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ABSTRACT
◥

Purpose: Mutations in the ATM gene are common in multiple
cancers, but clinical studies of therapies targeting ATM-aberrant
cancers have yielded mixed results. Refinement of ATM loss of
function (LOF) as a predictive biomarker of response is urgently
needed.

Experimental Design: We present the first disclosure and
preclinical development of a novel, selective ATR inhibitor,
ART0380, and test its antitumor activity in multiple preclinical
cancer models. To refine ATM LOF as a predictive biomarker,
we performed a comprehensive pan-cancer analysis of ATM
variants in patient tumors and then assessed the ATM variant-
to-protein relationship. Finally, we assessed a novel ATM LOF
biomarker approach in retrospective clinical data sets of
patients treated with platinum-based chemotherapy or ATR
inhibition.

Results: ART0380 had potent, selective antitumor activity in a
range of preclinical cancer models with differing degrees of ATM
LOF. Pan-cancer analysis identified 10,609 ATM variants in 8,587
patient tumors. Cancer lineage–specific differences were seen in the
prevalence of deleterious (Tier 1) versus unknown/benign (Tier 2)
variants, selective pressure for loss of heterozygosity, and concor-
dance between a deleterious variant andATM loss of protein (LOP).
A novel ATM LOF biomarker approach that accounts for variant
classification, relationship to ATM LOP, and tissue-specific pene-
trance significantly enriched for patients who benefited from plat-
inum-based chemotherapy or ATR inhibition.

Conclusions: These data help to better define ATM LOF across
tumor types in order to optimize patient selection and improve
molecularly targeted therapeutic approaches for patients with ATM
LOF cancers.

Introduction
The Ataxia-Telangiectasia Mutated (ATM) gene is a tumor sup-

pressor frequently mutated in cancer and is involved in multiple
cellular processes including DNA damage response (DDR) and cell-

cycle regulation (1). The inheritance of two aberrant copies of theATM
gene, which results in the autosomal-recessive condition known as
ataxia-telangiectasia syndrome, is associated with a significantly ele-
vated lifetime risk of multiple cancer types, including adult-onset
epithelial cancers (2). Heterozygous germline variants inATM are seen
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in 1% to 2% of the population, and individuals with deleterious or
inactivating germline variants in ATM also carry an increased risk of
various types of cancer, including hereditary breast and ovarian cancer
(HBOC), prostate cancer, pancreatic cancer, and colorectal cancer,
with the strongest evidence for breast cancer (3–7). Somatic variants in
ATM are frequently found in cancer as well, including in hematologic
and solid malignancies. However, the penetrance and cancer pheno-
types characterized by somatic ATM mutations are less clear than
those induced by somaticmutations in DDR genes such as BRCA1 and
BRCA2 (BRCA1/2).

Preclinical studies have shown that cancers with ATM LOF are
susceptible to DNA-damaging chemotherapies, radiation, and DDR
inhibitors, the latter of which includes poly(ADP-ribose) polymerase
(PARP) inhibitors (PARPi) and ataxia telangiectasia and Rad3-related
protein (ATR) inhibitors (ATRi), in various tissue lineages (8–10).
However, clinical studies assessing variants in ATM or loss of ATM
protein expression (LOP) as a putative predictive biomarker have
yielded mixed results. For example, although ATM LOP has retro-
spectively been shown to predict the benefit of oxaliplatin chemother-
apy in patients with colorectal cancer (11), retrospective studies of
patients with prostate cancer who received platinum chemotherapy
did not show a definitive benefit specific toATM gene aberrations (12).
Furthermore, early-phase trials of the PARPi, olaparib, in treating
advanced castration-resistant prostate cancer (CRPC) indicated
potential clinical benefit in ATM-mutant tumors, but these results
were not validated in subsequent prospective and retrospective clinical
analyses. In contrast, findings from these trials revealed minimal
clinical benefit from single-agent PARPi for patients with ATM
variants (somatic or germline), particularly when compared with
CRPC patients harboring BRCA2 mutations (13–16). Preclinical
studies have indicated that ATM-null cancers respond to ATRi to a
greater degree than to PARPi, with early-phase studies showing
durable responses in patients with ATM aberrancy of varying
types (8, 17, 18). However, recently reported subsequent expansion
trial data of single-agent ATRi in patients with ATM-aberrant cancers
have shown heterogeneity in response (19–22).

The performance of ATM aberrations as a predictive biomarker in
the aforementioned studies is likely hindered bymultiple factors. First,
themechanism of ATM inDNA repair is different than BRCA1/2, and
therefore the sensitivity to antitumor agents may differ in ATM-
deficient compared with BRCA1/2-deficient tumors. It is also possible
that our definition of LOF for some ATM variants is inaccurate, and
that there is variability in the translation of differingATMmutations to
protein function. It is also possible that tumor tissue–specific and
zygosity-specific contexts, such as those that have been shown for
BRCA1/2 mutations in predicting response to PARPi (23), may affect
the response of ATM LOF tumors to anticancer drugs, but this
hypothesis has not yet been explored.

Thus, to refine ATM LOF predictive biomarker strategies for
improved patient selection for rational anticancer therapies, additional
research is needed to better understand the biology driving the

heterogeneous responses of ATM LOF cancers to therapeutic
interventions.

In this study, we present the first disclosure and preclinical devel-
opment of a novel inhibitor of ATR kinase, ART0380, which demon-
strates potent and selective antitumor activity in preclinical models
with varying types of ATM aberrancy. To help resolve the significant
heterogeneity in response to anticancer agents, including DDR inhi-
bitors, observed in ATM LOF cancers, we performed the largest
comprehensive analysis of internal and in silico pan-cancer genomic
and proteomic data of ATM LOF cancers to date. We show that ATM
variants are found across all solid tumor types as well as span the
entirety of the coding sequence of the gene, with relatively few hotspot
mutations identified. In addition, our data reveal heterogeneity in
ATM LOF tumors across patients due to multiple variables, including
notable tissue-specific differences in (1) the type of variants seen, (2) loss
of heterozygosity (LOH), and (3) the relationship between ATM
variant status and ATM protein expression. This genomic heteroge-
neity and tissue specificity have significant implications for predictive
biomarker development and clinical trial design. We show that
factoring in this new information on tissue specificity and combining
genomic sequencing with protein IHC for ATM helps clarify the ATM
variant-to-protein relationship and identify patients harboring cancers
with trueATMLOF that can benefit from specific anticancer therapies.

Materials and Methods
Patient identification

Through a retrospective chart review of the University of Texas MD
Anderson Cancer Center (MDACC) internal database and public
databases, we identified patients with cancer with at least one ATM
variant found on clinical genomic sequencing results (Supplementary
Fig. S6, consort diagram). Data from The Cancer Genome Atlas
(TCGA) samples were acquired from the pan-cancer release from the
GDC data portal (https://gdc.cancer.gov/about-data/publications/pan
canatlas). Data for additional samples were obtained from cBioPortal at
www.cbioportal.org (24–26). Published, existing mutational signatures
for TCGA sampleswere acquired fromKnijnenburg and colleagues and
analyzed using a generalized regression model (27). Mutation data for
additional cohorts were downloaded from cBioPortal.

Gene variant mapping and functional annotation
We mapped variants to their gene location and annotated each

variant as inactivating/likely inactivating/VUS/benign based on
ACMG 2015 guidelines, using annotation tools as previously
published (28–31). Tier 1, or disease-associated variants, were classi-
fied as those that are (1) known protein-truncating and inactivating,
including frameshift, stop gain, stop loss, or splice variants, and (2)
missense variants that are annotated as disease associated in public
databases (OncoKB, Human Gene Mutation Database, and/or pre-
dicted inactivating/likely inactivating by in silico tool InterVar). Tier 2
variants are those that are (1) variants of unknown significance (VUS)
or likely benign/benign by the same guidelines. Categorical data
(enrichment ofmutations in PFAMdomains, TP53/ATMcomutation,
LOH, concordance of LOP with genomic data) were analyzed using
Fisher exact test.

ATM IHC
We performed ATM IHC using ATM clone Y170 antibody on 480

tumors (including N ¼ 263 patient tumors retrospectively identified
from 1,394 tumors with ATM variants identified on clinical sequenc-
ing, and N ¼ 217 tumors prospectively stained for ATM protein

Translational Relevance

ATM loss of function (LOF) and its targetability display variant-
type and tumor lineage–specific differences, and a novel strategy
for usingATM LOF as a predictive biomarker that accounts for this
heterogeneity can optimize patient selection and improve targeted
therapies for patients with cancer.

Pili�e et al.

