1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell. Author manuscript; available in PMC 2024 October 19.

Published in final edited form as:
Mol Cell. 2023 October 19; 83(20): 3642-3658.e4. d0i:10.1016/j.molcel.2023.09.003.

-, HHS Public Access
«

ATR Promotes Clearance of Damaged DNA and Damaged Cells
by Rupturing Micronuclei

Yoon Ki Jool:2, Elizabeth M. Black!2, Isabelle Trierl2, Wisse Haakma3, Lee Zou34:5.6.7,
Lilian Kabechel:2.6
1Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06511

2vale Cancer Biology Institute, Yale University, New Haven, CT 06516

3Massachusetts General Hospital Cancer Center, Harvard Medical School, Charlestown, MA
02129, USA

4Department of Pathology, Massachusetts General Hospital, Harvard Medical School, Boston, MA
02114, USA

SDepartment of Pharmacology and Cancer Biology, Duke University School of Medicine, Durham,
NC 27708, USA

Summary

The human ATR kinase functions in the nucleus to protect genomic integrity. Micronuclei (MN)
arise from genomic and chromosomal instability and cause aneuploidy and chromothripsis, but
how MN are removed is poorly understood. Here, we show that ATR is active in MN and
promotes their rupture in S phase by phosphorylating Lamin A/C at Ser395, which primes Ser392
for CDK1 phosphorylation and destabilizes the MN envelope. In cells harboring MN, ATR or
CDK1 inhibition reduces MN rupture. Consequently, ATR inhibitor (ATRi) diminishes activation
of the cytoplasmic DNA sensor cGAS and compromises cGAS-dependent autophagosome
accumulation in MN and clearance of micronuclear DNA. Furthermore, ATRi reduces cGAS-
mediated senescence and killing of MN-bearing cancer cells by natural Killer cells. Thus, in
addition to the canonical ATR signaling pathway, an ATR-CDK1-Lamin A/C axis promotes MN
rupture to clear damaged DNA and cells, protecting the genome in cell populations through
unexpected cell-autonomous and nonautonomous mechanisms.
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Joo et al. uncovers a surprising role for ATR in promoting rupture of micronuclei (MN). ATR
phosphorylates Lamin A/C at S395 and primes S392 for CDK1 phosphorylation, destabilizing
the MN envelope. ATR-driven MN rupture activates cGAS and downstream cell autonomous and
non-autonomous processes, protecting genomic integrity in cell populations.
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Introduction

The ataxia telangiectasia-mutated and Rad3-related (ATR) kinase is a master regulator of
cellular responses to DNA damage and DNA replication stress in human cells.! In response
to DNA damage or replication stress, the ATR-ATRIP kinase complex is activated following
recruitment to DNA damage sites or stalled replication forks.2 During S phase, ATR and its
effector kinase Chk1 protect the replicating genome by phosphorylating numerous proteins
involved in DNA replication, DNA repair, and cell-cycle control.3 ATR stabilizes DNA
replication forks and suppresses replication origin firing, partially through CDK2 inhibition
by ATR and Chk1-mediated CDC25A degradation.* At the S-G2 transition, ATR restricts
the activity of CDK1 to prevent premature entry into G2.> ATR also enables a G2-M
checkpoint in the presence of DNA damage or incomplete DNA replication.® If the G2-M
checkpoint is lost, cells enter mitosis with DNA damage, giving rise to mitotic defects

and chromosomal instability (CIN).” During mitosis, ATR promotes accurate chromosome
segregation by facilitating Aurora B activation.8 Loss of ATR activity therefore results in
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increased replication stress and genome instability in S phase, as well as elevated CIN in
mitosis.®~1! Thus, ATR acts on genomic DNA and protects the genome through discrete
mechanisms. ATR is also suggested to sense mechanical stress at the nuclear envelope.12
These functions of ATR are believed to be cell-autonomous and confined within the
nucleus during the interphase. Whether ATR can function outside of the nucleus or exert
cell-nonautonomous effects is not known.

Micronuclei (MN) arise from missegregation of whole chromosomes or chromosome
fragments during mitosis. MN formation can be stimulated by agents or genetic
perturbations that increase either chromosome missegregation in mitosis or induce DNA
damage or replication stress prior to mitosis. The entrapment of chromosomes in MN

leads to aneuploidy,13 and are associated with prolonged transcription repression and DNA
damage.1415 Furthermore, MN can result in genomic instability through chromothripsis, a
process of severe chromosomal rearrangement in confined genomic regions.® The lamina
and nuclear pore complexes of the nuclear envelope (NE) of MN are deficient compared to
that of primary nuclei (PN).17:18 Because of this deficiency, MN are susceptible to rupture,
particularly in S phase.1718 The rupture of MN triggers the cGAS-STING pathway, thereby
activating the type-I interferon (IFN) response and innate immunity.19-20 Activation of the
cGAS-STING pathway can also induce autophagy and senescence.2:22 Furthermore, the
CGAS-STING pathway is implicated in anti-tumor immunity, which involves both tumor
cells and immune cells in the tumor microenvironments.23 Thus, MN are not only a source
of genomic instability and aneuploidy, but also a possible trigger of multiple responses in or
around damaged cells.

Given the negative impacts of MN on genomic and chromosomal stability, the removal

of MN or MN-bearing cells could be important for maintaining genomic integrity in cell
populations. How MN are removed is not well understood. Live-cell imaging analysis shows
that some MN ruptured in S phase can be reincorporated into PN after mitosis.1® Indeed, the
chromosome fragments entrapped in MN can reintegrate into the genome after undergoing
chromothripsis, leaving ‘chromothripsis scars’.16 Reintegration of MN chromosomes to

the genome also results in heritable transcription loss and DNA damage.1415 Notably,
chromothripsis is triggered by MN rupture, raising the possibility that the MN with
compromised envelopes are particularly threatening to the genome and cells may actively
remove these MN to protect genomic integrity. Upon MN rupture, the endoplasmic
reticulum-associated nuclease TREX1 enters MN, degrades micronuclear DNA, and limits
cGAS activation.24 Furthermore, the autophagy proteins LC3 and p62 localize to the MN
with damaged envelopes, which is associated with the degradation of micronuclear DNA.25
Interestingly, the autophagy-mediated clearance of MN is dependent on cGAS, which is
activated in ruptured MN.28 Together, these results suggest that MN rupture may play an
important role in the removal of MN. Nonetheless, whether MN rupture is a passive or
regulated event remains unclear. Furthermore, why MN are particularly prone to rupture in S
phase has not been addressed.

In this study, we unexpectedly find that ATR promotes rupture of Lamin B1-deficient
(Lamin B17) MN. Mechanistically, ATR phosphorylates Lamin A/C at Ser395, priming
Ser392 for CDK1 phosphorylation, thereby destabilizing Lamin A/C polymers in MN
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envelope and increasing rupture. Notably, ATR inhibition reduces MN rupture and
subsequent cGAS activation in MN. Consequently, several cGAS-regulated cellular
processes, including autophagy, senescence, and the IFN response, are compromised,
leading to defective removal of micronuclear DNA and reduced killing of MN-bearing cells
by natural killer (NK) cells. These results reveal that ATR not only suppresses the instability
of chromosomal DNA, but also promotes the clearance of damaged DNA and damaged cells
through both cell-autonomous and nonautonomous mechanisms, substantially extending our
appreciation of the functions of ATR in genome protection.

ATR inhibition reduces MN rupture

To investigate how MN rupture, we stimulated MN formation by increasing replication
stress with replication inhibitor aphidicolin (APH) or inhibitors of the ATR kinase (ATRi;
VE-821 or AZ20). Alternatively, we induced whole chromosome missegregation with an
inhibitor of the mitotic checkpoint kinase MPS1 (MPS1i, reversine). Treatment of the
chromosomally unstable cancer cell line U20S with APH, ATRi, or MPS1i for 24 hours
increased the fraction of cells containing MN (Fig. 1A).2” ATRi also increased the fraction
of cells containing MN in chromosomally unstable cancer cell lines MDA-MB-231 and
HeLa (Fig. S1A-B).28:29 The combination of APH with ATRi further increased the fraction
of MN-bearing U20S cells, but co-treatment with MPS1i and ATRi did not increase MN
further compared to MPS1i alone, possibly because the effects of MPS1i were dominant
(Fig. 1A). In chromosomally stable DLD-1 cells and BJ fibroblasts,3%:31 MPS1i also
increased the fraction of cells containing MN (Fig. S1C-D). Co-treatment with MPS1i
and ATRI further increased MN in DLD-1 cells, but not in BJ cells where MPS1i alone
induced MN robustly (Fig. S1C-D). Thus, ATRi generally increases MN formation in
chromosomally stable or unstable cells.

