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interferon signaling after G2
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Recent studies suggest that inhibition of the ATR kinase can potentiate
radiation-induced antitumor immune responses, but the extent and
mechanisms of such responses in human cancers remain scarcely
understood. We aimed to assess whether the ATR inhibitors VE822 and
AZD6738, by abrogating the G2 checkpoint, increase cGAS-mediated type |
IFN response after irradiation in human lung cancer and osteosarcoma cell
lines. Supporting that the checkpoint may prevent IFN induction, radiation-
induced IFN signaling declined when the G2 checkpoint arrest was prolonged
at high radiation doses. G2 checkpoint abrogation after co-treatment with
radiation and ATR inhibitors was accompanied by increased radiation-induced
IFN signaling in four out of five cell lines tested. Consistent with the hypothesis
that the cytosolic DNA sensor cGAS may detect DNA from ruptured
micronuclei after G2 checkpoint abrogation, cGAS co-localized with
micronuclei, and depletion of cGAS or STING abolished the IFN responses.
Contrastingly, one lung cancer cell line showed no increase in IFN signaling
despite irradiation and G2 checkpoint abrogation. This cell line showed a higher
level of the exonuclease TREX1 than the other cell lines, but TREX1 depletion
did not enhance IFN signaling. Rather, addition of a pan-caspase inhibitor
restored the IFN response in this cell line and also increased the responses in
the other cell lines. These results show that treatment-induced caspase
activation can suppress the IFN response after co-treatment with radiation
and ATR inhibitors. Caspase activation thus warrants further consideration as a
possible predictive marker for lack of IFN signaling.

KEYWORDS
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Introduction

Local radiotherapy can increase tumor immunogenicity,
yielding systemic, abscopal effects on distal metastases in rare
cases (1, 2). However, the influence of radiotherapy on the
immune system is complex, and radiotherapy may also
stimulate immunosuppressive mechanisms (3). Immune
checkpoint inhibitors combined with radiotherapy has shown
promise in enhancing the antitumor immune effects (4-6).
Nevertheless, therapeutic responses remain limited, urging the
need for more knowledge and new, efficacious strategies.

The serine/threonine protein kinase ATR is a central
regulator of the G2 cell cycle checkpoint and DNA repair
following irradiation (7, 8). When ATR inhibitors (ATRi) are
combined with irradiation, cells will enter mitosis with
unrepaired DNA lesions, which ultimately causes
micronucleus formation and cell death (9). ATRi are therefore
promising radiosensitizers under clinical evaluation (10, 11).
Interestingly, recent studies suggest that ATRi, besides their
effects on cell cycle checkpoints and DNA repair, may also
increase radiation-induced antitumor immune responses.
Increased immune effects, such as activation of CD8" T cells
and immunological memory, have been observed in murine
cancer models after treatment with the ATR inhibitor AZD6738
and ionizing radiation (IR) (12-14). Mechanistically, ATRi may
stimulate tumor immunogenicity through downregulation of
programmed cell death 1 ligand 1 (PD-L1) in irradiated cancer
cells (3, 14, 15). In addition, ATR inhibition can potentiate
radiation-induced type I IFN responses, likely through
generation of cytosolic DNA resulting from increased
micronucleus formation after abrogation of cell cycle
checkpoints (16, 17). In this scenario, the DNA sensor cGAS
recognizes de facto cytosolic DNA in ruptured micronuclei, and
triggers induction of type I IFN through the cGAS-STING-
IRF3-TBKI1 signaling cascade (18-20). Noteworthy, the cGAS-
STING-IFN pathway is negatively regulated by three-prime
repair exonuclease 1 (TREX1), which degrades the DNA
substrates of cGAS (21, 22). In addition, this pathway can be
negatively regulated by caspase-mediated protein cleavage (23).

The potentiation of IFN responses after IR and ATRi were
mostly shown in murine cancer or human normal cells, and it
remains elusive whether similar effects commonly occur in
human cancer cells. Furthermore, in some cell lines, IFN
responses were rather stimulated through immune recognition
of cytosolic RNA (16, 17). Opposing results regarding whether
the IFN response was dependent on the cytosolic RNA sensor
RIG-I or the DNA sensor cGAS have even been reported for the
same cells (MCF10A) (16, 17), underlining the mechanistic
uncertainty of the response.

Here, we investigated the hypothesis that combined
treatment of human cancer cells with IR and ATRi stimulates
cGAS-mediated type I IFN responses, due to G2 checkpoint
abrogation and consequently enhanced generation of
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micronuclei. We found that the combined treatment caused
increased cGAS-mediated type I IEN secretion in all tested cell
lines except for one, which contained very high basal levels of the
exonuclease TREX1. However, downregulation of TREX1 in this
cell line did not restore IFN signaling. Rather, the IFN response
was restored upon co-treatment with a pan-caspase inhibitor.
The caspase inhibitor also further increased the IFN responses in
the other cell lines.

