-
rc-43/1.51K).

For bead pull downs from egg extract, nucleosome beads, chromatin beads and uncoupled
beads were washed twice with CSF-XB (100 mM KCI; 1 mM MgCly; 50 mM sucrose; 5
mM EGTA; 10 mM Hepes pH 8), and then mixed with 20 ul egg extract containing 3°S
labeled full-length cGAS generated as above (1:10 dilution of TnT reaction in egg extract).
Cycloheximide (Sigma) was added to a final concentration of 100 pg/ml to prevent labeling
of other proteins within the extract. The mixture was then incubated at 16 °C under rotation
for 45 min, diluted 10 fold in CSF-XB, and beads were recovered. Beads were washed 3
times in CSF-XB containing 0.05% Triton X-100. Bound proteins were eluted with SDS
sample buffer and analyzed by gel electrophoresis. The gel was stained with coomassie
brilliant blue and cGAS was detected with fluorography. Control beads to determine loading
amounts were prepared as above with the following exceptions: Mixtures were diluted 10
fold in CSF-XB, beads were recovered, resuspended in 250ul Stop buffer 1 (20 mM Tris pH
8.0 at 22 °C; 20 mM EDTA; 0.5% SDS; 50 pg/ml RNase A [Qiagen]) and incubated at

37 °C for 25 min. 250 pl of Stop buffer 2 was then added and beads were incubated at 37 °C
for another 25 min. DNA was extracted with phenol/chloroform, precipitated with ethanol/
NaOAc, dissolved in 1x TE containing 50 ug/ml RNase A, and incubated at 37 °C for 20
min before being analyzed as above.

In-solution nucleosome/naked DNA binding assays—Binding reactions contained

mononucleosomes or 601 monomers at 20 nM and recombinant cGAS at the concentrations
indicated in Fig. 2C in a total of 20 pl of low salt buffer 2 (10 mM Tris-Cl [pH 7 at 22 °C];
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0.25 mM EDTA,; 100 mM NaCl; 1 mM TCEP). Reactions were allowed to proceed for 1 h at
room temperature. Products were separated by native polyacrylamide gel electrophoresis
(5% polyacrylamide in 0.5x TBE). Gels were stained with SYBR-Safe to visualize DNA,
and disappearance of the band corresponding to naked DNA or nucleosomes was quantified
using Imagel. Binding affinity was determined with GraphPad Prism (v. 5.0a) using non-
linear regression analysis assuming specific one site binding.

CGAMP synthesis assays—CcGAMP synthesis assays were performed in 20 mM Tris
(pH 7.5 at 22 °C), 150 mM NaCl, 1 mM DTT, 10 mM MgCl,. Reactions were performed
under saturation conditions and contained 1 pM cGAS and 230 nM mononucleosomes or
monomer of naked 601 sequence. cGAS was first pre-incubated with naked DNA or
mononucleosomes at room temperature for 30 min. ATP and GTP were then added to a final
concentration of 1 mM each to start the reaction. At the same time, GTP labeled at the alpha
position with 33P was also added to a final concentration of 33 nM. Reactions (10 pl total
volume) were incubated at 37 °C and 1.5 pl samples were taken at the indicated time points.
Unreacted nucleotides were digested with 4 u alkaline phosphatase (calf intestinal
phosphatase, NEB) at 37 °C for 30min, and products were separated via thin-layer
chromatography using PEI cellulose F coated sheets (EMD Millipore # 1055790001) with
1.2 M KH,POy4 (pH 3.8) as running buffer. Plates were dried at 65 °C, analyzed by
fluorometry, and images were quantified using ImageJ. Initial reaction velocities were
determined using linear regression analysis of the 10 min, 20 min and 30 min time points.
We confirmed that under our conditions, all cGAS molecules were saturated with
nucleosomes or DNA by titration experiments. Thus, the values obtained for our initial
reaction velocities represent maximum reaction velocities (Vmax). Vmax values were used
to determine Kcat values.

Histone H2A-B and H3-H4 binding assays—Assays were performed similar to
previously published methods (Fujita et al., 2015). His-tagged H2A-B dimers and H3-H4
tetramers (50 nM each) were mixed with 50 nM recombinant cGAS and 5 pl of Dynabeads
Talon (Invitrogen) in 200 ul of binding buffer (20 mM Tris-Cl [pH 8 at 4 °C]; 0.2M NacCl,;
60 mM imidazole; 0.3% Tween-20; 0.01 pg/ul BSA) and incubated under agitation at 4 °C.
Beads were washed three times in wash buffer (as binding buffer, but containing only 30
mM imidazole and not containing BSA), and bound proteins were eluted with SDS sample
buffer, and analyzed by gel electrophoresis followed by staining with coomassie brilliant
blue. H2A-B_ap*A mutants were H2A E56A E61A E64A D90A E91A E92A; H2B E113A,;
H2A-B_ap*KR mutants were (H2A E56K E61K E64K D90R E91R E92K; H2B E113K.

IRF3 immunoprecipitation—For each time point of immunoprecipitations, cells were
removed from a 10 cm dish, washed once in PBS and lysed with 400 ul of lysis buffer (150
mM NaCl; 0.5% NP-40; 50 mM Tris-Cl [pH 7.5 at 4 °C]; 3 mM EDTA; 3 mM EGTA,; 1 x
phosphatase inhibitor cocktail 3 [Sigma Aldrich PO044]; 1x complete protease inhibitor
cocktail [Roche 11873580001]; 10 pug/ml LPC [leupeptin, pepstatin, chymostatin] by
incubation with rotation at 4 °C for 10 min. The lysate was sonicated in a bioruptor water
bath (10 min at 4 °C, with repeated cycles of 1 min on at medium setting, with 30 sec
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breaks). The lysate was then spun for 5 min at 16000 g, 4 °C, snap-frozen in liquid nitrogen,
and stored at —80 °C until use.

