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SUMMARY
The DNA-dependent pattern recognition receptor, cGAS (cyclic GMP-AMP synthase), mediates communica-
tion between the DNA damage and the immune responses. Mitotic chromosome missegregation stimulates
cGAS activity; however, it is unclear whether progression through mitosis is required for cancercell-intrinsic
activation of anti-tumor immune responses. Moreover, it is unknownwhether cell cycle checkpoint disruption
can restore responses in cancer cells that are recalcitrant to DNAdamage-induced inflammation. Here, we
demonstrate that prolonged cell cycle arrest at the G2-mitosis boundary from either excessive DNA damage
or CDK1 inhibition prevents inflammatory-stimulated gene expression and immune-mediated destruction of
distal tumors. Remarkably, DNAdamage-induced inflammatory signaling is restored in a RIG-I-dependent
manner upon concomitant disruption of p53 and the G2 checkpoint. These findings link aberrant cell progres-
sion and p53 loss to an expanded spectrum of damage-associated molecular pattern recognition and have
implications for the design of rational approaches to augment anti-tumor immune responses.
INTRODUCTION

Emerging evidence indicates that the efficacy of radio- and che-

motherapies requires DNAdamage-induced activation of cyto-

toxic immune responses (Formenti et al., 2018; Lee et al.,

2009; Liang et al., 2013; Postow et al., 2012). The underlying

mechanism for how radiotherapy activates anti-tumor immune

responses remains obscure but is thought to involve radiation-

stimulated expression of type I interferon and other cytokines

in cancer cells and surrounding stroma (Burnette et al., 2011;

Deng et al., 2014; Woo et al., 2014). Studies from our laboratory

and from others demonstratemitotic progression after genotoxic

stress is required to activate type-I interferon signaling that is

associated with the pattern recognition receptor (PRR) cyclic

guanosine monophosphate (GMP)-adenosine monophosphate

(AMP) synthase (cGAS) localizing to cytosolic DNA within micro-

nuclei (Bakhoum et al., 2018; Harding et al., 2017; Mackenzie

et al., 2017; Santaguida et al., 2017; Yang et al., 2017). Whether
Ce
This is an open access article under the CC BY-N
cell cycle progression affects the efficacy of combined DNA

damaging and immune therapies remains unknown. Similarly,

it is unclear whether activation of such responses is feasible in

cells that demonstrate persistent cell cycle arrest or loss of the

cGAS-stimulator of interferon response cGAMP interactor 1

(STING) pathway.

Ionizing radiation (IR)-induced DNAdamage responses invoke

double-strand break (DSB) repair and cell cycle checkpoints that

delay entry into S phase or mitosis. Such events are thought to

allow adequate time for DSB repair. The IR-induced G2/M cell

cycle checkpoint requires the ataxia telangiectasia and Rad3-

related (ATR)-checkpoint kinase 1(CHK1) pathway with addi-

tional contributions from the ataxia telangiectasia mutated

(ATM) kinase (Abraham, 2001; Liu et al., 2000; Xu et al., 2002).

The G1/S cell cycle checkpoint is dependent on ATM-mediated

p53 induction and transcriptional activation of its target genes

(Barlow et al., 1997; Canman et al., 1998; Kastan et al., 1992). Tu-

mor cells with unstable genomes more frequently missegregate
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Figure 1. G2/M Cell Cycle Arrest or c-NHEJ Deficiency Suppresses IR-Induced Inflammatory Signaling

(A) Scheme showing the library preparation workflow for RNA-seq. Created with BioRender.

(B–D) Gene set enrichment analysis (GSEA) of RNA-seq data inMCF10A cells to identify enriched biological pathways at 3 days after 10Gy versus untreated cells,

5 days after 10 Gy versus untreated cells, and 5 days versus 3 days after 10 Gy (B); 5 days after 10 Gy with CDK1i versus 5 days after 10 Gy with DMSO (C); and

5 days after 10 Gy in XRCC4 KO versus 5 days after 10 Gy in WT (D), respectively. Significant GSEA enrichment score curves were noted for interferon-a

(legend continued on next page)
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chromosomes during mitosis, leading to the formation of micro-

nuclei. Nuclear envelope integrity is compromised in approxi-

mately 50% of micronuclei, allowing cGAS and other cyto-

plasmic proteins to recognize their double-stranded DNA

(dsDNA) contents (Hatch et al., 2013, 2018; Liu et al., 2018).

This localization correlates with cGAMP and subsequent activa-

tion of its signal transducer STING in cells that have experienced

genotoxic stress (Coquel et al., 2018; Dou et al., 2017; Gl€uck

et al., 2017; Harding et al., 2017; Mackenzie et al., 2017).

The detection of foreign cytosolic RNA is mediated largely by

RIG-I-like receptors (RLRs), including RIG-I, MDA5, and LGP2

(Ablasser and Hur, 2020). RNA polymerase-III-dependent tran-

scription on cytosolic DNA has also been reported to stimulate

RIG-I-dependent inflammatory cytokine production (Ablasser

et al., 2009; Chiu et al., 2009).

Recent findings illuminate several distinct possibilities to limit

inflammatory responses to genotoxic agents. We reported that

deficiency in canonical non-homologous end joining (c-NHEJ) ab-

rogates micronuclei formation and renders cells unable to acti-

vate cGAS-STING-dependent inflammatory signaling in response

to IR-inducedDNAdamage (Harding et al., 2017). Tumor cells can

also escape immune surveillance by silencing the cytosolic DNA-

sensing pathway (Kwon and Bakhoum, 2020), preventing

signaling responses to inflammatory cytokines or suppression

of antigenic peptide presentation (Benci et al., 2019; Ishizuka

et al., 2019; Patel and Minn, 2018). cGAS or STING expression

is reported to be reduced inmany cancer cell lines, includingmel-

anoma, and in tumor cells that rely on alternative telomere main-

tenance or express oncogenic DNA tumor viruses (Chen et al.,

2017; Lau et al., 2015; Xia et al., 2016). These clinically relevant

obstacles necessitate alternative approaches that can abrogate

persistent cell cycle checkpoint activation and promote inflam-

matory signaling, irrespective of canonical DNA sensing by

cGAS-STING. Here, we delineate the importance of DNAdam-

age-induced cell cycle checkpoints in relation to anti-tumor im-

mune responses and describe cooperation between ATR- and

p53-dependent cell cycle checkpoints in limiting activation of

DNA- and RNA-sensing pattern recognition receptors.

RESULTS

CDK1 or c-NHEJ Inhibition Suppresses DNADamage-
Induced Inflammatory Signaling and Anti-Tumor
Immune Responses
We performed a kinetic analysis of gene expression to decipher

the complexity of inflammatory signaling pathways that are acti-

vated in response to ionizing radiation (IR)-induced DNA damage.

MCF10A cells were irradiated with 10 Gy and collected for RNA

sequencing (RNA-seq) analysis at 3 and 5 days, respectively (Fig-

ure 1A). Gene set enrichment analysis (GSEA) (Subramanian et al.,

2005) revealed that interferon-a, interferon-g, and interleukin-6
response, interferon-g response, and IL6-JAK-STAT3 signaling. The green curv

Genes on the far left (red) correlated with treatment condition, and genes on th

indicate the position of each gene in the studied gene set. The normalized enrichm

(E) Heatmap showing the Z score of FPKM expressions in control, CDK1i, cGAS K

at 5 days after 10-Gy treatment (fold change > 2; p value < 1e�10).