Results

Radiation-induced type | interferon
signaling declines at high radiation
doses, coinciding with a prolonged G2
checkpoint arrest

To explore how ATR inhibitors affect radiation-induced IFN
signaling, we first assessed the effects of irradiation alone. We
treated the human osteosarcoma cell line U20S with different
radiation doses (2-20 Gy), and measured IFN signaling three to
six days post treatment by immunoblotting of phosphorylated
STAT1 (pSTATI1). STATI is phosphorylated upon autocrine
and paracrine type I IFN signaling, rendering pSTAT1 indicative
of IFN secretion (18, 24). At six days post treatment, a marked
increase in pSTAT1 was observed after lower radiation doses (2
and 5 Gy), whereas higher doses (>10 Gy) gave only minor
increases in pSTAT1 level (Figures 1A, B). Similar radiation dose
responses have been reported in a previous study, where the lack
of IEN secretion after higher doses (> 10 Gy) was attributed to
radiation-induced increases in TREXI expression (25).
Contrastingly, we did not find any increase in TREX1 levels in
U20S cells after irradiation with 10-20 Gy (Figure 1A). Our
results thus suggest other mechanisms to be responsible for
suppression of IFN responses after high-dose irradiation in this
cell line. Induction of type I IFN responses has been linked to
formation of micronuclei resulting from mitosis with unrepaired
DNA after irradiation (18, 19). As arrest at the G2 checkpoint
delays mitotic entry, we compared cell cycle progression after
low- and high-dose irradiation. The cells arrested notably longer
in the radiation-induced G2 checkpoint after higher doses than
after lower doses, as expected (Figure 1C). The lack of IFN
signaling after exposure to high doses of radiation thus coincides
with prolonged G2 checkpoint arrest, suggesting that the arrest
counteracts IFN signaling.

ATR inhibition-induced G2 checkpoint
abrogation accelerates micronucleus
formation after irradiation

We next investigated whether ATR inhibition can abrogate
the G2 checkpoint after irradiation with low and high doses. We
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Reduction of radiation-induced IFN signaling at high IR doses coincides with prolonged G2 checkpoint arrest. (A) Immunoblots of U20S cells
harvested at three and six days after IR. Bar charts show pSTAT1 and TREX1 levels relative to total protein and normalized to mock. (B)
Quantification of pSTAT1 levels relative to the corresponding mock sample for multiple independent experiments with 5 and 20 Gy as in (A). (3
days: n =5 for 5 Gy and n = 4 for 20 Gy; 6 days: n = 3) (C) DNA histograms from parallel samples in the same experiment as in (A). The '100K’
annotation marks the G2/M phase peak. Results in (A, C) are representative for three independent experiments performed at different time

points within 0-6 days post treatment.

employed the ATR inhibitor VE822 (berzosertib) at a high
concentration (250 nM), which caused ~80% reduction in cell
viability (Supplementary Figure S1A, left). Treatment with 250
nM VE822 efficiently abrogated the checkpoint after 2 and 5 Gy
irradiation, but less so after irradiation with 10 or 20 Gy
(Supplementary Figure S1B). Hence, ATR inhibition is less
effective in abrogating G2 checkpoint arrest after higher
radiation doses, in agreement with previous studies showing
that the G2 checkpoint is regulated by multiple factors (26-30).
In our subsequent studies with radiation and ATRi, we therefore
irradiated with 5 Gy. U20S cells showed a pronounced G2
checkpoint arrest at 17 hours after 5 Gy, with the cell cycle
profile slowly beginning to redistribute at 22-41 hours post
treatment (Figure 2A). Cells co-treated with 5 Gy and 250 nM
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VE822 showed no sign of checkpoint arrest, with no
accumulation of cells in G2 phase at 17-22 hours post
treatment (Figure 2A). Furthermore, the G2 checkpoint was
almost completely abrogated at 0-6 hours post treatment, as
detected by presence of mitotic cells (data not shown). The
checkpoint was correspondingly abrogated by a high
concentration (1250 nM) of the ATR inhibitor AZD6738
(ceralasertib) (Figures 2B, C). This concentration of AZD6738
caused ~50% reduction in cell viability (Supplementary Figure
SIA, right). We also tested lower, less toxic concentrations of
both VE822 and AZD6738 (50 nM and 250 nM, respectively),
yielding 5-10% reduction in viability (Supplementary Figure
SIA). The lower concentrations gave a partial abrogation of
the G2 checkpoint (Figures 2B, C). The effect of ATR inhibition
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ATRi abrogates radiation-induced G2 checkpoint arrest, resulting in expedited generation of micronuclei and induction of type | IFN response in
U20S cells. (A) DNA histograms after treatment with IR and VE822. (B) Quantification of proportion of cells in G2/M phase from the experiment
in (A). (C) Bar-plotted quantification of G2/M proportions from three independent experiments performed as in (A), at 17 hours after treatments.
(D) Micrographs showing anti-dsDNA immunofluorescence staining. ATRi: 250 nM VE822. Scale bars: 20 pm. (E) Immunoblot of phosphorylated
STAT1 (pSTAT1) and total STAT1 (STAT1) three and six days after IR with or without VE822 and AZD6738. Pan-actin and y-tubulin were used as
loading controls at three and six days, respectively. (F) Quantification of pSTATL levels relative to loading controls for experiments as in (E).
Values are normalized to 5 Gy. (G) Immunoblot of pSTAT1 and STING in U20S cells at three days after the indicated treatments. Bar chart shows
STING level relative to total protein and normalized to mock. (H) ELISA of IFN- in 20X up-concentrated growth media from U20S cells
harvested three days after treatment. Dashed line indicates the lowest interferon-B concentration tested in the standard curve in Supplementary