Western blotting was first used to compare IRF3 concentrations between samples and to
adjust input amounts. For each sample of the experiment from Figure 2C, 11 pg of anti-IRF3
antibody (55 ul of 11312-1-AP, Proteintech) was coupled to 55 l of protein A Dynabeads
(Invitrogen) in wash/coupling buffer (0.1M Na-Hepes [pH 8.0 at 22 °C], 150 mM NacCl) by
incubation with rotation at 4 °C over night. Beads were washed three times in wash/coupling
buffer, moved to a new tube and bound antibody was crosslinked to the beads by 30 min
incubation with rotation at room temperature in 4 mM BS3 (P121585, Fisher Scientific). The
reaction was then quenched with two 15 min incubations in wash/coupling buffer
supplemented with 0.1 M Tris-Cl [pH 8 at 22 °C]. Beads were washed three times in wash/
coupling buffer, moved to a new tube and washed two more times in lysis buffer. Beads were
then mixed with 200 pl lysate, and incubated for 1 h under rotation at 4 °C. Beads were
washed once with lysis buffer, moved to a new tube with a second wash, and bound proteins
were eluted by incubation for 5 min at room temperature in 20 pl sample buffer (250 mM
Tris-Cl [pH 6.8 at 22 °C]; 4% SDS; 1.4 M 2-mercaptoethanol; 13% glycerol; 50 pg/ml
bromophenol blue; 0.1 M NaCl). Samples were boiled and analyzed by gel electrophoresis/
western blotting.

Immunofluorescence microscopy—~For visualizing cGAS, cells were grown on
coverslips coated in poly-D-lysine (Sigma P1024, coverslips were coated by incubation for
~30 min in a 1 mg/ml solution). Coverslips were washed once in PBS, and subsequently
cells were fixed with paraformaldehyde (Electron Microscopy Services # RT 157-8; 2% in
PBS) by incubation for 20 min. Coverslips were washed three times in PBS and cells were
then permeabilized for 5 min by incubation with PBS containing 0.2% Triton X-100 (Bio-
Rad). Following three washes in PBS, coverslips were blocked in PBS-T (PBS plus 0.1%
Tween-20 (Bio-Rad)) containing 5% BSA (Sigma A7906). Antibody incubations (1 h each)
were performed in the same solution. Coverslips were washed five times in PBS-T after each
antibody incubation and subsequently mounted in Vectashield with DAPI (Vector
Laboratories; H-1200).

To visualize activated Bax, cytochrome C and SMAC/DIABLO, cells were collected and
washed once in PBS. Cells were then fixed for 10 min at room temperature in 1 x PBS; 3.7%
formaldehyde, 0.2% Triton X-100. Fixed cells were washed once in PBS, resuspended in
TBS (150 mM NaCl; 150 mM Tris-Cl [pH 7.5 at 22 °C]), and spun onto coverslips using a
StatSpin CytoFuge 2 (1000 rpm, 4 min). Cover slips were stained as described above.

For tumor immunofluorescence, see description in detailed section “Tumor
Immunofluorescence” below.

In all cases except tumor samples, microscopy was performed using a Delta Vision Spectris
setup (Applied Precision) consisting of an Olympus 1X71 wide-field inverted fluorescence
microscope, and a Photometrics CoolSnap HQ camera (Roper Scientific). Images were
captured at 0.2 um Z steps, processed by iterative constrained deconvolution using
SoftWoRx (Applied Precision), and analyzed in ImageJ (v. 2.0.0-rc-43/1.51k). Sum
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projections are shown throughout the figures, except where noted. For tumor samples,
images were acquired using the same setup but single images were taken.

Time-lapse microscopy—L.ive cell imaging was performed in an LCV110U VivaView
FL incubator microscope (Olympus) at 37 °C in 5% CO,. The setup also consisted of an X-
Cite-exacte illumination source (Excelitas Technologies) and an Orca-R2 CCD camera
(Hamatsu). Images were acquired with a 20 x objective every 15 min for 48-72 h, in some
cases with multiple Z steps (~2 UM step sizes; ImageJ was used to generate projections
when Z slices were taken). Individual cells were manually tracked using the CellCognition
software(Held et al., 2010) (v 1.5.2). Timing of death or slippage into interphase were
determined morphologically (slippage was defined by cell flattening, and initiation of death
was defined by the characteristic morphological changes reminiscing of blebbing and cell
explosion).