Clin Cancer Res; 30(10) May 15, 2024 CLINICAL CANCER RESEARCH2122

https://gdc.cancer.gov/about-data/publications/pancanatlas
https://gdc.cancer.gov/about-data/publications/pancanatlas
https://gdc.cancer.gov/about-data/publications/pancanatlas
http://www.cbioportal.org (
http://www.cbioportal.org (


unselected forATM variant status from patients with advanced cancer
considering clinical trial enrollment at MDACC. ATM LOP is defined
as 100% loss of staining in tumor cell nuclei, with all staining reviewed
by a trained pathologist. Analysis of TCGA data was performed by
using (−1 � RPPA-derived ATM protein levels) to predict ATM-null
variants and are presented as a receiver operating characteristic curve
and corresponding area under the curve.

Clinical outcomes in platinum-treated or ATR inhibition treated
patients

Through retrospective chart review, we identified 77 patients from
the prospectively ATM-stained cohort who had received platinum-
based chemotherapy in the metastatic setting with available follow-up
data. Progression-free survival (PFS) is displayed using Kaplan–Meier
curve for patients with ATM inactivation/loss (Tier 1 variant and/or
LOP) versus patients without definitive ATM loss compared using log-
rank test. Results were considered statistically significant if P < 0.05.

In addition, we identified through chart review 43 patients with
ATM variants treated on clinical trial(s) at our institution with single-
agent ATR kinase inhibition that has previously been reported and had
available follow-up data to assess outcomes (20, 21). The study was
conducted in accordance with the Declaration of Helsinki and Council
for International Organizations of Medical Sciences International
Ethical Guidelines, applicable International Conference on Harmo-
nization Good Clinical Practice Guidelines and applicable laws and
regulations. All patients provided written informed consent. Clinical
benefit rate is defined as stable disease or better for greater than
180 days. PFS is displayed using Kaplan–Meier curve for patients by
tumor type using the log-rank test. Results were considered statistically
significant if P < 0.05.

This study was granted approval by the institutional review board.
Data sources and methods are fully described in supplementary
materials.

Preclinical methods
ART0380

The synthetic procedures and methods to prepare ART0380 were
previously published in the patent application WO2019-014618.

Synthesis of IACS-030106 (R-dimethyl ((6-(3-methylmorpholino) -2-
(1H-pyrrolo[2,3-b]pyridin-4-yl)pyrimidin-4-yl)imino)-l6-sulfanone;
Supplementary Fig. S7).

Step 1. 6(R)-4-(2,6-dichloropyrimidin-4-yl)-3-methylmorpholine.
To a solution of 2,4,6-trichloropyrimidine (12.3 g, 67.3 mmol/L) and
Et3N (14.2 mL, 101 mmol/L) in EtOH (80 mL) was added (R)-3-
methylmorpholine (6.8 g, 67 mmol/L). The reaction mixture was
stirred at room temperature for 16 hours. The mixture was concen-
trated under reduced pressure. The residue was diluted with CH2Cl2
(200 mL), partitioned with H2O (150 mL), and the layers were
separated. The aqueous layer was extracted with CH2Cl2 (3 � 150
mL). The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure. The residue was purified via
silica gel chromatography (0%–5% EtOAc in hexanes) to afford the
title compound (11.8 g, 71% yield) as a white solid.

Step 2. (R)-4-(6-chloro-2-(1H-pyrrolo[2,3-b]pyridin-4-yl)pyrimi-
din- 4-yl)-3-methylmorpholine. A mixture of the product from
the previous step (3.0 g, 12 mmol), 4-(4,4,5,5-Tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine (2.8 g, 12 mmol),
PdCl2(dppf) (0.44 g, 0.60 mmol) and Na2CO3 (2.6 g, 24 mmol) in
1,4-dioxane (60 mL) and water (15 mL) was degassed with Ar for 5

minutes. The reaction mixture was heated to 90�C and stirred for
16 hours. The reaction mixture was cooled to room temperature and
concentrated under reduced pressure. The residue was purified via
silica gel chromatography (0%–50% EtOAc in hexanes) to afford the
title compound (1.84 g, 46% yield) as a yellow solid. MS (ESþ)
C16H16ClN5O requires: 329, found: 330 [MþH]þ.

Step 3–IACS-030106 (R-dimethyl ((6-(3-methylmorpholino)-2-(1H-
pyrrolo[2,3-b]pyridin-4-yl)pyrimidin-4-yl)imino)-l6-sulfanone).
A reaction vial was charged with the product from the previous step
(100mg, 0.30mmol), iminodimethyl-l6-sulfanone (34mg, 0.36mmol;
prepared as described below), RuPhos Pd G4 (26 mg, 0.030 mmol),
RuPhos (14 mg, 0.030 mmol), Cs2CO3 (293 mg, 0.90 mmol), and 1,4-
dioxane (2 mL). The vial was purged with N2 and sealed. The reaction
mixture was stirred at 85�C for 16 hours. The reaction mixture was
cooled to RT, filtered through CELITE, and concentrated under
reduced pressure. The residue was purified by reverse phase prepar-
ative HPLC (Mobile phase: A ¼ 10 M NH4HCO3/H2O, B ¼ MeCN;
Gradient: B ¼ 20%–50%; 10 minutes; Column: Venusil ASB C18,
10 mm, 150Å, 21.2 mm � 250 mm) to afford the title compound
(33.0 mg, 28% yield) as a white solid. 1H NMR (500 MHz, DMSO) d
11.72 (s, 1H), 8.31 (d, J ¼ 5.0 Hz, 1H), 7.89 (d, J ¼ 5.0 Hz, 1H), 7.59–
7.49 (m, 1H), 7.41 (dd, J ¼ 3.3, 1.9 Hz, 1H), 5.92 (s, 1H), 4.45 (s, 1H),
4.06 (d, J ¼ 12.8 Hz, 1H), 3.96 (dd, J ¼ 11.3, 3.4 Hz, 1H), 3.75 (d, J ¼
11.3Hz, 1H), 3.64 (dd, J¼ 11.3, 2.9Hz, 1H), 3.53–3.47 (m, 1H), 3.45 (s,
6H), 3.15 (td, J¼ 12.8, 3.8 Hz, 1H), 1.20 (d, J¼ 6.7 Hz, 3H); MS (ESþ)
C18H22N6O2S requires: 386, found: 387 [MþH]þ.

Synthesis of iminodimethyl-l6-sulfanone
To a mixture of benzyl carbamate (2.3 g, 15 mmol), Rh2(OAc)4

(110 mg, 0.25 mmol), MgO (1.6 g, 40 mmol), and DMSO (780 mg,
10.0 mmol) in CH2Cl2 (100 mL) was added PhI(OAc)2 (4.8 g,
15 mmol). The resulting mixture was stirred at RT for 16 h. The
reaction mixture was filtered and concentrated under reduced pres-
sure. The residue was purified via flash chromatography (0 – 90%
EtOAc in petroleum ether) to afford the title compound (900 mg, 40%
yield) as awhite solid.MS (ESþ) C10H13NO3S requires: 227, found: 228
[MþH]þ.

Amixture of the product from the previous step (600mg, 2.6mmol)
and Pd/C (243 mg, 2.6 mmol) was suspended in MeOH (20 mL). The
mixture was stirred under an atmosphere of H2 at 1 atm for 16 h. The
reaction mixture was purged with N2, filtered through CELITE, and
the filter pad was washed with MeOH (10 mL). The mixture was
concentrated under reduced pressure to afford the title compound
(205mg, 85% yield) as a colorless oil.MS (ESþ) C2H7NOS requires: 93,
found: 94 [MþH]þ.

Synthesis of ART0380 - (S)-((2-(2-aminopyridin-4-yl)-6-((R)-3-
methylmorpholino)pyrimidin-4-yl)imino)(cyclopropyl)(methyl)-
l6-sulfanone (Supplementary Fig. S8)

Step 1. (R)-((2-chloro-6-((R)-3-methylmorpholino)pyrimidin-4-
yl)imino)(cyclopropyl)(methyl)-l6-sulfanone and (S)-((2-chloro-
6-((R)-3-methylmorpholino)pyrimidin-4-yl)imino)(cyclopropyl)
(methyl)-l6-sulfanone. To a solution of (R)-4-(2,6-dichloropyrimi-
din-4-yl)-3-methylmorpholine (synthesized as described for IACS-
030106; 22 g, 0.19mol) and cyclopropyl(imino)(methyl)-l6-sulfanone
(47 g, 0.19 mol/L; prepared as described below) in dioxane (750 mL)
were added Pd2(dba)3 (8.6 g, 9.4 mmol/L), XantPhos (5.5 g,
9.4mmol/L) andCs2CO3 (184 g, 0.57mol/L) and the resultingmixture
was purged with N2 (3�), heated to 80�C and stirred under an

