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Ataxia telangiectasia and Rad3-related protein (ATR) kinase
regulate a key cell regulatory node for maintaining genomic
integrity by preventing replication fork collapse. ATR inhibition
has been shown to increase replication stress resulting in DNA
double-strand breaks (DSBs) and cancer cell death, and several
inhibitors are under clinical investigation for cancer therapy.
However, activation of cell-cycle checkpoints controlled by ataxia
telangiectasia-mutated (ATM) kinase could minimize the lethal
consequences of ATR inhibition and protect cancer cells. Here,
we investigate ATR-ATM functional relationship and potential
therapeutic implications. In cancer cells with functional ATM
and p53 signaling, selective suppression of ATR catalytic activity
by M6620 induced G;-phase arrest to prevent S-phase entry with
unrepaired DSBs. The selective ATM inhibitors, M3541 and

Introduction

In the face of continuous exposure to endogenous and exogenous
DNA damage, mammalian cells have evolved complex molecular mech-
anisms to preserve their genomic integrity, referred to as the DNA
damage response (DDR; refs. 1-3). Many chemotherapeutic agents act
by inducing DNA damage and are often used to exploit genetic deficien-
cies in the DDR that confer synthetic lethality (1, 4, 5). Targeting differ-
ent DDR components has emerged as a promising field for development
of potential therapeutic agents, offering novel synergistic combination
strategies for cancer therapy with DNA-damaging agents (4).

DNA double-strand breaks (DSBs) are the most lethal lesions, and
mammalian cells have evolved two main mechanisms for their rapid
and efficient repair: nonhomologous end-joining and homology-
dependent repair (HDR). HDR begins with nuclease processing of the
DNA ends at the site of the DSB, resulting in 3’ single-stranded DNA
(ssDNA) tails (6). These ssDNA regions are protected and stabilized
by the binding of replication protein-A (RPA); RPA also binds ssDNA
at the sites of stalled replication forks (7). Ataxia telangiectasia and
Rad3-related protein (ATR) is recruited to RPA-coated ssDNA
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M4076, suppressed both ATM-dependent cell-cycle checkpoints,
and DSB repair lowered the p53 protective barrier and extended
the life of ATR inhibitor-induced DSBs. Combination treatment
amplified the fraction of cells with structural chromosomal
defects and enhanced cancer cell death. ATM inhibitor syner-
gistically potentiated the ATR inhibitor efficacy in cancer cells
in vitro and increased ATR inhibitor efficacy in vivo at doses that
did not show overt toxicities. Furthermore, a combination study
in 26 patient-derived xenograft models of triple-negative breast
cancer with the newer generation ATR inhibitor M4344 and
ATM inhibitor M4076 demonstrated substantial improvement in
efficacy and survival compared with single-agent M4344, sug-
gesting a novel and potentially broad combination approach to
cancer therapy.

segments of the genome to slow down and stabilize replication forks
to prevent their collapse and the loss of genomic integrity (7). ATR also
promotes DSB repair and protection of replication forks through
phosphorylation of CHK1 and activation of further downstream
signaling (8). Thus, ATR controls a checkpoint response to prevent
replication stress by restricting replication origin firing during S-phase
and premature entry into mitosis via G, arrest (1, 9, 10), ultimately
confining cells to a cell-cycle phase in which a homologous template
is available for DSBs repair via high-fidelity HDR before mitosis.
Because ATR plays a critical role in maintaining genomic integrity in
replicating cells, it has been considered an attractive target for cancer
therapy (5, 10, 11). Many ATR inhibitors (ATRis) are being tested
in clinical trials such as M6620 (berzosertib, VX-970), AZD6738
(ceralasertib), BAY 1895344 (elimusertib), RP-3500 (camonsertib),
and ART0380 (12). The ATRis used in this study, M6620 and
M4344 (Gartisertib; refs. 5, 13-16) have been shown to sensitize cancer
cells to several chemotherapy agents, including platinum-based ther-
apies (15, 17), ionizing radiation (17-19), gemcitabine (15, 18), and
topoisomerase inhibitors (20), consistent with findings from other
ATRis. Furthermore, it has been shown that ATR inhibition is syn-
thetically lethal with ataxia telangiectasia mutated (ATM) or p53
deficiency using ATRis such as VE-821 (21), AZD6738 (22, 23), BAY
1895344 (24),and RP-3500 (25). Clinical responses have been observed
with the ATRi BAY 1895344 as a monotherapy in a phase I trial in a
subset of patients with ATM mutation orloss of protein expression (26).
ATM is a protein kinase that activates a signaling cascade to
promote cell-cycle checkpoint activation and DSB repair by HDR.
A critical component of this signaling process is ATM-dependent
phosphorylation of the tumor suppressor p53, leading to disruption of
the MDM2-p53 interaction and stabilization of the p53 protein (1).
The p53 tumor suppressor acts as a guardian of the genome and
activates G;-S or G,—-M checkpoints to arrest cells and promote DNA
repair (27). In cells unable to repair excessive DNA damage, p53
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initiates a signaling cascade to induce apoptosis. TP53 is frequently
mutated or lost in tumors, leading to disrupted cell-cycle regulation
and increased replication stress (14, 28). ATM sustains loss-of-
function mutations in approximately 5% of all cancers with more
frequent alterations in cancers such as hepatocellular, colorectal,
bladder, prostate, and stomach (29-31). ATM protein expression is
also frequently lost in cancers such as prostate (32) and colorectal (33).
The extent to which ATM function must be disabled through muta-
tions or loss of expression to sensitize human tumors to ATRis is still
debated, but it has recently been shown that clinical responses to the
RP-3500 In the phase I/II TRESR trial, ATRi monotherapy was
enriched in patients with the ATM mutation, particularly those with
biallelic mutations (34). Classification of ATM loss-of-function can-
cers is complex and requires careful characterization of the genetic
mutations, their allelic status, and ATM protein expression (35). The
frequency of cancers with partial or complete loss of ATM function is
poorly understood, and clinical exploitation of this genetic deficiency
for ATRis remains challenging (31).

Here, we explore ATM functional deficiency achieved by selective
small-molecule inhibitors and show that they offer synergistic com-
bination partners to ATRis in a wide range of cellular and animal
cancer models. Our findings provide mechanistic rationale to expand
upon this paradigm. In ATM/TP53 wild-type cancer cells, the ATRi
M6620 produced DSB damage and induced ATM-mediated G
checkpoint activation, but in cells lacking intact ATM-p53 signaling,
cells continue to progress through the cell cycle, ultimately resulting in
cell death. Addition of M3541, a potent inhibitor of ATM (36), partially
abrogates M6620-induced G; arrest in ATM-p53 wild-type cancer
cells, thereby lowering the barrier to mitotic entry and increasing the
fraction of cycling cells with unrepaired DSBs. These cells showed
elevated levels of chromosome defects, misalignment, and mis-segre-
gation, leading to aberrant division and ultimately cell death. ATM
inhibitors strongly potentiated ATRi-induced cancer cell death in
multiple cancer cell lines and animal models at tolerated doses,
suggesting that ATM inhibitors could offer an efficacious approach
to enhancing the antitumor activity of ATRis currently under clinical
investigation.

