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Abstract

We explore a novel strategy of activating immune signaling through increased micronuclei 

formation utilizing a cell cycle checkpoint inhibitor to drive cell cycle progression following 

ionizing radiation. The Chk1/2 inhibitor AZD7762 is used to abrogate radiation therapy (RT)-

induced G2/M cell cycle arrest in multiple cell lines and, we find that this therapeutic combination 

promotes increased micronuclei formation in vitro and subsequently drives increased type I 

interferon signaling and cytotoxic T-cell activation. In vivo studies using B16-F10 melanoma 

cancer cells implanted in C57/BL6 mice demonstrate improved rates of tumor control at the 

abscopal (unirradiated) site, located outside of the radiation field, only in the AZD7762+RT group, 

with a corresponding reduction in mean tumor volume, increase in the CD8 T-cell population, and 

immune activated gene signaling. Our results demonstrate that targeted inhibition of cell cycle 

checkpoint activation following ionizing radiation drives increased production of immunogenic 

micronuclei, leading to systemic tumor response with potential future clinical benefit.
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Introduction

In anticancer therapeutic treatments, the advent of immunomodulatory agents, has led to 

improved responses in many disease sites, with many patients achieving long-lasting tumor 

remissions 3, 4, 29 even in the setting of pre-existing metastatic disease 12, 30, 32. However, 

the majority of patients exhibit brief or no response to these agents, driving the search for 

improved or alternate therapeutic strategies. Recent studies have identified a link between 

genotoxic cancer treatments and inflammatory gene expression through the generation of 

micronuclei following DNA damage16, 23. Micronuclei can be formed when cells with DNA 

double-strand breaks are progressing through mitosis or when chromosomal mis-segregation 

lead to deposition of DNA in the cytosol. This cytosolic DNA can be recognized by sensing 

proteins such as cyclic GMP-AMP synthase (cGAS) 6, 10, 23, 40. cGAS localization to 

micronuclei ultimately drives inflammatory cytokine signaling capable of recruiting immune 

cells and is essential for local and systemic (abscopal) tumor responses to ionizing radiation, 

by cGAS activating the interferon gene (STING) pathway 8, 33, 40, 41.

These prior studies additionally found that abscopal tumor regression occurring when 

ionizing radiation is combined with immune checkpoint blockade in vivo is prevented when 

mitotic progression is impaired and also when cGAS-STING mediated signaling is blocked 
11, 16. We hypothesized that by driving mitotic progression in the context of DNA damage 

induced by ionizing radiation, the converse effect might be seen. This would in theory result 

in increased micronuclei formation, increased inflammatory and immune stimulatory 

signaling, increased anti-tumor innate immune activity, and local and systemic tumor 

responses. Cell cycle checkpoint activation is typically upregulated following DNA damage, 

such as that induced by ionizing radiation, which functions to stall mitotic progression and 

allow for DNA repair 2, 5, 20, 38, 39, 42. By targeting components of the cell cycle checkpoint, 

including the serine/threonine kinases Checkpoint 1 and 2 (Chk1/2), mitotic progression can 

be restored in the setting of radiation-induced DNA damage45. Following this line of 

reasoning, the use of Chk1/2 inhibitors combined with ionizing radiation could lead not only 

to radiosensitization, but also increased micronuclei formation, driving downstream immune 

signaling.

Based on prior literature, the compound AZD7762 functions as a Chk1/2 inhibitor and is an 

effective radiosensitizer22, 27, 43. We conducted in vitro and in vivo analysis combining 

ionizing radiation with AZD7762. We demonstrate that combination treatment leads to 

increased cGAS-driven immune signaling through localization of cGAS with micronuclei in 
vitro, an increased CD8 population, and a systemic tumor response in vivo.
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Materials and Methods

Cell lines, tissue culture and transfections

MCF10A cells, a human mammary epithelial non-tumorigenic cell line, were obtained from 

ATCC (ATCC Cat# CRL-10317, RRID:CVCL_0598) and cultured at 37 °C in DMEM 

media 5% fetal bovine serum (FBS) (Gibco), 20ng/mL human EGF (Sigma), 0.5 mg/mL 

hydrocortisone, and 10 ug/mL human insulin (Sigma). B16-F10 cells, a mouse skin 

melanoma line with tumorigenic properties, were obtained from ATCC (ATCC Cat# 

CRL-6475, RRID:CVCL_0159) and cultured at 37 °C in DMEM with 10% FBS and 1% 

Penicillin/Streptomycin. Both H460, a human large cell carcinoma cell line (ATCC Cat# 

HBT-177, RRID:CVCL_0459) and H1299, a human non-small cell lung carcinoma cell line 

(ATCC Cat# CRL-5803, RRID:CVCL_0060) were obtained from ATCC and cultured in 

DMEM media supplemented with 10% FBS and 1% Penicillin/Streptomycin. All cell lines 

were maintained and cultured in a humidified incubator at 37°C, 5%CO2. The pLVX-

mCherry-cGAS construct was kindly provided by the Roger A. Greenberg (University of 

Pennsylvania)16. MCF10A cells were infected with lentivirus containing the pLVX-

mCherry-cGAS plasmid and infected cells were selected with puromycin as described 

previously35.