ATM Loss-of-Function Variant and Tissue-Specific Differences

AACRJournals.org Clin Cancer Res; 30(10) May 15, 2024 2123



atmosphere of N2 for 6 hours. The reaction mixture was cooled to
room temperature, filtered through CELITE, and concentrated under
reduced pressure. The residue was purified via silica gel chromatog-
raphy (0%–100%EtOAc in hexanes) to afford the title compounds as a
mixture of diastereomers (26 g, 41% yield) as an off-white solid. A
solution of the mixture of diastereomers (35 g, 0.11 mol) in CH2Cl2
(300 mL) was separated by Chiral SFC (Mobile phase: CO2/EtOH ¼
75/25; Flow rate: 70 g/minute; 4 minutes; Column temperature: 35�C;
Back pressure: 100 bar; Column: Daicel CHIRALPAK AD, 10 mm,
20 mm� 250 mm) to afford Isomer 1a (15.0 g, 86%) as a light yellow
solid and Isomer 1b (14.2 g, 81%) as a light yellow solid. Isomer a ((R)-
cyclopropyl(methyl)-l6-sulfanone or (S)-cyclopropyl(methyl)-l6-
sulfanone): 1H NMR (400 MHz, CDCl3) d 5.69 (s, 1H), 4.15–4.05
(m, 1H), 3.93–3.79 (m, 2H), 3.67 (d, J¼ 11.5 Hz, 1H), 3.59 (app. d, J¼
11.5 Hz, 1H), 3.51–3.39 (m, 1H), 3.36 (s, 3H), 3.12 (td, J¼ 12.8, 3.4 Hz,
1H), 2.87–2.76 (m, 1H), 1.51–1.40 (m, 1H), 1.28–1.21 (m, 1H), 1.19 (d,
J ¼ 6.7 Hz, 3H), 1.14–0.99 (m, 2H); MS (ESþ) C13H19ClN4O2S
requires: 330, found: 331 [MþH]þ; Rt ¼ 3.19 minutes. Isomer b
((R)-cyclopropyl(methyl)-l6-sulfanone or (S)-cyclopropyl(methyl)-
l6-sulfanone): 1H NMR (400 MHz, CDCl3) d 5.68 (s, 1H), 4.14–
4.05 (m, 1H), 3.88 (dd, J¼ 11.5, 3.9 Hz, 1H), 3.83 (d, J¼ 13.6 Hz, 1H),
3.67 (d, J¼ 11.5 Hz, 1H), 3.59 (dd, J¼ 11.5, 3.2 Hz, 1H), 3.45 (td, J¼
11.9, 3.1Hz, 1H), 3.37 (s, 3H), 3.12 (td, J¼ 12.8, 3.9Hz, 1H), 2.81 (ddd,
J ¼ 12.8, 8.0, 4.8 Hz, 1H), 1.49–1.41 (m, 1H), 1.27–1.20 (m, 1H), 1.18
(d, J ¼ 6.8 Hz, 3H), 1.14–1.01 (m, 2H); MS (ESþ) C13H19ClN4O2S
requires: 330, found: 331 [MþH]þ; Rt ¼ 5.62 minutes.

Step 2. ART0380 - (S)-((2-(2-aminopyridin-4-yl)-6-((R)-3-methyl-
morpholino)pyrimidin-4-yl)imino)(cyclopropyl)(methyl)-l6-sul-
fanone. A microwave vial was charged with a 0.05 mol/L solution
of Isomer b (1.0 eq) in a 3:1 mixture of dioxane/H2O v/v, and 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-amine (2.0 eq),
Na2CO3 (6.0 eq), Pd(dppf)Cl2 (0.14 eq) were added. The vial was
purgedwithN2 and sealed. The reactionmixture was heated at 80�C for
3 hours. The reactionmixture was cooled to room temperature, filtered
through CELITE, and concentrated under reduced pressure. The
residue was purified by reverse phase preparative HPLC (Mobile phase:
A¼ 10 mmol/L NH4HCO3/H2O, B¼MeCN; Gradient: B¼ 25–55%;
18 minutes; Column: Welch XB-C18, 10 mm, 150Å, 21.2 mm � 250
mm) to afford the title compound as a white solid. 1HNMR (500MHz,
CD3OD) d 8.03–7.91 (m, 1H), 7.53 (s, 1H), 7.49 (dd, J ¼ 5.5, 1.4 Hz,
1H), 5.97 (s, 1H), 4.48 (d, J¼ 4.6Hz, 1H), 4.11 (d, J¼ 12.0Hz, 1H), 4.02
(dd, J¼ 11.3, 3.6 Hz, 1H), 3.82 (d, J¼ 11.4 Hz, 1H), 3.75 (dd, J¼ 11.5,
3.0Hz, 1H), 3.65–3.56 (m, 4H), 3.25 (td, J¼ 12.8, 3.8Hz, 1H), 3.01 (td, J
¼ 7.9, 4.0 Hz, 1H), 1.42 (dd, J ¼ 10.2, 5.4 Hz, 1H), 1.31 (dd, J ¼ 11.1,
6.2 Hz, 4H), 1.20 (dt, J ¼ 11.3, 5.7 Hz, 2H); MS (ESþ) C18H24N6O2S
requires: 388, found: 389 [MþH]þ; Rt ¼ 11.35 minutes.

Synthesis of cyclopropyl(imino)(methyl)-l6-sulfanone
To a solution of 1-bromo-4-(methylsulfinyl)benzene (10.5 g,

48.0 mmol/L) in THF (100 mL) was added cyclopropylmagnesium
bromide (1M, 72 mL, 72 mmol/L) at 0�C slowly. The mixture was
stirred at 0�C for 1.5 hours. Saturated aqueous NH4Cl was added (200
mL), the layers were separated, and the aqueous layer was extracted
with CH2Cl2 (5 � 150 mL). The combined organic layers were dried
over Na2SO4, filtered, and concentrated under reduced pressure. The
residue was purified via flash chromatography (50%–100% EtOAc in
petroleum ether) to afford the title compound (3.2 g, 64% yield) as a
yellow oil. MS (ESþ) C4H8OS requires: 104, found 105 [MþH]þ. To
the solution of the product from the previous step (22 g, 0.21 mol) and
PhI(OAc)2 (204 g, 0.64mol) inMeOH (100mL) at 0�Cwas addedNH3

(120mL, 0.84mol, 7 N inMeOH) dropwise. The resultingmixture was
allowed to warm to room temperature and stirred for 2 hours. The
reaction mixture was concentrated under reduced pressure. The
residue was purified via flash chromatography (15% EtOAc in petro-
leum ether, then with 2% MeOH in CH2Cl2) to afford the title
compound (20 g, 79%) as a yellow oil: 1H NMR (400 MHz, CDCl3)
d 3.06 (s, 3H), 2.58 (tt, J ¼ 7.9, 4.8 Hz, 1H), 1.26–1.19 (m, 1H), 1.19–
1.12 (m, 1H), 1.05 (dt, J ¼ 11.1, 4.5 Hz, 2H).

ATR/ATRIP enzymatic assay
Human full-length FLAG-TEV-ATR and His6-ATRIP were coex-

pressed in HEK293 cells. The cell pellet (20 g) was harvested and lysed
in 100 mL of lysis buffer (20 mmol/L Tris-HCl pH 7.5 at room
temperature, 137 mmol/L NaCl, 10% glycerol, 1 mmol/L DTT, 1%
(v/v) Tween-20, 0.1% (v/v) NP-40, complete protease inhibitor cock-
tail tablets, phosphatase inhibitor cocktail tablets, 2 mmol/L MgCl2,
0.2 mmol/L EDTA, and 1 mmol/L ATP). After sonication and
centrifugation, the supernatant was incubated at 4�C for 3 hours with
1 mL of anti-FLAG resin (Sigma-Aldrich catalog no. A2220) that had
been preequilibrated in buffer A (20 mmol/L Tris-HCl pH 7.5 at room
temperature, 137 mmol/L NaCl, 10% glycerol, 1 mmol/L DTT,
2 mmol/L MgCl2, and 0.2 mmol/L EDTA). The sample was loaded
into a column, and then washed with buffer A three times. Protein was
subsequently eluted with 2 mL of buffer B (buffer Aþ 200 mg/mL 3�
FLAG peptide). The ability of new chemical matter to inhibit the ATR
catalytic activity in this ATR/ATRIP complex was assessed using a
Caliper-based assay. A 2� enzyme solution (i.e., 4 nmol/L enzyme)
was prepared using 1�Kinase Reaction Buffer (25mmol/LHEPES pH
8, 0.0055% Brij-35, 10 mmol/L MnCl2, and 1 mmol/L DTT). A 2�
peptide solution was then prepared consisting of 10 mmol/L FAM-
labeled RAD17 peptide (GL Biochem, catalog no. 524315) in 1�
Kinase Reaction Buffer supplemented with 2 mmol/L ATP. Ten
microliters of the 2� enzyme solution was transferred to an assay
plate containing 60 nL of test compound (from a 3� serial dilution) in
100% DMSO. Following a 30-minute incubation at 28�C, 10 mL of the
2� peptide solution was then transferred to the same assay plate. The
reaction was allowed to incubate at 28�C for 6 hours. After adding
30 mL of stop buffer (100mmol/LHEPES pH 7.5, 0.015% Brij-35, 0.2%
Coating-3 Regeant; PerkinElmer, catalog no. PN760050), and
50 mmol/L EDTA), data were collected on a Caliper instrument.
Conversion values were converted to inhibition values via the follow-
ing equation: % inhibition¼ (max� conversion)/(max�min)� 100,
whereby “max” corresponds to the DMSO control and “min” corre-
sponds to the low control. IC50 values were calculated using the
following equation in XLFit: Y ¼ Bottom þ (Top � Bottom)/1 þ
(IC50/X)

HillSlope).