To measure the rate of MN rupture, we quantified the fraction of MN positive for cGAS,
which localizes into MN upon rupture.19-20 Consistent with previous studies, approximately
25-45% of MN were cGAS* in U20S, MDA-MB-231, and HeLa cells (Fig. 1B-D, S1E).
Coimmunostaining of cGAS and ACA, a centromere marker, showed that cGAS was present
in both ACA* and ACA™ MN (Fig. S1F), indicating that MN undergo rupture regardless

of whether they contain whole chromosomes or chromosome fragments. Treatment of
U20S cells with APH or MPS1i increased the fraction of cGAS™ MN (Fig. 1B), possibly
caused by the poor association of non-core NE proteins with missegregated chromosomes.1’
MPSL1i also increased the fraction of cGAS™ MN in DLD-1 and BJ cells (Fig. 1E-F).
Surprisingly, ATR inhibition in U20S reduced the fraction of cGAS* MN in both the
absence and presence of APH or MPSL1i (Fig. 1B). ATRi also reduced the fraction of cGAS*
MN in MDA-MB-231 and HeLa cells, as well as in MPS1i-treated DLD-1 and BJ cells
(Fig. 1C-F). To induce MN without inhibitors, a GFP-tagged dominant negative mutant

of the microtubule-depolymerizing Kinesin-13 (dnMCAK), which increases chromosome
missegregation,32:33 was transiently expressed in U20S cells. dnMCAK increased the
fraction of cells containing MN, whereas wild-type MCAK did not (Fig. S1G, left panel).
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Furthermore, ATRIi reduced the cGAS* MN in cells overexpressing dnMCAK (Fig. S1G,
right panel). These results reveal an unexpected inhibitory effect of ATRi on MN rupture.

ATR promotes MN rupture independently of MN formation

To investigate how ATRi affects MN rupture, we tested whether the effects of ATRi on

MN formation and rupture were separable. We treated U20S, MDA-MB-231, and HelLa
cells with ATRi for 1 hour, a timeframe too short for ATRi to cause chromosome mis-
segregation.®8:11.34 Indeed, the fraction of cells carrying MN was not changed significantly
by ATRi in 1 hour (Fig. S2A-C). However, the fraction of cGAS™ ruptured MN was reduced
by ATRI (Fig. S2D-F). Inhibitors of Chk1 (Chk1i) and ATM (ATMi) did not increase MN-
bearing cells or reduce cGAS™ MN in U20S and MDA-MB-231 cells in 1 hour (Fig. S2A-
B, S2D-E), suggesting that ATR functions independently of Chk1 and ATM to promote
MN rupture. To test whether ATRi affects MN rupture under oncogene-induced replication
stress, we analyzed U20S cells overexpressing Cyclin E.3® Induction of Cyclin E increased
the fraction of cGAS* MN without altering the level of MN-bearing cells (Fig. S2G-H).
Treatment with ATRi for 1 hour did not affect the level of Cyclin E-overexpressing cells
that contained MN but reduced the fraction of cGAS* MN (Fig. S2I). Thus, ATRi rapidly
reduces MN rupture without altering MN formation, suggesting that ATR has a rather direct
role in promoting MN rupture.

Next, we used YFP-tagged nuclear localization signal (NLS) to monitor the rupture of

both MN and primary nuclei (PN). As previously reported, NLS-YFP was only detected in
cGAS™ MN but not in cGAS™ MN (Fig. S2J-K), confirming that NLS-YFP was lost from
MN upon rupture.1® Consistent with the decrease in cGAS* MN, ATRi treatment for 1 hour
increased the fraction of NLS-YFP* MN (Fig. 1G), which was nearly 100% cGAS™ (Fig.
S2J). In marked contrast to MN, all the PN analyzed remained NLS-YFP* and showed no
sign of rupture (Fig. 1G). These results suggest that ATRi specifically affects the rupture of
MN but not PN.

To analyze the effects of ATRi on the kinetics of MN rupture, we used live-cell imaging

to follow NLS-RFP-expressing U20S cells after they were synchronously released from a
nocodazole block in mitosis into media with or without ATRi (Fig. 1H-1). MN were readily
detected 3.5 hours after nocodazole release as cells entered G1, and ATRi did not alter the
abundance of MN (Fig. S2K). In the absence of ATRi, the fraction of NLS-RFP™ intact MN
rapidly declined over time, resulting in a >40% reduction after 10 hours (Fig. 1H-I). In the
presence of ATRI, the fraction of intact MN declined more slowly, showing only a <20%
reduction in 10 hours (Fig. 1H-I). In contrast to MN rupture, the rupture of PN tends to

be transient, leading to reduced NLS-RFP signals in PN.36 During the 24-hour time course,
ATRI did not induce any rupture events or reduce RFP signals in PN (Fig. S2L-M). Thus,
ATR specifically accelerates MN rupture after their formation.

ATR is active in the MN undergoing replication and promotes rupture in S phase

MN are known to undergo defective and asynchronous DNA replication,3” prompting us
to ask whether ATR is active in the MN undergoing replication.11 We used EdU to label
S-phase cells, NLS-YFP to identify intact PN and MN, and immunostained phosphorylated
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ATR (p-ATR, T1989) or RPA32 (p-RPA32, S33), two markers of ATR activity (Fig. S3A-
B). As expected, all S-phase PN were positive for EdU, p-ATR, and p-RPA32 (Fig. 2A,
S3C), consistent with the role of ATR during DNA replication. In S-phase cells displaying
EdU* PN, most but not all MN were EdU* (Fig. S3D-E), showing that PN and MN

don’t always undergo replication synchronously. Most of the MN in S-phase cells displayed
p-ATR and p-RPA32 signals, which were reduced by ATRi (Fig. 2B). Notably, ~100% of
the EAU* MN were also positive for p-ATR and p-RPA32 (Fig. 2C, S3D). When EdU* and
EdU~ MN in S-phase cells were compared, EdU* MN displayed more p-ATR and p-RPA32
(Fig. S3F-G). Thus, the activation of ATR in MN is associated with the DNA replication

in MN but not PN. When the p-ATR and p-RPA32 signals in intact and ruptured MN were
compared, intact MN displayed stronger signals (Fig. S3F-G). yH2AX, a marker of DNA
damage, did not associate with p-ATR in MN (Fig. S3H). Furthermore, ATRi did not affect
YH2AX in intact MN (Fig. S3I). Hence, ATR is likely activated by replication stress but not
DNA damage in intact MN.

To test whether ATR promotes MN rupture during S phase, we compared the effects of
ATRi on MN in G1, S, and G2 cells. Cells were synchronized at G2/M with CDK1 inhibitor
(CDK1i; RO-3306), released into mitosis in MPSL1i to induce MN, and then allowed to
progress through the cell cycle in the presence or absence of ATRi (Fig. 2D). During the
following cell cycle, cells were pulse-labeled with EdU and stained with DAPI to distinguish
G1, S, and G2 phases (Fig. 2D). In the absence of ATRI, the fraction of cells containing
intact MN was high in G1 and declined in S and G2 (Fig. 2D). ATRi treatment did not

alter the levels of MN and intact MN in G1 but reduced the decline of intact MN in S

and G2 (Fig. 2D), suggesting that ATRi inhibited MN rupture in S phase. After NLS-RFP-
expressing U20S cells were synchronously released from a nocodazole block in mitosis,

the fraction of intact MN started to decline in 5 hours as cells entered S phase (Fig. 2E).
Blocking the G1/S transition with CDK2 inhibitor (CDK2i) substantially reduced the decline
of intact MN, resembling the effects of ATRi (Fig. 2E). Co-treatment with ATRi and CDKZ2i
reduced the decline of intact MN similarly as ATRi or CDK2i alone (Fig. 2E), supporting
the idea that the effects of ATRi are dependent on S phase entry. Thus, ATR is active in the
MN undergoing replication and promotes their rupture in S phase.