UV-viability assays—Cells were seeded onto 6-well plates at ~20% confluence and
allowed to attach for ~10 h. Cells were then washed twice in PBS and irradiated using an
XL-1000 Spectrolinker UV crosslinker (Spectronics Corporation). Media was added and
cells were grown under standard conditions. At the indicated time points, the supernatant
(enriched for dead cells) was transferred to a tube and the dish was washed once in PBS,
with the wash also moved to the same tube. The remaining cells were trypsinized and also
moved to the same tube. Cells were spun down, resuspended in 200 ul PBS and mixed with
50 pl 0.4% Trypan blue. The fraction of dead cells was then determined using cell counting.

cDNA preparation and quantitative PCR—cDNA was prepared as follows. ~ 3 x 108
cells were harvested and resuspended in 1 ml TRIzol (Life Technologies, # 15596018). This
mixture was frozen at =80 °C until use. For RNA extraction, 0.2 ml chloroform were added
after thawing, and samples were thoroughly mixed. Samples were allowed to stand at room
temperature for 2 min before centrifugation for 18 min (10.000 g; 4 °C). The aqueous phase
was removed and mixed with an equal volume of ethanol. After mixing, samples were
loaded onto RNeasy columns (Qiagen), washed once with buffer RW1 and twice with buffer
RPE. Samples were eluted using 50 pl of nuclease-free water. ~ 300 ng RNA of each sample
were used to generate cDNA using the Transcriptor First Strand cDNA Synthesis kit (Roche,
#04 379 012 001) according to the manufacturer’s instructions (both Anchored-oligo (dT)1g
as well as random hexamer primers were used).

2 ul of each cDNA reaction were used for quantitative PCR with the LightCycler 480 SYBR
Green | Master mix (Roche, # 04 707 516 001), carried out on an iCycler (Bio-Rad)
equipped with the 1Q 5 detection system. CXCL 10 primer sequences were
AGGAACCTCCAGTCTCAGCA and ATTTTGCTCCCCTCTGGTTT; interferon beta
(/FNBI) primer sequences were AGGACAGGATGAACTTTGAC and
TGATAGACATTAGCCAGGAG; /RFI1 primer sequences were
ATGCCCATCACTCGGATGC and CCCTGCTTTGTATCGGCCTG. Readings were
normalized to GAPDH using primers AATCCCATCACCATCTTCCA and
TGGACTCCACGACGTACTCA. The following temperature program was used: 5 min

95 °C; 50 x (10 sec 95 °C; 20 sec 52 °C; 20 sec 72 °C).
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IFNAR-neutralization and JAK inhibition experiments—For the analysis of the
addition of IFNP receptor (IFNAR) neutralizing antibodies on mitotic cell death, anti
IFNAR2 antibody or mouse 1gG2a control antibody was added to a final concentration of 10
ug/ml at the same time as cells were shifted to medium containing thymidine. All
subsequently used media contained the same concentrations of these respective antibodies.
As control for the effective inhibition of the interferon receptor, cells were pre-treated with
10 ug/ml anti-IFNAR2 antibody or IgG2a control antibodies for 24 h and subsequently,
IFNB was added to 0.1 ng/ml. Cells were harvested after 4 h and processed for Western
blotting.

For the JAK inhibition experiment (Figure S6A), 100 nM pyridone 6 (Thompson et al.,
2002) was added to the media at the same time as thymidine was added. All subsequent
media changes included pyridone 6.

Primary tumor assays in mouse xenografts—Cells (wild type HeLa Flp-In T-Rex,
sg_CGAS #1 (Figure 4J), sg_IRF3 #2 (Figure S6l) or the rescue lines expressing GFP-IRF3
(clone 1, Figure 6K) or GFP-IRF3-ADBD (clone 2, Figure 6L), respectively) were
subcutaneously injected (1x10~6 cells in 0.1ml) into each of the flanks of mice anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg) prior to the procedure. For the
experiment from Figure 7, four mice were used for each cohort (wild type + DMSO; wild
type + taxol; sg_cGAS + DMSO; sg_cGAS + taxol), resulting in a total of ~8 tumors for
each cohort. For the experiment in Figure S7E, four mice were used for each cohort. All
mice were fed with Purina Rodent Chow #5001 (Research Diet, Inc). The doxycycline
treated cohort were fed with the same but containing 625 mg doxycycline per kg of chow
starting 48 hours prior to the tumor cell injection (65 mg to 85 mg/kg mouse body weight/
day). Littermates were randomly assigned to each cohort. Tumor growth was monitored with
a digital caliper every week. The last measurement was performed one week after
administration of the last drug dose. Treatment was started once tumors reached the
threshold size of 50 mm3. Tumors were removed 48 h after administration of the last dose of
taxol/DMSO for Western blotting, and 48 h after administration of the second dose of taxol/
DMSO for immunofluorescence.

Tumor preparations for Western blotting and immunofluorescence—For
Western blotting, tumors were surgically removed, separated from dead and non-cancerous
tissue, and cut into a cell slurry. The slurry was treated with collagenase IV (Worthington,
L. S004188) and subsequently, cells were pelleted by centrifugation. The cell pellet was
resuspended in ACK buffer (Lonza, 10-548E), and cells were separated on a 40%/22%
stepwise OptiPrep gradient (Sigma, D1556). Viable tumor cells from the top of the gradient
were diluted in 80 ml of D10F media, and pelleted. The cell suspension was then passed
twice through a 100 um cell strainer (Falcon, 352350), and once through a 70 um cell
strainer (Falcon, 352360). Cells were pelleted again, and tumor cells were separated from
mouse cells using the Mouse Cell Depletion Kit from Miltenyi Biotec (#130-104-694)
according to the manufacturer’s instructions (cells were separated with LS columns in the
final step, Miltenyi Biotec #130-042-401).

Cell. Author manuscript; available in PMC 2020 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zierhut et al.

Page 22

For immunofluorescence, tumors were surgically removed and fixed in 4%
paraformaldehyde over night. Tumors were washed twice in PBS and incubated in 70%
ethanol over night. Samples were subsequently embedded in paraffin and 10 pm slices were
cut onto glass slides with a microtome (Histoserv, Inc.).