Materials and Methods

Cell lines and reagents

All cell lines were obtained, Mycoplasma free, from the Merck
Tissue Culture Bank (Merck KGaA, Darmstadt, Germany). Cells were
originally purchased from ATCC, European Collection of Animal Cell
Cultures, or DSMZ. The CRISPR-generated A549 ATM-null clone and
its parental line were provided by Alan D’Andrea (Dana-Farber
Cancer Institute, Boston, MA). The A549 p53-null cells have been
described previously (37). Short tandem repeats were analyzed to
confirm the identity of all cell lines by PCR and electrophoretic
fractionation. Mycoplasma infection was excluded by qPCR-based
testing performed quarterly. All cell lines were serially passaged twice
a week and used for experiments before reaching passage 10 from the
original frozen stock. TP53 mutation status was obtained from the
current version of the p53 Database (https://p53.fr/tp53-database).
A375, A549, and HeLa cells were maintained in the DMEM from
GIBCO. NCI-H460 cells were maintained in RPMI1640 (GIBCO).
IMR90 and WI38 cells were maintained in Minimum Essential
Medium from GIBCO. Culture medium was supplemented with
10% FBS (catalog No. 35-015-CV, Corning Life Science). M6620
(berzosertib), M4344 (gartisertib), M3541, and M4076 were synthe-
sized in the department of Medicinal Chemistry at Merck KGaA,
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Darmstadt, Germany. The M3541 and M4076 chemical structures
were published previously (36). The synthetic procedures for M3541,
disclosed as compound 36 in U.S. patent applications (38), can be
found in Examples 4a and 4b (p. 33-35). The synthetic procedure for
M4076, disclosed as compound 1 in the patent application (39) can be
found in Example 1 (p. 70-72). Alternative methods of obtaining
compound 1 are described in Examples 2 and 3 (p. 73-77; ref. 39). All
compounds were dissolved in DMSO to make 10 mmol/L stock
solution and kept frozen at —80°C until use. The 34 cancer cell lines
used for combination screening of ATR, ATM, and DNA-dependent
protein kinase (DNA-PK) inhibitors performed at Oncolead are as
follows: A204 (muscle), A375 (skin), A549 (lung), A673 (muscle),
ASPCI (pancreas), BXPC3 (pancreas), CALU6 (lung), COLO205
(colon), DU145 (prostate), GRANTA-519 (hematologic), HCT116
(colon), HEPG2 (liver), HL-60 (hematologic), HT1080 (connective
tissue), HT29 (colon), IGROV1 (ovary), IMR90 (lung), LOVO (colon),
MCF7 (breast)) MDAMB231 (breast), MDAMB435 (skin),
MDAMB436 (breast), MHHES1 (bone), MIAPACA2 (pancreas),
MV4-11 (hematologic), NCIH460 (lung), PANCI1 (pancreas),
RAMOS (hematologic), RDES (bone), SAOS2 (bone), SW620 (colon),
U20S (bone), U87MG (brain), and WSU-NHL (hematologic;
refs. 36, 40). The identity of these cell lines was tested and confirmed
by short tandem repeat at Oncolead. Additional routine tests were
performed to ensure that the cells were Mycoplasma free.

Immunofluorescence

Cells were seeded in chamber well slides (Millipore Millicell EZ
Slides) and cultured overnight. The following day, cells were treated
with compounds for various durations. Cells were then fixed and
stained as described previously (41). Briefly, cells were fixed with 1%
paraformaldehyde/2% sucrose for 15 minutes at room temperature,
100% methanol for 30 minutes at —20°C, and then 50% methanol/50%
acetone for 20 minutes at —20°C. Cells were then incubated in
permeabilization/blocking solution (Cell Signaling Technology
#12411) at room temperature for 1 hour. Primary antibodies (Cell
Signaling Technology #9718 or #80312 for YH2Ax, #2675 for phos-
pho-53BP1, and #86298 for beta-tubulin) were diluted 1:250 in
permeabilization/blocking solution and incubated with the cells at
4°C overnight. The secondary antibodies used were Alexa Fluor 488
(Invitrogen #A32766 donkey anti-mouse IgG or #A32790 donkey anti-
rabbit IgG) and Alexa Fluor 555 (Invitrogen #A32773 donkey anti-
Mouse IgG or #A32794 donkey anti-rabbit IgG). Three washes with
PBS with Triton X-100 and four washes with PBS were performed after
primary and secondary antibody. Cells were costained with DAPI
(Invitrogen #D1306) to visualize the nuclei and micronuclei. Slides
were imaged on a Zeiss MIC-074 microscope (Carl Zeiss Microscopy,
LLC). Images were processed and analyzed using Image] software.

Western blot analysis

Cells (7.5 x 10°) were seeded into 100-mm dishes. The next day,
cells were treated with compounds of interest. Cells were harvested on
ice in PBS, pelleted, and lysed in AZ lysis buffer [50 mmol/L Tris pH 8,
250 mmol/L NaCl, 1% NP-40, 0.1% SDS, 5 mmol/L ethylenediamine
tetraacetic acid (EDTA), 10 mmol/L Na,P,0,, 10 mmol/L NaF,
1xcOmplete EDTA-free Protease Inhibitor Cocktail (Roche), 1x
PhosSTOP (Roche)]. Protein concentration of each sample was deter-
mined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific #23227). Samples were run on NuPAGE Bis-Tris gels
(Thermo Fisher Scientific) and transferred to nitrocellulose. The
primary antibodies used were: p-ATM S1981 (Abcam #ab81292),
ATM (Santa Cruz Biotechnology #5SC23921), p-KAP1 $824 (Abcam
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#ab133440), KAP1 (Abcam #ab22553), p-CHK2 T68 (Cell Signaling
Technology #2197), CHK2 (Cell Signaling Technology #6334),
p-CHK1 S§317 (Cell Signaling Technology #12302), CHK1 (Cell
Signaling Technology #2360), p-p53 S15 (Cell Signaling Technology
#9284), p53 (Cell Signaling Technology #48818), MDM2 (Cell
Signaling Technology #86934), p21 (Cell Signaling Technology
#2947), and horseradish peroxidase-conjugated GAPDH (Cell Sig-
naling Technology #3683). Western blots were analyzed using GE
ImageQuant LAS 4000 with SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Fisher Scientific #34080) and/or Super-
Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific #34094).