ATR acts with CDK1 to rupture Lamin Bl-deficient MN

The susceptibility of MN to rupture is linked to Lamin B1 insufficiency in the NE of MN.18
In contrast to PN, which were 100% Lamin B1*, only ~50% of MN were Lamin B1* (Fig.
S3J). In the Lamin B1™ subpopulation of MN, ATRi decreased the fraction of NLS-YFP~
ruptured MN (Fig. 2F, S3K). In contrast, in the Lamin B1* subpopulation of MN, ATRi

did not alter the fraction of ruptured MN (Fig. 2G, S3K), suggesting that the effects of
ATRi on MN rupture are specific to Lamin B1~ MN. When GFP-tagged Lamin B1 was
transiently expressed in cells, ATRi did not affect the rupture of the GFP* MN (Fig. 2H).
This stabilizing effect of exogenous Lamin B1 in MN is consistent with a previous study
using Lamin B2 overexpression.1® These results suggest that ATR preferentially promotes
the rupture of Lamin B1~ MN.
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The phosphorylation of Lamin A/C by CDK1 promotes the disassembly of Lamin
filaments.38:39 CDK1 phosphorylates Lamin A/C at S22 and $392, destabilizing Lamin
head-to-tail polymers.4? The phosphorylation of Lamin A/C by CDK1 also reduces the
localization of Lamin A/C to the NE of PN.241 While CDK1 is best known for its role in
the entry into mitosis, it also functions in S phase.>#1 Therefore, we asked whether ATR
affects the phosphorylation of Lamin A/C by CDK1 in S phase, which may destabilize
Lamin filaments, particularly in Lamin B1~ MN. To test this hypothesis, we first checked
whether CDK1 is present in MN in S-phase cells. Consistent with previous studies, CDK1
was predominantly cytoplasmic in S phase (Fig. 3A).42 Notably, however, the majority of
MN had equal or slightly higher levels of CDK1 compared to the cytoplasm of the same
cells (Fig. 3A-B). Furthermore, MN generally had more CDKZ1 than PN in the same cells
(Fig. 3A, 3C). In contrast, CDK1 p-Y15, an inhibited form of CDK1, was slightly less
abundant in MN than in PN (Fig. 3D). Thus, CDK1 is present and likely active in a large
fraction of MN in S phase.

To analyze the effects of CDK1 on MN rupture, we let MPS1i-treated mitotic cells
synchronously progress to G1, S, and G2 in the presence or absence of CDK1i (Fig.

3E). Like ATRi, CDK1i did not affect intact MN in G1 but reduced their decline in S

and G2. Moreover, co-treatment with CDK1i and ATRi reduced MN rupture similarly

as CDKUi alone, suggesting that ATR and CDK?1 affect MN rupture through the same
mechanism. Consistently, co-treatment of asynchronous U20S cells with ATRi and CDK1i
decreased cGAS* ruptured MN similarly as CDK1i or ATRi alone (Fig. 3F). In contrast

to CDK1i, Weel inhibitor (Weeli), which increases CDK1 activity, increased the fraction
of cGAS* MN (Fig. 3G). In NLS-RFP-expressing U20S cells synchronously released

from a nocodazole block, CDK1i substantially reduced the decline of intact MN over

time (Fig. 3H). The effects of CDK1i and CDK2i on MN rupture were similar (Fig. 3H),
suggesting both S phase entry and the CDK1 activity in MN are needed for efficient rupture.
Co-treatment with CDK1i and CDKZ2i reduced MN rupture similarly to CDK2i alone (Fig.
3H), indicating that CDK1i cannot affect MN rupture if S phase entry is blocked by CDK2i.
These results suggest that ATR and CDK1 function together to promote MN rupture in S
phase.

ATR primes Lamin A/C for CDK1 phosphorylation

To test whether the Lamin A/C in MN are phosphorylated by CDK1 in S phase, we
pulse-labeled S-phase cells with EAU and analyzed Lamin A/C p-S22 or p-S392 by
immunostaining (Fig. 4A). Lamin A/C p-S22 was not detected in MN, whereas >60%
of MN were positive for p-S392 (Fig. 4B). Treatment of cells with CDKZ1i for 1 hour
significantly reduced the p-S392 in MN of S-phase cells (Fig. 4C-D), confirming the
dependency of p-S392 on CDK1 activity. CDK1i also increased the periphery-to-internal
ratio of GFP-Lamin A fluorescence in MN (Fig. 4E-F), providing evidence that the NE
of MN is stabilized by CDK1i. Like CDK1i, ATRi also reduced Lamin A/C p-S392

and increased the periphery-to-internal ratio of GFP-Lamin A in MN of S-phase cells
(Fig. 4C-F). These results suggest that ATR and CDKZ1 function together to promote the
phosphorylation of Lamin A/C at S392.
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To investigate how ATR and CDK1 contribute to Lamin A/C phosphorylation, we
immunoprecipitated Lamin A/C from U20S cells (Fig. 4G). The Lamin A/C from cells
treated with CDK1i or ATRIi displayed a reduction in p-S392. CDK1i and ATRi also reduced
the overall phosphorylation of Lamin A/C at CDK substrate sites (p-S/T-P). Interestingly,
ATRI but not CDK1i reduced the phosphorylation of Lamin A/C at S/T-Q sites, a motif

of ATR substrates. These results indicate that ATR directly phosphorylates Lamin A/C at
one or more S/T-Q sites, which in turn primes S392 for CDK1 phosphorylation. Since

most of the immunoprecipitated Lamin A/C was presumably from PN, ATR and CDK1
likely phosphorylate Lamin A/C in both PN and MN.“3 The selective destabilizing effects of
Lamin A/C phosphorylation on MN may be attributed to the fact that a large fraction of MN
is deficient for Lamin B1 and contains more CDK1 than PN (Fig. 3C, S3J).17

We next sought to identify the ATR substrate site(s) in Lamin A/C. Lamin A S395, which
is phosphorylated in cells,** resides in an S/T-Q motif. Importantly, the fraction of MN
positive for Lamin A p-5392 was reduced when the Lamin AS39A mutant was expressed in
cells (Fig. 4H-1), suggesting that S395 is required for the efficient phosphorylation of S392.
In contrast, when wild-type Lamin A (Lamin AWT), Lamin AS392A and Lamin AS392D
were expressed in cells and immunoprecipitated, they did not display marked differences

in p-S/T-Q (Fig. 4J), suggesting that S392 is not critical for S395 phosphorylation. These
results support the idea that ATR phosphorylates Lamin A/C at S395 to prime S392 for
CDK1 phosphorylation (see Fig. 4L).

Lamin A phosphorylation at S392/S395 is required for efficient MN rupture

To understand the impact of Lamin A/C phosphorylation on MN rupture, we tested a panel
of Lamin A phosphorylation site mutants in U20S cells (Fig. S4A-B). In cells without
exogenous Lamin A, MPS1i reduced the fraction of NLS-YFP* intact MN as shown above
(Fig. S4C). The MPS1i-induced reduction in intact MN was reversed by ATRi (Fig. S4C),
confirming the inhibitory effects of ATRi on MN rupture. When mCherry-tagged Lamin
AWT was overexpressed in cells, it did not change the fraction of intact MN (Fig. 4K) or the
effects of MPS1i and ATRi on intact MN (Fig. S4C-D). Thus, unlike the overexpression of
Lamin B1 (Fig. 2H) and B2,18 Lamin AWT overexpression does not alter MN rupture, which
is consistent with the idea that Lamin B1 is the limiting factor affecting MN rupture.18
However, overexpression of Lamin AS392A a mutant lacking the $S392 phosphorylation

site, increased the fraction of intact MN and overrode the effects of MPS1i and ATRi

(Fig. 4K, S4E), suggesting that Lamin AS392A stabilizes MN in a dominant manner. In
contrast, overexpression of Lamin AS392D which carries a phospho-mimicking mutation at
S392, reduced the fraction of intact MN regardless of the presence or absence of MPS1i

and ATRi (Fig. 4K, S4F), showing that Lamin AS392D destabilizes MN dominantly. These
results support a model in which the phosphorylation of Lamin A/C S392 by CDK1 directly
destabilizes MN.

Reminiscent to Lamin AS392A |amin AS395A also increased the fraction of intact MN and
overrode the effects of MPS1i and ATRi (Fig. 4K, S4G), suggesting that MN are similarly
stabilized by the loss of ATR phosphorylation at S395 or CDK1 phosphorylation at S392.

In cells overexpressing Lamin AS3%5D the fraction of intact MN was reduced regardless

Mol Cell. Author manuscript; available in PMC 2024 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joo etal.

Page 9

of the presence or absence of MPS1i and ATRi (Fig. 4K, S4H), recapitulating the effects
of Lamin AS392D_ Fyrthermore, overexpression of the Lamin AS392A, S395A doyble mutant
increased the fraction of intact MN similarly to Lamin AS392A and Lamin AS3%A single
mutants (Fig. 4K, S41). In contrast, overexpression of the Lamin AS392D. S395D goyple
mutant destabilized MN as Lamin AS392D and Lamin AS395D single mutants (Fig. 4K,
S4J). Thus, the phosphorylation of Lamin A/C S395 by ATR and S392 by CDK1 function
together to promote MN rupture (Fig. 4L).