See also Figure S1.
(IL-6)-JAK-STAT3 signaling were the top activated inflammatory

pathways following IR treatment (Figure 1B). Interestingly, inter-

feron-a and interferon-g signaling further increased at 5 days

compared with 3 days after IR; however, IL6-JAK-STAT3

signaling plateaued from day 3 onward, suggesting these path-

ways might be regulated differently. Next, we asked whether

each inflammatory signature would be affected if cell cycle arrest

was achieved to prevent entry to mitosis. Indeed, the CDK1-spe-

cific inhibitor RO-3306 (CDK1i) prevented the activation of all

three signaling pathways (Figure 1C). Interestingly, c-NHEJ defi-

ciency by loss of XRCC4 (Rooney et al., 2004) also significantly

compromised inflammatory signaling (Figure 1D). XRCC4 is not

required for Ku70/Ku80 DSB end recognition or activation of

DNA-PKcs, but rather for the final ligation step of c-NHEJ (Gra-

ham et al., 2016). We, therefore, postulated that reductions in

interferon-stimulated gene expression are secondary to cell cycle

arrest before mitosis because of excessive unrepaired DNA dam-

age and not because of a direct role in inflammatory signaling.

Indeed, we observed persistent DNA damage, indicated by

gH2AX in XRCC4 knockout (KO) cells, even 3 days after 10-Gy

IR (Figure S1A). In contrast to wild-type (WT) cells, which initially

arrested at G2 and began to progress through mitosis 16 h after

IR, XRCC4-deficient cells remained persistently arrested at the

G2-mitosis boundary (Figure S1B). In contrast, a low dose of 2-

Gy irradiation, which induced less DNA damage and restored mi-

cronuclei formation and inflammatory signaling in MCF10A

XRCC4 KO cells (Figures S1C and S1D). This observation is

consistent with a model in which c-NHEJ deficiency impairs cell

cycle progression as a consequence of excessive DNA damage

after 10 Gy, rather than through the putative role of c-NHEJ fac-

tors (i.e., DNA-PK) in pattern recognition (Burleigh et al., 2020;

Ferguson et al., 2012; Zhang et al., 2011). We further analyzed in-

flammatory gene expression in genetically definedMCF10A cells.

IR treatment stimulated 81 differentially expressed genes,most of

which were upregulated (Figure 1E). Loss of pattern recognition

receptor cGAS or STING compromised that increase, confirming

their roles in mediating IR-induced inflammatory signaling.

Notably, CDK1i-treated cells suppressed these inflammatory sig-

natures to a greater extent, suggesting that progression through

mitosis is the more critical determinant of IR-induced inflamma-

tory signatures.

Given the necessity of mitotic progression in DNAdamage-acti-

vated inflammatory signaling, we speculated that progression

through mitosis might also have a critical role in anti-tumor immu-

nity. To that end, we employed the B16F10 murine melanoma

model to determine whether cell cycle arrest or c-NHEJ defi-

ciency affected anti-tumor immunity (Figure 2A). Untreated B16

WT cells were subcutaneously injected in one flank of C57BL/

6J mice 2 days before injection of ex vivo-treated B16 cells

in the opposite flank. This model provides a method to track

anti-tumor immunity without the confounding effect of systemic
e in the displayed GSEA thumbnails represents the enrichment score curve.

e far right (blue) correlated with the control condition. The vertical black lines

ent score (NES) and false discovery rate (FDRq) are shown for each pathway.

O, STING KO, and XRCC4 KOMCF10A cells for genes differentially expressed
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Figure 2. Progression of the Irradiated Tumor Cells through Mitosis Is Required for Systemic Anti-tumor Immune Responses

(A) Scheme showing B16 melanoma model. Created with BioRender.

(B and C) Growth of WT B16 cells (untreated tumors) after injection of B16WT cells with no treatment, 10-Gy irradiation, or 10-Gy irradiation with CDK1i treatment

(B), and WT B16 cells or Ku70 KO B16 cells with no treatment or 10-Gy irradiation (C) 3 days before implantation, respectively. All mice were administrated with

anti-CTLA-4 antibody (9H10) as described in (A). Animal numbers are indicated in parentheses of treatment groups.

(D and E) Statistic of tumor volumes at day 15 as measured in (B) and (C). Statistical significance is compared using a two-tailed t test. Error bars are SEM of

biological replicates.
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administration of drugs to animals (e.g., CDK1i), which may have

unanticipated consequences, including on the immune system.

Importantly, we have previously shown that ex vivo irradiation

and subsequent implantation of tumor cells produced equivalent

responses to in vivo radiation, as is classically done in abscopal

models (Harding et al., 2017). Moreover, anti-CTLA-4 alone had
4 Cell Reports 32, 108080, September 1, 2020
limited effect on the abscopal tumors, but addition of radiotherapy

markedly increased that response (Harding et al., 2017; Twyman-

Saint Victor et al., 2015). The different treatments of the primary

tumor included 10-Gy IR and CDK1i- or CRISPR-Cas9-mediated

deletion of the c-NHEJ geneKu70 (Ku70 KO). Immune checkpoint

blockade was achieved using an anti-CTLA-4 (clone 9H10)
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antibody administered by intraperitoneal injection every 3 days for

a total of three doses, as previously described (Harding et al.,

2017). Growth rates of untreated tumors were then monitored af-

ter the final anti-CTLA-4 antibody injection. Consistent with sup-

pression of inflammatory signatures in RNA-seq data in Figure 1E,

cell cycle arrest by CDK1i abolished the IR-induced anti-tumor ef-

fect (Figures 2B and 2D). These data agree with the requirement

for mitotic progression in irradiated tumor cells to activate sys-

temic immune responses. We considered an alternative possibil-

ity that an extended G2 arrest during CDK1i treatment may

enhance DNA repair in these cells, thus accounting for the reduc-

tion in immune activation following IR. To address that issue, we

examined how the loss of the critical c-NHEJ repair factor Ku70

would affect systemic immune responses. Ku70-deleted

B16F10 cells also failed to elicit anti-tumor immune responses

to limit the growth of untreated tumors (Figures 2C and 2E)

despite the importance of c-NHEJ in repairing IR-induced DNA

damage. Taken together, these findings indicate that progression

through mitosis is a key gatekeeper for IR-induced inflammatory

signaling and anti-tumor immunity.