Cell-cycle analysis

Cell-cycle analysis was performed using the FITC bromodeoxyur-
idine (BrdU) Flow Kit from BD Biosciences (#559619) according to
the manufacturer’s protocol. Briefly, 7.5 x 10° of proliferating cells
were seeded in T75 flasks. The following day, cells were treated with
compounds of interest. The next day, cells were pulsed with BrdU for
1 hour and then washed, harvested, and stained with FITC-conjugated
anti-BrdU antibody and 7-aminoactinomycin D (7-AAD). Cells were
processed on a BD FACSCanto flow cytometer to determine cell-cycle
profiles, and the percentages of cells in each phase was calculated using
FlowJo v10 software (FlowJo, LLC).

IncuCyte live cell imaging

Cells were seeded at 500 cells per well in 96-well plates (Corning
#353219) and cultured overnight. The next day, cells were treated with
compounds of interest. Real-time cell death was monitored using the
IncuCyte Live-Cell Imaging System (Essen Biosciences) by adding the
mix-and-read IncuCyte CytoTox Reagent (Essen Biosciences #4632 or
4633). Relative cell death was calculated by dividing the number of
positively CytoTox stained objects by percent cell confluence (both
determined through the IncuCyte software).

Meso Scale Discovery sandwich ELISA for ATM activity

For abrogation of ATM activity by M6620 and ATM inhibitors,
A549 (7.5 x 10°) cells were seeded into 100-mm dishes and treated
the following day with DMSO, M6620 (200 nmol/L), ATM inhibitor
(1 pmol/L), or the combination thereof for 24 hours. Cells were
harvested on ice in PBS, pelleted, and lysed in Meso Scale Discovery
(MSD) lysis buffer (MSD #R60TX-3) supplemented with Roche
cOmplete EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich
#11836170001) and Roche phosSTOP phosphatase inhibitor (Sig-
ma-Aldrich #4906837001). MSD MULTI-ARRAY 96-well plates
(L15XA-3) were coated with capture antibodies against phosphory-
lated ATM (Abcam #ab208775) or total ATM (Santa Cruz Biotech-
nology #sc135663) and incubated at 4°C overnight. The next day,
plates were washed with 1 X TBST (Tris Buffered Saline + Tween 20,
MSD #R61TX-2), blocked for nonspecific binding with Blocker A
(MSD #R93BA-4) for 1 hour. Plates were incubated with equal
microgram amounts of lysates for 2 hours, incubated with primary
detection antibodies against total ATM (Santa Cruz Biotechnology
#sc135663 or Abcam #ab199726) for 1 hour, and then incubated with
secondary detection antibody (MSD #R32AC-5 for anti-mouse
SULFO-Tag and MSD #R32AB-5 for anti-rabbit SULFO-Tag). Plates
were washed after each incubation step. Reading buffer (MSD
#R92TC-3) was added to each plate, and the plates were read by a
Sector Imager 600 (MSD). Background levels were subtracted from
experimental values, and phosphorylated ATM levels were normaliz-
ed to total ATM levels. Normalized phosphorylated ATM levels were
then normalized to DMSO.
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CellTiter-Glo viability assay

Cells were seeded at 125 cells per well in 384-well plates (Corning
#354663) and cultured overnight. The next day, cells were treated with
compounds of interest. Cell viability was assessed using the CellTiter-
Glo 2.0 cell viability assay (Promega #G9242) according to the
manufacturer’s protocol. Luminescence was detected using an
EnVision plate reader (Perkin Elmer), and the ICs, values and Bliss
synergy scores were determined using Combenefit software (42).

Bliss combination synergy analysis in cancer cell lines

Determination of Bliss combination synergy was performed at
Oncolead (Karlsfeld, Germany) in a panel of 34 cancer cell lines using
asulforhodamine B staining assay as described previously (37,40). The
ATRis M6620 and M4344 were used at a fixed concentration of 200
and 40 nmol/L, respectively, either alone and together with increasing
concentrations of a second DDR inhibitor (DNA-PK inhibitor pepo-
sertib, ATRis M6620 or M4344 or ATM inhibitor M4076).

Isolation of metaphase cells for spectral karyotyping

Cells were seeded in T75 flasks. The next day, cells were treated with
DMSO, M6620 (200 nmol/L), M3541 (1 wmol/L), or M6620+M3541
combination for 24 hours. Colcemid (0.1 pg/mL) was added, and the
cells were incubated for an additional 4 hours. Mitotic cells were
collected by shake off and exposed to a hypotonic buffer (0.57% KClI) at
37°C for 30 minutes. Cells were fixed with fresh ice-cold methanol:
acetic acid (3:1) and then processed and characterized at the Molecular
Cytogenetic Core at Albert Einstein College of Medicine, Bronx, New
York, as described previously (43). Ten randomly picked metaphase
spreads were imaged and analyzed for each treatment condition.

Animal studies

To investigate the combination benefit of M4344 and M4076, two
cell line-derived xenograft models [MV4.11, acute myeloid leukemia
(AML), ATCC, CRL-9591, and MiaPaCa2, pancreatic cancer, ATCC,
CRL-1420] and the panel of 26 triple-negative breast cancer (TNBC)
patient-derived xenograft (PDX) models from XenTech (Evry, France)
were used. Study design and animal use were approved by the local
animal welfare authorities (Regierungsprasidium Darmstadt, Hesse,
Germany, protocol registration number DA4/Anz.1014). Six- to
8-week-old female H2dRag2 (C;129P2-H2d-Rag2<tm1Fwa IL2rgtm1;
Taconic Denmark) mice were used. They received subcutaneous
injections in the right flank (3 x 10° cells in PBS/Matrigel). When
tumor xenografts reached an average volume of about 100 mm?>, mice
(n= 10 per treatment arm, randomized from 15 mice per arm to obtain
a similar mean and median within the treatment groups) received
M4344 (suspended in 15% Captisol/0.1 mol/L hydrochloride acid,
pH 3.5) as once-daily oral dose, M4076 (10 mg/kg, suspended in
0.5% Methocel/0.25% Tween20/50 mmol/L Citrate buffer, pH 3) at
a once-daily oral dose of 50 or 100 mg/kg, or the combination
thereof. For the combination, M4344 was applied 1 hour after
M4076.