Figure S1E (7.81 pg/ml). n.d. = not detectable.
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was also assessed by immunofluorescence microscopy. Cells
treated with 5 Gy IR and 250 nM VE822 generated
micronuclei already within 24 hours post treatment (consistent
with finalized mitosis), whereas micronuclei were observed at 72
hour post treatment for irradiated mock cells (Figure 2D). These
results indicate that ATR inhibitors at high concentrations
efficiently abrogate G2 checkpoint arrest and thereby
accelerate the generation of micronuclei.

Combined treatment with IR and ATRi
expedites radiation-induced interferon
response in U20S cells

Type I IEN responses upon treatment of U20S cells with IR
and ATRi were measured by pSTAT1 levels and IFN-B ELISA.
Irradiation (5 Gy) alone gave nearly no increase in pSTAT1
levels at three days post treatment (Figures 2E, F). Co-treatment
with IR and high concentrations of ATRi (250 nM VE822; 1250
nM AZD6738) markedly increased this response, whereas a
smaller increase was obtained with the lower concentrations
(50 nM VE822; 250 nM AZD6738) (Figures 2E, F). The biggest
effect was obtained with the high concentration of VE822 (250
nM), which also caused the highest reduction of cell viability
(Supplementary Figure S1A). At six days post treatment, IR
alone induced the highest pSTAT1 levels, but this induction
nevertheless appeared lower than after the aforementioned high-
concentration co-treatments at three days (Figures 2E, F;
Supplementary Figure S1C). ATRi thus causes an earlier and
more pronounced wave of IFN response, which declines with
time. The latter might be related to reduced kinase activities in
dying or dead cells. Indeed, the higher concentrations of ATRi
rendered measurements unattainable at six days due to too
much cell death (data not shown). We also observed increased
levels of total STAT1 after the treatments (Figure 2E;
Supplementary Figure S1D), consistent with previous work in
other cell lines showing that radiation-induced increase in
pSTATI is accompanied by increased levels of total STAT1
(18). Of note, a previous study has reported that the cGAS-
STING-IEN pathway is defective in U20S cells due to very low
or undetectable expression levels of STINGI (31). However, we
consistently observed an increase in STING level after treatment
with IR and ATRi (Figure 2G), supporting that this pathway may
likely be active in U20S cells after the treatment.

To verify that pSTATI levels represent an activated type I
interferon signaling cascade, we measured levels of IFN-f in growth
medium supernatants by ELISA three days post treatment. Whereas
the unirradiated mock samples and the samples treated with IR or
ATRIi alone failed to give detectable levels of IFN-f, the combined
treatment with IR + 250 nM VE822 - which produced the highest
increase in pSTAT1 levels - gave clearly elevated IFN-f
concentrations in the medium (Figure 2H; Supplementary Figure
S1E). The ELISA measurements thus confirm that the increased

Frontiers in Oncology

05

10.3389/fonc.2022.981332

pSTAT1 levels correlated with IFN-f secretion. Altogether, these
results indicate that whereas IR alone induces an IFN response at
around six days, the combined treatment with IR and ATRi can
induce an expedited response at three days post treatment.