Cell Cycle Checkpoint Abrogation Accelerates
Micronuclei Formation and Inflammatory Signaling
A corollary to the prior experiments is that abrogation of theG2/M

checkpoint would enhance the kinetics and amplitude of micro-

nuclei formation and inflammatory signaling. To test that possi-

bility, we irradiated cells with 20 Gy, a dose expected to induce

a strong G2/M cell cycle checkpoint, in combination with inhibi-

tors of ATR or CHK1 kinase activity. Contrary to the limited mi-

cronuclei formation in DMSO-treated cells, approximately 50%

of ATR-inhibitor (ATRi)- or CHK1-inhibitor (CHK1i)-treated cells

formed micronuclei just 24 h after 20 Gy IR. A considerable

portion of cells formed micronuclei in the DMSO-treated group

72 h after IR; however, their frequency was still increased after

ATRi or CHK1i treatment (Figure 3A). Cell cycle analysis by

flow cytometry confirmed abrogation of the G2/M checkpoint

by ATRi or CHK1i (Figure 3B). In response to 20 Gy of irradiation,

most cells arrested in G2. ATRi or CHK1i did not alter the cell cy-

cle distribution in non-irradiated cells, but greatly increased G1-

phase populations in irradiated cells, consistent with cells

traversing mitosis. To further determine whether cells pro-

gressed through mitosis after IR, we performed dye-dilution ex-

periments (Figure S1E), which enable quantification of cell divi-

sion numbers over a given interval. Reductions in fluorescence
Figure 3. Disruption of the IR-Induced G2/M Checkpoint Enhances Infl

(A) MCF10A cells were irradiated or left untreated with or without the indicated trea

quantified. Mean values and SEM are plotted (n = 3).

(B) MCF10A cells irradiated or left untreatedwith or without indicated inhibitors we

SEM are plotted (n = 3).

(C and D) MCF10A cells irradiated with the indicated dose or left untreated in the p

western blot.

(E) MCF10A I-PpoI cells were left untreated (NIR), irradiatedwith 10Gy (IR), or treat

or without ATR inhibitor for 3 days before collection for western blot analysis.

(F) MCF10A AsiSI cells were left untreated (NIR), irradiated with 10 Gy (IR), ind

aphidicolin (Aph), and thenmaintained in mediumwith or without ATR inhibitor for

aphidicolin was included in the medium until cell collection 3 days later.

(G) MCF10A cells left untreated or irradiated with 10 Gy were maintained for 3 day

analysis.
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indicate cell division because of dye dilution. Irradiated

MCF10A cells underwent one to two divisions over 3 days, con-

firming mitotic progression after IR. This change in dye content

was suppressed by CDK1i administration. ATRi/CHK1i-treated

cells exhibited evident STAT1 Y701 phosphorylation after 24 h,

which increased strongly at three days (Figure 3C). Prevention

of mitotic entry using either CDK1i or a PLK inhibitor (PLKi) abol-

ished the enhanced inflammatory signaling (Figure 3D).

Consistently, ATR-inhibitor-treated cells, after 10 Gy of irradia-

tion, also showed increased inflammatory signaling (Figures 3E–

3G), demonstrating that disruption of theG2 checkpoint produces

similar results across a range of damage induction. Moreover, the

increased inflammatory signaling was not limited to IR-induced

DNA damage. ATRi treatment also increased inflammatory

signaling in response toDSBs induced by twodifferent nucleases,

I-PpoI and AsiSI (Figures 3E and 3F) and in response to replication

stress with aphidicolin (Figure 3F). Increased inflammatory

signaling after ATRi was also largely dependent on the cGAS-

STING pathway (Figure 3G), further highlighting the importance

of mitotic progression for activation of this DNA-sensing axis.

Disruption of G2 and G1 Checkpoints Cooperate to
Restore IR-Induced Immune Responses in c-NHEJ-
Deficient Cells
The observation that G2 checkpoint disruption was able to pro-

mote micronuclei formation and inflammatory signaling encour-

aged us to test whether ATRi treatment can activate interferon-

stimulated gene expression in irradiated cells that lack c-NHEJ

repair. Unexpectedly, inhibition of ATR failed to restore micronu-

clei formation after 10 Gy (Figures 4A and 4B), and only slightly

increased inflammatory signaling in XRCC4 KO cells (Figures 4D

and 4E). In contrast, ATRi enhanced both markers in XRCC4 KO

cells upon a low dose of irradiation at 2 Gy (Figures S1C and

S1D). Thisminimal effect can be partially explained bymitotic pro-

gression in cells with excessive DNA damage leading to mitotic

catastrophe (Vakifahmetoglu et al., 2008). In agreement, live cell

imaging showed that 85% of XRCC4 KO cells died during mitosis

upon releasing cells at the G2/M boundary after 10 Gy compared

with only 30% of WT cells (Figures S2A and S2B).

To understand whether mitotic progression after DSB induc-

tion is sufficient to activate inflammatory signaling, we released

cells from G2 arrest after irradiation and examined inflammatory

signaling by immunoblot. Surprisingly, direct release of irradi-

ated cells from G2 resulted in minimal micronuclei formation
ammatory Signaling Activation in MCF10A Cells

tments, followed by fixation at the indicated times. Cells with micronuclei were

re fixed and subjected to cell cycle analysis by flow cytometry. Mean values and

resence of the indicated inhibitors were collected at the specified time point for

edwith 4-OHT and shield-1 for 5 h (I-PpoI), and thenmaintained inmediumwith

uced with 4-OHT and shield-1 for 5 h(AsiSI), or cultured in the presence of

3 days before collection for western blot analysis. For Aph-treated cells, 2.5 mM

s in the presence or absence of ATR inhibitor before collection for western blot
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and inflammatory signaling as assessed by ISG15 (interferon-

stimulated gene 15) and STAT1 Y701 phosphorylation on immu-

noblot at 3 days after IR (Figures S2C and S2D). The cells that ex-

hibited micronuclei in this population were EdU+, suggesting cell

cycle progression through the S phase, and a second round of

mitosis had occurred (Figures S2C, S2E, and S2F). This finding

prompted us to ask whether the entry into the S phase with dam-

age in MCF10A XRCC4 KO cells is a critical barrier to inflamma-

tory activation in addition to the G2/M checkpoint. Given the

important role of ATM and p53 in the IR-induced G1/S check-

point (Barlow et al., 1997; Canman et al., 1998; Kastan et al.,

1992), we generated MCF10A p53 KO cell lines using CRISPR-

Cas9 to test the importance of the G1/S checkpoint disruption

in this inflammatory response to DNA damage. p53 loss led to

increased S-phase entry, indicated by EdU incorporation (Fig-

ure S2E), and mildly higher percentages of cells with micronuclei

(Figures 4A, 4B, and S2F). Despite equal cell death rates during

mitosis, p53 loss increased cell viability in the subsequent inter-

phase at 24 h after mitosis (Figure S2G), consistent with its

known role in responding to DNA damage (Nikoletopoulou

et al., 2013). Introduction of S-phase-entry inhibitors in cells

released fromG2 resulted in minimal cell populations with micro-

nuclei at 3 days after IR in WT cells (Figures S2E and S2F). How-

ever, there were much higher percentages of cells with micronu-

clei in p53 KO cells, which further suggested a role of p53 in cell

death during the subsequent interphase after mitotic progres-

sion with DNA damage (Figures S2E and S2F).

The preceding findings suggested that several cell cycle

checkpoints affect pattern recognition in response to genotoxic

stress. We, therefore, generated MCF10A cells with deletion of

both XRCC4 and p53 and subjected them to 10 Gy irradiation

in the presence of ATRi to understand whether the combined

loss of the G1/S and G2/M checkpoints could restore inflamma-

tory signals. p53 loss increased the cell populations accumu-

lated at S and G2 phases as indicated by CENP-F positivity in

cells at 3 days after IR (Figures 4C and 4D). Remarkably, p53

loss combinedwith ATRi restoredmicronuclei formation (Figures

4A and 4B) and inflammatory signaling (Figures 4D–4F). Similar

to p53 loss, ATM inhibition cooperated with ATRi to restore in-

flammatory signaling in XRCC4-deficient MCF10A cells (Figures

S3A and S3B). Restored inflammatory signaling was also consis-

tently found upon disruption of ATR and p53 checkpoints in

Ku70-deficient cells (Figures S3C and S3D).