The PDX study was performed by XenTech (Evry, France) in
accordance with French legislation concerning the protection of
laboratory animals and in accordance with a license approved by the
French Ministry of Higher Education, research and innovation (reg-
istration number APAFIS#11191v2). Twenty-six different TNBC
models were tested using 5-week-old female athymic nude mice
(Foxn1™ ENVIGO, France). Tumors were transplanted subcutane-
ously with tumor fragments of 20 mm® under anesthesia (100 mg/kg
ketamine hydrochloride and 10 mg/kg xylazine). In each of the 26
studies, mice with an established growing tumor volume between 60
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and 290 mm” were randomized according to their tumor volumes into
the respective treatment groups to achieve homogenous mean and
median tumor volume in each treatment arm, which consisted of
three mice per treatment group and model. Inclusion rate (number of
implanted vs. mice included into the study) was different for each
individual model and ranged between 27% and 50%. Mice received
M4344 at a daily oral dose of 10 mg/kg, M4076 at a twice-daily oral
dose of 50 mg/kg, or the combination thereof. The control group was
left untreated. M4344 was given 30 to 45 minutes after the first M4076
dose of each day. Tumor length (L) and width (W) were measured with
calipers, and tumor volumes were calculated as L x W?/2. For the
TNBC study, relative tumor volume (RTV) was used as an endpoint for
analysis. RTV was calculated using the formula RTV (%) = ((TVena-
TVtart)/ TVtart)) X 100 was the day when the respective control group
reached an absolute tumor volume of 800 mm® (median). RECIST
criteria were applied to evaluate response rates considering the
relationship between change in diameter (response >30% decrease,
progression >20% increase) and volume (response >65% decrease,
progression >73% increase; ref. 44).

Statistical analysis

All statistical tests were performed using GraphPad PRISM soft-
ware. For in vitro data, the mean values from at least three independent
replicates were analyzed using unpaired ¢ tests, and the graphed data
are shown as mean + SEM. Significance values are ****, P < 0.0001;
%, P <0.001; **, P < 0.01; and *, P < 0.05. NS represents nonsigni-
ficant differences (P > 0.05). For analysis of in vivo xenograft data,
a repeated measures two-way ANOVA with a Tukey multiple com-
parison test was applied on log-transformed tumor volume data. For
transformation tumor volumes of 0 mm® were set to 10 mm®.
Significance was reported at the last day at which vehicle controls
were still available. Significance values are *, P<0.05 and NS represents
nonsignificant differences (P > 0.05). An ordinary one-way ANOVA
with multiple comparisons was used as a statistical test for the TNBC
PDX study. The test was performed on median tumor volume change
data from the respective treatment groups and models that consisted of
three mice each.

Results

ATR inhibition activates key cell-cycle checkpoints

ATR plays an important role in maintaining genomic integrity in
replicating cells by promoting replication fork stabilization under
conditions of replication stress and controlling cell-cycle checkpoints
to minimize lethal consequences of cycling with damaged DNA.
Inhibition of ATR activity leads to an accumulation of DSBs, as shown
by an increase in DNA repair foci formation (18, 45, 46). M6620 is a
potent and selective small-molecule ATR kinase inhibitor shown to
effectively suppress the catalytic activity of ATR and its functions in
response to replication stress (47). We interrogated cellular events
following suppression of the ATR pathway and the fate of cancer cells.

First, we assessed the effect of an ATRi on the number of YH2AX
and phospho-53BP1 foci, two widely used markers of DNA
DSBs (48, 49). M6620 dose-dependently increased the population of
cells with five or more phospho-53PB1 and YH2AX foci, marking
unrepaired DSBs, in A549 cancer cells (Fig. 1A), its p53-null clone, and
the p53 dysfunctional HeLa cells (Supplementary Fig. S1). Because
ATM is a sensor and controller of response to DSBs, we analyzed key
proteins from the ATM-p53 signaling pathway in A549 cells exposed
to M6620 by Western blotting (Fig. 1B). Concentration-dependent
increase in the phosphorylation levels of ATM and CHK2 indicated
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that ATRi treatment triggers activation of ATM signaling. This led to
an increased p53 phosphorylation at serine 15, stabilization of total
P53, elevated expression of its transcriptional targets MDM?2 and p21,a
pan CDK kinase inhibitor and a key mediator of the p53-dependent
cell-cycle checkpoint response (50). BrdU/7-AAD cell-cycle analyses
demonstrated a substantial increase in the G,-phase population at the
expense of S-phase, indicating a marked activation of the G;-S
checkpoint (Fig. 1C). The abrogation of the G; checkpoint was
reversed in the engineered p53-null (37) and ATM-null isogenic
A549 (Supplementary Fig. S1C) clones, suggesting that p53 regulated
downstream targets are largely responsible for the G, arrest (Fig. 1C).
The G; checkpoint activation by ATRi was maintained and even
increased after an additional 24 hours of exposure to the ATRi, while
no cell-cycle arrest was observed in the p53-null A549 cells (Supple-
mentary Fig. S2A). G, checkpoint activation was also observed in two
additional p53 wild-type cancer cell lines, A375 and H460 (Supple-
mentary Fig. S2B). However, HeLa cells, in which human papilloma-
virus E6 protein inhibits the phosphorylation of p53 and induces p53
degradation (51), failed to activate a G, checkpoint (Supplementary
Fig. S2B), further supporting the main role of p53 signaling in
ATRi-induced G; checkpoint activation.

Taken together, these results show that ATR inhibition leads to the
accumulation of DSB damage and an ATM-p53-mediated G; check-
point response, protecting cells from entering replication. However, in
cells lacking intact ATM-p53 signaling, ATR inhibition permits cell-
cycle progression despite elevated DNA damage. Unchecked cell
cycling could compromise chromosome integrity and lead to cell
death. To assess this further, we examined the consequences of
exposure to M6620 in the ATM-null and p53-null A549 isogenic cell
lines by live cell imaging. Cell growth and viability were measured via
cell confluence and cell death readouts (Fig. 1D). Proliferation of the
parental A549 cells exposed to M6620 was only slightly impaired, and
appearance of cells with a senescence-like morphology was evident, yet
no induction of cell death was observed (Fig. 1D and E). These findings
further support M6620-induced G; checkpoint activation as a pro-
tective mechanism. A549 cells lacking p53 activity showed growth
retardation in the presence of M6620, but also an increase in the
population of dying cells. These results indicated that turning off p53-
mediated checkpoints allows more cells to enter mitosis and undergo
cell death. The ATM-null A549 cells exposed to M6620 showed nearly
complete growth arrest and higher levels of cell death (Fig. 1D and E),
suggesting that suppressing both p53-dependent and -independent
ATM functions provides a most effective way for sensitizing cancer
cells to M6620. Together, our data demonstrate that suppression of the
ATM-p53 signaling axis in cancer cells strongly enhances cytotoxicity
of ATR inhibitors.