The effect of co-treatment with IR and
ATRI on interferon signaling varies
between human lung cancer cell lines

As done for U20S, we next assayed pSTAT1 levels in the non-
small cell lung cancer (NSCLC) cell lines SW900, H1975, A549
and H460. Irradiation alone caused a small increase in pSTAT1
for SW900 and H1975 at three days post treatment, and in A549
at six days post treatment (Figures 3A-C). We detected further
increased pSTAT1 levels upon co-treatment with IR and ATRi for
SW900, H1975 and A549 (Figures 3A-C), albeit to a lesser extent
than for U20S. The highest levels of pPSTAT1 were observed after
treatment with IR + 250 nM VE822 for SW900 and A549
(Figures 3A, C), in concordance with the results for U20S
(Figures 2F, H). For H1975, the differences between IR and IR
+ ATRIi were not statistically significant, but nevertheless, the
pSTAT1 level was increased both after IR alone and in
combination with ATRi when compared to the non-irradiated
cells (Figure 3B). At six days post treatment, all the treatments of
H1975 resulted in pSTATI levels around or below the mock
sample background level (Supplementary Figure S2C). SW900, on
the other hand, showed a marked radiation-induced increase in
PSTAT1 level at six days, but still lower than after IR + ATRi at
three days (Supplementary Figures S2A, B), resembling the results
for U20S.

Notably, no increase in pSTAT1 levels was observed for
H460 after treatment with either IR alone or in combination
with ATRi, neither at three nor six days post treatment
(Figure 3D; Supplementary Figure S2E). This was confirmed
by ELISA measurements of IFN-§ in H460 (Figure 3E). H460
thus deviates from the other tested cell lines, all of which showed
an increase in pSTAT1 levels after treatment with IR and/or IR +
ATRi. To address whether H460 also deviated in terms of G2
checkpoint abrogation, we performed cell cycle analyses after
treatment with 5 Gy IR + 250 nM VE822. However, all four lung
cancer cell lines showed a clear G2 arrest at 17 hours after
irradiation, which was abrogated upon ATR inhibition
(Figures 3F, G; Supplementary Figures S3A, B). Of note is that
A549 had less accumulation of cells in G2 phase after irradiation,
likely due to a more pronounced G1 checkpoint (Supplementary
Figure S3A). Thus, A549 may cycle more slowly than the other
cell lines after the treatment, which could possibly explain the
delayed IFN response in this cell line relative to the others.
Together, these results show that ATRi can increase the IFN
response after irradiation in three out of the five cell lines tested,
and weakly in further one cell line, while the G2 checkpoint was
abrogated in all five cell lines.

frontiersin.org


https://doi.org/10.3389/fonc.2022.981332
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Eek Mariampillai et al.