ATR Inhibition Cooperateswith p53Mutation to Activate
cGAS-Independent Inflammatory Signaling
Loss of cGAS or STING did not completely eliminate inflamma-

tory signaling upon ATRi treatment (Figure 3G), leading us to

speculate that the presence of additional damage-associated
Figure 4. Disruption of p53 and ATR Restores IR-Induced Inflammator

(A–C)WT cells, p53 KO cells, XRCC4 KO cells, or XRCC4 P53 DKO (double knock

without ATR inhibitor for 3 days before fixation for immunofluorescence staining

(D and E) WT cells, p53 KO cells, XRCC4 KO cells or XRCC4 P53 DKO cells were i

ATR inhibitor before collection for western blot analysis.

(F) Bar plot showing the normalized enrichment score (NES) and false discovery rat

after 10 Gy irradiation.

See also Figure S2 and S3.
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molecular patterns. To address that possibility, we used human

telomerase reverse transcriptase (hTERT)-immortalized retinal

pigmented epithelial (RPE-1) cells, a cell line that shows unde-

tectable cGAS expression by either immunofluorescence or

western blot (Figures S4A and S4B). Similar levels of STING

expression were present in RPE-1 cells when compared with

MCF10A cells (Figure S4B). In response to irradiation and

ATRi, RPE-1 WT cells failed to discernibly activate inflammatory

signaling (Figures 5A and 5B), despite approximately 50% of

cells containing micronuclei (Figures 5C and 5D). Strongly

increased inflammatory signaling occurred in RPE-1 WT cells

upon ectopic cGAS expression but not after introduction of a

cGAS-inactive mutant K411A (Figures 5A and 5B), revealing

that WT cGAS promoted signaling responses to missegregated

genomic DNA in RPE-1 cells, as shown in MCF10A and other in-

dependent cell lines. We also observed the RNA-sensing pattern

recognition receptor RIG-I was markedly increased in RPE-1WT

cells with ectopic cGAS after IR, consistent with reports that

RIG-I expression is induced by inflammatory cytokines (Liu and

Gu, 2011; Yuzawa et al., 2008). Surprisingly, inflammatory

signaling was strongly present in ATRi-treated RPE-1 p53 KO

cells in response to 10 Gy IR, irrespective of cGAS (Figures

5B). Endogenous cGAS expression was not detected in either

p53 WT or KO RPE-1 cells (Figures 5A and 5B), arguing against

its involvement in damage-induced inflammatory signaling in this

setting. Notably, inflammatory-stimulated gene expression re-

mained dependent on mitotic progression because CDK1i abol-

ished this effect (Figure 5B). We performed RNA-seq analysis to

independently confirm these results and more extensively

compare gene expression in each of the different settings. Acti-

vation of interferon-g, interferon-a, and IL6-JAK-STAT3 signaling

responses occurred in both RPE-1 WT cells with ectopic cGAS

expression and in RPE-1 p53 KO cells that lack cGAS expression

(Figure 5E).

RIG-I Mediates Inflammatory Signaling in RPE-1 p53 KO
Cells with ATRi Treatment
cGAS independence after combined disruption of G1/S and G2/

M checkpoints raises the possibility that non-DNA-sensing

pattern-recognition receptor(s) underlie inflammatory signaling

in this setting. RIG-I has been reported to mediate inflammatory

signaling to several different stimuli and has emerged as a candi-

date for cGAS-independent responses (Ablasser et al., 2009;

Chiu et al., 2009; Nabet et al., 2017). RIG-I KO single clones

were generated with the RPE-1 p53 KO cell line, and its func-

tional deficiency was confirmed with the RIG-I-specific agonist

50-triphosphate (50ppp)-dsRNA (Figure S5A). Importantly, STING

activity was unaffected in RPE-1 p53 and RIG-I double-KO

clones; 2030-cGAMP activated STING-mediated increases in
y Signaling in c-NHEJ-Deficient MCF10A Cells

out) cells were irradiated with 10 Gy (IR), and thenmaintained in mediumwith or

. Mean values and SEM are plotted (n = 3).

rradiated with 10 Gy and then cultured for 3 days in the presence or absence of

e (FDRq) for the identified enriched biological pathways inMCF10A cells 3 days
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Figure 5. p53 Loss Cooperates with ATR Inhibition to Activate cGAS-Independent Inflammatory Signaling

(A and B) WT cells or p53 KO cells were irradiated with 10 Gy and cultured in medium with (A) or without (B) ATR inhibitor followed by collection for western blot

analysis 3 days later.

(legend continued on next page)
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pSTAT1, ISG56, and ISG15 (Figure S5B). RIG-I loss in more than

10 independent RPE-1 p53KO clones compromised the inflam-

matory signals pSTAT1, ISG56, and ISG15 to varying degrees in

response to combined IR and ATRi treatment (Figures 6A and

S5C). Consistently, RIG-I was also required for ISG expression

in the human colon cancer cell line HCT116 p53�/� (Figure S5D),

which, similar to RPE-1 cells, lacks detectable cGAS expression.

Importantly, downstream effectors of the RIG-I pathway were

activated, as evidenced by the presence of MAVS aggregates

(Figure 6B) in RPE-1 p53 KO cells after combined treatment

with IR and ATRi. This confirms RNA-sensing pathway activation

in response to DNA damage, as opposed to an indirect effect of

RIG-I on another pattern-recognition receptor mechanism. RIG-I

has been reported to sense RNA transcripts synthesized by RNA

polymerase III (Pol III) on cytoplasmic poly (dA:dT) DNA tem-

plates (Ablasser et al., 2009; Chiu et al., 2009). Therefore, we

tested whether RIG-I-mediated inflammatory signaling in RPE-

1 p53 KO cells also involve Pol III. We observed that Pol III local-

ized to unruptured micronuclei, but not ruptured micronuclei, as

measured by EGFP-BAF signal (Denais et al., 2016) suggesting

that a fraction of micronuclei are Pol III positive (Figure S5E).

To explore whether Pol III has a functional role in IR+ ATRi-

induced inflammatory signaling, we tested whether the addition

of the Pol III inhibitor (Pol IIIi) could block those signals. Consis-

tent with previous reports, Pol IIIi significantly impaired inflam-

matory signaling stimulated by poly (dA:dT) DNA (Figure S5F).

In contrast, Pol IIIi did not affect the inflammatory signals of

pSTAT1, ISG56, and ISG15 in IR- and ATRi-treated cells.

Together, these results imply that mediators other than Pol III

are responsible for RNA-sensing-pathway activation in check-

point-disrupted cells.