Tumor immunofluorescence—~Paraffin was removed from samples by 1 min incubation
in xylenes. Samples were stepwise rehydrated by 1 min incubations in 1:1 mixture of
xylenes/ethanol, followed by 100% ethanol, 90% ethanol, 70% ethanol, 50 % ethanol in
water. Slides were then incubated in PBS, moved to 10 mM Na-citrate (pH 6) and antigens
were recovered by boiling in a microwave for 3 min followed by a wash step in PBS.

Samples were blocked in naive serum (Vector Laboratories) over night at 4 °C, and
incubated over night in primary antibody. Samples were washed three times in PBS and
incubated for one hour in secondary antibody. Samples were washed three more times in
PBS and mounted in ProLong gold (Invitrogen) with DAPI. Microscopy was performed
using a Delta Vision Spectris setup (Applied Precision) consisting of an Olympus 1X71
wide-field inverted fluorescence microscope, and a Photometrics CoolSnap HQ camera
(Roper Scientific). Images were captured with a 10 x objective using SoftWoRx (Applied
Precision), and processed and analyzed in ImageJ (v. 2.0.0-rc-43/1.51k). Whole tumor
images were tiled using a 4 x objective and stitched using arivis Vision 4D (v. 3.0). To
determine how variable the apoptotic response was throughout a tumor, whole tumor images
were separated into individual regions of equal size and analyzed.

TCGA data analysis—Clinical data (gdac.broadinstitute.org/runs/stddata__2016_01_28/
data/LUSC/20160128/

gdac.broadinstitute.org_LUSC.Merge_Clinical.Level 1.2016012800.0.0.tar.gz and
gdac.broadinstitute.org/runs/stddata_ 2016 01 28/data/LUAD/20160128/
gdac.broadinstitute.org_LUAD.Merge_Clinical.Level 1.2016012800.0.0.tar.gz and
gdac.broadinstitute.org/runs/stddata_ 2016 01 28/data/OV/20160128/
gdac.broadinstitute.org_OV.Merge_Clinical.Level_1.2016012800.0.0.tar.gz) and RNA
expression data with normalized RSEM values (gdac.broadinstitute.org/runs/
stddata__2016_01_28/data/LUAD/20160128/
gdac.broadinstitute.org_LUAD.Merge_rnaseqv2__illuminahiseq_rnaseqv2__unc_edu__Lev
el 3 RSEM_genes_normalized__data.Level 3.2016012800.0.0.tar.gz and
gdac.broadinstitute.org/runs/stddata_ 2016 01 28/data/LUSC/20160128/
gdac.broadinstitute.org_LUSC.Merge_rnaseqv2__illuminahiseq_rnaseqv2__unc_edu__Leve
| 3 RSEM_genes normalized__data.Level 3.2016012800.0.0.tar.gz and
gdac.broadinstitute.org/runs/stddata_ 2016 01 28/data/OV/20160128/
gdac.broadinstitute.org_OV.Merge_rnaseqv2__illuminahiseq_rnaseqv2__unc_edu__Level 3
_ RSEM genes__data.Level 3.2016012800.0.0.tar.gz) of the non-small cell lung cancer
datasets (TCGA-LUAD and TCGA-LUSC) and the ovarian cancer dataset (TCGA-OV)
were retrieved from FireBrowse (http://firebrowse.org) (Berger et al., 2018; Cancer Genome
Atlas Network, 2012; Ciriello et al., 2015). 288 lung cancer patients and 343 ovarian cancer
patients had associated comprehensive follow-up records, RNA expression data and records
of clinical treatment. Of these, 107 lung cancer patients and 315 ovarian cancer patients
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were treated with taxane-based therapy, including paclitaxel, docetaxel and taxotere. The
other 181 lung cancer and 28 ovarian cancer patients did not receive taxane-based treatment,
but received other types of therapies. The curated clinical information is recorded in Table
S1 and Table S2.

CGAS expression levels were extracted and underwent z-score transformation by using the
following equation: Z-score = (normalized RSEM value — average of normalized RSEM
value in normal tissue) / standard deviation of normalized RSEM value in normal tissue.
Patients were stratified along the median. Kaplan-Meier survival curves were drawn with the
surminer R package (https://CRAN.R-project.org/package=survminer). Significance was
evaluated by using the log rank test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined with GraphPad Prism (v. 5.0a) using a built-in
unpaired t-test function (Figures 1H, 11, S2H, S2J, 4B, 4E, 4G; S6C; S7E; as determined by
F-test, no statistically significant differences in variances existed in any of these cases), a
built-in Mann-Whitney U'test function (Figures S3H, S3J, S3N, 4C, 4D, 4F, 4H-4J, S4A-
S4F, S4H, S5D, S50, S5P, 6C-6E, 6G, 61, 6K-6M, S6A, S6l, S6N, S6P, 7A, 7E), or the
Wilcoxon signed rank test (Figure 6A, comparison to a hypothetical distribution with a
median of 1). For patient data analysis (Figures 7G-7J), the significance was also evaluated
by using the Cox proportional hazards model (Cox, 1972) and adjusted for multiple testing
using the Bonferroni method. Other statistical parameters, such as error bar information, n
values and number of experiment repeats can be found in the figure captions. Note that for
the mouse experiments, n values are indicated in the methods section.