Irradiation and cell treatments

The Chk1/2 inhibitor (AZD7762, Selleck Chemicals) was added 1 hour prior to radiation 

treatment. The concentration of AZD7762 (25 nM) was chosen based on the lower end of 

previously published dose ranges in order to limit potential drug toxicity43. MCF10A cells 

received 16 Gy of radiation unless otherwise specified. All other cell lines received 4 Gy of 

radiation unless otherwise specified. Radiation doses were selected based on prior radiation 

studies with these cell lines16, 36 and adjusted as needed to allow for continued proliferation. 

Specifically, a lower dose was used for the non-MCF10A cell lines as previous experience 

showed that the 16 Gy dose used in the literature for MCF10A cells was incompatible with 

survival in the tumor cell lines. The inhibitor was removed 1 day following radiation and 

media was changed every 2–3 days afterwards. Irradiation was performed under ambient 

conditions using an X-Rad 320IX at a dose rate of 2.67 Gy/minute.

Flow cytometry

Cell cycle analysis was performed on cells collected from single wells of a six-well tissue 

culture plate using 0.25% trypsin and washed in PBS prior to fixation with ice-cold 70% 

ethanol and stored at −20 °C for at least 8 hours. Following fixation, cells were again 

washed in PBS and then re-suspended in a solution of PBS containing 50 ug/mL propidium 

iodide (Life Technologies), and 100 ug/mL RNase A (Roche). For flow cytometry analysis 

of CD8+ T cells, tumors were minced in 2mg/ml collagenase IV followed by a 1-hour 

incubation at 37°C and then passed through a 70μm cell strainer, washed and pellet. Cells (1 

× 106) were then incubated with purified anti-mouse CD16/32 (Biolegend) and subsequently 

stained with the following monoclonal antibodies against mouse markers: eFluor 450-

conjugated anti-mouse CD45 (clone 30-F11, eBioscience), eFluor 506-conjugated anti 

mouse CD3 (clone 17A2, eBioscience), FITC-conjugated anti-mouse CD8a (clone 53–6.7, 

Invitrogen) and PE-Cyanine 7-conjugated anti-mouse CD4 (clone GK1.5, eBioscience). 
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Cells were analyzed on a FACSCanto flow cytometer using BD FACSDiva software (BD 

Biosciences) and data analyzed using FlowJo v10 (FlowJo, LLC).

Immunofluorescence

Cells were seeded into 4-well chamber slides (Nugene) and treated accordingly based on 

experimental conditions. Following treatment at specified time points (24-hour post-

irradiation), cells were fixed in 4% paraformaldehyde for 20 minutes are room temperature. 

Cells were then washed 3x with PBS stained with PBS containing DAPI. After DAPI 

staining, the well chamber was removed and coverslips were mounted in Vectashield Hard 

Set mounting media (Vector Labs). Images were captured using a Zeiss AxioImager 2 

microscope using a 20x and 40x air objective and Zeiss ZEN Pro 2012 software. Images 

were prepared for publication using ImageJ (NIH) and adjusted only for brightness and 

contrast. Micronucleated cells were counted manually by identifying distinct staining of 

structures by DAPI outside of the main nucleus. Quantification of micronuclei was 

performed on at least 100 cells from each of three independent experiments. cGAS-positive 

micronuclei were counted by first identifying cells expressing the mCherry construct and 

similarly identifying mCherry and DAPI co-stained structures outside the main nucleus.

STING-Knockdown

The small-interfering RNAs (siRNAs) SMARTpool: ON-TARGETplus Mouse TMEM173 

siRNA (L-055528–00-0005) and SMARTpool: ON-TARGETplus Human TMEM173 

siRNA (L-024333–00-0005) were synthesized from Dharmacon (Lafayette, CO, USA) and 

were used to target TMEM173 (STING). As a negative control the ON-TARGETplus Non-

Targeting Control Pool (D-001810–10-05, Dharmacon) was used.

MCF10A and B16F10 cells were seeded at a density of 2×105 cells per well in a six-well 

plate and transected with 60nM concentration of each siRNA utilizing Lipofectamine 

RNAiMAX Transfection Reagent (13778–150, Invitrogen) according to the manufacturer’s 

instructions. Transfection was performed for 6 hours and the cells were used for evaluation 

48 hours post-transfection. RT-qPCR was used to confirm the knockdown efficiency of the 

siRNAs.