FIGURE 3

A SW900, 3 days B

—--—---—pSTATl

S ——— — STAT1

“----}» y-tubulin

H1975, 3 days

--—-—-—}—STATl
------% PNUTS

— 25 Lt — 254 == .
] . [] .
5 2 . 5 24
2154, " 5 154 . .
E .]° E
= =0
wn 05 wny 0.5 4
e 0 e 0 +
AALHY DD AN N DD
GG Y QY0 0 GG oY A Y
TEEEES TIFESS
L L
S84 SRR
NSNS NI
585 S &5 &L
CVSS )
> NVY > L VY
O @ % Y g @ % Y
""o A X ")‘o KR
¥c) o
RN “ 4
H460, 3 days
D E
~~~~~~ L pSTAT1 _
e s e s - STATL é
o
[ - \/_tubulin s
@
E 25 - . =
3 %1 =
o 154
= 1 .
s
o 05 4
o 0 d
S OPF S
N %A‘VA‘" o ©
S Q
SRR
S
:),\‘7"?0“?0
> VY
O N < Y
LIPS
0
9 4
F
—=— 0 Gy Mock -
80 SW900 80 H1975 . Gy VEs22 £ 60 -
= o --u--5 Gy Mock £
O e M --+--5 Gy VE822 © 50 -
(= s
‘40 = 40 . o
2 - Zao ]
o . ©
= ¢ 2
° | — < 30 -
17h 43h 65h 17h22h 46h 5
220 -
30 A549 80 H460 ~=
s [0}
S 5101
(G L 2
- =2
£ 40, 40 8
2 T ® 0
8 B -
© -
17h  41h 65h 17h22h 41h

pSTAT1 level

A549, 6 days

10.3389/fonc.2022.981332

- TR W - pSTAT1

EERTREE,

mOo Gy

TEREE

TR

=

E5 Gy

RS
SRR T

4] i

A P
RS

TETETTETTE,
FEEEE

f
Fizs

SW900 H1975 A549 H460

o ————— T

A | A ctin

HO0Gy + VES22

E15 Gy + VE822

ATRIi abrogates radiation-induced G2 checkpoint arrest in four human lung cancer cell lines, and gives increased IFN response in three of these.
(A—-D) Immunoblots for indicated NSCLC cell lines after treatment with IR and ATRi. Bar charts show pSTAT1 levels relative to loading controls
and normalized to 5 Gy. (Results for A549 at three days after treatment and at six days for the other cell lines are shown in Supplementary Figure
S2). y-tubulin, PNUTS and pan-actin were used as loading controls. (E) ELISA of IFN-B in H460 cells treated and analyzed as in Figure 2H. (The
zero values are from an experiment where all IFN readings were equal to or lower than the lowest value of the standard curve). (F) Proportion of
cells in G2/M phase after treatment with IR and 250 nM VE822. The corresponding DNA histograms are shown in Supplementary Figure S3.

(G) Bar-plotted quantification of G2/M proportions from three independent experiments performed as in (F), at 17 hours after treatments.

Frontiers in Oncology

06

frontiersin.org


https://doi.org/10.3389/fonc.2022.981332
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Eek Mariampillai et al.

Increased pSTATL1 levels after combined
treatment with IR and ATRi are
dependent on cGAS

To investigate whether the treatment-induced increases in
pSTAT1 levels were dependent on the cytosolic DNA sensor
cGAS, we performed siRNA transfection to deplete cGAS in
U20S, A549 and SW900. For all three cell lines, the increase in
PSTATTI level was abolished or heavily diminished upon cGAS
depletion (Figure 4A). This result substantiates the hypothesis of
IFN secretion in response to detection of cytosolic DNA by
cGAS after treatment with IR and ATRi. To further elucidate
cGAS’ role in the response, we performed immunofluorescence
microscopy of U20S at three days after treatment with IR with
and without 250 nM VE822. If cGAS initiates the type I IFN
response after detection of de facto cytosolic DNA in
micronuclei, cGAS should localize to the micronuclear lumen.
Indeed, cGAS formed distinct foci localized to micronuclei in
U20S cells after the combined treatment (Figure 4B).
Transfection with siRNA targeting CGAS abolished this effect
despite presence of micronuclei (Figure 4C). Furthermore,
siRNA-mediated depletion of STING also abolished the IFN
response after IR and ATRi, highly consistent with activation of
the cGAS-STING-IEN pathway in U20S cells (Supplementary
Figure S4A). In contrast, transfection with three different non-
targeting control siRNAs did not eliminate the IFN response
(Supplementary Figure S4A). Taken together, these results show
that the IFN response is dependent on cGAS-STING, and that
there is a link between micronuclear cGAS localization and
induction of the type I IFN response.

Caspase inhibition restores the IFN
response in H460 cells and increases the
responses in the other cell lines.

As H460 deviated from the other cell lines by the lack of IFN
response after treatment, and as TREX1 can degrade the DNA
substrate of cGAS, we assessed the protein level of TREX1 in all
the cell lines (Figure 5A). The level of TREX1 was considerably
higher in H460 than in the other cell lines (Figures 5A, B), which
could imply that TREXI is responsible for the lack of IFN
response in H460. To address this, we depleted TREX1 by
siRNA transfection. However, depletion of TREX1 in H460
caused massive cell death and growth arrest, and did not
produce any IFN response upon treatment with IR and ATRi
(data not shown). We therefore titrated the siRNA concentration
to obtain a partial depletion of TREXI in H460, reaching
approximately similar level of TREX1 as in the other cell lines
(Figure 5C). In this experiment we also included a pan-caspase
inhibitor (Q-VD-OPh) to address whether apoptotic cell death
might camouflage the effect of TREX1 depletion. Remarkably,
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the caspase inhibition, but not the TREX1 depletion, resulted in
a high pSTAT1 level after treatment with IR and ATRi in H460
(Figure 5C). The magnitude of this response after the triple-
treatment was comparable to the IFN response in U20S cells
after IR + ATRi (Figure 5D). The caspase inhibitor also increased
the pSTATT1 levels after IR + ATRi in U20S, SW900 and A549
cells, but no increase was seen in H1975 cells (Figure 6A). Of