ATM inhibition bypasses the ATRi-induced G, checkpoint
protection and enhances cancer cell death

ATR inhibition has been shown to trigger compensatory activation
of ATM-dependent HDR of DNA DSBs, as these two kinases coop-
erate to maintain genomic stability (52). We assessed the effect of the
ATM inhibitor M3541 on M6620-induced phospho-ATM levels by
sandwich ELISA. We chose 1 umol/L concentration of M3541 because
this suppresses radiation-induced phospho-ATM by over 90% in a
variety of cancer cell lines (36). Treatment with M3541 for 24 hours
decreased phospho-ATM levels slightly below baseline but dramati-
cally reversed M6620-induced phospho-ATM levels (Fig. 2A). The
effect of M3541 exposure on M6620-activated ATM signaling was
further analyzed by Western blotting (Fig. 2B). The combination
suppressed p-KAP1, p-CHK2, p-p53, and p21 levels elevated in
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Figure 1.

Inhibition of ATR by M6620 activates the ATM-p53 G; checkpoint in response to DNA damage. A, Representative immunofluorescence images and analysis of
phospho-53BP1and YH2Ax foci in A549 cells after 24 hours exposure with M6620. Error bars, SEM; **, P < 0.01; and *, P < 0.05 by unpaired ¢ test. Scale bars =
10 um. B, Western blot analysis of components of the ATM-p53 signaling pathway in A549 cells after 24-hour exposure to DMSO or M6620 (50, 100, 200 nmol/
L). C, BrdU/7-AAD cell-cycle analysis in A549 parental, p53-null, and ATM-null cells after 24-hour exposure to M6620 (200 nmol/L). D, Confluence (top row)
and relative cell death (bottom row) from IncuCyte live imaging in A549 parental, p53-null, and ATM-null cells treated with DMSO or M6620 (200 nmol/L).
Relative cell death was calculated from the number of cells positively stained with CytoTox dye normalized to confluence. Error bars, SEM. E, Representative
images from IncuCyte live imaging (10 x objective) of A549 parental, p53-null, and ATM-null cells after 6-day exposure with M6620 (200 nmol/L). Scale bars =
100 umol/L.

AACRJournals.org Mol Cancer Ther; 22(7) July 2023

863



Turchick et al.

A C DMSO M3541 M6620 M6620+M3541
e o P o] 4% 109 _ 46% 10°]  20% 100 _40%
s 54 Kk 8 10% i 102 4 102 102 e
= ) 1| & 1 ] iz
< 44 3 100 [ =2 101 _ 10" 1014
o . S L T S 1S PP R I [ R T J
£ 3 1 49% 7% 0% 47%7% 1 75% 4% 1 55% 5%
“8’,2 0 200400600 0 200400600 0 200400600 0 200400600
% 1 — P % 1 Osfw 10%] 46% 102 29% 10°] 39%
z N i 8 20 | 109 | # 107, 100 |
= E| .! k| % E -
L o 2 < 101 - 101 - 101 104 |
O N D 2 e el le[=]  lel | e |
STEFL o 10 479%10% | 10% 41%13% | 10% 65% 6% | 10° 50%11%
q’@@ 0 200400600 0 200400600 O 200400600 0 200400600
S
® = 0% 55% 0%  54% 10 29% 10 51%
é 105 | o~ 10 | g 104 105 | g
B s = 101 | 104 | 101, 101 |
3 T el Lol e[ ] i o L
s v 0% 36%9% 10% 35%10% | 10% 65% 9% 10% 42% 7%
o 3 8 é 0 200400600 0 200400600 0 200400600 O 200400600
20 © O < 7-AAD »
2 £ 28 D b g
A549 A549 A549
| - pkAPT 100; 1007 ps3nui - 1007 ATM-null
|-—-——‘KAP1 g\o, 80 80 801
[0
| -— ‘p-CHKZ e 60 &0 601
S 40 40 40/
| L e ‘CHKZ =
3 20 20 201
o
| — - ‘p“p53 0 — 0 -— o~————
012345 012345 012345
| v — — ‘p53 Day Day Day
p— - 100{ =DMSO 100 1001
| — — o2t £ | Masd 5
| -— ‘MDMZ & 801 =M6620 80
> _M6620
chK 3 601 = 1\M3541 60 60
|"'" e« ‘p' o 40] 40. 40
GaPDH & O & 0
———— 012345 012345 012345
Day Day Day
E
A549 A549 p53-null A549 ATM-null 3
[}
DMSO 3541 ® " %
. et S F
_ M6620+M3541 3541 >
S - @&
Phase contrast/CytoTox Dye 'E - %

864 Mol Cancer Ther; 22(7) July 2023 MOLECULAR CANCER THERAPEUTICS



response to M6620 alone. The combination also maintained p-CHK1
levels previously lowered by ATRi. The inability to effectively activate
either ATR or ATM signaling in cells simultaneously exposed to
M6620 and M3541 translated to a failure to trigger effective cell-
cycle checkpoint response (Fig. 2C). While M3541 alone did not have
any impact on the cell-cycle profiles of A549, A375, or H460 cells,
addition of M3541 partially abrogated the M6620-induced G, check-
point and promoted cycling in all three cell lines (Fig. 2C). In cells with
dysfunctional ATM-p53 signaling (A549 p53-null, A549 ATM-null,
and HeLa), neither inhibitor alone nor their combination impacted
cell-cycle distribution (Supplementary Fig. S3A).

The consequences of dual ATR and ATM inhibition were further
assessed by real-time cell imaging. While neither inhibitor alone
impacted the parental A549 cells, the combined treatment with
M3541 and M6620 hindered cell growth and induced cell death. The
addition of M3541 further enhanced the effect on cell viability
observed with M6620 alone in the A549 p53-null cells, while there
was no additional effect in the A549 ATM-null cells (Fig. 2D and E).
The enhanced cytotoxicity with dual ATR and ATM inhibition was
also observed in three additional cell lines, A375, H460, and HeLa
(Supplementary Fig. S3B and S3C). We next assessed whether dual
ATR and ATM inhibition was synergistic using the isogenic parental
and ATM-null A549 cancer cell lines (Fig. 2F). Cells were exposed to a
concentration range of M6620 in the presence of increasing M3541
concentrations, and cell viability was assessed after 5 days. M3541
alone had minimal to no effect on the cell viability of either the parental
or ATM-null A549 cells. However, although the parental cells were
sensitive to M6620, especially at higher doses, there was an observable
ICs decrease in the ATM-null cells. Bliss excess analysis indicated
synergism between M6620 and M3541 in the A549 parental cell line,
but not in the ATM-null cell line.