Cell-based assays
Inhibitors of ATR kinase are effective at inhibiting the ATR-driven

phosphorylation of the downstream target Chk1 (CHEK1) kinase at
serine 345, following the addition of 4-nitroquinoline N-oxide, a
chemical used to induce DNA damage. Cellular EC50 for the inhibitors
of ATR described herein were measured in HT-29 colorectal adeno-
carcinoma cells. HT-29 cells were routinelymaintained inMcCoy’s 5A
media (ATCC catalog no. 30-2007) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, catalog no. F2442) and 1� penicil-
lin–streptomycin (Gibco, catalog no. 15140-122) using a humidified
incubator (37�C, 5% CO2, and ambient O2). In preparation for the
CHK1 (p-Ser345) ALPHASCREEN SUREFIRE assay, cells were har-
vested and resuspended inMcCoy’s 5Amedia supplemented with 10%
fetal bovine serum and 1� penicillin–streptomycin. Cells were seeded
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onto a 384-well black CELLSTAR tissue culture plate (VWR, catalog
no. 89085-314) at a density of 13,000 cells/well in a volume of 40 mL.
The microplate was incubated overnight (approximately 20 hours) at
37�C with 5% CO2 and ambient O2. Stock solutions of the test
compounds were prepared in 100% DMSO (Sigma-Aldrich, catalog
no. D2650) and serially diluted 1:3 using 100% DMSO. Compounds
were additionally diluted 1:33 in culture medium, and 10 mL/well
was transferred to the tissue culture plate. Following the compound
addition, the microplate was incubated at 37�C for 90 minutes.
Ten microliters of 4-nitroquinoline N-oxide (Sigma-Aldrich, catalog
no. N8141-1G) diluted in media (final concentration 12 mmol/L)
was added to the tissue culture plate followed by a 120-minute
incubation at 37�C. The cells were then washed with PBS and lysed
using 10 mL/well SUREFIRE Kit lysis buffer diluted to 1� in water
(PerkinElmer, catalog no. TGRCHK1S50K), withmixing on an orbital
shaker at 500 rpm for 20 minutes at room temperature. Lysates were
frozen at �20�C overnight. Four microliters/well of lysate was then
transferred from the tissue culture plate to a 384-well, white, low
volume, PROXIPLATE (PerkinElmer, catalog no. 600828). Five
microliters/well of the acceptor bead solution, prepared by diluting
SUREFIRE Kit activation buffer (PerkinElmer, catalog no.
TGRCHK1S50K) and ALPHASCREEN Protein A acceptor beads
(PerkinElmer, catalog no. 6760617R) in SUREFIRE Kit reaction buffer
(PerkinElmer, catalog no. TGRCHK1S50K), was added to the lysates
under subdued light and incubated at room temperature for 120
minutes. Two microliters/well of the donor bead solution, prepared
by diluting ALPHASCREEN Streptavidin donor beads (PerkinElmer,
catalog no. 6760617R) in SUREFIRE Kit dilution buffer (PerkinElmer,
catalog no. TGRCHK1S50K), was added under subdued light and
incubated at room temperature for an additional 120 minutes. The
pCHK1ALPHASCREEN signal wasmeasured using an Envision plate
reader (PerkinElmer). EC50 values were calculated using a four-
parameter logistic curve fit using Genedata Screener software. The
percentage of control for each compound concentrationwas calculated
by the following formula: 100 � (Compound � Min)/(Max � Min)
where “Max” is the high control, DMSO, and “Min” is the low control,
5 mmol/L ATR inhibitor.

Cellular selectivity was evaluated with the inhibition of phos-
pho-ribosomal protein S6 (Ser235/236) using an In-Cell Western
assay. HT-29 cells were cultured and compounds were diluted as
described above. Cells were seeded onto a 384-well, black, clear
bottom, poly-D-lysine coated tissue culture plate (Greiner, catalog
no. 781946) at a density of 1500 cells/well in a volume of 50 mL.
After an overnight incubation, cells were treated with compounds
at 37�C for 2 hours. Cells were fixed and permeabilized before
addition of 20 mL/well of p-RPS6 (Ser235/236) antibody (Cell
Signaling, catalog no. 2211) and then incubated for 1 hour at
room temperature. Cells were washed with 1X PBST, 20 mL/well of
1:500 CellTag 700 Stain (LI-COR, catalog no. 926-41090) and
1:1000 of IRDye 800CW goat anti-rabbit IgG secondary antibody
(LI-COR, catalog no. 926-32211) were added, and the plate
was incubated at room temperature for 1 hour. After a final wash,
the LI-COR Odyssey Imager was used to measure the signal. The
CellTag 700 was used to normalize the p-RPS6 signal and EC50

values were calculated using a four-parameter logistic curve fit
using Genedata Screener software.

In vitro cellular proliferation assay
NCI-H23 (ATCC, no. CRL-5800, RRID:CVCL_1547) cells were

purchased from theATCCand routinelymaintained inRPMImedium
1640 containing 2 mmol/L L-glutamine (Gibco, catalog no. 11875-

093) supplemented with 10% fetal bovine serum (Sigma-Aldrich,
catalog no. F2442), 100 units/mL penicillin and 100 mg/mL strepto-
mycin (Gibco, catalog no. 15140-122) in a humidified incubator (37�C,
5% CO2). Prior to the assay, cells were harvested and seeded onto a
384-well, white tissue culture plate (PerkinElmer, catalog no. 6007680)
at a density of 200 cells/well in a volume of 50 mL. The tissue culture
plate was incubated for 24 hours at 37�Cwith 5%CO2. Stock solutions
of the test compounds were prepared in 100%DMSO (Sigma-Aldrich,
catalog no. D2650) and serially diluted 1:3 using 100% DMSO.
Compounds were additionally diluted 1:40 in the culture medium,
and 10 mL/well was transferred to the tissue culture plate. Following
the compound addition, the microplate was incubated at 37�C.
After 7 days, viability was assessed with the addition of 30 mL of
CellTiter-Glo 2.0 (Promega, catalog no. G9243). The tissue culture
plate was then shaken on an orbital shaker at 300 RPM for 10 minutes
at room temperature in the dark. Luminescence was measured using a
PerkinElmer Envision plate reader. EC50 values were calculated using a
four-parameter logistic curve fit using Genedata Screener software.
CCD-18Co (ATCC, no. CRL-1459) cells were purchased from ATCC
and routinely maintained in EMEM (ATCC, catalog no. 30-2003)
supplemented with 10% fetal bovine serum (Sigma-Aldrich, catalog
no. F2442), 100 units/mL penicillin and 100 mg/mL streptomycin
(Gibco, catalog no. 15140-122) in a humidified incubator (37�C,
5% CO2). Prior to the assay, cells were harvested and seeded onto a
384-well, white tissue culture plate (PerkinElmer, catalog no. 6007680)
at a density of 200 cells/well in a volumeof 50mL.All other details of the
procedure were identical to those described above for the NCI-H23
cells. Granta-519 (catalog no. ACC 342) cells were purchased from
DSMZand routinelymaintained inDMEM(Gibco, catalog no. 10564–
011) supplemented with 10% heat-inactivated fetal bovine serum
(Gibco, catalogno. 16140-071), 100units/mLpenicillin and100mg/mL
streptomycin (Gibco, catalog no. 15140-122) in a humidified incubator
(37�C, 5% CO2). Prior to the assay, cells were harvested and seeded
onto a 384-well, white tissue culture plate (PerkinElmer, catalog no.
6007680) at a density of 400 cells/well in a volume of 50 mL. All other
details of the procedure were identical to those described above for the
NCI-H23 cells. LoVo (catalog no. CCL-229) cells were purchased
from ATCC and routinely maintained in F12K (ATCC, catalog no.
30-2004) supplemented with 10% fetal bovine serum (Sigma-
Aldrich, catalog no. F2442), 100 units/mL penicillin and 100 mg/mL
streptomycin (Gibco, catalog no. 15140-122) in a humidified incu-
bator (37�C, 5% CO2). Prior to the assay, cells were harvested and
seeded onto a 384-well, white tissue culture plate (PerkinElmer,
catalog no. 6007680) at a density of 200 cells/well in a volume of
50 mL. All other details of the procedure were identical to those
described above for the NCI-H23 cells.