RNA extraction, quantitative reverse transcription (RT) PCR

Total RNA was isolated from cells and tumors using the Qiagen RNeasy Mini kit (Qiagen 

#74106) at 24 hours post-irradiation as indicated. cDNA synthesis was performed using the 

High Capacity cDNA Reverse Transcription kit (Invitrogen). For each gene of interest, 

reactions were prepared in triplicate using 20ng of diluted cDNA and the appropriate 

Taqman gene expression master mix as per manufacturer’s protocol (Mouse CCL5-Cat # 

Mm01302427_m1, Mouse IFNB1-Cat # Mm00439552_s1, Mouse IFN-γ-Cat # 

Mm01168134_m1, Mouse GZMB-Cat # Mm00442834_m1, Mouse PRF1-Cat # 

Mm00812512_m1, Mouse GAPDH-Cat # Mm99999915_g1, Human CCL5-Cat # 

Hs00982282_m1, Human IFNB1-Cat # Hs01077958_s1, Human GAPDH-Cat # 

Hs02786624_g1). Samples were run on the QuantStudio 6 Flex (Applied Biosystems by life 

technologies utilizing the QuantStudio™ Real-Time PCR software. Cycle threshold values 
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were determined for the genes of interest and by using the ΔΔCt method were normalized to 

GAPDH.

Immunoblotting

Cells were lysed in RIPA Extraction Buffer (89900, Thermo Fisher) with protease (1. 

complete Mini, EDTA free,11836170001, Roche, 2. Protease Inhibitor cocktail, P8340, 

Sigma) and phosphatase inhibitor cocktails (1. Halt™ Phosphatase Inhibitor cocktail, 

1861277, Thermo Scientific, 2. Phosphatase Inhibitor cocktail 2 (P5726, Sigma) and 3 

(P0044, Sigma)) following treatment with RT and/or AZD7762 as per the treatment group. 

Protein supernatant collection was performed at the indicated time points and quantified 

using the BCA Assay (Pierce). A total of 40μg of each protein lysate were loaded for 

separation by a 10% discontinuous SDS-Page gel. Transfer to 0.45μm PVDF membrane 

(IPVH00010, Merck Millipore) was performed using standard Western blotting methods. All 

different experimental condition lysates were loaded in the same gel and transferred in the 

same membrane. The membranes were blocked, for 1 hour at room temperature, in 5% 

(weight/volume) non-fat dry milk in TBS containing 0.05% Tween-20 followed by an 

overnight incubation at 4 °C with the phospho-STAT1 (Tyr701) (1:1000, #9167, Cell 

Signaling, RRID:AB_561284). Then, the membranes were hybridized with the appropriate 

secondary antibodies (1:2000, Goat pAb to Rb IgG (HRP, ab6721, Abcam) and developed in 

Amersham ECl western blotting detection reagents analysis system (RPN2209, GE 

Healthcare). Images of the blots were captured in ChemiDoc MP hi-end imaging system 

(Bio-Rad).

ELISA

5×104 B16F10 cells were seeded in a 24 well plate and incubated overnight to facilitate 

adherence. Cells were treated with 25nM AZD7762 (CHK1i) and 4Gy (RT) as appropriate, 

and the cell culture medium was collected 2 days post-irradiation. The VeriKine™ Mouse 

Interferon Beta ELISA kit (Cat# 42400, PBL Assay Science) was used according to the 

manufacturer’s instructions.

In vivo Studies

8-week-old female C57BL/6 mice were obtained from Jackson Labs 

(RRID:IMSR_JAX:000664) and maintained under institutional animal husbandry and 

welfare protocols. All animal experiments were performed according to Institute of Animal 

Care and Use Committee (IACUC) protocols (Protocol # 805566) approved at the University 

of Pennsylvania. 2×105 B16-F10 cells mixed with an equal volume of Matrigel® Growth 

Factor Reduced (GFR) Basement Membrane Matrix (356231, Corning) were injected in the 

right flank (primary tumor) on Day 0, and then again in the left flank (abscopal tumor) on 

Day 2. Once palpable tumors had developed (Day 8), mice were re-sorted into cages in order 

to create an equal distribution of tumor volumes within each treatment group. AZD7762 was 

injected intraperitoneally on Day 9 at a concentration of 20mg/kg diluted in 0.9% sterile 

saline. The right flank (primary tumor) was irradiated with 17 Gy on Day 10 utilizing the 

Small Animal Radiation Research Platform (SARRP) with a 10 mm diameter circular 

collimator. 17 Gy was selected as a dose adequate to provide transient local tumor control 

without excess toxicity informed by prior studies (24) and adjusted based on prior 
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experience24. The scattered radiation dose contribution to the non-target contralateral flank 

tumor is estimated to be <0.3% of the total dose, or <0.05 Gy, based on prior film dosimetry 

verification performed on the SARRP apparatus. Tumor growth was monitored every two 

days using digital calipers to measure the perpendicular tumor diameters. Volume was 

calculated using the L x W2 X 0.52 formula. Additional animals in the RT, AZD7762, and 

AZD7762+RT groups were sacrificed at Day 13 post-irradiation, and the primary and 

abscopal tumors were harvested and processed for flow cytometry cell sorting studies or 

snap frozen for gene expression studies (RT-qPCR). Mouse studies were not blinded given 

nature of differential treatments.