DISCUSSION

cGAS detects cytosolic dsDNA and triggers production of type I

interferons and other inflammatory cytokines and chemokines

(Sun et al., 2013). After IR-induced genotoxic stress, cells form-

ing micronuclei stimulate cGAS-STING-mediated innate im-

mune activation and anti-tumor immunity. Cell cycle checkpoints

appear to have critical roles in this process because abolishment

of mitotic progression compromises micronuclei formation and

inflammatory signaling (Harding et al., 2017; Mackenzie et al.,

2017). Tumors, however, develop distinct mechanisms of im-

mune evasion, including suppressed expression of pattern-

recognition receptors cGAS and STING to escape immune sur-

veillance (Beatty andGladney, 2015; Ishizuka et al., 2019; Steven

and Seliger, 2018; Xia et al., 2016).

This study demonstrates that G2/M checkpoint adaptation

links the activation of various inflammatory signaling pathways
(C and D) WT cells or p53 KO cells were irradiated with 10 Gy and maintained in m

micronuclei were qualified (D), and representative images for cells with micronuc

(E) RNA-seq data of ectopic cGAS versus mock and p53 KO versus WT were inter

pathways in RPE-1 cells 3 days after 10 Gy irradiation in the presence of ATR inh

interferon-a response, interferon-g response, and IL6-JAK-STAT3 signaling. In GS

on the far left (red) correlated with former cells, and genes on the far right (blue) c

gene in the studied gene set. The normalized enrichment score (NES) and false d

See also Figure S4.
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to anti-tumor immune responses after DNA damage. Although

abrogation of the G2/M checkpoint facilitates micronuclei forma-

tion and inflammatory signaling in cells with intact DNA repair, it

was not sufficient in cells that resided at the G2/M boundary for

prolonged periods because of excessive, unrepaired DSBs. This

scenario required combined disruption of both the G1/S and G2/

M checkpoints. Unexpectedly, loss of p53 together with ATR in-

hibition upregulated inflammatory signaling in several cell lines

with undetectable cGAS, suggesting that cell cycle checkpoints

coordinate to limit signaling through multiple pattern-recognition

receptor pathways. Our findings reveal the cytosolic RNA sensor

RIG-I to be an additional component of this response (Figure 6C).

This is also consistent with our original report that cGAS or

STING loss did not eliminate IR-induced inflammatory-stimu-

lated gene expression (Harding et al., 2017). In further support,

combined IR and ATRi significantly increased interferon produc-

tion and immune infiltration in vivo compared with IR alone in

TC-1 tumors with p53-inactivation from human papilloma virus

(Dillon et al., 2019). Collectively, these findings imply that the

combined loss of G1/S and G2/M checkpoints can enhance im-

mune infiltration and anti-tumor responses.

How checkpoint proteins p53 andATR cooperate to restrict in-

flammatory signaling warrants further consideration. A potential

explanation is that their combined loss increases micronuclei

formation and other structures that may attract cGAS. Our

data further support that entry into the S phase and progression

through a second round of mitosis enhance micronuclei forma-

tion (Figure S2). Disruption of both G1/S and G2/M checkpoints

by combined p53 loss and ATR inhibition would augment this

accelerated cell proliferation and cytoplasmic DNA accumula-

tion. Interestingly, micronuclei passage through mitosis and

chromosome shattering, followed by reassembly in the subse-

quent interphase, is thought to occur during the process of chro-

mothripsis (Umbreit et al., 2020; Zhang et al., 2015). Such cata-

strophic chromosome breakage is predicted to not only promote

large-scale genomic rearrangements but also to increase the

number of acentric fragments that could missegregate into the

cytoplasm and augment inflammatory signaling.

The role of checkpoint proteins p53 and ATR in restricting RIG-

I-mediated inflammatory signaling is less obvious. Notably, this

response also required progression through mitosis but was

not RNA Pol III dependent. An alternative possibility is that these

cells experience chromatin alterations that drive changes in tran-

scription globally. Reactivation of endogenous retroviral ele-

ments after methyltransferase inhibitors are capable of acti-

vating RNA-sensing pathways, and similar activation of

endogenous RNA elements have been observed after IR (Chiap-

pinelli et al., 2015; Ranoa et al., 2016; Roulois et al., 2015; Rudin

and Thompson, 2001). Interestingly, p53 loss increases
edium with or without ATR inhibitor before fixation at indicated time. Cells with

lei 3 days after IR are shown in (C). Mean values and SEM (n = 2) are plotted.

rogated by gene set enrichment analysis (GSEA) to identify enriched biological

ibitor, respectively. Significant GSEA enrichment score curves were noted for

EA thumbnails, the green curve represents the enrichment score curve. Genes

orrelated with latter cells. The vertical black lines indicate the position of each

iscovery rate (FDR) are shown for each pathway.
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Figure 6. RIG-I Mediates Inflammatory Signaling in RPE-1 p53 KO Cells after IR and ATRi Treatment

(A) RPE-1 p53 KO cells and RPE-1 p53 RIG-I DKO cells were irradiated with 10 Gy in the presence of ATRi andmaintained for 3 days before collection for western

blot analysis.

(B) RPE-1 p53 KO cells were irradiated with 10 Gy and subjected to culture in medium with ATRi for indicated time before crude mitochondria isolation. Equal

amounts of isolated crude mitochondria were loaded into 1.5% vertical agarose gels with 0.1% SDS for SDD-PAGE analysis.

(C) Scheme showing a working model of this study. Created with BioRender.

See also Figure S5.
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derepression of short interspersed nuclear elements (SINEs) af-

ter treatment of DSB-inducing agents (Hagan and Rudin, 2007).

Whether this interplay occurs after IR treatment is an important

avenue for future studies and may suggest additional routes to

activate anti-tumor immune responses in p53-mutant cancers.

An additional finding in this study is the complex relationship

between intrinsic DNA repair capacity and activation of anti-tu-

mor immunity. Loss of c-NHEJ prevented anti-tumor immune re-
sponses in syngeneic melanoma models treated with radio-

therapy and immune checkpoint blockade. Although c-NHEJ

components DNA-PKcs and KU have been reported as DNA

sensors for innate immunity (Burleigh et al., 2020; Ferguson

et al., 2012; Zhang et al., 2011), we observed similar reductions

in cells that have lost end ligation factors XRCC4 and Lig4, (Gra-

ham et al., 2016). XRCC4 and LIG4 are not required for DSB end

recognition or signaling, making them unlikely candidates for
Cell Reports 32, 108080, September 1, 2020 11
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pattern recognition. We propose the effects of c-NHEJ loss are

secondary to excessive unrepaired DSBs and persistent cell cy-

cle arrest. Consistent with this assertion, low IR doses induce

slightly greatermicronuclei formation and inflammatory signaling

in XRCC4 KO cells as compared with high IR doses. They also

predict that lower doses of DNA-damaging agents may be

necessary to maximally recruit anti-tumor immune responses

in the setting of DNA-repair-deficient cancers. Additional reports

show that fractionated ‘‘low’’ doses do not induce expression of

the cytoplasmic nuclease TREX1 to the extent observed for sin-

gle high doses of IR (Vanpouille-Box et al., 2017). It remains un-

clear, however, whether that contributed to our observations.