Since mitotic cell death is a stochastic event, data variations are inherit to each cell line and
unpredictable, and we therefore empirically determined the sample size that is sufficient to
provide statistically significant differences. No statistical tests were used to predetermine
sample sizes. No samples were excluded from any analyses. Investigators were not blinded
during experiments and analysis. No randomization methods were used to determine how
samples were allocated.

Patient data from TCGA—Please refer to Table S1 and Table S2 for detailed
information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights for CELL-D-18-03062
Nucleosomes suppress DNA-induced cGAMP synthesis by cGAS

During mitotic arrest, cGAS promotes a slow buildup of IRF3
phosphorylation

Phospho-IRF3 promotes mitotic apoptosis independently of transcription
induction

Xenograft experiments and patient data indicate a role for cGAS in taxol
chemotherapy
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Figure 1. Nucleosomes bind cGAS with higher affinity than does naked DNA but inhibit cGAS

catalytic activity.

(A) Schematics of cGAS signaling.
(B) Beads with or without naked DNA/nucleosomes were incubated with 3°S-labelled
CcGAS. Proteins and DNA associated with beads were detected by fluorometry and
Coomassie brilliant blue (CBB) (top), and SYBR-Safe (bottom).
(C) Gel mobility shift binding analysis with purified cGAS and naked DNA or
mononucleosomes. Means and SEM (n = 3). See Figure S1C for an example gel.

(D and E) Binding analysis of purified wild type cGAS or cGAS mutated in the DNA
binding domain (KRKK mutant) for naked DNA or mononucleosomes. Means and SEM (n

>3),

(F) His-tagged H2A-B or H3—-H4 were incubated with cGAS and Talon beads. Proteins
associated with beads were detected by CBB. H2A-B_ap*A, acidic patch to alanine mutant;
H2A-B_ap*KR, acidic patch to lysine/arginine mutant.
(G-I) Thin-layer chromatography analysis of cGAS activity (see also Figure S1D). (G)
Typical example using either naked DNA or nucleosomes as cGAS stimulator. (H) Apparent
Kcat of cGAS. Mean values and SEM (n=3). (1) Apparent Kcat of cGAS with naked DNA
and increasing concentrations of mononucleosomes. Mean values and SEM (n=3).

See also Figure S1.
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Figure 2. The cGAS pathway is inactive during normal mitosis but is activated late in mitotic
arrest

(A) Western blot analysis of IRF3 phosphorylation of the indicated HeLa cells, harvested
either in G2 or after the indicated times during mitotic arrest in 500 nM taxol, 10 pM
proTAME.

(B) Western blot analysis of GFP-IRF3 S396 phosphorylation in mitotic arrest using the
indicated cell lines (top). Bottom, verification of CRISPR-Cas9 disruptions.

(C) Western blot analysis of S396 phosphorylation of endogenous IRF3 immunoprecipitated
from G2 arrested HelLa cells, or from cells at the indicated time points during arrest in 500
nM taxol, 10 pM proTAME.

(D) Western blot analysis of IRF3 S386 phosphorylation in HeL a cells harvested either in
G2 or after the indicated times during arrest in 500 nM taxol, 10 uM proTAME.

(E) Fraction of cells (determined by live microscopy) of the indicated cell line and treatment
that die in an unperturbed mitosis (n=30-50 for each sample).

(F) Length of mitosis (nuclear envelope breakdown - anaphase) determined by 15 min-
interval time-lapse microscopy (n=30-50 for each sample). Red line: median.

siCNTRL, non-targeting control siRNA,; sicGAS, siRNA targeting cGAS.

See also Figure S2.
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Figure 3. cGAS expression correlates with taxol sensitivity in a panel of breast cancer cells
(A) Western blot analysis of cGAS and STING in the indicated cell lines. The vertical line

indicates removed irrelevant lanes.

(B-F) Time-lapse microscopy analysis of mitotic cell death in the indicated asynchronous
populations following the indicated treatments.

(B) Fraction mitotic cell death in 10 nM taxol (n=50 for each sample). Averages and range
are shown from two experiments.

(C) Fraction mitotic cell death in 500 nM taxol (n=45 for each sample). Data from two
(HCC1143, MDA-MB-157) or three experiments (all others, averages and range plotted).
(D) Mitotic cell death frequency of unperturbed mitosis (n=40 for each sample).

(E) Effect of cGAS knockdown on mitotic cell death (10 nM taxol) in HCC1143, MDA-
MB-157 and BT549 treated with the indicated siRNA (n=60 for each sample). Data from
two (HCC1143, MDA-MB-157, averages and range plotted) or one experiment (BT549).
(F) Effect of cGAS knockdown on mitotic cell death (500 nM taxol, n=60 for each sample)
in MDA-MB-231 treated with the indicated siRNA.

SiCNTRL, non-targeting control siRNA; sicGAS, siRNA targeting cGAS.

See also Figure S3.
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Figure 4. cGAS promotes cell death in mitosis
(A) Western blot analysis of cGAS levels. Dilution series from extracts made from siCNTRL

cells were used to assess CGAS depletion. The vertical line indicates removed irrelevant
lanes. (B-J) Time-lapse microscopy analysis of mitotic cell death. Cells were released from
G2 arrest into M phase with the indicated drugs, and duration of mitosis until death or
slippage was monitored. Red lines, median. SiCNTRL, non-targeting control siRNA;
SicGAS, siRNA targeting cGAS.