Statistical analyses

Student’s unpaired, two-tailed t-test was used to test statistical significance in the 

micronuclei numbers and gene expression data. The Kaplan-Meier method was used to 

analyze differences in the tumor progression in the primary and abscopal tumors in the in 
vivo data to analyze tumor response. A threshold of 500 cc tumor volume was used to define 

progression, which was set based on the level of tumor volume achieved in directly 

irradiated tumors. Differences in in vivo tumor response were analyzed by employing the 

log-rank test to perform comparisons between treatment groups with all comparisons made 

to the untreated cohort.

Results

AZD7762 abrogates G2/M cell cycle arrest following RT

In order to confirm the ability of the Chk1/2 inhibitor, AZD7762, to promote cell cycle 

progression following radiation in our in vitro models, we first treated MCF10A breast 

epithelial cells and B16-F10 melanoma cells with AZD7762 and ionizing radiation, and 

assessed cell cycle distribution by flow cytometry. MCF10A cells received 16 Gy of ionizing 

radiation and B16-F10 cells received 4 Gy, with doses chosen to allow for subsequent 

survival and proliferation. Cells were fixed at 8 hours post-irradiation in order to capture 

cell-cycle arrest. For both MCF10A and B16-F10 cells, ionizing radiation resulted in 

significant G2/M block as indicated by an increase in the G2/M population by flow 

cytometry (Fig. 1). Treatment with AZD7762 alone did not cause a significant redistribution 

in the cell cycle as compared to untreated cells. Cells treated with AZD7762 (indicated by 

CHK1i in figures) prior to ionizing radiation (CHK1i + RT) exhibited a cell cycle profile 

similar to that of unirradiated cells indicating abrogation of the G2/M checkpoint allowing 

for cell cycle progression through mitosis (Fig. 1).

AZD7762+RT results in increased cGAS co-localized micronuclei formation

Given prior studies showing that inhibition of cell cycle progression prevents entry into 

mitosis and micronuclei formation16, we tested our hypothesis that promoting mitotic 

progression after induction of DNA damage would result in increased micronuclei 

formation. Cells undergoing no treatment, AZD7762 treatment alone, or receiving 16 Gy of 

RT, all had ~5% micronucleated cells (5.0%, 5.1% and 5.3%, respectively), whereas 

MCF10A cells receiving the AZD7762+RT combination had 15.8% micronucleated cells, an 

approximate 3-fold increase and significantly more as compared to radiation alone (p 
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<0.001) (Fig. 2A). A similar effect was seen in B16-F10 melanoma cells, with 4.9% 

micronucleated cells in the untreated condition, 9.4% when receiving AZD7762 alone, and 

5.3% with 4 Gy RT. The combination of AZD7762+RT again resulted in a marked increase 

of micronucleated cells with 36.6% of cells developing micronuclei, which was significantly 

more compared to the untreated and single treatment conditions (all p <0.001) (Fig. 2B). The 

same trend of a significant increase in micronucleated cells with the AZD7762+RT 

combination was observed in other cell lines as well (H460, H1299) (Supplementary Fig. 1).

We also sought to determine if the increased micronuclei generated by the AZD7762+RT 

combination maintained the ability to co-localize with cGAS as a link to subsequent 

downstream immune gene signaling, based on previous literature16. MCF10A cells were 

stably infected with lentivirus containing a mCherry-cGAS plasmid, resulting in 

approximately 15–20% expression of mCherry-cGAS. We observed a diffuse cytoplasmic 

signal for cGAS in unirradiated mCherry-cGAS-expressing cells that do not form 

micronuclei (Fig. 3A, C and E). In contrast, when micronuclei were present, we observed a 

localized hyperintense mCherry-cGAS signal co-localizing to the micronucleus, as seen in 

representative cells treated with AZD7762+RT (Fig. 3B, D and F). This staining pattern was 

seen across all treatment conditions, and in all cases where a cell simultaneously expressed 

mCherry-cGAS and developed micronuclei, there was universal cGAS-micronuclei co-

localization. The percentage of cGAS-co-localized micronucleated cells for each treatment 

condition mirrored that of the overall micronuclei population (Fig. 3G).