Taken together, our work reveals the suppressive role of cell

cycle checkpoints in DNAdamage-induced inflammatory

signaling. These data suggest potential approaches to stratify

patients based on tumor genotypes and alternative strategies

to activate inflammatory signaling in tumors that harbor resis-

tance mechanisms.
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TruSeq� Stranded mRNA Library Prep Illumina Cat# 20020594

NextSeq 500/550 High Output Kit v2.5 (75 Cycles) Illumina Cat# 20024906
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Deposited Data

RNA-seq data This paper GEO: GSE145148
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p53#1 R IDT DNA aaacATGGAAACTGTGAGTGGATC
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LentiCas9 Blast Addgene Cat# 52962

PX459 Puro Addgene Cat# 62988

pLVX-mCherry-cGAS This paper N/A

Software and Algorithms

Graphpad Prism GraphPad Software https://www.graphpad.com/

FlowJo FlowJo Software https://www.flowjo.com

ImageJ NIH https://imagej.nih.gov/ij/index.html
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Roger

Greenberg (rogergr@pennmedicine.upenn.edu)

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
The RNA-seq data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible

through GEO Series accession number GSE145148 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145148).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
MCF10A cells were obtained fromATCC and cultured in DMEM/F-12mediawith 5%horse serum (Thermo Fisher Scientific), 20 ng/ml

human EGF (Peprotech), 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin and 10 mg/ml recombinant human insulin (Sigma).

MCF10A I-PpoI cells and MCF10A AsiSI cells were previously described (Harding et al., 2017). hTERT RPE-1 cells and hTERT

RPE-1 p53 KO cells were kindly provided by Dr. Dan Durocher (Lunenfeld-Tanenbaum Research Institute) and cultured in DMEM

media with 10% bovine calf serum (Hyclone). B16-F10 cells were purchased from ATCC and cultured in DMEM with 10% bovine

calf serum (Hyclone). HCT116 p53�/� cells (obtained from B Vogelstein) were cultured in McCoy’s 5a media with 10% bovine

calf serum (Hyclone). All cells were maintained with penicillin and streptomycin (Thermo Fisher Scientific).

RPE-1 cell lines expressing mCherry-tagged cGAS were generated using lenti-viral plasmid pLVX-mCherry as a backbone.

Knockout cell lines were achieved by lenti-viral infection of LentiGuide puro-based gRNA in cells with Cas9 expression.

To determine IR-induced inflammatory signaling, chemicals was administrated in medium 1 h before IR treatment. Unless other-

wise indicated, cells were collected 3 days later for subsequent analyses. Medium were changed every two days.

For live cell imaging, cells were arrested at G2 phase using 9 uMCDK1i (RO-3306) for 24 h. G2 arrested cells were then irradiated on

ice followed by washing twice with PBS and replaced with medium containing 0.5 mM siR-DNA.

MICE
We used 5-7 weeks old female C57BL/6 mice. Animals were sequentially subcutaneously injected with untreated and

treated tumors followed by anti-CTLA4 antibody administration. Untreated tumor volumes were then measured every other day.
e2 Cell Reports 32, 108080, September 1, 2020
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The animal experiments were performed according to protocols approved by the Institute of Animal Care and Use Committee of the

University of Pennsylvania (IACUC).

METHOD DETAILS

Plasmid construction
pLVX-mCherry-cGAS was generated as previously described (Harding et al., 2017). pLVX-mCherry-cGAS K411A was generated

by site-directed mutagenesis. LentiGuide-puro targeting p53 and RIG-I was generated by inserting targeting duplex oligos into

LentiGuide-puro at BsmBI site.

Irradiation and drug treatments
Cells were seeded at densities of 40%–50% at the time of treatment. Cells were irradiated using a Cs-137 Gammacell irradiator

(Nordion) with �0.76 Gy/min. Inhibitors were administrated 1 h prior to irradiation and maintained till collection unless otherwise

stated. Media with or without inhibitors were changed every 2 days after treatment. Medium containing Pol IIIi were changed every

day. Inhibitors were used at following concentrations: CDK1i (9 mM, RO-3306, Selleck Chemical), ATRi (2.5 mM, VE-821, Selleck

Chemical), ATMi (10 mM, Ku55933, Selleck Chemicals), and Pol IIIi (40 mM, ML-60218, Millipore). Agonists were transfected

using Avalanche-Omni (EZT-OMNI-1, EZ Biosystems) and incubated for 18 hours before collection. Agonist were used as following

concentrations: 50ppp-dsRNA (2 mg/ml, tlrl-3prna, Invivogen) and 2030-cGAMP (10 mg/ml, tlrl-nacga23, Invivogen). For AsiSI or I-PpoI

nuclease induced DSBs, cells were treated with Shield-1 (1 mM, AOB1848, Aobious) and 4-OHT (2 mM, H7904, Sigma) for 5 hours

before washing with PBS and adding back media.

CRISPR–Cas9 knockout
Lentiviruses of LentiCas9-blast and LentiGuide-Puro (gifts from F. Zhang, Addgene #52962, Addgene#52963) were produced

and concentrated as previously described (Kutner et al., 2009). Cells were infected with lentiviruses overnight in the presence of

8 ug/ml polybrene. Cells infected with LentiCas9 were subjected to 10 mg/ml blasticidin (Invivogen) until control cells without

infection were all killed. Knockout clones were generated by infecting cells with lentivirus using lentiGuide-Puro followed by selection

in 2 mg/ml puromycin (Sigma) for 2 days. Single colonies were achieved by seeding one cell per 96-well. p53 knockout clones were

validated by western blotting using anti-p53 antibody (DO-1, santa cruz). RIG-I knockout clones were validated by western blotting

using anti-RIG-I antibody (D33H10, CST).

B16-F10 Ku70 knockout clones were created as previously described (Benci et al., 2016). Ku70 knockout clones were validated by

western blotting using anti-Ku70 antibody (A302-624A, bethyl antibody).

Western blotting
Western blotting was performed using standard methods. In brief, cells were collected by trypsinization, washed in PBS and lysed in

NETN buffer (150 mM NaCl, 1% NP-40 alternative, 50 mM Tris pH 7.4) with turbo nuclease (Accelagen) in the presence of 1 mM

MgCl2, protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (5 mM sodium fluoride, 1 mM sodium orthovanadate,

1 mM sodium pyrophosphate decahydrate, 1 mM b-glycerophophate) on ice for 30 min. Protein was quantified using Bradford

method. Equal amount of protein was separated on 4%–12% Bis-Tris gels (Thermo Fisher Scientific) using MOPS/MES buffer

and transferred to 0.2 mM Amersham Protran Premium Nitrocellulose Western Blotting Membranes (10600004, GE) at 350 mA for

2 h in ice cold transfer buffer (20% methanol, 191 mM glycine, 25 mM tris-base, 0.1% SDS, pH 8.3). Membrane were blocked in

3% non-fat milk in PBST (0.1% Tween 20) and incubated overnight at 4�C in primary antibody diluted with PBS containing 1%

BSA. Membrane were washed in PBST for 20 min and incubated at room temperature for 2 h in secondary antibody (Amersham

ECL HRP, GE) diluted with PBST containing 3% non-fat milk. Blots were developed using immobilon forte western HRP substrate

(WBLUF0100, Millipore).