note is that these differences were not statistically significant for
U20S and A549, but all the experiments anyway showed a
similar trend (Figure 6A). To further validate these findings, we
measured IFN-f by ELISA in H460, U20S, H1975 and SW900
cells after treatment with ATRi and/or IR in the presence and
absence of the caspase inhibitor. The ELISA results confirmed
that caspase inhibition restores the IFN response in H460 and
increases the responses in U20S and SW900 cells (Figures 6B,
C). Intriguingly, caspase inhibition also increased IFN-f8
secretion in H1975 cells (Figures 6B, C), despite the lack of
increase in pSTAT1 level (Figure 6A). The amount of secreted
IFN-f was even higher for H1975 than for the other cell lines.
The pSTAT1 response occurring downstream of IFN-f secretion
must thus somehow be downregulated in H1975 cells.
Treatment-induced cleavage of caspase-3 and PARPI were
detected in H460, U20S and H1975 cells (Supplementary
Figure S4B), which also were the three cell lines showing
biggest increases in IFN response upon caspase inhibition.
Altogether, these results strongly suggest that treatment-
induced caspase activation is responsible for the lack of IFN
response in H460 cells after IR + ATRi. Furthermore, caspase
activation also counteracts the IFN response in the other
cell lines.

Discussion

Combined treatment with ATRi and radiotherapy is a
promising strategy under evaluation in clinical trials (10, 11,
32). While the rationale until recently has been ATR’s function
in DNA damage repair and cell cycle checkpoints, a new role for
ATR is also emerging in the suppression of antitumor immune
responses [reviewed in (33-35)]. However, the mechanisms of
how ATRIi regulate immune effects, and to what extent these are
important in human cancers, have been unclear. We show that
the ATR inhibitors VE822 and AZD6738 can potentiate
radiation-induced, cGAS-dependent type I interferon signaling
in several cell lines from human osteosarcoma and NSCLC. On
the other hand, IFN signaling was not observed in one of the
NSCLC cell lines, H460, despite abrogation of the G2 checkpoint
and presence of micronuclei. Remarkably, upon addition of a
pan-caspase inhibitor, the IFN response was restored in this cell
line after irradiation and ATR inhibition. Moreover, the caspase
inhibitor also increased the IFN responses in the other cell lines.
Our results are consistent with a model where the ATR
inhibitors” abrogating effect on the G2 checkpoint leads to an
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Increased IFN signaling after IR and ATRi is dependent on the cytosolic DNA sensor cGAS.(A) Immunoblots and quantifications of pSTAT1 levels
in non-transfected (N/T) and siCGAS-transfected cells at three (U20S, SW900) or six (A549) days after treatment. Bar charts show pSTAT1 levels
relative to loading controls (y-tubulin or PNUTS) and normalized to 5 Gy. (B) Micrographs of U20S cells stained with antibodies against cGAS
(red) and dsDNA (green) at three days after treatment. (C) Micrographs of U20S cells transfected with siCGAS as in (A) and harvested at three
days after treatment with 5 Gy and 250 nM VE822. Arrows in Figure B-C indicate cGAS foci localized to micronuclei. Scale bars: 20 pm
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FIGURE 5

Caspase inhibition restores IFN signaling in the H460 cell line, which initially lacked the IFN response after IR + ATRi. (A) Immunoblots showing
cGAS and TREX1 levels at three days after treatment. Three leftmost lanes: 10, 25 and 50% loading of the co-treated SW900 sample. ATRi: 250
nM VE822. (B) Quantification of immunoblots from three independent experiments as shown in (A) for TREXL, relative to total protein levels and
normalized to U20S mock. (C) Left: Immunoblots of H460 cells at three days after treatment with IR (5 Gy), ATRi (250 nM VE822) and a pan-
caspase inhibitor (20 uM Q-VD-OPh). Cells were transfected with control siRNA (UNC; universal negative control) or siRNA targeting TREX1 at
six hours prior to the treatment. Right: Quantification of immunoblots for pSTAT1 and TREX1 from two independent experiments, relative to
total protein and normalized to the triple-treated non-transfected (N/T) cells (third lane). (D) Immunoblots of H460 cells and U20S cells at three
days after the indicated treatments. The caspase inhibitor was present at 10 pM or 20 pM for 0-72 h or 24-72 h after irradiation, as indicated.
The ATR inhibitor (VE822) was present for 0-72 h. Bottom bar chart shows quantification of pSTATL levels from three (two for the two latter triple-
treatments for both cell lines) independent experiments, relative to y-tubulin and normalized to the co-treated U20S sample (5 Gy + 250 nM
VE822). Dashed line is included to compare pSTATL levels for the triple treated H460 cells with the co-treated U20S cells.

IFN response via detection of micronuclear DNA by the

Our finding, that caspase inhibition increases interferon

cytosolic DNA sensor ¢cGAS. The ATR inhibitors thereby
accelerate and increase the radiation-induced IFN response.
However, treatment-induced caspase activation can suppress

this response (Figure 7).
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signaling, is consistent with previous studies showing caspase-
dependent suppression of the cGAS-STING-IFN pathway
during DNA virus infection [reviewed in (23)]. A previous

study has reported that caspase inhibition also can increase