NCI-H460 (ATCC, catalog no. HTB-177) cells were purchased
from the ATCC and routinely maintained in RPMI medium 1640
containing stable glutamine and 2 g/LNaHCO3 (PAN-Biotech, catalog
no. P04-18500) supplemented with 10% fetal bovine serum (PAN-
Biotech, catalog no. P30-3306) in a humidified incubator (37�C, 5%
CO2). Calu-6 (ATCC, catalog no. HTB-56) cells were purchased from
the ATCC and routinely maintained in advance EMEM Medium
(Gibco, catalog no. 12492-013) supplemented with 1X GlutaMAX
(Gibco, catalog no. 35050-038) and with 10% fetal bovine serum
(PAN-Biotech, catalog no. P30-3306) in a humidified incubator (37�C,
5% CO2). PC-3 (ATCC. catalog no. CRL-1435, RRID:CVCL_0035)
cells were purchased from the ATCC and routinely maintained in
Ham’s F-12K (Kaighn’s) medium (Gibco, catalog no. 21127022)
supplemented with 10% fetal bovine serum (PAN-Biotech, catalog
no. P30-3306) in a humidified incubator (37�C, 5% CO2).
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NCI-H460 (RRID:CVCL_0459) parental and ATM KO cells were
harvested and seeded onto a 96-well, white tissue culture plate (VWR,
catalog no. 734-1610) at a density of 150 cells/well in a volume of
150 mL. The tissue culture plate was incubated for 24 hours at 37�C
with 5% CO2. Stock solutions of the test compounds were prepared
in 100% DMSO (Apollo Scientific, catalog no. BID1200) and serially
diluted 1:3 using culture media containing 0.7% DMSO. Twenty-five
microliters/well was transferred to the tissue culture plate (1:7 dilu-
tion). Following the compound addition, themicroplate was incubated
at 37�C.

Calu-6 andPC-3 isogenic cell lineswere harvested and seeded onto a
96-well, white tissue culture plate (VWR, catalog no. 734-1610) at a
density of 1,200 cells/well for Calu-6, 1,000 cells/well for PC-3, and
3,000 cells/well for PC-3 ATM KO. Plates were treated with stock
solutions of the test compounds prepared in 100% DMSO (Apollo
Scientific, catalog no. BID1200) using Tecan D300e Digital Dispenser.
Following the compound addition, the microplate was incubated
at 37�C.

After 7 to 10 days, viability was assessed with the addition of 50 mL
of CellTiter-Glo 2.0 (Promega, catalog no. G7573). The tissue culture
platewas then shaken on an orbital shaker at 450 RPM for 4 minutes
at room temperature. Luminescence was measured using the
CLARIOstar plate reader after 30 minutes of incubation at room
temperature. Viability data for each compound were plotted as a
percentage of viability normalized against DMSO, and EC50 values
were calculated using a four-parameter logistic curve fit using
GraphPad Prism software.

Generation of ATM KO isogenic models
NCI-H460 ATM KO clones were generated by Oxford Genetics.

Briefly, synthetic guide RNAs (sgRNA) for CRISPR/Cas9 were
designed to specifically target exon 34 of the ATM gene (reference
transcript ENST00000675843.1). The 50!30 sequence of the sgRNA
target used is: GACCTACCTGAATAACACAC. Pools of cells
carrying the edited gene were generated by transient cotransfection
of the sgRNA complexed with CRISPR/Cas9 protein. Single cells
were isolated, and the targeted exon was sequenced by Sanger
sequencing. Selected clones with out-of-frame insertion/deletions
in all alleles were expanded and validated by PCR followed by high-
throughput sequencing. The NCI-H460 ATM KO clone was char-
acterized as carrying an out-of-frame deletion causing the expected
loss of protein expression. Loss of protein expression was confirmed
by Western blot.

Following a similar experimental approach, PC-3 and Calu-6 ATM
KO clones were generated by Oxford Genetics and by Synthego,
respectively, using sgRNA targeting exon 3 of ATM with 50!30

sequence CGGCAUUCAGAUUCCAAACA), and were validated as
described above.

Immunofluorescence and quantitative image-based cytometry
Cells were seeded at a density of 8,000 cells per well in 100 mL of

media in 96-well collagen coated plates (Revvity, catalog no. 6055700).
Following 24 hours of a dose titration of ART0380 treatment, media
were replenished with media with or without drug for an additional
24 hours. Cells were labeled with 10 mmol/L EdU (5-Ethynyl-20-
deoxyuridine) for the last 30 minutes, washed with PBS, and fixed
in 4% paraformaldehyde (ChemCruz, catalog no. sc-281692) for 10
minutes at room temperature. Cells were then washed twice with PBS
and permeabilized and blocked in 0.5% Triton/0.5% BSA 1� PBS for
30 minutes and processed using the Click-iT EdU Alexa Fluor 647
Flow cytometry Kit (Life Technologies, catalog no. C10340) according

to the manufacturer’s instruction. Then, antibody labeling was per-
formed using primary antibodies against gH2AX and GEMININ
(Millipore, catalog no. 05-636, 1:2,000; Abcam, catalog no. ab195047,
RRID:AB_2832993, 1:1,000, respectively) overnight at 4�C. Cells were
then washed twice in 0.1% Triton/1� PBS, followed by secondary
antibody staining (Invitrogen, catalog no. A11004 and A11034, RRID:
AB_2576217, 1:2,000) and DAPI counterstain (1 mg/mL, Thermo
Fisher Scientific, catalog no. 62248) for 1 hour at room temperature.
Plates were imaged on Operetta CLS (Revvity) using a 20� air
objective. gH2AX foci quantification and cell-cycle analysis were
performed using Harmony V4.9 within a nuclear mask generated
from DAPI staining.

Annexin V/propidium iodide staining
Cells were seeded at a density of 4 � 105 cells per well in 2 mL of

media in 6-well plates (Corning Costar, catalog no. 3506). Cells were
then treated with a dose titration of ART0380 for 24 hours or 48 hours.
Cells were processed using the dead cell Apoptosis Kit with Annexin V
(Life Technologies, catalog no. V13242) according to the manufac-
turer’s instruction.

Western blot
Cells were lysed in RIPA (radioimmunoprecipitation assay) buffer

(Thermo Fisher Scientific, catalog no. 89901) supplemented with
protease and phosphatase inhibitors (Thermo Fisher Scientific, catalog
no. 78440), 4.5 mmol/L MgCl2 (Sigma-Aldrich, catalog no. M1028)
and Benzonase nuclease (Sigma-Aldrich, catalog no. E1014). Whole-
cell lysates were separated on 3% to 8% Tris-Acetate NuPAGE gels
(Thermo Fisher Scientific, catalog no. EA037) and analyzed by stan-
dard immunoblotting. The following primary antibodies were used:
SMG1 (catalog no. 9149S, 1:1,000), pS6 (pRPS6) S240/244 (catalog no.
5364, 1:1,000), S6 (RPS6) (catalog no. 2317, RRID:AB_2238583,
1:1,000), pmTOR (pMTOR) S2448 (catalog no. 5536, 1:1,000), mTOR
(MTOR) (catalog no. 4517, 1:1,000), pP70-S6K (pRPS6KB1) T389
(catalog no. 9206, 1:1,000), P70-S6K (RPS6KB1) (catalog no. 2708,
1:1,000), ATM (Cell Signaling Technology, catalog no. 92356, 1:500),
pATR T1989 (catalog no. 30632, no. 58014 1:1,000), pCHK1
(pCHEK1) S345 (catalog no. 2341, 1:1,000), pCHK2 (pCHEK2)
T68 (catalog no. 2197, 1:1,000), CHK2 (CHEK2) (catalog no. 3440,
1:1,000), pUPF1 S1107 (catalog no. 84283, 1:1,000), UPF1 (catalog no.
12040, 1:1,000), GAPDH (catalog no. 3683, 1:1,000), H2AX (catalog
no. 7631, 1:1,000), b-Tubulin (TUBB) (catalog no. 86298, 1:1,000)
from Cell Signaling Technology. Kap1 (TRIM28) (ab22553, 1:1,000),
Kap1 (TRIM28) pS824 (ab243870, 1:1,000), p-DNA-PKcs (pPRKDC)
S2056 (catalog no. 18192, 1:1,000), p-ATM S1981 (catalog no. 81292,
1:1,000) from Abcam. DNA-PKcs (PRKDC) (catalog no. 5282,
1:1,000), Vinculin (catalog no. 73614, 1:1,000) from Santa Cruz
Biotechnology. gH2AX (catalog no. 05-636, 1:1,000), ATR (catalog
no. sc515173, 1:1,000), ATR (catalog no. MA123158, 1:1,000), CHK1
(CHEK1) (catalog no. C9358, 1:1,000), ATM (catalog no. 07-1286,
1:500) from Merck/Sigma-Aldrich.