In vivo MAVS aggregation assay
In vivo MAVS aggregation assay was performed according to a published protocol (Hou et al., 2011). Briefly, crude mitochondria

isolated using mitochondria isolation kit (89874, Thermo) were resuspended in 1x sample buffer (0.5 x TBE, 10% glycerol, 2%

SDS) supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (5 mM sodium fluoride, 1mM sodium

orthovanadate, 1 mM sodium pyrophosphate decahydrate, 1 mM b-glycerophophate) followed by protein concentration quantifica-

tion using BCA method. Equal amounts of crude mitochondria were mixed with 1/10 volume gel loading dye (7025, NEB) and sub-

jected to Semi-Denaturing Detergent Agarose Gel Electrophoresis (SDD-AGE). Samples were loaded onto a homemade vertical

1.5% agarose gel prepared using Novex empty gel cassettes (NC2015, Thermo), empty gel cassette combs (NC3515, Thermo)

and Bio-Rad agarose (1613101, BioRad). After electrophoresis in the running buffer (1 x TBE and 0.1% SDS) for 40 min with a

constant voltage of 100 V at 4�C, the proteins were transferred to 0.2 mM Amersham Protran Premium Nitrocellulose Western

Blotting Membranes (10600004, GE) at 400 mA for 3 h in ice cold transfer buffer (10% methanol, 191 mM glycine, 25 mM

tris-base, 0.1% SDS, pH 8.3) followed by immunoblotting.
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Immunofluorescence
Cells were seeded onto coverslips in 24-well plate one day before treatment and fixed with 3% paraformaldehyde (PFA). Cells were

thenwashedwith PBS, permeabilized in 0.5%Triton X-100 solution for 1min at room temperature and processed for immunostaining

using the indicated antibodies. Coverslips weremounted in VECTASHIELD AntifadeMountingMediumwith DAPI (H-1200-10, Vector

Labs). Images were taken using a Nikon Eclips 80i microscope with a CoolsnapMyo camera (Photometrics) and Nikon NIS-Elements

software. Images were prepared using FIJI (NIH). Cells with aberrant nuclear structure in cytoplasm were visualized by DAPI staining

and counted manually.

Live-cell imaging
MCF10A cells were seeded onto falcon 24-well plates (08-772-1H, Fisher) and cultured in medium as described above in which

DMEM/F-12 base medium was replaced by 1:1 mixed FluoroBrite DMEM (A1896701, Thermo) and phenol red free F12 medium

(HFL05-500ML, Caisson Labs). CDK1i arrested cells were irradiated on ice, washed, replaced with medium containing 0.5 mM

siR-DNA (CY-SC007, Cytoskeleton), a cell permeable far-red probe for DNA, and then immediately subjected to live-cell imaging us-

ing EVOS FL Auto Imaging System (Thermo). Imaging was carried out in a 37�C humidified chamber equilibrated with 5%CO2 using a

20x air objective. Images were acquired every 20 min for 20-24 h.

Flow cytometry
Cells were dissociated into single cells with trypsin, washed once in PBS, resuspended in 300 mL PBS, and fixed by drop-

wise addition of 700 mL pre-chilled (�20�C) 100% ethanol. After fixation at 4�C or storage at �20�C, cells were washed

once with 6 mL 1% BSA/PBS and pelleted by centrifuge. Cell pellets were loosed and resuspended by flick in 100 mL 1%

BSA/PBS with 1 mL Alexa Fluor 488 conjugated phospho-Histone H3 (Ser10) antibody (DC28, Cell Signaling). After

incubation at room temperature for 1 hour with occasional flick, cells were washed once with 6 mL 1% BSA/PBS and resus-

pended in PBS containing 10 mg/ml propidium iodide (Santa Cruz) and 100 mg/ml RNase A (QIAGEN). Flow cytometry was

performed on a BD FACSCalibur and analyzed with FlowJo software. Single cell population and G1/S/G2 population were manu-

ally gated.

Modified RadVax procedure
Experiment was performed as previously described (Harding et al., 2017). In brief, five- to seven-week-old female C57BL/6micewere

obtained from Charles River and maintained under pathogen-free conditions. Mice were divided randomly into cages upon arrival

andwere randomly injected andmeasuredwithout blinding. All animal experiments were performed according to protocols approved

by the Institute of Animal Care and Use Committee of the University of Pennsylvania (IACUC). The minimal number of animals was

used based on prior experience to yield consistent measurements. On the day before the experiment, B16-F10 cells were treated

in vitro with 10 Gy of ionizing radiation and cultured with or without CDK1i. CDK1i was added 1h before irradiation and maintained

until cell isolation and injection on day 2. On day 0 untreated B16-F10 cells (53 104) in 50 mL of PBSweremixed with an equal volume

of Matrigel (356237, Corning) and injected into the right flank. On day 2, 5 3 105 IR treated cells including B16-F10 parental cells,

parental cells with CDK1i treatment and Ku70 knockout cells were mixed with Matrigel and injected on the opposite flank. On

days 5, 8 and 11 anti-CTLA4 antibody (9H10; BioXCell) was administered interperitoneally at 200 mg per mouse. Volumes were

measured using calipers starting at day 11 and calculated using the formula l 3 w2 3 0.52, where l is the longest dimension and

w is perpendicular to l. Animals were euthanatized when either tumor reached 1.5 cm in the largest dimension according to IACUC

guidelines.

RNA purification, RNA-seq library preparation and analysis
Total RNA for RNA-seq library was purified using miRNeasy Mini Kit (217004, QIAGEN) and validated on an agilent RNA

6000 nano chip (Agilent Technologies) with a RNA integrity number (RIN) > 8. RNA-seq libraries were prepared using the TruSeq

Stranded mRNA Library Prep (20020594, Illumina), TruSeq RNA Single Indexes Set A (20020492, Illumina) and TruSeq RNA

Single Indexes Set B (20020493, Illumina) according to standard Illumina library preparation procedure. In brief, 0.5 mg of pu-

rified RNA was poly-A selected and fragmented followed by first and second strand cDNA synthesis. Double-stranded cDNA

was processed from end-repair to PCR amplification according to library construction steps. Libraries were purified using

AMPure XP beads (A63880, Beckman Coulter) and validated for appropriate size on a 2100 Bioanalyzer High Sensitivity

DNA chip (Agilent Technologies, Inc.). The DNA library was quantitated using Qubit (Thermo Fisher) and normalized to a con-

centration of 4 nM prior to pooling. Libraries were pooled in an equimolar fashion and diluted to a final concentration of 2 pM.

Library pools were clustered and run on a Nextseq500 platform with single-end reads of 75 bases (20024906, Illumina), accord-

ing to the manufacturer’s recommended protocol (Illumina Inc.). Differential gene expression analysis between the target and

reference sets of treatments were determined using DESeq2 (Love et al., 2014) (https://bioconductor.org/packages/release/

bioc/html/DESeq.html) . Gene Set Enrichment Analysis (GSEA) was performed with the Molecular Signatures Database

(MSigDB) hallmark gene set (Liberzon et al., 2015; Subramanian et al., 2005). Both DESeq2 and MSigDB are provided by

the Broad Institute.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were carried out usingGraphPad Prism (version 7.00). For quantitative data (Figures 2B–2E, 3A and 3B, 4B and

4C, 5D, S1D–S2F, and S3A), data was presented asmean ± SEM and statistical significance was analyzed using two-tailed unpaired

Student’s t test. A p value less than 0.05 is statistically significant. Other statistical parameters such as number of experiment repeats

and n values can be found in the figure legends.
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Figure S1. Low dose irradiation allows micronuclei formation and inflammatory signaling in c-NHEJ deficient 

MCF10A cells, Related to Figure 1. 