ATR promotes MN-induced cGAS activation

MN rupture activates cGAS, triggering several cell-autonomous and nonautonomous
responses (Fig. 5A).4° To test whether ATR modulates the cGAS-STING pathway by
promoting MN rupture, we treated MDA-MB-231 and HeLa cells, both proficient for the
cGAS-STING pathway, 3246 with MPS1i and ATRi.#> MPS1i treatment increased p-STING
and p-IRF3 in MDA-MB-231 cells and p-STING in HeLa cells (Fig. 5B, S5A), supporting
the idea that MN rupture promotes cGAS activation. Co-treatment with MPS1i and ATRi
reduced MPS1i-induced p-STING and p-IRF3 in MDA-MB-231 cells and p-STING in Hela
cells (Fig. 5B, S5A), suggesting that ATRi compromises cGAS activation by reducing MN
rupture. To test whether ATR modulates the function of the cGAS-STING pathway, we
analyzed the expression of several IFN-stimulated genes (ISGs). In DLD-1 cells treated
with MPS1i, the expression of /SG56 and APOBEC3G was similarly reduced by either
ATRI or cGAS knockdown (Fig. S5B-D), consistent with the inhibitory effect of ATRi on
cGAS activation. These results support the role of ATR in promoting cGAS activation and
expression of 1SGs.

In addition to the Type | IFN response, cGAS also induces cellular senescence (Fig.

5A).47 Consistent with the stimulatory effects of MPS1i on cGAS activation, MDA-MB-231
cells treated with MPS1i displayed an increase in p-galactosidase staining, a marker of
senescence (Fig. S5E). The MPS1i-induced pB-galactosidase staining was partially reversed
by ATRI, confirming the inhibitory effect of ATRi on cGAS activation. Furthermore, /L-6
expression, an alternative marker of senescence,*8 was reduced by either ATRi or cGAS
knockdown in DLD-1 cells treated with MPS1i (Fig. S5F), suggesting a role for ATR in
promoting cGAS-induced senescence. Thus, ATR indeed modulates cGAS activation by
affecting MN rupture.

ATR promotes the clearance of micronuclear DNA

Rupture of MN not only activates cGAS but also exposes micronuclear DNA to cytosolic
proteins, which may enable the clearance of micronuclear DNA.22:25 To test this possibility,
we first analyzed the effects of MPS1i and ATRi on lipidated LC3 (LC3-I1), the active

form of LC3 in autophagosomes (Fig. 5A). Treatment of MDA-MB-231 cells with MPS1i
increased LC3-11, and this increase was partially reversed by ATRi (Fig. 5C), supporting
the notion that MN rupture promotes cGAS-mediated autophagy and ATRi dampens this
process. Cytosolic puncta of p62, a component of autophagosome, were observed in MDA-
MB-231 and U20S cells (Fig. 5D, S5H).4° Of note, although U20S cells express low
levels of STING,®C they can still carry out cGAS-mediated autophagy in MN.5! In MDA-
MB-231 cells, p62 was detected in ~20% of total MN, but 60% of the cGAS™* ruptured
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MN were p62* (Fig. 5E), suggesting that p62 is enriched in ruptured MN. Importantly, the
knockdown of cGAS in MDA-MB-231 reduced the fractions of total MN and ruptured MN
containing p62 (Fig. 5E, S5G), demonstrating that p62 is recruited to ruptured MN in a
cGAS-dependent manner. Consistent with the possibility that MN rupture activates cGAS to
recruit p62, MPS1i increased the fraction of p62* MN in MDA-MB-231 and U20S cells,
and this increase was reversed by ATRi (Fig. 5F, S51). Neither MPS1i nor ATRi changed
the fraction of cGAS™ MN that were p62* (Fig. S5J), suggesting that these inhibitors affect
MN rupture but not the subsequent localization of p62 to ruptured MN. Similar to p62,
RFP-LC3 was also detected in ~30% of MN (Fig. 5G).26 RFP-LC3 was only detected in
NLS-YFPruptured MN (Fig. S5K). In addition, MPSL1i increased RFP-LC3* MN, and this
increase was reversed by ATRI (Fig. 5G). Together, these results suggest that ATR promotes
MN rupture to enable the cGAS-mediated accumulation of autophagosomes in MN.

To test whether autophagosomes contribute to the clearance of micronuclear DNA, we used
DAPI staining to semi-quantitatively measure the levels of DNA in MN. The levels of
micronuclear DNA were lower in the ruptured and p62* MN than in the MN that were either
intact or ruptured but p62~ (Fig. 5H), supporting the idea that autophagy clears micronuclear
DNA in ruptured MN. The overall reduction of micronuclear DNA in ruptured MN was
partially suppressed by cGAS knockdown (Fig. 51). Upon MPSLi treatment, the levels of
micronuclear DNA were further reduced in p62* MN (Fig. 5J), possibly because MPS1i
accelerates MN rupture and gives autophagosomes more time to degrade micronuclear
DNA. The MPS1i-induced reduction in micronuclear DNA in p62* MN was partially
reversed by ATRIi (Fig. 5J), lending further support to the role of ATR in promoting MN
rupture and subsequent autophagy-mediated MN clearance.

In addition to autophagy, the TREX1 nuclease is also implicated in the clearance of
micronuclear DNA.24 Similar to p62, TREX1 was detected in ~20% MN and ~60% ruptured
MN (Fig. S5L), consistent with the accumulation of TREX1 in ruptured MN. The fractions
of MN and ruptured MN containing TREX1 were increased by MPSL1i, and this increase was
reversed by ATRi (Fig. S5L). Thus, ATR inhibition reduces the clearance of micronuclear
DNA by suppressing MN rupture and limiting the accumulation of both autophagosomes
and TREX1 in MN.

ATR promotes NK cell-mediated killing of MN-bearing cells

Chromosome missegregation triggers killing of aneuploid cells by NK cells,52 and the
cGAS-STING pathway activates the NK cell response /77 vivo.23 To test whether ATR-
mediated MN rupture induces NK cell-mediated killing, we treated MDA-MB-231 cells
with DMSO, MPS1i, or MPS1i and ATRIi for 24 hours, and then co-cultured them with
NK-90 cells for 3 hours. The killing of MDA-MB-231 cells by NK cells was determined by
imaging every 15 minutes (Fig. 6A-B). Consistent with the stimulatory effects of MPS1i on
MN rupture and cGAS activation, MPS1i increased the NK cell killing of MDA-MB-231
cells during a 3-hour time course (Fig. 6B). Notably, the stimulation of NK cell-mediated
killing by MPSL1i was partially reversed by ATRi (Fig. 6B, S6), suggesting that ATR
modulates the NK cell response through MN rupture.
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To ascertain that ATRi affects NK cell-mediated killing through the cGAS pathway, we
knocked down cGAS in MDA-MB-231 cells (Fig. 6C). Consistent with the time course
above, the presence of NK cells allowed MPS1i to further reduce the survival of MDA-
MB-231 cells in 24 hours (Fig. 6C, columns 1-2 and 4-5), indicating NK cell-mediated
killing. ATRi partially reversed the effect of MPSL1i in the presence of NK cells (Fig. 6C,
columns 5-6). However, when cGAS was knocked down, neither MPS1i nor ATRi affected
the survival of MDA-MB-231 cells in the presence of NK cells (Fig. 6C, columns 7-9).
Thus, the MPS1i-induced and NK cell-mediated killing of MDA-MB-231 cells, which is
dampened by ATRI, is dependent upon cGAS. Similar observations were made in DLD-1
cells (Fig. 6D). These results suggest that ATR promotes the removal of cells bearing
ruptured MN by stimulating NK cell-mediated killing, which occurs in a cGAS-dependent
and cell-nonautonomous manner (Fig. 6E).

Discussion

ATR is a well-known safeguard of the genome. The known functions of ATR in

genome protection are largely dependent on the ability of ATR to sense ssDNA at sites

of DNA damage, stalled replication forks, R-loops, and other stress-associated DNA
structures.8:54-59 Upon activation, ATR phosphorylates numerous substrates on DNA or
chromatin.389 Through Chk1, ATR also regulates proteins distal to itself.461-63 ATR has
also been shown to sense mechanical stress of the NE.12:64 All of these functions of ATR

are executed in the PN in a cell-autonomous manner. In this study, we find that ATR plays
an unexpected role in MN rupture, providing evidence that ATR also functions outside of
the PN. By promoting MN rupture and subsequent cGAS activation, ATR protects genomic
integrity in cell populations through autophagy, senescence, and NK cell-mediated killing of
MN-bearing cells (Fig. 6E). Because senescence and the IFN response influence the tumor
microenvironment (TME),6%:66 ATR not only functions outside of the nucleus but also exerts
its effects outside of the cells in which it is activated. These findings substantially extend our
understanding of where and how ATR functions to protect the genome.