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not tested (U20S, n = 2), n.s.: not significant)

radiation-induced IFN secretion (36). However, to our
knowledge, it has not previously been shown that caspase
inhibition increases the IFN response after combined
treatment with IR and ATRi. We propose that treatment-
induced caspase activation counteracts the IFN response
mediated by cGAS-detection of DNA from ruptured
micronuclei. This finding may partly explain why different
cancer cell lines show large variations in the extent of IFN
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response after irradiation and ATR inhibition [this study and
(17)]. In some cell lines, the treatment induces strong caspase
activation which suppresses the response. The underlying
molecular mechanism of how pan-caspase inhibition increases
the IFN response after IR and ATRi remains to be elucidated.
Caspases may potentially cleave cGAS or other factors in the
cGAS-STING signaling cascade (23, 37). Furthermore, the
previous study with radiation-induced IFN suggested that
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occurring after completion of the IR-induced G2 checkpoint arrest. When the G2 arrest is abrogated by ATRi (ATRi + IR; bottom), the IFN
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both cases IFN is induced due to immune recognition of DNA from ruptured micronuclei, via the cGAS—=STING-IFN pathway. This pathway can

be suppressed by treatment-induced caspase activation.

caspase inhibition prevents breakdown of irradiated cells with
cytosolic DNA (36). Notably, the IFN response is regulated by
multiple factors. In addition to the micronuclei, mitochondrial
DNA or endogenous retroviruses can also cause IFN induction
after irradiation (38, 39). An important task for the future is
therefore to better understand the relative contribution from
each of these pathways.

The lack of IFN response in H460, after both irradiation
alone and co-treatment with IR and ATRI, coincided with a
higher baseline level of TREXI in this cell line than in the
responding ones. We therefore hypothesized that TREX1 might
be a regulating factor for the cGAS-IFN signaling pathway in
H460. However, neither partial depletion nor full depletion of
TREX1 by siRNA transfection did increase IFN signaling in
H460. Furthermore, we failed to see an increase in TREX1 levels
after treatment with high radiation doses (10-20 Gy). The
observed reduction of IFN response after high doses did
therefore not correlate with an induction of TREX1I expression,
in contrast to the results of a previous study (25). However, while
we assessed TREX1 protein levels, the previous study examined
TREX1 mRNA levels and also applied other cell lines than us,
which might explain differences between the results.

In our study, we employed two different concentrations of
the ATR inhibitors. While the highest, most toxic concentrations
of the inhibitors (250 nM VE822; 1250 nM AZD6738) abrogated
the G2 checkpoint and induced IFN signaling, the lower
concentrations (50 nM VES822; 250 nM AZD6738), which
were less toxic, only moderately abrogated the checkpoint and
showed minor increases in IFN signaling. Of note is that the
higher inhibitor concentrations are toxic even without
irradiation, and the concentrations typically used for
radiosensitization of cancer cell lines are closer to the lower
concentrations in our study. Radiosensitizing effects have for
instance been reported with 25-50 nM VE822 in U20S and
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A549 cells (40) and with 100-300 nM AZD6738 in A549 and
H460 cells (41), as measured by clonogenic survival.
Interestingly, in order to cause pronounced increases in IFN
signaling, the cells required higher concentrations of the
inhibitors than what is needed for a mere radiosensitizing
effect. The effects of ATRi in IFN signaling nevertheless
required co-treatment with radiation, as treatment with the
inhibitors in the absence of irradiation caused no or only small
increases in IFN response (Figures 2H; 3E; 6A, B).

The reduction in IFN response after high IR doses (10-20 Gy)
correlated with a prolonged G2 checkpoint arrest. This correlation
is in line with previous reports showing reduced IFN signaling and
a longer G2 checkpoint arrest after irradiation of DNA repair-
deficient cells, as compared to repair-proficient cells (16, 18). In
repair-deficient cells, the higher level of unrepaired DNA damage
with low radiation doses will cause a longer G2 checkpoint arrest,
analogous to the prolonged checkpoint arrest seen in repair-
proficient cells with high radiation doses. Our results thus
strongly support the notion that radiation-induced cell cycle
arrest functions to suppress the type I IFN response (16).
Previously, a phenomenon of checkpoint adaptation and G2
checkpoint imperfectness, allowing cells to escape checkpoint
arrest even with remaining DNA breaks, has been described (42,
43). Interestingly, the link between micronuclei and induction of
IFN signaling suggests an important functional role of checkpoint
adaptation in stimulating antitumor immune responses.

In conclusion, the combined treatment of irradiation and
ATR inhibition can potentiate radiation-induced type I IFN
responses, and thus be a candidate immunostimulatory
radiotherapeutic strategy. The clinically relevant immune effect
of such co-treatment will likely depend on the type of cancer, the