AZD7762+RT treatment results in increased immune gene signaling

We next sought to determine the impact on immune signaling in the context of increased 

micronuclei formation with AZD7762+RT treatment. We analyzed the relative gene 

expression of the Type-I interferon regulated genes IFN-β and CCL5, which were chosen 

due to their role as downstream effectors in the cGAS-STING pathway via the IRF3 

transcription factor8, 13, 17. In MCF10A cells, when compared to the untreated condition, RT 

alone did not result in a large change in mRNA levels of IFN-β or CCL5 at the 24-hour post-

treatment time-point (1.3-fold increase for both genes, p = 0.4). When AZD7762+RT was 

delivered however, there was a significant 5.5-fold increase (p = .02) in IFN-β mRNA 

expression and a 21-fold increase (p <.001) in CCL5 mRNA expression (Fig. 4A and B). 

Similarly, AD7762+RT resulted in significant upregulation of both these genes over that 

seen with RT alone (p < 0.001).

In B16-F10 cells, RT alone did not result in an increase in IFN-β expression (0.9 fold, p = 

0.72) but did result in increased CCL5 expression (2.3-fold, p = .008). AZD7762+RT was 

associated with a 1.8-fold increase in IFN-β mRNA (p = .03), and an even greater increase 

in CCL5 expression, 4.3-fold (p = <.001) (Fig. 4C and D). AZD7762+RT also resulted in a 

significant increase in expression of both IFN-β and CCL5 as compared to RT alone (p = 

0.02, p = 0.001, respectively). IFN-β secreted protein in B16-F10 cell culture was quantified 

by ELISA and mirrored the mRNA expression pattern, with significantly increased protein 

levels in the AZD7762+RT as compared to RT alone (19.8 pg/nL vs. 11.8 pg/nL p <0.001) 

(Fig. 5).
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We proceeded to assess downstream signaling events driven by the cGAS-STING pathway 

by measuring STAT1 phosphorylation. Prior studies showed that upregulated IFN-β 
signaling following activation of the cGAS-STING pathway is capable of driving 

phosphorylation of STAT1 18, 19. As with the gene expression data, we found that STAT1 

phosphorylation also increased the most profoundly after combination AZD7762+RT 

treatment in both MCF10A and B16-F10 cells at multiple time points (Fig. 4E and F). The 

AZD7762+RT combination showed pSTAT1 levels on par or greater than that driven by 

diallyl disulfide, which was used as a positive control for pSTAT1 21. In contrast, treatment 

with AZD7762 or radiation alone in either cell line did not result in noticeable increases in 

pSTAT1 levels.

To confirm that the observed activation of the immune response was mediated through the 

cGAS-STING pathway, MCF10A cells were transfected with siRNA pools against STING 
or control (non-targeting) siRNA and exposed to the same experimental conditions. In 

MCF10A cells transfected with control siRNA and exposed to AZD7762+RT, we observed a 

dramatic increase in CCL5 and IFN-β mRNA as compared to cells exposed to AZD7762 or 

RT alone. However, when STING expression was downregulated using siRNA, the 

expression of CCL5 and IFN-β mRNA after AZD7762+RT exposure was significantly lower 

as compared to control siRNA-transfected cells (CCL5: 242.8 vs. 99.9 fold, p < 0.001; IFN-
β: 39.6 vs. 9.7 fold, p < 0.001) (Fig. 4G and H).

In vivo mouse study results

In vivo testing was also performed using C57BL6 mice implanted with B16-F10 melanoma 

cells in the right flank to create the primary tumor and two days later in the left flank to 

create the abscopal tumor. Within the primary tumor, the groups receiving radiation (RT) 

with 17 Gy, or AZD7762+RT all uniformly had controlled tumors at the treated site (both p 

<0.001). A higher RT dose of 17 Gy was used in these in vivo experiments as opposed to 4 

Gy in the in vitro experiments given inadequate duration of tumor control with smaller 

radiation doses from prior experience and informed by earlier clinical studies24. Mice treated 

with AZD7762 alone showed a trend toward improved tumor control, but no significant 

change in the overall rate and time course of tumor progression when compared to untreated 

mice (p = 0.17) (Fig. 6A).

At the abscopal site, which was not directly irradiated, neither radiation nor AZD7762 alone 

resulted in significantly improved tumor control compared to untreated mice (p = 0.13, p = 

0.09 respectively). However, the combination of AZD7762+RT showed significantly 

improved tumor control at the abscopal site (p <0.001) (Fig. 6B, Supplementary Fig. 2).