ATM inhibition enhances cytotoxicity of ATRis by allowing
mitotic entry of cancer cells with structurally damaged
chromosomes

We further investigated the mechanism of cancer cell death fol-
lowing dual ATR/ATM inhibition. Halting the normal DNA damage
response by combined ATR and ATM inhibition led to an enhanced
accumulation of p-53BP1 foci (Fig. 3A and B; Supplementary Fig. $4),
indicative of unrepaired DNA DSBs. As prolonged replication stress
and suppression of the S-phase cell-cycle checkpoints promotes DNA
damage that may carry over into mitosis, we examined spindle and
chromosomal fidelity during the division of A549 cells exposed to
vehicle, M6620, M3541, or M6620+M3541. Immunofluorescence
analyses detected a high degree of abnormal mitotic events, primarily
in the samples exposed to dual inhibitor treatment (Fig. 3C). These
abnormal mitotic events included monopolar or multipolar spindle,
chromosome bridges, improper chromosome condensation and align-
ment, and lagging chromosomes (Fig. 3D).

ATM Inhibition Boosts Antitumor Efficacy of ATR Inhibitors

We next investigated the extent of chromosome damage by spectral
karyotyping. Proliferating A549 cells were treated with M3541,
M6620, or the combination and then arrested in metaphase with
colcemid. Treatment with M6620 alone led to a slight but significant
increase in the number of chromosomal aberrations per cell, while dual
M6620+M3541 treatment produced a twofold increase in the inci-
dence of chromosomal aberrations compared with DMSO or single
agents (Fig. 3E). Notably, M6620 alone or in combination with M3541
led to the generation of chromosomal breaks, which were not observed
with DMSO or M3541 treatment (Fig. 3E). A large increase in the
formation of marker chromosomes, unidentifiable chromosomes/
fragments with gross structural damage (53, 54), was induced by
exposure to the M6620+M3541 combination (Fig. 3F and G). Togeth-
er, these series of experiments demonstrate that persistent DSBs
resulting from simultaneous inhibition of ATR and ATM lead to
structural chromosome alterations, compromising their ability to
properly attach and segregate during mitosis, ultimately resulting in
cell death. Because these mechanisms may also affect the viability of
normal cells, we assessed the impact of dual ATM and ATR inhibition
in two actively proliferating human embryonal fibroblast lines, IMR90
and WI38, by live cell imaging. While M6620 alone or in combination
with M3541 caused growth inhibition in both cell lines, only a slight
induction of cell death was observed (Supplementary Fig. S5A).
However, treatment of proliferating IMR90 cells with staurosporine,
an agent frequently used as an apoptosis inducer, led to a nearly
complete ablation of the cell population (Supplementary Fig. S5B).
Consistent with previous reports (21), these data suggest that, while the
effect of M6620+M3541 combination is cytotoxic in most tested
cancer cell lines, it is largely cytostatic in fibroblasts.

Newer generation of ATR and ATM inhibitors show synergistic
combination activity

Although M6620 and M3541 are excellent tools for investigating
cellular mechanisms, they have some limitations for clinical use.
M6620 is only available for intravenous administration (55), and the
low solubility of M3541 poses difficulties for achieving an optimal
pharmacokinetic profile (56). However, newer optimized ATR
(M4344) and ATM (M4076) inhibitors offer similar or better potency
and selectivity, together with improved pharmacologic proper-
ties (16, 36). M4344 is an orally available potent and selective
small-molecule inhibitor of ATR (14, 16). In comparative studies,
M4344 alone increased the number of phospho-53BP1 and YH2AX
foci, induced G, checkpoint activation in cells with intact ATM/p53
signaling, and increased cell death in A549 p53-null and A549
ATM-null cells compared with the parental A549 cells (Supple-
mentary Fig. $6), as previously demonstrated with M6620 (Fig. 1A;
Supplementary Fig. S1A).

M4076 and M3541 are structurally related compounds with similar
potency and selectivity, but M4076 has significantly improved water

Figure 2.

ATM inhibition by M3541 circumvents the M6620-induced G, checkpoint, resulting in aberrant cell-cycle progression and cell death. A, Quantification of ATM
autophosphorylation (p-ATM*™8'/total ATM) in A549 cells by MSD assay after 24 hours exposure to DMSO, M3541 (1 umol/L), M6620 (200 nmol/L), or their
combination. Error bars, SEM; ****, P<0.0001and ***, P< 0.001 by unpaired t test. B, Western blot analysis of components of the ATM/p53 signaling pathway in A549
cells after 24-hour exposure to DMSO, M3541 (1 umol/L), M6620 (200 nmol/L), or their combination. C, BrdU/7-AAD cell-cycle analysis in A549, A375, and H460 cells
after 24 hours after treatment with DMSO, M3541 (1 umol/L), M6620 (200 nmol/L) or their combination. D, Confluence (top row) and relative cell death (bottom row)
from IncuCyte live imaging in A549 parental, p53-null, and ATM-null cells exposed to DMSO, M3541 (1 umol/L), M6620 (200 nmol/L) or their combination. Relative cell
death was calculated from the number of cells positively stained with CytoTox dye normalized to confluence. Error bars, SEM. E, Representative images from
IncuCyte live imaging (10x objective) of A549 parental, p53-null, and ATM-null cells after 6-day exposure to DMSO, M3541 (1 umol/L), M6620 (200 nmol/L), or
their combination. Scale bars = 100 umol/L. F, Bliss synergy plots generated from CellTiter-Glo assay viability results. A549 paired isogenic cell lines (parental and
ATM-null) were treated for 5 days with titrations of M3541 and M6620. Bliss synergy was determined using Combenefit software.
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solubility and better pharmacokinetic profile in vivo (36, 57). As
expected, experimental findings with M4076 in cellular studies were
comparable with the M3541 results (36). The experimental results
from the combination activity studies of M6620 and M4076 (Supple-
mentary Fig. S7) were also comparable with the M66204+-M3541
results (Fig. 2A, D, and E). Suppression of M6620-induced phosphor-
ylation of ATM was effectively abrogated by the addition of M4076
(Supplementary Fig. S7A) as with M3541 (Fig. 2A). In addition, the
results of real-time cell imaging showed that neither inhibitor alone
affected the parental A549 cells, but the combined treatment with
M4076 and M6620 hindered cell growth and induced cell death. As
seen with M3541, the addition of M4076 further enhanced the effect on
cell viability observed with M6620 alone in the A549 p53-null cells,
while having no additional effect in the A549 ATM-null cells (Sup-
plementary Fig. S7B and S7C). Dual inhibition of ATR (M4344) and
ATM (M4076) increased the number of unrepaired DSBs (Supple-
mentary Fig. S8) and enhanced cytotoxicity in several cancer cell lines
(Supplementary Fig. S9). Taken together, these data confirmed that
both ATM (M3541 or M4076) and ATR (M6620 or M4344) inhibitors
have comparable combination potential that is derived from the same
mechanism of action.