(B and C) Fraction of mitotic cell death of HeLa cells in 10 nM taxol. (B) Means and range
(error bars) from three experiments (n=60 each). (C) Timing of mitotic cell death and
slippage of individual cells (n=60 each).
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(D and E) Timing of cell death in HeLa cells released into 500 nM taxol 10 uM proTAME.
(D) Timing of death of individual cells (n=60). (E) Means and SD from six experiments
(dots are medians from each experiment).

(F and G) Timing of cell death in BJ hTERT released into 500 nM taxol 10 uM proTAME.
(F) Timing of death in individual cells (n=80). (G) Means and SD from six experiments
(dots are medians from each experiment).

(H) Timing of mitotic cell death and slippage of ARPE-19 hTERT cells (n=40 each) released
into 500 nM taxol 10 uM proTAME. One of two replicates shown.

(I) Complementation analysis in HeLa cells. Timing of mitotic cell death of individual HeLa
cells (n ~50 each) was analyzed. cGAS;, catalytic mutant. cGASdna, DNA binding-
induced catalytic activity mutant. See Figure S4J for Western blot of cGAS. One of two
replicates shown.

(J) Analysis of mitotic lifespan of individual cells of cGAS disruption mutants (n=60)
released into 500 nM taxol 10 uM proTAME. Cell lines generated with two different short
guide RNAs (sg #1 and sg #2), as well as clones from these that express wild type GFP-
cGAS were used. Untr., no siRNA treatment. See Figure S4L for Western blot of cGAS
levels.

See also Figure S4.
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Figure 5. cGAS promotes mitotic cell death by accelerating MOMP
(A—-C) Bax activation in the indicated cell lines released from G2 into 500 nM taxol 10 uM

proTAME. Cells were stained with the 6A7 antibody recognizing activated Bax. (A and B)
Quantifications of HelLa cells (A, mean and range from two experiments) and BJ hTERT
cells (B). (C) Representative images of HelLa cells at 14 h. Arrowheads, cells positive for
activated Bax.

(D-F) SMAC release from mitochondria in the indicated cell lines released from G2 into
500 nM taxol 10 pM proTAME. Cells were stained for SMAC. (D and E) Quantifications of
HeLa cells (D, mean and range from two experiments) and BJ hTERT cells (E). (F)
Representative images of Hel a cells at 14 h. Arrowheads, cells with delocalized SMAC.
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Note that delocalization manifests itself as weak signal intensity. See Figure S5J for SMAC
staining of untreated mitotic cells.

SiCNTRL, non-targeting control siRNA; sicGAS, siRNA targeting cGAS.

See also Figure S5.

Cell. Author manuscript; available in PMC 2020 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zierhut et al.

Page 37
A, B
|
[ Sy BJ hTERT
SE ns ns ¥ o
e &
E% 2 ° Cntr. _anti- ’SO% ol
28 _ - IgG IFNAR2 S 5§
o2 KDa =+ -+ -+ = 2 T ENg
2g1 I Y i 5 o] CEm e =~ RF
i'@ 66 [HEIN. . . . |CGAS
66 :
YW Q‘?_ FETO & Q/]\ E 45]---------]Tubulln
ST TS £ & 5
§ g TS FSS
Hela
Cc o F 0015
49 P SR . =
<] ° £ [ ==tom vt
g0 & Qc: £ ® ° QOP %g 001
o o
5] ° 215 £G
S0 &% o s = & & 2o EISICNTRL
£ €10 =9 i
= F i §“ % - M54
€101 E 5 e
= . = =
Y - & Q Q ¥ G2 12 16 20h
§ § 8 S
g, J¢ g, 69 £ 500 nM taxol 10 yM proTAME
SICNTRL _ sicGAS SICNTRL _ sicGAS BJhTERT
HelLa, 500 nM taxol BJ hTERT, 500 nM taxol
10 yM proTAME 10 uM proTAME
+TRP J ®
25 20 00002 ns  0® ns K193 K313  S396
— _ s 0.0001 i e ‘ \'
£ £ ° <0000t <oo00r  IRF3 DBD | RD
= <15 C
£ £ ® K315
215 §
=) (% g
() [&]
E 5 e e 5 € & © KI93R  K313R
o
IRF3_RRR | | I B
& s & A v o K315R
~ I o & & & S396A
S §&EE
Hela BJhTERT & § TG RRo-swoeA [ [ |
500 nM taxol o + GFP-STING
10 M proTAME 500 nM taxol, 10 M proTAME
K20 <00001 004 00003 003 L 2o M 20 0006 0002 0004 0.004
= <00001 © <0001 = = ® "[s o S
15 ® | & o 15 Z15 &
© @ © ©
> & o @ 3 @
° o) o O kel o
=10 % % =10 =10 %
c 3 c [=
= o = 3
gs % gs Es
F 9 = F P
(<]
N - + - + Dox + Dox
Clone 1 Clone 2 Clone 1 Clone 2 Clone 1 Clone 2
sqIRF3 #2 SgIRF3 #2 SIRF3 #2
+ GFP-IRF3 + GFP-IRF3_ADBD + GFP-IRF3_S396A
500 nM taxol, 10 M proTAME 500 nM taxol, 10 uM proTAME 500 nM taxol, 10 uM proTAME

Figure 6. The cGAS-cGAMP-STING-IRF3 axis promotes mitotic cell death independently of
transcriptional induction

(A) Western blot analysis (means and SEM) of the indicated proteins in the indicated cell
lines arrested in G2.

(B and C) Treatment of cells with neutralizing anti-IFNAR 2 antibodies. (B) Western blot
analysis of BJ hTERT cells following IFNB addition with and without anti-IFNAR2
antibodies.