How ATR is activated in MN is still unclear. Because the p-ATR in MN is tightly associated
with the replication in MN (Fig. 2C, S3F), the activation of ATR in MN is likely triggered
by the replication stress in MN but not PN. Our results are consistent with the previous
report that the replication in MN is inefficient and asynchronous,3” suggesting that ATR

is activated in MN when they undergo compromised replication. A recent study suggested
that R-loops, which generate sSDNA and interfere with replication forks, accumulate in
MN,87 suggesting a possible cause of replication stress in MN. Notably, the yH2AX in
MN does not associate with p-ATR and is not ATR-dependent, indicating that ATR is not
activated by DSBs. Furthermore, intact MN display more p-ATR than ruptured MN (Fig.
S3F), suggesting that ATR is activated in MN before rupture. Together, our results support
a model in which ATR is activated by the replication stress in MN prior to MN rupture and
chromosome pulverization.

Our results reveal an intricate relationship between ATR and CDK1. The ATR-Chk1
pathway restricts CDK1/2 activities, ensuring proper S phase and S-G2 and G-M transitions.
The function of ATR in antagonizing CDK1/2 is important for preventing replication stress,
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CIN, and MN formation.®-11.63.68 However, once MN are formed, ATR is active in MN
during S phase to promote MN rupture by priming Lamin A/C for CDK1 phosphorylation
(Fig. 6E). Thus, the interplays between ATR and CDK1/2 are context-dependent. On

one hand, ATR restricts CDK1/2 activities to limit replication stress and coordinate cell-
cycle transitions. On the other hand, ATR facilitates CDK1 in MN and possibly PN to
phosphorylate specific substrates like Lamin A/C, controlling NE stability in MN and PN.
These mechanisms may enable ATR to exert opposite effects on different CDK substrates,
coordinating different cellular events during the cell cycle.

While ATR promotes MN rupture and the activation of cGAS in MN, it is important

to remember that ATR also suppresses MN formation. The overall effects of ATR on

cGAS activation may be determined by the balance of MN formation and rupture. In cells
with high levels of CIN, MN may accumulate robustly despite the presence of ATR, and
ATRI may mainly affect MN rupture. In contrast, in cells under high replication stress, the
stimulatory effect of ATRi on MN formation may outweigh the reduction in MN rupture.

Of note, ATRi stimulates radiation-induced immune responses.3#9 In this context, radiation
generates DNA damage and ATRi abolishes the G2-M checkpoint, thereby increasing the
formation of MN robustly.

It is worth noting that ATR only promotes the rupture of Lamin B1~™ MN (Fig. 6E). Lamin
B1~ MN are known to be more rupture-prone and threatening to genomic stability.18 In
Lamin B1™ MN, the stability of Lamin A/C polymers may be particularly important for

the integrity of NE. Our finding that ATR promotes the rupture of Lamin B1~™ MN by
phosphorylating Lamin A/C suggests that MN rupture is not a completely passive event, but
a regulated process. Although ATR may also phosphorylate Lamin A/C at S395 in PN, the
NE of PN is likely more stable because of the presence of Lamin B1 and the low abundance
of nuclear CDK1 in S phase. Thus, the phosphorylation of Lamin A/C S395 by ATR in MN
may provide a unique mechanism to preferentially remove a vulnerable subpopulation of
MN.

By modulating MN rupture, ATR influences several cGAS-mediated processes. We observe
that the autophagosome component p62 accumulates in ruptured MN in a cGAS-dependent
manner. This finding is consistent with a recent report that cGAS acts as a receptor for
autophagy in MN to clear micronuclear DNA.28 cGAS is highly enriched in ruptured

MN and it interacts with autophagosome protein MAP1LC3B, providing a mechanism to
recruit autophagosomes to MN.19:20.26 e also observe that TREX1 accumulates in ruptured
MN.24 The accumulation of both p62 and TREX1 in MN is increased by MPS1i but
reduced by ATRI, suggesting that ATR promotes MN rupture and the subsequent clearance
of micronuclear DNA by both autophagy and TREX1 (Fig. 6E). The activation of cGAS in
cancer cells influences the TME. A previous study showed that the cGAS-STING pathway
is activated by cytosolic DNA and MN in MDA-MB-231 cells, enhancing the expression

of inflammatory genes.32 In vivo, NK cells are activated by IFN-B, which is produced in
tumors in a STING-dependent manner.33 In our coculture experiments using MDA-MB-231
or DLD-1 cancer cells and NK cells, ATR promotes MN rupture in cancer cells and allows
them to produce IFNs and elicit a NK cell response, establishing ATR as a modulator of the
TME.
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It is tempting to speculate that ATR-mediated MN rupture functions as a barrier to protect
the genome against aneuploidy and chromothripsis. ATR may function in the nucleus to
prevent MN formation, and also in MN to promote MN removal. The combination of
these ATR functions may orchestrate a “double barrier” to suppress the negative impacts
of MN on the genome. Of note, MN rupture not only triggers MN removal but also
chromothripsis.1® The reintegration of micronuclear DNA to chromosomes may be rare
when ruptured MN are efficiently removed by autophagy and cytosolic nucleases. In this
scenario, the role of ATR in promoting MN rupture and removal would suppress aneuploidy
and genomic instability. However, if ruptured MN are not efficiently removed, ATR could
potentially enhance chromothripsis and cause genomic instability. In future studies, it is
critical to assess the effects of ATR on aneuploidy and chromothripsis directly in various
physiological and pathological contexts.

Limitations of the Study

ATR promotes the overall phosphorylation of Lamin A/C at S392 and S395, suggesting that
Lamin A/C polymers are destabilized by ATR in both PN and MN. Although we did not
observe any effect of ATRi on the rupture of PN during our experiments, it remains possible
that prolonged ATRi treatment could affect PN integrity. Whether the effects of ATR on
Lamin A/C in PN contribute to the regulation of PN envelope during the cell cycle or stress
responses remains to be investigated.

STAR * METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents should be directed to lead
contact Lee Zou (lee.zou@duke.edu).

Materials availability—All unique materials generated in this study are available upon
request.

Data and code availability

. All data reported in this paper are available upon request. All imaging and
Western blot date shown in this paper have been deposited to Mendeley Data.
Accession number and DOI are listed in the Key Resource Table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture medium—U20S (ATCC, HTB-96), HeLa (ATCC, CCL-2)

and MDA-MB-231 (ATCC, HTB-26) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% penicillin/
streptomycin.
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YFP-NLS expressing U20S cell lines were generated by retroviral transfection of pQC
NLS- YFP IX plasmid (gift from Connie Cepko; Addgene 37341). NLS-YFP cells were
transiently transfected with pmRFP LC3 (gift from Tamotsu Yoshimori, Addgene 21075)
using lipofectamine 3000 (ThermoFisher).

NK 92 mi (ATCC, CRL-2408) cells were cultured using Alpha Minimum Essential Medium
without ribonucleosides and deoxyribonucleosides (GIBCO), supplemented 0.2mM inositol
(Sigma-Aldrich), 0.1mM 2-mercaptoethanol, 0.02mM folic acid (Sigma-Aldrich), 12%
horse serum (Invitrogen) and 12.5% fetal bovine serum (Invitrogen).

METHOD DETAILS

siRNA transfection—siRNA transfections were conducted using 10nM RNA. and
Lipofectamine RNAIMAX reagent (Invitrogen), and cells were analyzed 48 hours later.

Small molecule inhibitor treatment—~For all experiments, the following concentrations
of inhibitors were used: VE-821 (ATRi, 10uM), AZ20 (ATRi, 1uM), RO-3306 (CDK1i,
10uM), MK-8776 (CHK1i, 2uM), K03861 (CDK2i, 5uM), Reversine (MPS1i, 0.5uM),
KU-55933 (ATMi, 10uM), Aphidicolin (APH, 0.3uM).

Construction of Lamin A plasmids—The Phusion High-Fidelity DNA Polymerase

kit (New England Biolabs) was used to insert the pENTR sequence ahead of an existing
GFP-tagged lamin A gene. The recombinant gene was then inserted into an pENTR

vector using the pENTR/D-TOPO cloning kit (Invitrogen) the insertion was validated by
restriction enzyme digestion. The QuikChange Il Site-Directed Mutagenesis Kit (Agilent
Technologies) was used to perform site directed mutagenesis of the codons S392 and S395
of the LMNA gene into alanine and aspartic acid, a loss of function and phosphomimetic
mutation respectively. The primers that were used for the site-directed mutagenesis and
PENTR insertion are noted below. The mutations were confirmed by the MGH DNA core
facility via Sanger sequencing before the Gateway LR Clonase Il Enzyme mix (Thermo
Fisher) was used to transfer the mutated and WT GFP-lamin A genes into the pDest 3X HA
vector. For construction of Lamin A constructs containing mCherry tag, the open reading
frame of WT Lamin A was amplified using the Phusion High-Fidelity Polymerase kit (New
England Biolabs) and inserted into pPCDNA-mCherry vector to have an N-terminal mCherry
tag. Lamin A-GFP constructs used for immunoprecipitation was a gift received from John
Eriksson’s lab from Abo Akademi University.