The average tumor volume for each group within the primary and abscopal sites mirrors 

these findings. Within the primary tumor, the mean tumor volume at Day 10 post treatment 

was 160 +/− 21 cc in the RT group and 108 +/− 24cc in the AZD7762+RT group. This is in 

contrast to the much larger tumor volume observed in the two unirradiated groups where the 

mean tumor volume was 1869 +/− 234 cc in the untreated mice and 1493 +/− 259 cc in the 

mice receiving AZD7762 alone (Fig. 7A). Within the abscopal site, the AZD7762+RT 

treated mice exhibited the lowest mean tumor volume at Day 10 at 638 +/− 184 cc as 
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compared to 1152 +/− 169 cc in the untreated group, 1179 +/− 129 cc in the RT alone group 

and 905 +/− 129 cc in the AZD7762 alone group (Fig. 7B).

In vivo Immune Activation

In order to directly assess immune cell recruitment and activation given the putative 

immune-promoting effects of the AZD7762+RT combination, we analyzed the CD8 T-cell 

population within the primary and abscopal tumors of the treated mice. Animals were 

sacrificed 13 days post-radiation, and the primary and unirradiated (abscopal) tumors were 

harvested and analyzed by FACS to quantify the CD8+ T-cell population. Within the directly 

radiated primary tumors, there was a significant increase in CD8+ cells with both RT and 

AZD7762+RT as compared to mice treated with AZD7762. The AZD7762+RT treated 

tumors additionally had significantly more CD8+ cells as compared to RT alone (80% vs. 

70%, p = 0.048). Within the unirradiated abscopal tumors, mice treated with RT or 

AZD7762 alone did not significantly differ in the CD8+ population. However, the 

AZD7762+RT treated mice had a significantly higher CD8+ population in the abscopal 

tumor as compared to either the RT (33% vs. 10%, p = 0.002) or AZD7762 (33% vs. 15%, p 

= 0.005) (Fig. 8A and B).

Similarly, we examined comparative gene expression of immune activation markers in the 

primary and abscopal tumor sites. Within the primary irradiated tumor, increased expression 

of the markers IFN-γ (12-fold increase, p = 0.06), and GZMB (12.5-fold increase, p = 0.02) 

was observed with AZD7762+RT vs. RT alone (Fig. 8C and D). The abscopal unirradiated 

tumor had an even more profound response, with significantly increased expression of IFN-
γ (33-fold increase, p = 0.04), and GZMB (50-fold increase, p = 0.03) with AZD7762+RT 

vs. RT alone (Fig. 8E and F).

Discussion

In this work, we utilized the Chk1/2i inhibitor, AZD7762 in conjunction with ionizing 

radiation to provide proof of principle that pharmacologically forcing cell cycle progression 

following genotoxic stress is able to cause a resultant increase in the formation of 

micronuclei. This builds upon models shown in prior work indicating that cell cycle 

progression through mitosis coupled with DNA damage are the necessary factors for 

micronuclei formation11, 16, and that cell cycle checkpoint kinase inhibition can drive 

mitotic catastrophe, inflammatory signaling, and cell-intrinsic and extrinsic anti-tumor 

activity 25, 31, 34. Furthermore, we show that the combination treatment leads to increased 

expression of IFN-β mRNA and protein in vitro and an effect on an abscopal (unirradiated) 

tumor in vivo with increased expression of genes involved in immune activation and 

increased CD8+ T-cell infiltration, consistent with an increased systemic immune response.

Cell cycle checkpoint inhibitors, including AZD7762 itself 27, 43, have previously been 

explored as radiosensitizers and have demonstrated the ability to synergistically work with 

ionizing radiation to improve tumor control through abrogation of cell cycle checkpoints and 

inhibition of DNA repair. To this point, there is an ongoing clinical trial using prexasertib44, 

a Chk1/2 inhibitor with radiation and cetuximab in locally advanced head and neck 

squamous cell carcinoma (NCT02555644). Our work takes an alternative mechanistic 
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approach to exploring the potential benefits of Chk1/2 inhibitors by focusing on micronuclei 

induction, and more importantly, their link with immune gene activation.

Prior studies suggest that micronuclei can be expected to increase when radiation is 

combined with other inhibitors of cell cycle checkpoint factors including ATR1 and Chk1 

alone9. Given the increasing understanding of the importance of the immune system on 

tumor control, we focused on the interplay between the ability of ionizing radiation and cell 

cycle checkpoint inhibitor combinations to form increased micronuclei and the ability of 

micronuclei to activate the cGAS-STING pathway 6, 8, 10, 13, 17, 23, 33, 40, 41. In this study, we 

found that the increase in micronuclei created by combining AZD7762+RT is able to drive 

downstream immune gene activation through co-localization with cGAS and increased 

cGAS-STING signaling. Furthermore, the associated increase in Type-I interferon gene 

expression seen with increased micronuclei formation was decreased upon knockdown of 

STING, emphasizing the role of the cGAS-STING pathway in the process. In the in vivo 
setting, the AZD7762+RT combination was also able to drive increased immune cell 

recruitment in implanted mouse tumors.