The following secondary antibodies were used: goat anti-mouse
IgG (HþL) Secondary Antibody HRP (catalog no. 31430, RRID:
AB_228307, 1:10,000) and goat anti-rabbit IgG (HþL) Secondary
Antibody HRP (catalog no. 31460, RRID:AB_228341, 1:10,000)
from Thermo Fisher Scientific; IRDye 800CW goat anti-rabbit
IgG Secondary Antibody (catalog no. 926-32211, 1:15,000) and
IRDye 680CW goat anti-mouse IgG Secondary Antibody (catalog
no. 926-68070, 1:15,000) from LI-COR Odyssey M. Immunoblots
are representative of experiments that were performed at least
twice.
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In vivo studies
All in vivo work was approved by the IACUC of the MDACC. For

LoVo and Granta-519 xenograft studies, female CD-1 nude
(Charles River Laboratories) or female NSG (The Jackson Labora-
tory), respectively, between 6 and 12 weeks old were used as
recipients. Cells were harvested, counted, and resuspended at 1
million cells/100 mL in PBS. Cell suspension was mixed 1:1 with
Matrigel and a total volume of 200 mL/mouse was injected subcu-
taneously in the right flank of immune-compromised mice.

Tumor growth was monitored with caliper and tumor volume (TV)
calculated using a standard formula: (length � width2)/2. Mice were
allocated to different groups according to their TV (between 150 and
250 mm3) to give homogeneous mean and median TV in each
treatment arm. Treatments were randomly attributed, and mice were
treated as indicated for each study. The tolerability of the tested
compound was evaluated by clinical sign observation and body weight
measurement during treatment.

Colorectal cancer patient–derived xenografts (PDX) were devel-
oped by patient-derived samples obtained from consented patients
under an institutional review board (IRB)–approved protocol
LAB10-0982, chaired by S.K. (UTMDACC) and kindly provided
by Dr. Scott Kopetz (MDACC). ATM gene mutation status for PDX
is listed in Supplementary Table S1. For PDX studies, tumor
fragments were transplanted subcutaneously in NSG mice. When
tumors reached between 150 and 250 mm3, mice were randomized
into experimental groups as indicated for each study. Treatment
response was determined by percent tumor growth inhibition
(%TGI), defined as the percent difference between final median
tumor volumes of treated and control groups.

Western blot analysis of pChk1ser345 in tumor lysates
Snap-frozen tumor sections (10–20 mg) were blended and lysed

at 4�C in RIPA buffer using Bullet Blender. After 30 minutes of
incubation at 4�C, homogenized tissue was spun at 14,000 rpm for
15 minutes at 4�C. The supernatant was collected and protein
was quantified using BCA assay. About 40 mg of protein was loaded
into a 4% to 12% SDS-PAGE gel and transferred to a nitrocellulose
membrane. After 1 hour of blocking at room temperature with 5%
skim milk, membrane was incubated with primary antibody
pChk1ser345 (Cell Signaling Technology, no. 2348, Rabbit mAb)
at 1:500 dilution in 5% BSA/PBST buffer overnight at 4�C. After
washing with PBST, the membrane was incubated for 1 hour at
room temperature with goat-anti-rabbit-HRP secondary antibody
(Cell Signaling Technology, no. 7074S, 1:1,000 dilution in 5% milk)
and then immunoreactive protein bands were visualized by ECL kit
(SuperSignal West Femto, Thermo Fisher Scientific, no. PI34095)
using ImageQuant (RRID:SCR_014246). Image Studio software was
used to quantify the signals.

Multiplexed immunofluorescence staining and data analysis
Formalin-fixed and paraffin-embedded (FFPE) colorectal cancer

PDX samples were sectioned into 3-mm-thick sections and placed on
positively charged slides. Sections were deparaffinized by baking at
60�C for 1 hour, then rehydrated by serial passage through xylene and
graded alcohol. All sections were subjected to an initial heat-induced
epitope retrieval (HIER) in Tris-EDTA buffer, pH 9.0 (ab93684), at
95�C for 30 minutes using a BioGenex EZ retrieval microwave.
Subsequent HIER for Opal development was done using fresh citrate
buffer at 95�C for 10 minutes. All sections were initially blocked for
endogenous peroxidase using Bloxal (Vector Labs SP6000). After and
before each primary incubation, sections were blocked using 2.5%

Natural Goat serum (Vector Labs S1012). Opal and direct immuno-
fluorescence methods were used. ATM (Ab32420 1/2000) was devel-
oped using Opal method. HLA-A conjugated to Alexa 647 (Abcam
199837, at 1/500) was used to aid in tissue segmentation. Sections were
then counterstained with DAPI.

Slides were imaged using Vectra 3.0 Automated Quantitative
Pathology Imaging System (Akoya Biosciences). Image processing
and analysis was performed using inForm Software v2.4 (Akoya
Biosciences). For a subset of images from each PDX, the following
was performed: Images were unmixed, and autofluorescence was
removed. Then, tissue was segmented as tumor, stroma, or other
based on training regions and pattern recognition ofDAPI andHLA-A
stain. This was followed by cell segmentation using DAPI and HLA-A
to segment nuclei, cytosol, and membrane. Phenotyping was per-
formed for each marker individually by selecting representative posi-
tives for algorithm training and allowing the software to select the rest.
Batch analysis of all images was performed using the segmentation and
phenotyping algorithm described above. Data analysis was performed
using phenoptrReports (Akoya Biosciences), an R script package.
Briefly, all single-cell phenotype data were merged, aggregated, and
consolidated for each marker. Consolidated data were analyzed based
on the phenotypes of interest. All data were graphed using GraphPad
Prism v 8.0.

Data availability
Through IRB-approved, retrospective chart review of the Uni-

versity of Texas MD Anderson Cancer Center (MDACC) internal
database (MOCLIA), patients with DNA variants in ATM gene
were identified from clinical genomic sequencing results. De-
identified ATM variant information from internal clinical sequenc-
ing results and more detailed PDX mutation data beyond ATM
mutations can be obtained upon request from the corresponding
authors. Additional data used for analysis are all publicly available
for download (Supplementary Table S1). Data from TCGA samples
were acquired from the pan-cancer atlas release and are available
at the Genomic Data Commons (https://gdc.cancer.gov/about-data/
publications/pancanatlas). Molecular data for additional patient
samples were obtained from publicly available cohorts deposited
on cBioPortal (www.cbioportal.org) and AACR Genie Project
(https://www.synapse.org/#!Synapse:syn7222066 and https://genie.
cbioportal.org) as referenced (24, 26). Established, published
mutational signatures were analyzed from publicly available
sequencing data for TCGA samples using a generalized regression
model (27, 32, 33).

Results
ATM-deficient cells of varying types are sensitive toART0380, a
novel and potent inhibitor of ATR kinase activity

Herein, we introduce ART0380, a novel, potent, and selective orally
bioavailable inhibitor ofATRkinase currently in phase I clinical testing
in patients with advanced or metastatic solid cancers (Fig. 1A;
NCT04657068). ART03080 was identified through an extensive lead
optimization campaign and selected for clinical development on the
basis of its excellent physicochemical and pharmacokinetic (PK)
properties as well as compelling in vitro and in vivo pharmacologic
profiles (Fig. 1). ART0380 is an ATP-competitive inhibitor that binds
in the ATP pocket of ATR, occupying the same space where ATP
would bind by engaging the hinge with the morpholine oxygen and
filling the ribose pocket with the sulfoximine group. Biochemical
characterization showed that ART0380 is a potent inhibitor of the

ATM Loss-of-Function Variant and Tissue-Specific Differences

AACRJournals.org Clin Cancer Res; 30(10) May 15, 2024 2127

https://gdc.cancer.gov/about-data/publications/pancanatlas
https://gdc.cancer.gov/about-data/publications/pancanatlas
https://gdc.cancer.gov/about-data/publications/pancanatlas
http://www.cbioportal.org
https://www.synapse.org/#!Synapse:syn7222066
https://genie.cbioportal.org
https://genie.cbioportal.org
https://genie.cbioportal.org


ATR-ATRIP complex enzyme activity, with an IC50 of 51.7 �
14.2 nmol/L (Fig. 1B). Using HT-29 colorectal adenocarcinoma cells,
cellular activity was assessed by measuring inhibition of ATR-
dependent phosphorylation of the downstream target, Chk1 (CHEK1)

kinase, at serine 345 (pChk1ser345), and cellular selectivity was
demonstrated by measuring the cellular inhibition of the mTor
complex in vitro. We found that treatment with ART0380 resulted
in robust inhibition of pChk1ser345, with EC50 in the low nanomolar
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Figure 1.