Plasmid transfection—Plasmid transfections were conducted using 1~5ug of plasmid
DNA with Lipofectamine 3000 reagent (Invitrogen). In experiments that required co-
transfection of two or more constructs, 0.5~2.5ug of each of the required plasmid was
transfected. The transfection rate was analyzed the following day using Cytation 5 (Biotek).

RNA extraction and RT-gPCR analysis—Cells were grown to ~80% confluency and
were treated with either MPS1 inhibitor (Reversine) alone or ATR inhibitor (VE-821) with
MPS1 inhibitor for 20 hours. After 20 hours, cells were harvested using 0.05% Trypsin
(Gibco) and washed 3X with ice-cold PBS. Washed cells were then used to extract RNA
using RNeasy Plus Mini Kit (Qiagen, #74134).
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For RT-gPCR analysis, ~300ng of the extracted RNA were injected into each well of 96-well
plate (Bio-Rad, #MLL9601) containing mixture of reverse transcriptase (Luna Universal
One-Step RT-gPCR Kit, NEB #E3005S) and iTaq Universal SYBR Green Supermix (Bio-
Rad, #1725121). RT-gPCR reaction was performed in one-step in the 96-well plate with
C1000 Touch Thermocycler with CFX96 Real-Time System (Bio-Rad). Amplification was
monitored by measuring SYBR signal, which was automated by CFX96 Real-Time System.
Following reaction, Cq values from amplification curves were calculated and obtained using
CFX Manager software.

For analysis, Cq values of housekeeping genes (GAPDH or Tubulin) were subtracted from
Cq values of genes of interest to obtain ACg. ACq of untreated samples were subsequently
subtracted from ACq values of inhibitor-treated samples to obtain AACq. AACq was then
used as an exponent to calculate the fold change in expression.

Immunofluorescence microscopy—Cells were fixed with 3.5% paraformaldehyde for
15 minutes, incubated with ice-cold methanol for 10 minutes, washed with PBS + 0.5%
Triton X-100 for 5 minutes, and washed with PBS + 3% Bovine serum albumin (BSA)

for 10 minutes. Antibodies were diluted in PBS + 1% BSA, and cells on coverslips were
incubated with antibodies for 12 hours at 4°C. Cells were then washed with PBS for 5
minutes. Secondary antibodies were diluted in PBS + 1% BSA, and cells on coverslips were
incubated with secondary antibodies for 1hour at room temperature (~25°C). Images were
acquired on a Nikon Eclipse 90i with a Retiga 200R camera and processed in Photoshop
CS4 (Adobe). Representative un-deconvoluted single stack images are shown.

For quantitative assessments of micronuclei frequency, unsynchronized cells were untreated
(CONT) or treated with various inhibitors for 1 hour or 24 hours, and stained with DAPI to
mark DNA. Micronuclei were defined as discrete DNA aggregates separate from the primary
nucleus in cells where interphase primary nuclear morphology was normal. Cells with an
apoptotic appearance were excluded.

For assessments of micronuclei intact and ruptured micronuclei, unsynchronized cells were
untreated (CONT) or treated with various inhibitors for 1 hour or 24 hours, and subsequently
fixed and stained. For S phase analysis, cells were treated with 10uM EdU for 30 minutes
before fixation. EAU was stained with using the Click-1T EdU Kit (ThermoFisher).

For quantitative analysis of cells stained with CDK1, the average intensity in the MN was
measured as defined by DNA stain and the same size measurement was taken in the main
nucleus or in the cytoplasm. Subsequently, the ratio of MN to main nucleus or MN to
cytoplasm was determined.

For quantitative analysis of micronuclei rupture through the cell cycle, U2-OS cells were
synchronized with CDK1i (10uM RO-3306) for 16 hours or with 100ng/ml Nocodazole for
12 hours, and washed with PBS twice and new media was added. Cells were subsequently
released into MPS1i (0.5uM reversine) and fixed and stained at 6 hours after release (G1),
12 hours after release (S phase) and 18 hours after release (G2). Cells were incubated with
10uM EdU for 30 minutes before fixation. For subsequent cell cycle analysis, DAPI average
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intensity was plotted against log(EdU) intensity, which yielded three distinct clusters of
population. G1 cells were scored for low DAPI signal and the absence of EdU signal, G2
cells were scored for high DAPI signal and the absence of EdU signal, and S phase cells
were scored for the presence of EdU signal regardless of DAPI intensity.

Live cell imaging—Approximately 5 x 104 U20S cells ectopically expressing Nuclear
Localization Sequence tagged with Red Fluorescent Protein (NLS-RFP) were plated onto
24-well glass bottom imaging plate (Cellvis) and incubated overnight at 37°C and 5%

CO2. The same wells were treated with 100ng/ml of Nocodazole the next day for 16

hours to synchronize and arrest cells at mitosis. After 16 hours of mitotic arrest, the media
containing Nocodazole was aspirated and was replaced by fresh media containing 1uM
Reversine (MPSL1 inhibitor) to release cells from mitotic arrest and induce chromosome
mis-segregation events. After three hours from the release, cells were treated with either no
inhibitors, 10uM VE-821 (ATR inhibitor), 10uM RO3306 (CDK1 inhibitor), or combination
of these inhibitors with 1pyM K03861 (CDK?2 inhibitor) to induce S phase arrest. After
inhibitor treatments, automated microscopy with reflection-based laser autofocus was
performed on Cytation 5 microscope (Biotek) equipped with 20X dry objective for 24
hours, with 30 minutes/frame. The microscope was maintained at 37°C and 5% CO2 for the
duration of the imaging process.

The mean intensity of primary nuclei (PN) NLS-RFP signal was measured using ImageJ. PN
were selected using the circle tool selecting a circle that most closely matched and remained
inside the cell. Cells were followed throughout the duration of the imaging session. RFP-
intensity was plotted where the first timepoint was normalized to 1.

NK92 cell killing assay—~For live-cell imaging analysis, MDA-MB-231 were plated
onto 96 well glass bottom dishes and treated with mock control, MPS1i or MPS1i and
ATRI for 24 hours. Inhibitors were washed out twice with warm PBS and cells were

placed in NK92mi growth medium and co-cultured in the presence of NK92mi cells at a
target:effector ratio of 1:100 for over 3 hours. Cells were imaged every 15 minutes using a
Zeiss LSM 710 inverted confocal microscope. Cells were maintained at 37°C with 5% CO,.
Cells were counted using ImageJ.

For crystal violet assay to determine NK92 cell killing, MDA-MB-231 and DLD-1 were
plated onto 96 well flat bottom dishes and incubated with cGASsi for 24 hours, as above.
Media was washed out and cells were subsequently treated with inhibitors for another 24
hours. Inhibitors were then washout twice with warm PBS and cell were placed in NK92mi
growth medium and co-cultured in the presence of NK92mi cells at a target:effector ratio
of 1:100 for 5 hours. Cells were then washed twice with PBS to remove NK92mi cells and
fixed with crystal violet stain for 10 minutes, rinsed 5 times with PBS and measured using
absorbance at 570 on a Synergy HTX Multi-mode reader (BioTek).

Immunoprecipitation—Asynchronous cells were either untreated or treated for 1 hour
with ATRi or CDK1i. Cells were collected via trypsinization. Cells were then washed
twice with ice-cold 1X PBS, and lysed with lysis buffer containing 0.5% NP-40, protease
inhibitors, 100pM Okadaic Acid (Tocris 1136). Antibody-coupled Protein G Dynalbeads ®
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(ThermoFisher) were added to lysates and incubated for 16 hours with rocking at 4°C. Beads
were washed 3 times with lysis buffer (without benzonase) at 4°C before elution at 95 °C in
SDS sample buffer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunofluorescence intensities, and live-cell imaging cell counts were measured using Fiji
software and displayed using Graphpad PRSM software. Gels were imaged using GelDoc
Go System (BioRad) and analyzed with Fiji software. NK cell killing assay using crystal
violet staining was analyzed using Gen5 software (BioTek). Unpaired Student’s t-tests when
comparing two conditions, Anova with Tukey’s Multiple Comparison Test when comparing
three or more conditions used for statistical analysis as shown in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
ATR promotes rupture of Lamin B-negative MN during S phase
ATR phosphorylates Lamin A/C at S395 and primes S392 for CDK1 phosphorylation
ATRI decreases cGAS and autophagy-mediated clearance of micronuclear DNA

ATRI reduces cGAS and NK cell-mediated clearance of MN-bearing cells
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Figure 1. ATR inhibition reduces MN rupture

(A) Percentage of U20S cells containing MN after mock treatment (CONT) or treatment
with ATRi (VE-821, AZ20), APH (aphidicolin), MPSL1i (reversine), ATRi and APH, or
ATRIi and MPSL1i for 24 hours (>300 MN analyzed per condition).