(A) WT cells or XRCC4 KO cells were irradiated with 2 Gy or 10 Gy, and then cultured with or without ATRi for 

indicated time before fixation for immunofluorescence staining.  

(B) WT cells or XRCC4 KO cells were irradiated with 10 Gy followed by time course collection for cell cycle and 

mitotic population analysis using flow cytometry.  

(C and D) WT cells or XRCC4 KO cells were treated with 2 Gy or 10 Gy IR, and then maintained for 3 days with or 

without ATRi before western blot analysis (C) or qualification of cells with micronuclei (D). Mean values and S.E.M 

(n=3).  

(E) MCF10A cells were resuspended in medium containing 1 uM CellTrace far-red dye (Thermo) for 20 mins and 

subsequently washed and seeded in dye-free medium. The next day, cells were either left untreated (NIR, top panel) 

or treated with 10 Gy (middle panel) or 10 Gy+CDK1i (bottom panel), followed by collection for CellTrace far red 

signal analysis using flowcytometry. Reductions in dye content over time indicate cell division due to dye dilution. 

Non-irradiated (NIR) cells undergo three divisions whereas irradiated controls perform 1-2 divisions. CDK1i prevents 

cell division.  
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Figure S2. Increased micronuclei formation in MCF10A p53 KO cells after IR, Related to Figure 4. 

(A) Scheme showing working flow of live cell imaging (B and G) and end point assays (C, D, E and F).  

(B) G2 arrested MCF10A WT cells and MCF10A XRCC4 KO cells were irradiated with 10 Gy and then released 

from G2 phase followed by live cell imaging to monitor micronuclei formation. siR-DNA was used to visualize DNA 

in live cells. Micronuclei were recognized as positive siR-DNA staining outside of primary nuclei. Mitotic cell death 

was identified as anaphase cells broke into small pieces, detached from dish, and floated in medium under both phase 

contrast and siR-DNA staining channels.   

(C and D) G2 arrested MCF10A cells were irradiated and then released but blocked before next S phase to probe 

micronuclei formation in the presence of EdU (C) and inflammatory signaling (D).  

(E and F) MCF10A WT cells and MCF10A p53 KO cells were treated as in (C) for quantification of cells with EdU 

incorporation (E) and cells with micronuclei (F). Mean values and S.E.M (n=3).  

(G) MCF10A WT cells and MCF10A p53 KO cells were treated as in (B) to monitor cell death after mitosis in the 

following 24 hours. Cell death post mitosis was qualified when cells broke into small pieces and detached from the 

slide following mitotic progression with micronuclei under both phase contrast and siR-DNA staining channels.  



Figure S3. Restored inflammatory signaling after disruption of G1/S and G2/M checkpoints in c-NHEJ 

deficient cells, Related to Figure 4. 

(A and B) MCF10A WT cells or XRCC4 KO cells were irradiated with 10 Gy and then maintained in medium with 

indicated inhibitors for 3 days before qualification for cells with micronuclei (A) or western blot analysis (B). Mean 

values and S.E.M (n=3).  

(C and D) B16 WT cells and B16 cells with p53 KO or/and Ku70 KO were subjected to 10 Gy IR (C) or 25 Gy IR 

(D) treatment. Cells were then maintained in medium with or without ATR inhibitor for 3 days before western blot 

analysis. 
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Figure S4. Undetectable cGAS expression in RPE-1 cells, Related to Figure 5. 

(A) RPE-1 WT cells and RPE-1 p53 KO cells were irradiated with 10 Gy and subjected to culture in medium with 

ATRi. Cells were then fixed at indicated time for immunofluorescence staining.  

(B) MCF10A cells and RPE-1 cells were collected to probe cGAS expression using western blot analysis.  
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Figure S5. Pol III independent RIG-I activation in RPE-1 p53 KO cells following IR plus ATRi treatments, 

Related to Figure 6. 

(A and B) RPE-1 p53 KO cells and RPE-1 p53 RIG-I DKO cells were transfected with RIG-I agonist (A) or STING 

agonist (B) and then collected 18 hours later for western blot analysis.  

(C) RPE-1 p53 KO cells and RPE-1 p53 RIG-I DKO single clone cells were irradiated with 10 Gy and subjected to 

culture in medium with ATRi for 3 days before collection for western blot analysis.  

(D) RIG-I depleted HCT116 p53-/- pool cells were achieved by sequential lentiviral infections of Cas9 and sgRNAs 

targeting RIG-I (#1, #2, or #1&2). Parental HCT116 p53-/- cells and HCT116 p53-/- cells with RIG-I depletion were 

left untreated (NIR) or treated with 25 Gy followed by culture in medium with ATRi for 3 days before collection for 

western blot analysis.  

(E) RPE-1 p53 KO cells expressing ectopic eGFP tagged BAF were irradiated with 10 Gy and incubated in medium 

containing ATRi for 3 days before fixation for immunofluorescence staining.  

(F) 10 Gy irradiated RPE-1 p53 KO cells were maintained in medium with 2.5 μM ATRi, 2.5 μM ATRi+ 40 μM Pol 

IIIi or 2.5 μM ATRi+ 9 μM CDK1i for 3 days before collection for western blot analysis. Cells transfected with 

poly(dA:dT) at a final concentration of 0.5 μg/ml were cultured in the absence or presence of 40 μM Pol IIIi for 1 day 

before western blot analysis. 


	CELREP108080_annotate_v32i9.pdf
	Cell Cycle Checkpoints Cooperate to Suppress DNA- and RNA-Associated Molecular Pattern Recognition and Anti-Tumor Immune Re ...
	Introduction
	Results
	CDK1 or c-NHEJ Inhibition Suppresses DNADamage-Induced Inflammatory Signaling and Anti-Tumor Immune Responses
	Cell Cycle Checkpoint Abrogation Accelerates Micronuclei Formation and Inflammatory Signaling
	Disruption of G2 and G1 Checkpoints Cooperate to Restore IR-Induced Immune Responses in c-NHEJ-Deficient Cells
	ATR Inhibition Cooperates with p53 Mutation to Activate cGAS-Independent Inflammatory Signaling
	RIG-I Mediates Inflammatory Signaling in RPE-1 p53 KO Cells with ATRi Treatment

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contribution
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and code availability

	Experimental Model and Subject Details
	Cells
	MICE

	Method Details
	Plasmid construction
	Irradiation and drug treatments
	CRISPR–Cas9 knockout
	Western blotting
	In vivo MAVS aggregation assay
	Immunofluorescence
	Live-cell imaging
	Flow cytometry
	Modified RadVax procedure
	RNA purification, RNA-seq library preparation and analysis

	Quantification and Statistical Analysis



	celrep_108080_mmc1.pdf
	Suppl
	#Chen_CellRepFinal_Suppl
	#Chen_CellRepFinal_Suppl
	#Chen_CellRepFinal_Suppl
	#Chen_CellRepFinal_Suppl
	空白页面
	空白页面

	Fig S5
	#Chen_CellRepFinal_Suppl
	空白页面