We then assessed the combination cytotoxicity of ATR (M6620 and
M4344), ATM (M4076), and DNA-PK (peposertib, formerly M3814)
inhibitors in 34 randomly selected cancer cell lines in vitro (Fig. 4A).
Exponentially growing cells were exposed to ATRis used at single
concentrations alone or in combination with M4076, peposertib, or
M4344 used in a wide range of concentrations for 5 days. Cell growth
and/or viability was determined by the sulforhodamin B assay as
described previously (36, 40). The high Bliss excess scores measured in
multiple cell lines indicated strong and comparable synergism between
ATR and ATM inhibitors but not ATR and DNA-PK inhibitors. These
results supported further exploration in vivo using the newer opti-
mized ATR (M4344) and ATM (M4076) inhibitors.

ATM inhibition enhances the antitumor efficacy of ATRis in vivo

We next aimed at assessing the antitumor potential of dual ATR and
ATM inhibition in mouse models of human cancer using two xeno-
graft models, MiaPaCa2 and MV4.11. In the MiaPaCa2 pancreatic
cancer model, ATR (M4344) and ATM (M4076) inhibitors were
inactive when given as single agents, but the combination resulted in
complete tumor growth inhibition (Fig. 4B). The combination was
further evaluated in the AML model MV4.11, which bears a mixed-
lineage leukemia (MLL) fusion shown to mediate sensitivity to the
ATRi AZ20 or the ATM inhibitor AZD0156 as monotherapies (58). In
this model, M4344 and M4076 showed significant tumor growth
inhibition as monotherapies, which was strongly enhanced in com-
bination, leading to almost complete tumor regression (Fig. 4C). The

ATM Inhibition Boosts Antitumor Efficacy of ATR Inhibitors

combination was well tolerated in both studies based on body weight
changes (Fig. 4B and C).

We then further explored the therapeutic potential of the M4344
and M4076 combination in a panel of 26 patient-derived TNBC
xenograft (PDX) models. This indication was chosen because of the
high medical need and prior clinical experience with DDR inhibitors.
The ATM inhibitor M4076 improved the single-agent activity of the
ATRi M4344 in most models by comparing RTV endpoints for the
respective treatment groups (Fig. 5A). The mean RTV for all 26 TNBC
models was 700% for the control group, 400% for the ATM inhibitor
group, 310% for the ATRi group, and 120% for the combination
(Fig. 5B). Single-agent ATM inhibitor was qualified as inactive after
applying tumor volume adapted RECIST criteria. The ATRi M4344
showed a tumor control rate (including stable disease, partial response
(PR) and complete response (CR) of approximately 27% (7/26) and an
objective response rate (PR, CR) of approximately 8% (2/26). The
combination treatment had a tumor control rate of approximately 42%
(11/26) and an objective response rate of approximately 20% (5/26).
These results indicated that ATM inhibitor potentiates the efficacy of
ATRis in multiple TNBC PDX cancer models.

Discussion

Targeting the DDR as a therapeutic strategy for cancer is of high
interest in light of the success of PARP inhibitors (PARPis) in BRCA-
and homologous recombination-deficient cancers (4). In particular,
inhibition of the replication stress response with ATRis is a promising
strategy because many ATRis have shown antitumor activities in
preclinical models as monotherapies in biomarker-selected cancers
and in combination with certain chemotherapies, radiation, and
PARPis (11). However, selecting the appropriate clinical setting and
combination partner for ATRis requires an improved understanding
of the mechanistic basis of ATR inhibition in cancer cells and possible
resistance mechanisms. Here, we show that ATR kinase inhibition
activates the ATM signaling pathway and that dual inhibition of these
two central DDR pathways produces synergistic cancer cell killing by
abrogation of the ATM-p53 cell-cycle checkpoint and DSB repair
processes.

The ATM kinase controls DSB-induced cell-cycle checkpoints and
HDR to protect genomic integrity of proliferating mammalian cells.
These functions are preserved in most cancers and are frequently
associated with decreased response or resistance to DNA-damaging
therapy. Therefore, the outcome of therapeutic strategies targeting
DDR s likely to be affected by ATM functionality. This important role
makes ATM a desirable target for inactivation in cancer (5). ATM
inhibitors such as AZD0156, AZD1390, M3541, and M4076 have
been shown to strongly potentiate DSB-inducing agents and offer

Figure 3.

Dual inhibition of ATR by M6620 and ATM by M3541 leads to chromosomal damage as cells progress through the cell cycle with unrepaired DSBs.
A, Immunofluorescence analysis of phospho-53BP1 foci in A549 cells after 24-hour exposure to DMSO, M3541 (1 umol/L), M6620 (50, 100, 200 nmol/L),
or their combination. Error bars, SEM; ****, P < 0.0001; ***, P< 0.001; and **, P< 0.01 by unpaired t test. B, Representative immunofluorescence images of phospho-
53BP1 foci in A549 cells after 1-day treatment with DMSO, M3541 (1 umol/L), M6620 (50 nmol/L), or their combination. Scale bars = 10 umol/L.
C, Immunofluorescence analysis of abnormal mitotic events [chromosome bridging, lagging chromosome(s), misaligned tubulin, monopolar or multipolar spindles,
or improper chromosome condensation and alignment] captured in unsynchronized A549 cells after 24 hours exposure to DMSO, M3541 (1umol/L), M6620 (50, 100,
200 nmol/L), or their combination. Error bars, SEM; ****, P < 0.0007; ***, P < 0.001; **, P < 0.01; and *, P < 0.05 by unpaired t test. D, Representative
immunofluorescence images of abnormal mitotic events quantified in C. A549 cells were arrested in metaphase with colcemid (0.1 ug/mL) after 24-hour exposure
to DMSO, M3541 (1 umol/L), M6620 (200 nmol/L), or their combination. Ten randomly picked metaphase spreads were imaged and analyzed by spectral
karyotyping for each treatment condition. E, Graph of the total number of chromosomal aberrations per metaphase spread and the occurrence of the specific
type of chromosomal aberration (break, translocation, or deletion) across the 10 spreads for each treatment condition. Error bars, SD; ****, P< 0.0001; ***, P< 0.007;
** P<0.01;and *, P< 0.05 by unpaired t test. F, Quantification of marker chromosomes per cell across the 10 spreads for each treatment condition. Error bars, SD;
P < 0.0007; ***, P < 0.001 by unpaired t test. G, Representative spectral karyotype images for each treatment condition.
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Figure 4.

ATM inhibitor M4076 synergizes with ATRis M4344 or M6620 in cancer cells and mouse xenograft models. A, Pairwise analysis of the combination benefit of inhibitors
of ATR (M4344, M6620), ATM (M4076), and DNA-PK (peposertib) in a panel of 34 randomly selected cancer cell lines. Cell lines were incubated with drug
combinations for 5 days, and their growth and/or viability was determined by the sulforhodamin B assay as described previously (40). Bliss excess was calculated per
drug and cell line and plotted (strong synergy >0.1; 0.1> weak to moderate additivity/antagonism >—0.1; strong antagonism <—0.1). B and C, The combination effect
of M4344 and M4076 was evaluated in mice transplanted with MiaPaCa and MV4.11 cancer cells. Mice received subcutaneous injections in the right flank. M4344
(10 mg/kg), M4076 (50 or 100 mg/kg), or the combination thereof were applied orally, once a day throughout the study period, and M4344 was given 1 hour after
M4076. Tumor volumes are shows as mean & SEM (10 mice per group). For MiaPaCa2, P < 0.0001 for vehicle or any of the monotherapy treatment arms and M4076

100 mg/kg + M4344 10 mg/kg.
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Figure 5.