The ability of cell cycle checkpoint inhibitors to act as direct radiosensitizers and improve 

control of irradiated tumors has been demonstrated in the past27, but given the potential 

immune-stimulating effects of AZD7762, we also focused on its ability to work in 

conjunction with radiation to drive abscopal tumor responses through an immune-mediated 

mechanism. Immune checkpoint inhibitors targeting genes such as PD-1 and PDL-1 have 

revolutionized clinical oncology, and both in vivo mouse studies, and clinical experiences in 

humans have demonstrated their ability to lead to abscopal tumor regression in concert with 

ionizing radiation28, 36. However, given that success with the use of immune checkpoint 

inhibitors is not universal, the need to develop additional agents remains. Our data here, 

using a series of experiments specifically designed to promote immunogenic events, 

demonstrates significant enhancements in abscopal tumor control with AZD7762+RT over 

other treatments. By extension, this suggests that other cell cycle checkpoint inhibitors 

besides AZD7762 may have the capability of causing similar tumor regression. This lends 

promise to the continued exploration of this class of agents to induce not only local, but also 

systemic responses.

Along these lines, there is potential value in exploring agents that affect targets besides 

Chk1/2i as they may show variable efficacy. There are data that suggest that ATR inhibitors 

are more potent inducers of micronuclei than Chk1 inhibitors 9 and may potentiate CD8+ T 

cell antitumor activity with radiation37. Targeted inhibition of Wee1 has also been shown to 

promote mitotic entry causing increased micronuclei formation 1, 26 and separate studies 

have reported that Wee1 inhibition relieves cancer cell system to lysis by antigen-specific T 

cells and natural killer cells 15. There is also recent clinical data showing safety and efficacy 

of the Wee1 inhibitor adavosertib in combination with ionizing radiation 7. While our study 

utilized AZD7762, there is certainly merit in exploring other therapeutic combinations, 

including other agents targeting Chk1 and Chk214.

Alternative dose fractionation schemes may also further inform our work and provide 

additional opportunities to alter the level of immune activation. The optimal radiation 
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activation scheme is an active area of debate and in our work, we utilized a single large dose 

of radiation in vivo, in keeping with our previous clinical experience24. This is in contrast to 

more clinically common conventionally fractionated treatment regimens, with multiple 

smaller doses. The ultimate clinical application of treatment regimens combining ionizing 

radiation and cell cycle checkpoint inhibitors will require a balance of convenience, safety, 

and efficacy of immune activation in order to achieve favorable responses.

Another prospective avenue to further improve the potential for abscopal tumor regression 

would be to combine immune checkpoint inhibition in addition to radiation and cell cycle 

checkpoint inhibition. There is precedent for an increased tumor response with the use of 

dual checkpoint immune blockade with ionizing radiation36, where increased rates of 

complete tumor response were seen with triple combination therapy over double 

combination therapy. Utilizing the same biologic principles, the addition of immune 

checkpoint blockade (e.g. anti PDL-1, anti CTLA-4 agents) to our AZD7762+RT 

combination could be even more efficacious and represents a potential avenue for future 

exploration.

Conclusions

Overall, our findings show that cell cycle progression through mitosis with ionizing 

radiation is a viable means by which to increase micronuclei formation and cause immune 

activation resulting in abscopal tumor responses. There is potential for the expanded use of 

this class of agents which are currently being tested in the clinic, beyond direct radiation, 

with many potential avenues for further investigation in order to improve systemic tumor 

response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: AZD7762 treatment abrogates RT induced G2/M Checkpoint
Flow cytometry analysis showing the cell cycle distribution by DNA content of A) MCF10A 

and B) B16-F10 cells by treatment status. Each cell lines had one of four treatment 

conditions: Untreated, or treated with the CHK1 inhibitor AZD7762, Radiation (RT), or 

CHK1i+RT. AZD7762 was added 1 hour prior to RT. MCF10A cells underwent 16 Gy of RT 

and B16-F10 underwent 4 Gy of RT. Cell fixation was performed at 8 hours following 

radiation for cell cycle analysis. The G2/M population is highlighted within each panel.
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Figure 2: AZD7762+RT combination treatment increases micronuclei formation
Representative images of A) MCF10A and B) B16-F10 cells by treatment condition with 

quantitation of the percentage of micronucleated cells for each group at 24 hours following 

radiation (Untreated, CHK1i (AZD7762), RT, CHK1i (AZD7762)+RT). A) MCF10A cells 

underwent 16 Gy of RT and B) B16-F10 underwent 4 Gy of RT. Scale bar represents 10μM
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Figure 3: cGAS co-localizes with induced micronuclei
MCF10A cells expressing the mCherry-tagged cGAS construct (~15–20% of all cells) are 

shown within a background of non-stably transfected MCF10A cells. A,C,E) Representative 

images of MCF10A cells treated with CHK1i (AZD7762)+RT which express the mCherry-

tagged cGAS construct in the absence of micronuclei in the Composite (A), Hoechst (C), 

and mCherry (E) channels. B,D,F) Representative images of MCF10A cells treated with 