ART0380 is a potent and selective ATR inhibitor (ATRi) that shows preferential antitumor activity in ATM-deficient cells. A, Chemical structure of ART0380.
B, ATR-ATRIP Caliper Assay; n ¼ 3 independent experiments. C, Cellular assays to assess pChk1 (left) and pRPS6 (right) inhibition in HT-29 cells treated with
ART0380: EC50 curves are shown; n ¼ 3 independent experiments. D, Representative growth curves for the in vitro cellular proliferation inhibitory potency
of ART0380 in NCH-H23, Granta-519, LoVo, and CCD-18Co cells treated with ART0380 for 7 days and average EC50 values (mmol/L) of the indicated cancer cell
lines; n ¼ 3 independent experiments. E, Growth curves of parental or ATM KO isogenic NCI-H460, Calu-6, and PC-3 cells treated with a dose titration of ART0380
for 7–10 days. EC50 values (mmol/L) of cancer cell lines are the average of at least 2 technical replicates. F, Cell-cycle profile of ATM KO and parental NCI-H460
cells treated with a dose titration of ART0380 for 48 hours or 24 hours on/24 hours off. G, Evaluation of gH2AX foci accumulation in geminin-positive ATM KO
and parental NCI-H460 (H460-P) cells treated with a dose titration of ART0380 for 48 hours or 24 hours on/24 hours off.
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Figure 2.

In vivo antitumor activity of ART0380 inATM-aberrant models.A, Tumor growth curve (mm3) of Granta-519 xenografts, a mantle cell lymphoma cell line with known
ATMmissense mutation and low ATM protein expression, treated with ART0380 at 30 and 50 mg/kg, qd. Data are presented as the mean � SEM and P values are
calculated by two-way ANOVA with multiple comparisons and Tukey correction, compared with vehicle control (���� , P < 0.0001; n ¼ 10 mice/group). B, Tumor
growth curve (mm3) ofATM-deficient non–small cell lung cancer patient–derived xenograft (PDX)model treated with ART0380 at 100mg/kg qd and 100mg/kg b.i.
d., 3 days on/4 days off. Data are presented as the mean � SEM, and P values are calculated by two-way ANOVA with multiple comparisons and Tukey correction,
compared with vehicle control (���� , P < 0.0001; n ¼ 10 mice/group). C, Evaluation of ATM expression by immunofluorescence across tumor sections of indicated
colorectal PDX models (ATM: green; HLA-A: red; DAPI: blue; scale bar 100 mm). The total number of positive cells determined by nuclear expression of ATM in the
tumor as well as ATM variant status is listed. Tier 1: protein-altering, deleterious variants; Tier 2: VUS, benign variants. D, Tumor growth curve (mm3) of indicated
colorectal cancer (CRC) PDXmodels treatedwith ART0380 100mg/kg b.i.d. with a 3 days on/4 days off dosing regimen. Data are presented as themean� SEM, and
P values are calculated by two-way ANOVA with multiple comparisons and Sidak correction, compared with vehicle control (���� , P < 0.0001; n¼ 10 mice/group).
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range, suggesting potent cellular activity. On the contrary, inhibition of
the mTor complex was minimal, with EC50 in the micromolar range
(Fig. 1C). Inhibition of downstream markers of the ATR-related
enzymes ATM, DNA-PKcs (PRKDC), mTOR (MTOR), and SMG1
was studied in response to DNAdamage induced by etoposide inNCI-
H460 cells with no inhibition observed at a top concentration of

3 mmol/L (Supplementary Fig. S1A), suggesting a good range of
selectivity in cells over PIKK-related proteins.

Phenotypic response to ART0380 was evaluated on a selected cell
line panel that included two ATM LOF cell lines, NCI-H23 (34) and
Granta 519 (35), as well as the LoVo cell line, a colorectal adenocar-
cinoma model with high baseline levels of replication stress (36), and
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the CCD-18Co cell line, a normal colon fibroblast model. ART0380
induced robust inhibition of cell growth, particularly in the two ATM
LOF cell lines, whereas only minimal response was observed in CCD-
18Co normal fibroblasts (Fig. 1D).

Selective sensitivity to ART0380-induced ATR inhibition in cells
with ATM loss was confirmed in NCI-H460 (lung cancer), Calu-6
(lung cancer), and PC-3 (prostate cancer) isogenic cells with
ATM knockout (ATM KO), wherein a more robust response was
observed from ATM KO cells than from parental ATM wild-type
cells (Fig. 1E; Supplementary Fig. S1B). Further evaluation of the
NCI-H460 isogenic pairs revealed an increase in apoptosis, as
measured by Annexin V/PI staining, in the ATM KO cells com-
pared with the parental cells after 48 hours of incubation with
ART0380 (Supplementary Fig. S1C).

Cell-cycle analysis and DNA damage accumulation were also
assessed in ATM KO and WT isogenic NCI-H460 cell lines.

Continuous and washout treatments were performed to elucidate
the cellular response to ART0380 using different dosing schedules.
Inhibiting ATR for 48 hours in ATM-proficient cells resulted in
the accumulation of cells in G1-phase with a concomitant decrease
of those in S-phase (Fig. 1F). These changes were reduced in the
ATM-null cells. Using the intermittent ART0380 dosing schedule
of 24 hours of treatment followed by 24 hours of incubation
without the drug, the cell-cycle changes in the parental cells were
similar to those observed with continuous dosing. However, the
use of this intermittent regimen in the ATM KO cells restored ATR
activity (Supplementary Fig. S1D); this, in turn, impaired DNA
replication, as evidenced by the accumulation of cells with inter-
mediate DNA content that were unable to incorporate EdU
(arrested S-phase) as well as by the reduction in actively replicat-
ing cells (Fig. 1F). There was also evidence of an accumulation of
cells in G2 phase (Fig. 1F) as well as an accumulation of gH2AX

Figure 3.

(Continued. ) E, Selective pressure for loss of heterozygosity (LOH) by tumor type in tumors with Tier 1 variants versus ATM-wild-type. F, Mutational signatures of
tumors with Tier 1 variants differ by tissue of origin.G, Co-occurrence of deleterious variants inATM and TP53 differ by tumor type and are mutually exclusive in pan-
cancer meta-analysis.
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foci in geminin (GMNN)-positive cells, indicating higher levels of
DNA damage in the ATM KO cells (Fig. 1G). These findings were
confirmed by Western blotting analysis of downstream DDR
markers (Supplementary Fig. S1D). Together, our data suggest
that ART0380 potently impairs cell cycle and specifically increases
DNA damage in ATM KO cancer cells exposed to an intermittent
treatment schedule, thus suggesting that intermittent dosing along
with continuous regimens should be evaluated in future clinical
studies.

ART0380 is effective in vivo in cancers with varying types of
ATM

To assess the antitumor efficacy of ART0380 in ATM LOF tumors
in vivo, mice bearing LoVo cell xenografts were randomized into
groups that received either vehicle control or daily (QD), oral (PO)
doses of ART0380 of 10, 30, 50, or 100 mg/kg. ART0380 was found to
be well tolerated over the course of the study (Supplementary
Fig. S2A). Further, ART0380 treatment induced significant tumor
growth inhibition in a dose-dependent manner, with doses of
30 mg/kg inducing an antitumor response comparable with the
clinical benchmark AZD6738, and doses of 50 mg/kg and 100 mg/kg
further increasing the percentage of tumor growth inhibition to 84
and 96 (P < 0.0001), respectively (Supplementary Fig. S2B). ART0380
was also confirmed to specifically target ATR kinase signaling in vivo,
as evidenced byWestern blot analysis showing modulation of pChk1
Ser345 in tumor xenograft tissues upon ART0380 treatment follow-
ing induction of DNA damage and replication stress with gemcita-
bine (Supplementary Fig. S2C). In mice bearing ATM LOF Granta-
519 xenografts, tumor growth inhibition was observed in groups
treated with either 30 or 50 mg/kg ART0380 when compared with
that in vehicle-treated mice (Fig. 2A; Supplementary Fig. S3A).
Additionally, tumor regression was observed upon treatment with
100 mg/kg ART0380 on QD or intermittent dosing schedules in a
lung adenocarcinoma PDXmodel harboring a deleterious ATM gene
variant (p.E473�), which induced a near total loss of ATM protein
(Fig. 2B; Supplementary Fig. S3B and S3C).