(C) Mitotic lifespan of the indicated BJ hTERT cells (n=34-40 each) grown in the presence
of the indicated antibodies and released from G2 arrest into 500 nM taxol 10 uM proTAME.
(D and E) Mitotic lifespan of cells (n=50 each) arrested in G2 and released into 500 nM
taxol 10 uM proTAME. After 1.5 h (HeLa Cells, D) or 4 h (BJ hTERT cells, E), cGAMP
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was added to 33 uM for the indicated cells. Only cells that had already entered mitosis were
analyzed.

(F) IFNB1 expression by quantitative PCR in the indicated cells. +DNA, asynchronous cells
transfected with naked DNA. Cells were released from G2 arrest into media containing the
indicated drugs. Mean and range from two experiments.

(G and H) Analysis of transcription inhibition. (G) Mitotic lifespan of cells (n=60 each)
arrested in G2 and released into 500 nM taxol 10 uM proTAME. After 1.5 h (HeLa) or 4 h
(BJ hTERT), triptolide (TRP) was added to 10 uM for the indicated cells. Only cells that had
already entered mitosis were included in the analyzed. (H) Verification of transcription
inhibition by TRP. Asynchronous HelLa cells treated with 10 uM TRP were stained with
antibodies against serine 2 phosphorylation of the C-terminal tail of RNA polymerase Il
(CTD S2ph).

(1) Mitotic lifespan of the indicated cells (n=60 each) arrested in G2 and released into 500
nM taxol 10 uM proTAME. See Figure S6G for Western blot analysis.

(J) IRF3 rescue constructs. DBD, DNA-binding domain (gold). RD, regulatory domain (light
gray). Region around S396 (dark gray).

(K—M) Mitotic lifespan of an IRF3 disruption cell line containing rescue constructs
expressing doxycycline-inducible wild type GFP-IRF3 (K), a mutant lacking the DNA
binding domain (L) or a mutant expressing GFP-IRF3 carrying the S396A mutation (M).
See Figures S6H-S6J for Western blot. Cells were arrested in G2 and released into 500 nM
taxol 10 uM proTAME (n=60 each).

Red lines, median. sSiCNTRL, non-targeting control siRNA; sicGAS, siRNA targeting
CGAS; Untr., no siRNA treatment.

See also Figure S6.
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Figure 7. The cGAS pathway promotes the response to taxol in a mouse xenograft cancer model,

and correlates with increased survival in lung and ovarian cancer patients.

.(A-F) Xenograft tumors formed by wild type or cGAS-disrupted (sg_cGAS) Hela cells
injected into immunocompromised (NSG) mice were subjected to weekly treatments with
taxol or DMSO (see also Figure S7A).
(A and B) Growth curves for the indicated tumors and treatments (mean and SEM; n=6 for
wt + DMSQO; n=8 for wt +Taxol; n=6 for sg_cGAS + DMSQO; n=5 for sg_cGAS + taxol).
(C-E) Apoptosis in the indicated tumor samples as determined with antibodies recognizing
the cleaved (active) form of caspase-3. (C and D) sample images for the indicated tumors
and treatments (scale bar, 100 um). (E) quantifications of cleaved caspase-3 signal in taxol
treated samples divided by the signal in DMSO treated samples (means and SD).
(F) Western blot analysis of tumors recovered at the end of the experiment.
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(G and H) Survival curves of non-small cell lung (G) and ovarian (H) cancer patients from
the TCGA database stratified according to treatment (taxane vs. other) and expression levels
of cGAS (cutoff: median). See Table S1 and Table S2 for patient numbers.

(1) Model for cGAS functions during infection and mitosis. Left: Due to a high
transcriptional potential in interphase, activation of cGAS by cytoplasmic DNA
predominantly results in inflammation. Middle: During normal mitosis, cCGAS associates
with mitotic chromosomes, but is inhibited by nucleosomes, and phosphorylated IRF3 is not
generated. Right: During mitotic arrest, phosphorylated IRF3 slowly accumulates. Due to a
high apoptotic potential but a low transcriptional potential, apoptosis rather than
inflammation is induced.

See also Figure S7, Table S1 and Table S2.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bad Cell Signaling Technology Cat# 9239; RRID: AB_2062127
Bak Cell Signaling Technology Cat# 12105; RRID: AB_2716685

Active Bax 6A7

Thermo Fisher

Cat# 14-6997-81; RRID: AB_468388

Bax Proteintech Group Cat# 50599-2-lg

Bcel-xL Cell Signaling Technology Cat# 2764; RRID: AB_2228008
Bim Cell Signaling Technology Cat# 2819; RRID: AB_10692515
c-lIAP1 Cell Signaling Technology Cat# 7065; RRID: AB_10890862
Casp-2 Abcam Cat# ab179520

Casp-7 Abcam Cat# ab201959

Casp-9 Abcam Cat# ab202068

CGAS Cell Signaling Technology Cat# 15102; RRID: AB_2732795

Cleaved casp-3

Cell Signaling Technology

Cat# 9661, RRID: AB_2341188

Cytochrome C Abcam Cat# ab110325; RRID: AB_10864775
IFNAR2 Millipore Cat# MAB1155; RRID: AB_2122758
IxBa Cell Signaling Technology Cat# 9242; RRID: AB_331623