(B) Percentage of cGAS* MN in U20S cells after mock treatment (CONT) or treatment
with ATRi (VE-821, AZ20), APH, MPSL1i, or their combinations for 24 hours (>300 MN
analyzed per condition).
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(C-D) Percentage of cGAS* MN in MDA-MB-231 (C) and HeLa (D) cells after 24 hours of
mock (CONT) or ATRi (VE-821) treatment.

(E-F) Percentage of cGAS* MN in BJ Fibroblast (E) and DLD-1 (F) cells after 24 hours of
mock (CONT), MPS1i, or ATRi treatment.

(G) (Left) Images of NLS-YFP-expressing and MN-containing U20S cells stained for
cGAS (red) and DNA (blue). (Right) Quantification of the NLS-YFP* MN or PN in mock or
ATRi-treated U20S cells. Cells were treated with ATRi for 1 hour (>100 MN analyzed per
condition).

(H) Live-cell imaging of NLS-YFP-expressing U20S cells after mock (CONT) or ATRi
treatment. Cells were arrested in mitosis with Nocodazole and then released in MPS1i.
Imaging started 3.5 hours post-release and continued until 27 hours post-release.

(1) Fraction of intact MN in U20S cells over time measured by the presence of NLS-RFP in
MN [average from 3 live-cell imaging experiments in (H)].

Error bars in all panels represent SEM. *P < 0.05, **P < 0.01, ANOVA with multiple
comparisons with Tukey’s correction was performed for panels comparing more than 2
conditions. Two-tailed #test was used for panels with only two conditions. Scale bar: 10 pm.
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Figure 2. ATR is active in micronuclei during S phase to promote rupture

(A) NLS-YFP-expressing U20S cells in S phase were labeled with EdU for 1 hour,
immunostained for p-ATR or p-RPA32, and DAPI-stained for DNA.

(B) Percentage of MN positive for p-ATR (left) or p-RPA32 (right) in S phase U20S cells
untreated (CONT) or treated with ATRi for 1 hour (>60 MN per condition).

(C) Percentage of MN positive for both p-ATR and EdU or both p-RPA32 and EdU in
asynchronously growing U20S cells.
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(D) Percentage of intact MN in untreated (CONT) or ATRi-treated U20S cells in G1, S, and
G2 phase. Cells were arrested in G2/M with CDK1i and then released into mitosis in MPSL1i.
Additional inhibitors were added 2 hours after CDK1i washout. G1, S, and G2 phase cells
were isolated 8, 14, and 20 hours post-release, respectively. DAPI and EdU intensities for
each cell were analyzed to identify cells in G1, S, and G2 (>40 MN per condition per
replicate).

(E) Fraction of intact MN in NLS-RFP-expressing U20S cells from live-cell imaging
following Nocodazole block-and-release in mitosis. Cells were released from Nocodazole

in MPSL1i, and ATRi, CDKZ2i, or both were added 2 hours post-release. Imaging started 3.5
hours post-release and continued until 27 hours post-release (>60 MN were analyzed per
experiment).

(F-G) Percentage of ruptured MN among Lamin B1~ (F) and Lamin B1* (G) MN in U20S
cells. Cells were either untreated (CONT) or treated with ATRI for 1 hour.

(H) Percentage of cGAS* MN in Lamin B1-GFP-expressing U20S cells untreated (CONT)
or treated with ATRi for 1 hour.

Error bars in all panels represent SEM. *P < 0.05, **P < 0.01, ANOVA with multiple
comparisons with Tukey’s correction was performed for panels comparing more than 2
conditions. Two-tailed #test was used for panels with only two conditions. Scale bar: 10 pm.
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Figure 3. CDK1 activity is essential for MN rupture in S phase.
(A) Images of MN positive or negative for CDK1 in U20S cells. Cells were DAPI-stained

for DNA to identify MN.

(B-C) Ratios of average CDK1 fluorescence between MN and cytosol (B) or between MN
and PN (C) in the same cells. U20S cells were untreated (CONT) or treated with ATRi for 1

hour (>100 cells per condition).

(D) Ratios of average p-CDK1 Y15 fluorescence between MN and PN in the same cells.
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(E) Percentage of intact MN following CDK1i block-and-release in different cell cycle
phases. Cells were arrested in G2/M with CDKZ1i and then released into mitosis in MPSLi.
CDK1i or ATRi was added 2 hours after release. G1, S, and G2 phase cells were isolated 8,
14, and 20 hours post-release, respectively (>40 MN per condition).

(F) Percentages of cGAS* MN in untreated (CONT), ATRi-treated (VE-821, AZ20), or
ATRiI and CDK1i-treated U20S cells. Asynchronous cells were treated with inhibitor for 1
hour.

(G) Percentage of cGAS* MN in untreated (CONT) or Weeli (2uM MK1775) treated U20S
cells.

(H) Fraction of intact MN in NLS-RFP-expressing U20S cells from live-cell imaging
following nocodazole block-and-release in mitosis. Cells were released from Nocodazole in
MPS1i, and CDKL1i, CDK2i, or both were added 2 hours post-release. Imaging started 3.5
hours post-release and continued until 27 hours post-release (>60 MN were analyzed per
experiment).

All experiments were done in 3 biological replicates (n=3). Error bars in panels (E) and

(F) represent SDM. *P < 0.05, **P < 0.01, two-tailed #test. Error bars in all other panels
represent SEM. *P < 0.05, **P < 0.01, ANOVA with multiple comparisons with Tukey’s
correction was performed for panels comparing more than 2 conditions. Two-tailed #test
was used for panels with only two conditions. Scale bar: 10 pm.
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Figure 4. ATR primes Lamin A/C for CDK1 phosphorylation.

(A) Images of MN-containing U20S cells immunostained for p-Lamin A S22 or p-Lamin A
S392 and DAPI-stained for DNA.

(B) Percentage of MN positive for p-Lamin A S22 or p-Lamin A S392 in untreated U20S
cells.

(C) Images of MN-containing U20S cells untreated (CONT) or treated with ATRi, CDK1i,
or both. Cells were labeled with EdU and simultaneously treated with inhibitors for 1 hour,
and then immunostained for p-Lamin A S392 and DAPI-stained for DNA.
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(D) Percentage of p-Lamin A S392" MN in S-phase U20S cells.

(E) Images of Lamin A-GFP-expressing and MN-containing U20S cells untreated (CONT)
or treated with ATRi or CDKZ1i. Cells were labeled with EdU and simultaneously treated
with inhibitors for 1 hour, and then immunostained for GFP and DAPI-stained for DNA.

(F) Fluorescence ratio of Lamin WT-GFP signals at the periphery (membrane) of MN versus
the interior of MN for U20S cells expressing Lamin A WT-GFP. Cells were untreated
(CONT) or treated with ATRi or CDKL1i and simultaneously labeled with EdU for 1 hour
(>50 cells analyzed per condition).

(G) U20S cells untreated (CONT) or treated with ATRi or CDK1i were used for Lamin A/C
immunoprecipitation. Immunoprecipitates were analyzed with phospho-specific antibodies
recognizing the CDK consensus motif (p-S/T-P) and the ATR consensus motif (p-S/T-Q).
Immunoprecipitated Lamin A/C were used as loading controls.

(H) U20S cells expressing Lamin AS395A.GFP were immunostained for p-Lamin A (S392)
and DAPI-stained for DNA. The positive or negative status of p-Lamin A signals was
determined using an arbitrary threshold.

(1) Percentage of MN positive for p-Lamin A $392 in U20S cells expressing Lamin AWT-
GFP or Lamin AS3%A.GFP.

(J) Immunoblot of the ATR consensus motif (p-S/T-Q) in cells expressing Lamin AWT-GFP,
Lamin AS392A_GFP, or Lamin AS392D-GFP. GFP signals of the fusion proteins were used as
loading controls.

(K) Percentage of YFP* MN in U20S cells co-expressing NLS-YFP and one of the

seven indicated Lamin A-GFP variants. The positive or negative status of YFP signals was
determined using an arbitrary threshold.

(L) A summary schematic.

Error bars in all panels represent SEM. *P < 0.05, **P < 0.01, ANOVA with multiple
comparisons with Tukey’s correction was performed for panels comparing more than 2
conditions. Two-tailed #test was used for panels with only two conditions. Scale bar: 10 pm.
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Figure 5. ATR promotes MN-induced cGAS activation.
(A) A diagram of MN rupture-triggered downstream pathways.