CHK1i (AZD7762)+RT expressing the mCherry-cGAS construct in the presence of 

micronuclei formation in the Composite (B), Hoechst (E), and mCherry (F) channels. G) 
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The percentage of cGAS co-localized micronuclei with each treatment condition. All cells 

were analyzed at 24 hours following radiation. Scale bar represents 10μM
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Figure 4: AZD7762+RT combination increases Type I interferon regulated gene and protein 
expression and is mediated through the STING pathway
A,B) Relative mRNA levels of MCF10A cells by treatment condition at 24 hours post-

irradiation with each treatment group normalized to untreated cells is shown for A) IFN-β 
and B) CCL5. MCF10A cells received 16 Gy of ionizing radiation and CHK1i (AZD7762) 

was added to media 1 hour prior to RT. Values represent the mean ±S.D. of three 

experiments; *, P ≤ 0.05.

C,D) Relative mRNA levels of B16-F10 cells by treatment condition at 24 hours post-

irradiation with each treatment group normalized to untreated cells is shown for C) IFN-β 
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and D) CCL5. B16F10 cells received 4 Gy of ionizing radiation and CHK1i (AZD7762) was 

added to media 1 hour prior to RT. Values represent the mean ±S.D. of three experiments; *, 

P ≤ 0.05.

E, F) Protein levels of phosphorylated STAT1 with Beta-Actin loading control is shown for 

E) MCF10A and F) B16-F10 cells at the 24, 48 and 72 hour time points as indicated. 

MCF10A cells underwent 16 Gy of RT and B16-F10 underwent 4 Gy of RT.

G, H) Relative mRNA levels of MCF10A cells with siRNA knockdown against non-

template target STING for G) IFN-β and H) CCL5. MCF10A cells received 16 Gy of 

ionizing radiation and CHK1i (AZD7762) was added to media 1 hour prior to RT. Each 

treatment group is normalized to the untreated condition for the MCF10A non-template 

control Values represent the mean ±S.D. of three experiments; *, P ≤ 0.05.
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Figure 5: Secreted IFN-β Protein Expression by ELISA in B16F10 Tumor Cells
Protein expression levels of secreted IFN-β was assessed by ELISA in B16F10 cells by 

treatment condition at 48 hours post-irradiation. B16F10 cells received 4 Gy of ionizing 

radiation and CHK1i (AZD7762) was added to media 1 hour prior to RT. Values represent 

the mean ±S.D. of three experiments.
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Figure 6: Tumor response in implanted B16-F10 tumors
A) Individual primary tumor responses for mice by treatment group (untreated, RT (17 Gy), 

CHK1i (AZD7762), CHK1i (AZD7762)+RT). B) Individual abscopal tumor responses for 

mice by treatment group. p-values shown are by log-rank test for tumor progression are in 

comparison to the untreated tumor group (see Statistical analyses in Methods).
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Figure 7: Tumor volume in implanted B16-F10 tumors
A) Average tumor volume of the primary tumor by treatment condition over time for each 

treatment group (untreated, RT (17 Gy), CHK1i (AZD7762), CHK1i (AZD7762) +RT). B) 

Average tumor volume of the abscopal tumor by treatment condition over time for each 

treatment group.

Chao et al. Page 23

Oncogene. Author manuscript; available in PMC 2020 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8: Immune activation by CD8 T-cell recruitment and gene expression in implanted B16-
F10 tumors
A,B) Flow-assisted cell sorting analysis results indicating the activated CD8 T-cell 

population within B16-F10 tumors harvested 13 days following irradiation. Results for each 

treatment condition are shown in the A) primary irradiated tumor and B) abscopal 

unirradiated tumor.

C,D) Relative mRNA levels of B16-F10 tumors harvested 13 days following irradiation for 

the primary irradiated tumor by treatment condition (RT: n=4, CHK1i (AZD7762): n=3, 

CHK1i (AZD7762)+RT: n=3) for C) IFN-γ, and D) GZMB.
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E,F) Relative mRNA levels of B16-F10 tumors harvested 13 days following irradiation for 

the abscopal unirradiated tumor by treatment condition (RT: n=4, CHK1i (AZD7762): n=3, 

CHK1i (AZD7762)+RT: n=3) for E) IFN-γ, and F) GZMB.

Values represent the mean ±S.D. of experimental replicates as shown; *, P ≤ 0.05.
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