IRF1 Cell Signaling Technology Cat# 8478; RRID: AB_10949108

IRF3 (phospho Ser386) Abcam Cat# ab76493; RRID: AB_1523836
IRF3 (phospho Ser396) Cell Signaling Technology Cat# 4947; RRID: AB_823547

IRF3 Abcam Cat# ab68481; RRID: AB_11155653
IRF3 Proteintech Group Cat# 11312-1-AP; RRID: AB_2127004
JINK2 Cell Signaling Technology Cat# 9258; RRID: AB_2141027

Phospho-JNK

Cell Signaling Technology

Cat# 4668, RRID: AB_823588

Murine 1gG2a Isotype Control

Sigma-Aldrich

Cat# M5409; RRID: AB_1163691

Mcll

Cell Signaling Technology

Cat# 4572, RRID: AB_2281980

Phospho-CDK substrate motif

Cell Signaling Technology

Cat# 9477, RRID: AB_2714143

PUMA Cell Signaling Technology Cat# 12450

RNA pol Il CTD S2ph Abcam Cat# ab5095; RRID: AB_304749
SMAC/Diablo Cell Signaling Technology Cat# 15108

STING Cell Signaling Technology Cat# 13647; RRID: AB_2732796
TBK1 Abcam Cat# ab40676; RRID: AB_776632
a-Tubulin Sigma-Aldrich Cat# T9026; RRID: AB_477593
XIAP Cell Signaling Technology Cat# 2045; RRID: AB_2214866

Chemicals, Peptides, and Recombinant Proteins

ABT-199 Selleck Chemicals Cat# S8048; CAS No. 1257044-40-8
ABT-263 Selleck Chemicals Cat# S1001; CAS No. 923564-51-6
2'3'-cGAMP InvivoGen Cat# tIrl-nacga23; CAS No. 1441190-66-4
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Doxycycline hyclate

Sigma Aldrich

Cat# D9891; CAS No. 24390-14-5

IFNB R & D Systems Cat# 8499-1F-010/CF

Nec-1s BioVision Cat# 2263; CAS No. 852391-15-2
Nocodazole Sigma-Aldrich Cat# M1404; CAS No. 31430-18-9
Pyridone 6 MedChemExpress Cat# HY-14435; CAS No. 457081-03-7
Paclitaxel (Taxol) Calbiochem Cat# 580555; CAS No. 33069-62-4
proTAME Boston Biochemicals Cat# 1-440

RO-3306 Sigma Aldrich Cat# SML0569; CAS No. 872573-93-8
563845 Selleck Chemicals Cat# S8383; CAS No. 1799633-27-4
SiR-DNA Cyotskeleton Cat# CY-SC007

Thymidine Sigma-Aldrich Cat# T1895; CAS No. 50-89-5
Triptolide Invivogen Cat# ant-tpl; CAS No. 38748-32-2
Z-VAD-FMK (ZVAD) EMD-Millipore Cat# 627610; CAS No. 187389-52-2
Critical Commercial Assays

RNeasy Mini Kit QIAGEN Cat# 74014

Transcriptor First Strand cDNA Roche Cat# 04379012001

Synthesis kit

LightCycler 480 SYBR Green | Master Roche Cat# 04707516001

mix

Incucyte Caspase-3/7 Reagent Essen Bioscience Cat# 4440

Experimental Models: Cell Lines

ARPE-19 hTERT T. de Lange N/A

BJhTERT T. de Lange N/A

BT474 K. Birsoy RRID: CVCL_0179

BT549 K. Birsoy RRID: CVCL_1092

CAL51 K. Birsoy RRID: CVCL_1110

HBL-100 K. Birsoy RRID: CVCL_4362

HCC1143 K. Birsoy RRID: CVCL_1245

HelLa CCL-2 | Nakagawa RRID: CVCL_0030

HelLa Flp-In T-Rex

A. Desai/R. Gassmann

N/A

MDA-MB-157 K. Birsoy RRID: CVCL_0618
MDA-MB-231 K. Birsoy RRID: CVCL_0062
RUES2 A. Brivanlou human ESC registry no. 0013; RRID: CVCL_VM29
T47D K. Birsoy RRID: CVCL_0553

Experimental Models: Organisms/Strains

SMARTpool

Immunodeficient mice, NOD-scid Jackson Laboratory Cat# 005557
IL2Rg"! (NSG), male

Xenopus laevis frogs, female NASCO Cat# LM00535M
Oligonucleotides

cGAS siRNA ON-TARGET plus Dharmacon Cat# L-015607-02
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REAGENT or RESOURCE SOURCE IDENTIFIER
Non-targeting control siRNA Dharmacon Cat# D-001810-01
SgRNAs, see Table S2 This paper N/A
QPCR primers, see Table S2 (Wu et al., 2013; Wu et al., 2018; Yoney N/A

etal., 2018)
Recombinant DNA
pcDNAS5/FRT/TO ThermoFisher Cat# V652020
pX330-U6-Chimeric_BB-CBh-hSpCas9 | (Cong et al., 2013) Addgene Cat# 42230
cGAS bacterial expression plasmids This paper N/A

Software and Algorithms

CellCognition (v. 1.5.2)

(Held et al., 2010)

http://www.cellcognition-project.org/

Graphpad Prism (v.5.0a)

GraphPad Software

https://www.graphpad.com/

ImageJ (v. 2.0.0-rc-43/1.51k) NIH https://imagej.nih.gov/ij/index.html
SoftWoRx Applied Precision N/A
Vision4D Arivis https://www.arivis.com/en/imaging-science/arivis-

vision4d
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