(B-C) Immunoblots of markers of cGAS-mediated signals [p-STING, STING, p-IRF3, IRF3
in (B)] and autophagy [LC3A in (C)] in MDA-MB-231 cells untreated (CONT) or treated
with MPS1i or MPS1i and ATRIi for 24 hours. GAPDH serves as a loading control.
(D) Images of MDA-MB-231 cells immunostained for p62 and cGAS and DAPI-stained for
DNA. The positive or negative status of p62 was determined using an arbitrary threshold.
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(E) (Left) Percentage of p62* MN in MDA-MB-231 cells treated with control or cGAS
siRNA. (Right) Percentage of p62* MN among ruptured MN in cells treated with control or
CGAS siRNA. Cells were fixed and stained 2 days post-siRNA transfection. MN rupture was
determined by presence of NLS-YFP in MN (>100 cells per condition).

(F) Percentage of p62* MN in MDA-MB-231 cells untreated (CONT) or treated with MPS1i
or MSP1i and ATRi for 24 hours (>100 cells per condition).

(G) Percentage of LC3-RFP* MN in MDA-MB-231 cells expressing LC3-RFP. Cells were
untreated (CONT) or treated with MPS1i or MPS1i and ATRi for 24 hours. LC3-RFP* MN
were determined by presence of RFP in MN (>100 MN per condition).

(H) Normalized average DAPI fluorescence intensities in the indicated MN subpopulations
in NLS-YFP-expressing U20S cells. All measured DAPI intensities were normalized to the
average in the NLS™ condition (>80 cells per condition).

(1) Normalized average DAPI fluorescence intensities in the indicated MN subpopulations
in U20S cells treated with control or cGAS siRNA. All measured DAPI intensities were
normalized to the average in the NLS* conditions (>80 cells per condition).

(J) Average DAPI intensity in MN of MDA-MB-231 cells untreated (CONT), treated with
MPS1i for 24 hours, or treated with MPS1i for 24 hours and then with ATRi (VE-821) for 1
hour. All measurements were normalized to the average in the CONT p62~ condition (>100
cells per condition).

Error bars in all panels represent SEM. *P < 0.05, **P < 0.01, ANOVA with multiple
comparisons with Tukey’s correction was performed for panels comparing more than 2
conditions. Two-tailed #test was used for panels with only two conditions. Scale bar: 10 pm.
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Figure 6. ATR promotes NK cell-mediated killing of MN-bearing cells.
(A) Representative bright-field images from live-cell imaging of MDA-MB-231 and NK92

cell over time. The wells containing both cell types in the presence of MPS1i or MPS1i and
ATRi. MDA-MB-231 cells are indicated with yellow arrows, and NK92 cells are indicated
with red arrows.

(B) Percentage of MDA-MB-231 cells surviving over time following addition of NK92 cells
and live-cell imaging. Error bar: SEM from n=3 experiments.
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(C) Fraction of MDA-MB-231 cells surviving under the indicated conditions. Prior to the
addition of NK92 cells, MDA-MB-231 cells were treated with MPS1i or MPS1i and ATRI
for 24 hours.

(D) Fraction of DLD1 cells surviving under the indicated conditions. Prior to the addition of
NK92 cells, DLD1 cells were treated with MPS1i or MPS1i and ATRi for 24 hours.

(E) A model of the function of ATR in regulating MN rupture.

Error bars in all panels represent SEM. *P < 0.05, **P < 0.01, ANOVA with multiple
comparisons with Tukey’s correction was performed for panels comparing more than 2
conditions. Two-tailed #test was used for panels with only two conditions. Scale bar: 10 pm.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
ACA (Anti-centromere antibody) Antibodies Inc. Cat#15-234-0001
ATR Bethyl Laboratories Cat#A300-138A
p-ATR T1989 GeneTex Cat#GTX128145
CDK1 Invitrogen Cat#MA5-11472
p-STING S366 Cell Signaling Cat#19781
Technology
STING Cell Signaling Cat#13647
Technology
p-IRF-3 S396 Cell Signaling Cat#4947
Technology
IRF-3 Cell Signaling Cat#4302
Technology
LC3A Cell Signaling Cat#4599
STechnology
p62 Cell Signaling Cat#5114
Technology
Cell Signaling Cat#4777
Lamin A/C Technology
Cell Signaling Cat#13448
p-Lamin A Ser22 Technology
p-Lamin A S392 Invitrogen Cat#PA5-38290
Cell Signaling Cat#12586
Lamin B Technology
Cell Signaling Cat#9718
YH2AX Technology
p-RPA32 S33 Bethyl Cat#A300-246A
RPA32 Abcam Cat#Ab2175
Cell Signaling Cat#2851
pS/T-Q ATR/ATM substrate antibody Technology
Jackson Immuno Cat#109-605-088
Alexa Fluor 647 anti-Human Research
Jackson Immuno Cat#15-605-150
Alexa Fluor 647 anti-Mouse Research
Jackson Immuno Cat#711-585-605- 152
Alexa Fluor 647 anti-Rabbit Research
Jackson Immuno Cat#715-545-150
Alexa Fluor 488 anti-Mouse Research
Jackson Immuno Cat#711-545-152
Alexa Fluor 488 anti-Rabbit Research
Jackson Immuno Cat#715-585-150
Alexa Fluor 594 anti-Mouse Research
Jackson Immuno Cat#711-585-152
Alexa Fluor 594 anti-Rabbit Research

Chemicals, peptides, and recombinant proteins

VE-821 (ATRi)

Cayman Chemical

17587
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REAGENT or RESOURCE SOURCE IDENTIFIER
AZ20 (ATRI) Cayman Chemical 17589
RO-3306 (CDK1i) Cayman Chemical 15149
MK-8776 (CHK1i) Cayman Chemical 18131
K03861 (CDK2i) Millipore Sigma SML2971
Reversine (MPS1i) Cayman Chemical 10004412
KU-55933 (ATMi) Cayman Chemical 16336
Aphidicolin (APH) Millipore Sigma 178273
Deposited data
Mendeley Data: DOI:
Generated imaging and Western blot data This study 10.17632/2685kkn249.1
Experimental models: Cell lines
U20Ss ATCC Cat#HTB-96
MDA-MB-231 nATCC Cat#HTB-26
Hela ATCC Cat#CCL-2
NK 92 mi ATCC Cat#CRL-2408

Oligonucleotides

ATR siRNA - 5’-CCUCCGUGAUGUUGCUUGA-3’ ThermoFisher N/A
cGAS siRNA - 5’-CGUGAAGAUUUC UGCACCU-3’ ThermoFisher N/A
p62 siRNA - 5’-AUUGUGAACCCAGAAGGGC-3’ ThermoFisher N/A
RPA siRNA - 5’- GCACCUUCUCAAGCCGAAA-3’ ThermoFisher N/A
1SG56 Forward - 5’-TTGATGACGATGAAATGCCTGA-3’ ThermoFisher N/A
1SG56 Reverse - 5’-CAGGTCACCAGACTCCTCAC-3’ ThermoFisher N/A
ApoBec3G Forward - 5-GCATCGTGACCAGGAGTATGA-3’ ThermoFisher N/A
ApoBec3G Reverse - 5’-GTCAGGGTAACCTTCGGGT-3’ ThermoFisher N/A
IL6 Forward - 5’-GGAGACTTGCCTGGTGAAAA-3’ ThermoFisher N/A
IL6 Reverse - 5’-GTCAGGGGTGGTTATTGCAT-3’ ThermoFisher N/A
GAPDH Forward - 5’-GACCCCTTCATTGACCTCAAC-3’ ThermoFisher N/A
GAPDH Reverse - 5’-CTTCTCCATGGTGGTGAAGA-3’ ThermoFisher N/A
Lamin A EcoRI Forward - 5’- ThermoFisher N/A
AAAAAAGAATTCGATGGAGACCCCGTCCCAGCG-3’
Lamin A Pacl Reverse - 5’- ThermoFisher N/A
AAAAAATTAATTAATTACATGATGCTGCAGTTCTGG-3’
Recombinant DNA
pQC NLS-YFP IX plasmid Connie Cepko; Addgene 37341
pmRFP LC3 plasmid Tamotsu Yoshimori; 21075
Addgene
Lamin A WT-mCherry plasmid This paper N/A
Lamin A 392A-mCherry plasmid This paper N/A
Lamin A 392D-mCherry plasmid This paper N/A
Lamin A 395A-mCherry plasmid This paper N/A
Lamin A 395D-mCherry plasmid This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Lamin A 392A 395A-mCherry plasmid This paper N/A
Lamin A 392D 395D-mCherry plasmid This paper N/A
Lamin A-GFP plasmid John Eriksson Lab N/A
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