ATM inhibitor M4076 enhances the efficacy of ATRi M4344 in PDX models of TNBC. The combination of M4344 and M4076 was tested in the 26 TNBC XenTech PDX
panel. Mice were transplanted with tumor tissue and given a once-daily oral dose of M4344 (10 mg/kg) and a twice-daily oral dose of M4076 (50 mg/kg). M4344 was
applied 30 to 45 minutes after the first M4076 dose of the day. RTVs calculated from the median of each treatment group (n = 3 mice per group) at the time when the
controls reached 800 mm? are plotted for each model and treatment group (A) and per treatment group for all 26 models (B).

combination partners for sensitizing cancer cells to radiation
(36, 59), topoisomerase inhibitors (36, 60), and PARPis (36, 61). The
ATM inhijbitors AZD1390 and M4076 are currently in clinical
development (12).

Genetically acquired ATM deficiency has been shown to increase
sensitivity to ATRis and is currently being explored as a clinical
biomarker for response (26). However, the frequency of this abnor-
mality is relatively low. ATM mutations occur in approximately 5%
of all human cancers, but the functional consequences of many of
these mutations are not well understood (29-31, 35). It is becoming
clearer that ATR-ATM synthetic lethality requires complete dis-

AACRJournals.org

abling of ATM function, and biallelic high-impact loss-of-function
mutations are needed for full loss of ATM pathway activity. Clinical
responses to the RP-3500 ATRi monotherapy were enriched in
patients carrying the ATM mutation with biallelic mutations in the
phase I/IT TRESR trial (34). This requirement would limit the
patient population, making patient selection a critical aspect of
clinical trial design. Here, we explore the potential of selective ATM
inhibition as an alternative strategy for imposing functional ATM
deficiency in combination with ATRis.

We show that in cells with intact ATM signaling, ATR inhib-
ition leads to increased DNA DSB damage, which activates the
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ATM-p53-driven G, checkpoint. G;-S arrest sequesters a substan-
tial portion of the cell population and prevents entry into DNA
replication. This checkpoint response minimizes the potential of
ATRis to generate DSBs during replication and the lethal conse-
quences of dividing before their repair. Using two new ATM
inhibitors (M3541 and M4076) and engineered p53-null and
ATM-null isogenic clones of the p53/ATM wild-type A549 cells
as molecular tools, we interrogated the importance of the canonical
ATM functions. Deletion of TP53 largely abrogated ATM check-
point function and increased the activity of ATRis M6620 and
M4344. However, full disabling of the ATM pathway, which also
suppressed ATM-dependent HDR was needed for maximal
enhancement of their cytotoxicity. Inhibition of ATM by M3541
or M4076 was able to boost M6620 and M4344 activity in the
parental A549 cells to the level observed in the A549 ATM-null
cells, suggesting that it can effectively impose temporary functional
ATM deficiency. Because the effect of ATM inhibitors is reversible,
ATM activity could be controlled as needed.

Our experiments demonstrated that selective ATM inhibition
strongly enhances the cytotoxicity of ATRis, and the main mech-
anism behind this effect is severe chromosomal damage arising
from multiple unrepaired DSBs. Cancer cells entering mitosis with
structurally impaired chromosomes are unable to properly attach
and segregate at the mitotic spindle, leading to lagging chromo-
somes at anaphase, micronucleation, severe aneuploidy/polyploidy,
and ultimately cell death. This mechanism is not unique to ATRis
but rather a universal mode of cytotoxicity caused by DSB-inducing
agents, including radiation and a variety of chemotherapeutic drugs.
However, due to effective DSB repair and checkpoint controls, the
cytotoxicity of these agents is limited by the fraction of the cell
population with unrepaired breaks that enter mitosis. Pharmaco-
logic DSB repair inhibitors can amplify the population of affected
cancer cells, as we recently reported for the DNA-PK inhibitor
peposertib in combination with radiation in p53-deficient can-
cers (37). The unique property of ATM inhibitors is that they can
simultaneously suppress both DSB repair and the p53-driven
checkpoint protection. Therefore, they can blunt p53 dependence
of response and may not require patient selection based on TP53
status.

Our mechanistic and synergy findings using two ATR and
two ATM inhibitors demonstrate that the combination effects
are not specific to individual compounds and provide a clear
rationale for dual inhibition of ATR and ATM as a therapeutic
strategy. This combination approach could be tested clinically
with many other ATR and ATM inhibitors in clinical development
(12). The cancer-specific cytotoxicity is synergistic across a wide
concentration range and diverse set of tumor-derived cell lines.
These findings were extended beyond the in vitro setting with the
use of newer pharmacologically optimized ATR (M4344) and
ATM (M4076) inhibitors. Initial M4344 and M4076 combination
testing in two xenograft models were encouraging and led to an
in vivo screen in 26 TNBC patient-derived tumor models. We
observed RECIST relevant antitumor activity with a tumor control
rate (SD+PR+CR) of 42% in the combination arm. It is possible
that optimization of dosing and scheduling of the combination
would further improve the efficacy and RECIST response rates and
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that data reported herein are underestimating the therapeutic
benefit.

As ATM plays a key cell protective role in the DDR, tolerability
emerges as the main concern in targeting its activity for cancer therapy.
ATM dysfunction observed in ataxia telangiectasia, a debilitating
genetic disorder, can lead to enhanced sensitivity to radiation and
cancer development (62). However, earlier studies have shown that
temporary suppression of ATM activity is tolerated in irradiated
cultured cells (63). Our in vitro experiments indicated that the
combined ATR/ATM inhibition could arrest but not kill proliferating
human fibroblasts cultures. The M4344/M4076 treatment was well
tolerated in vivo, and the increased efficacy was not followed by
proportionally increased toxicity. In fact, no overt toxicity was seen
during treatment and the observation period in the 28 experimental
mouse models. However, more elaborate in vivo toxicology studies and
ultimately the clinical experience with the combination could inform
us of the safety window for this novel combination. The tested TNBC
PDX models showed encouraging activity in this difficult-to-treat
cancer segment with high unmet medical need. Taken together, the
in vitro and in vivo data presented here strongly support further clinical
exploration of ATR/ATM inhibitor combination.
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