heterogeneity of the tumors and possibly also treatment-induced
caspase activation. Adding caspase inhibitors could potentially
also be a future strategy to increase antitumor immune effects,
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although it is far from clear how they will affect both normal
tissue and other antitumor responses. Further in vivo
investigation will unveil the fuller potential of these combined
treatments, which may also be further combined with immune
checkpoint inhibition.

Materials and methods

Cell culture, irradiation and
inhibitor treatment

Human H460 and A549 NSCLC and U20S osteosarcoma
cells were grown in DMEM with GlutaMAX-1, and SW900 and
H1975 NSCLC cells in RPMI 1640 medium with GlutaMAX-I
(both media from Gibco by Life Technologies), at 37°C with
humidified 5% CO, atmosphere. The media were supplemented
with 10% fetal bovine serum (Biowest) and 1% penicillin-
streptomycin solution (50 IU/ml) (Gibco). Cells were tested
for Mycoplasma infection, and their identity was confirmed by
short tandem repeat analysis. ATR inhibitors VE822
(berzosertib/VX970, Selleckchem) and AZD6738 (ceralasertib,
Selleckchem) were added 10-30 minutes before irradiation
(160 kV X-rays, 1 Gy/min, Faxitron CP-160).

Cell cycle analysis

Cells were fixated with 70% ethanol, stained with Hoechst
33258 (Sigma-Aldrich) and analyzed with a LSR II flow
cytometer (BD Biosciences) coupled to the BD FACSDiva v8
software. DNA histograms were analyzed in FlowJo v10. Cell
cycle analysis was conducted by the Watson algorithm.

Immunoblotting

Cells were lysed in whole-cell lysis buffer (20 mM NaCl, 2
mM MgCl,, 50 mM Tris-HCI pH 7.5, 0.5% Triton X-100) with
protease and phosphatase inhibitor cocktails (cOmplete mini
(EDTA-free) and PhosSTOP EASYpack, Roche) and benzonase
(100 IU/ml; Merck/Sigma-Aldrich). Protein concentration was
measured by Micro BCA Protein Assay kit (ThermoFisher
Scientific), and adjusted. Lane Marker Reducing Sample Buffer
(Pierce) was added and the samples were boiled for 10 minutes
at 95°C. SDS-polyacrylamide 4-15% gradient gels (Bio-Rad)
were used for electrophoresis and nitrocellulose membranes
(Bio-Rad) for blotting. The resulting membrane was blocked
in 5% non-fat skimmed-milk powder in PBS with 0.1% Tween
(PBST) at room temperature for a minimum of 30 minutes.
Membranes were stained with primary antibodies at 4°C over-
night and secondary antibodies at room temperature for 30-45
minutes (antibodies were diluted in the aforementioned

Frontiers in Oncology

12

10.3389/fonc.2022.981332

blocking solution), before addition of enhanced
chemiluminescence solution (ThermoFisher Scientific).
Washing of membranes after transfer and antibody
incubations was done in room-tempered PBST. Images were
processed and quantifications were performed in Image Lab 4.1
(Bio-Rad). Range of detection was verified by excluding
saturated signals and by including a dilution series of one of
the samples (see Figure 5A). The resulting standard curve
allowed for accurate quantification. Antibodies are listed in
Supplementary Table 1.

Immunofluorescence microscopy

Cells were cultured on glass coverslips and fixated with 10%
formalin solution (Sigma-Aldrich) for 10 minutes at room
temperature. Cells were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) in PBS, and stained with primary antibodies for
1 hour followed by secondary antibodies for 30 minutes. For
blocking, the antibodies were diluted in room-tempered DMEM
with 10% FBS upon staining of coverslips. The coverslips were
washed three times in PBS after fixation, permeabilization and
antibody incubations. Coverslips were mounted with mowiol
solution (Sigma-Aldrich). Antibodies are listed in
Supplementary Table 2.

siRNA transfection for gene knockdown

For cGAS depletion, cells were transfected with 20 nM
siCGAS (M-015607-01-0005, SMARTpool, Dharmacon). For
STING depletion, cells were transfected with 10 nM siSTING!
(siTMEM173, 1D 128591, Ambion). For partial TREX1 depletion,
cells were transfected with 5 nM siTREX1 (ID s535182, Ambion).
All transfections were performed with Lipofectamine RNAiMax
(Invitrogen), at six hours before treatment. For siRNA sequences,
consult Supplementary Table 3.

Enzyme-linked immunosorbent assay
(ELISA) of interferon-f3

Growth medium supernatants were centrifuged to exclude
floating cells. Resulting supernatants were 20X up-concentrated
by centrifuge filtering through 10 kDa cut-oft columns (Amicon
Ultracel-10, Merck). ELISA (Human IFN-beta DuoSET ELISA,
R&D Systems) was conducted according to supplier’s protocol.
Optical density was measured at 450 nm with pathlength
correction at 540 nm in a microplate spectrophotometer
(PowerWave XS2, BioTek) coupled to the Gen5 software
v2.09.1. IFN-B standards were included in all experiments, and
a best-fitting 2™ degree polynomial function was used for
calculation of measured IFN-f in the samples.
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Statistics

Error bars represent standard error of the mean (SEM; n >
3). Dots in bar charts indicate individual experiments. p values
(one-sample Student’s ¢ test for pairs involving normalization
value (i.e. 5 Gy for most plots); two-tailed, paired-samples
Student’s ¢ test for the remaining pairs) were calculated with
IBM SPSS Statistics v28, with significance level set to 0.05. *p <
0.05, **p < 0.01, **p < 0.001.
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