Given the heterogeneity in response observed from patients with
ATM LOF cancers during ATR inhibitor trials thus far, we assessed
the effectiveness of ART0380 against a panel of colorectal cancer
PDX models that harbored varying degrees of ATM protein expres-
sion and differing ATM variant status (Fig. 2C). Our findings
demonstrate that ART0380 treatment resulted in tumor growth
inhibition in PDX1, which harbored total ATM LOP and a missense
variant in ATM, as well as in PDX2 with a deleterious variant and
near complete ATM LOP (Fig. 2D; Supplementary Fig. S3D). In
addition, antitumor efficacy was seen in PDX3 and PDX4, which
harbored a frameshift and a missense ATM variant, respectively, but
retained some ATM protein expression (Fig. 2C and D). In
contrast, ART0380 had the least impact on PDX5, which was
confirmed wild-type for ATM and retained ATM protein expression
(Fig. 2C and D). Similarly, treatment with the ATR kinase inhibitor
tool compound, IACS-030106, resulted in heterogeneous antitumor
efficacy across colorectal PDX models with differing types of ATM
LOF (Supplementary Fig. S4).

Pan-cancer landscape of DNA variants in ATM displays tissue-
specific variability

To better understand the heterogeneity in response of ATM LOF
cancers to select anticancer therapies available in the clinic, we first
defined the mutational landscape of ATM LOF in a tissue-specific
context across cancer subtypes. Through comprehensive evaluation

of both internal and in silico data, we identified 10,609 ATM
variants in 8,587 individuals with cancer, which is the largest and
most diverse set of ATM-mutant cancers to date (Supplementary
Fig. S6). Variant mapping and annotation revealed that variants
spanned across the ATM coding sequence, with the majority (70%)
identified as missense variants (Fig. 3A and B). The majority of
ATM variants (68.6%) were found to be unique to a single indi-
vidual, with the remainder shared between ≥2 individuals (Fig. 3C),
highlighting that “hotspot” mutations in ATM are relatively rare.
With respect to functional impact, 28% (N ¼ 2,966) were delete-
rious variants (Tier 1 variants), but the majority of variants (57%)
were missense VUS or benign/likely benign (Tier 2 variants, N ¼
6,090; Fig. 3B). The functional kinase domains of the gene were
significantly more likely to have deleterious, known disease-
associated missense variants (P < 0.001; Fig. 3A), which is consis-
tent with a previously published data set that assessed 286 ATM-
mutant cancers from TCGA database (37).

Variability was observed in the absolute frequency ofATM variants,
as well as in the proportion of Tier 1 to Tier 2 variant type by tumor
lineage (Fig. 3D).We assessed whether selective pressure for LOH and
targetability for ATM mutations were tissue specific, as this has been
shown previously for BRCA1/2-mutant cancers (23). Our findings
show that the correlation between deleterious variants and selective
pressure for LOHdiffered by tissue type (Fig. 3E). To further assess the
functionality of ATM mutations across cancer types, we assess the
relative prevalence of different hallmark mutational signatures that
reflect a variety of known mutational processes such as mismatch-
repair defects, smoking, UV DNA damage, homologous recombina-
tion repair defects, as well as unknown mutational processes (32).
Additionally, mutational signatures enriched in tumors with Tier 1
ATM variants differed widely by tissue type, with pan-cancer meta-
analysis revealing a positive correlation between tissue of origin and
mutSig19, mutSig11, and mutSig12 in tumors with Tier 1 ATM
variants (Fig. 3F). Notably, with very few exceptions, tumors with
Tier 1ATM variants did not harbor an overall enrichment of mutSig3,
a signature associated with defective homologous recombination
repair and enriched in studies in tumors with loss of BRCA1/2 (38).

The TP53 signaling pathway, which contributes to mediating
antiproliferative and apoptosis pathways, is activated in part by the
ATM kinase in response to cellular stress. Preclinical data using
various cancer subtypes have shown that TP53 mutation status can
affect the vulnerability of ATM-depleted cells to genotoxic stress and
DNA breaks (39, 40). In addition, mutations in ATM and TP53 have
been shown to be mutually exclusive in certain malignancies (41).
Accordingly, our pan-cancermeta-analysis of tumors withTier 1ATM
variants confirmed that the majority of tumor types display mutual
exclusivity with mutations in TP53, although tissue-specific differ-
ences are observed (Fig. 3G).

Paired DNA sequencing and protein staining identify tumors
with ATM loss

To better define the relationship between ATM variants, ATM
protein loss, and clinical outcomes, IHC analysis for ATM protein
expression was performed on 480 patient tumors with available ATM
sequencing data, with 471/480 patient tumors with interpretable IHC
results (Fig. 4A). Tumors with null, inactivating variants inATMwere
significantly more likely to display ATM LOP than tumors with
missense variants (P ¼ 5.8e�9) or ATM-wild-type (P ¼ 1.8e�14),
although 19% (N ¼ 27/140) and 9% (N ¼ 13/149) of tumors with
ATM-VUS and ATM-wild-type, respectively, showed ATM LOP
(Fig. 4B). IHC analysis of ATM expression also found that 145 patient
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tumors presented with shared variant(s) inATM,with variant-to-IHC
results revealing an 84.8% consistency across tumors, but disparate
variant-to-IHC results were observed across several tumor types. For
example, of thefive tumors harboring the deleteriousR1730� variant in
ATM, the three tumors with full ATM protein expression were all
melanomas, whereas the two tumors harboring ATM LOP were both
colorectal adenocarcinomas.

To further explore this potential dependence ofATMLOPon tumor
type, we analyzed the association between null, protein-truncating
variant(s) in ATM and ATM LOP across different tumor types using
IHC analysis. We found that ATM LOP was prevalent in colorectal,
HBOC subtypes (breast, ovarian), prostate, and pancreas tumors
harboring null ATM variants, but less prevalent in lung cancer and
melanoma with null ATM variants (Fig. 4C). This observation was
further validated in patient tumors from TCGA, where ATM LOP, as
measured by reverse phase protein array (RPPA), robustly identified
null ATMvariants in colorectal, breast, ovarian, prostate, and pancreas
cancers but did not in lung cancer and melanoma (Fig. 4D). These
results suggest that the correlation between deleterious variants in the
ATM gene and the resultant ATM LOP phenotype may differ by
cancer subtype and may be indicative of subclonal events specific to
certain tumor types. It is also noted that tumors with Tier 1 variants in
ATM with a stronger correlation with ATM LOP also correlated with
LOH of the second allele across most tumor types (Fig. 4E).

With these aforementioned novel findings on variant and tissue
specificity in ATM LOF, we then evaluated the predictive capacity of
ATM LOF in this context using retrospective treatment data from
patients with advanced solid malignancies. First, we performed a
retrospective clinical chart review of patients with ATM-mutant
cancers and identified 77 patients (51 prostate, pancreatic, breast, and
ovarian cancers; 15 colorectal cancers; 11 cholangiocarcinomas) with
IHC analyses and clinical DNA sequencing data who had received
platinum-based chemotherapy in the metastatic setting with available
follow-up data. We found that patients whose tumors harbored ATM
Tier 1 variants and ATM LOP had significantly better PFS when
compared with patients whose tumors harbored ATM-wild-type or
-VUS and were without protein loss (HR, 0.50; 95% CI, 0.28–0.89, P¼
0.03, log-rank test; Fig. 5A). Importantly these platinum-treated
samples included more penetrant tumor types that show a stronger
correlation with ATM Tier 1 variants, LOH, and ATM LOP (Fig. 4E).
These findings were confirmed using a Cox proportional hazards
model with tumor type as a stratification variable (Fig. 5B).

Early-phase clinical trials show ATR kinase inhibitors to be safe as
well as demonstrate promising efficacy in patients with advanced
cancers with ATM LOF, including responses in patients with
deleterious ATM gene variants but with retained ATM protein, and
from patients with complete loss of ATM protein but no identified
ATM gene variant (17, 18). However, expansion studies have yielded
mixed response rates in patients with advanced ATM LOF cancers,
even within subgroups harboring the same ATM variant (18, 20–22).
To better understand this heterogeneity, we retrospectively analyzed
the ATM variant type under the context of tissue specificity and how
this affected efficacy in 43 patients treated on phase I/II single-agent
ATR inhibitor trials. Of note, patients who harbored ATM Tier 1
variants that were strongly correlated with LOH and ATM LOP were
defined as class I (penetrant tumor type), whereas patients with
tumor types with ATM Tier 1 variants that did not strongly correlate
with LOH and ATM LOP were categorized as class II (nonpenetrant
tumor type). Our findings show that class I patients demonstrated
greater clinical benefit rate [10/37(27%) vs. 0/6 (0%)], which was
defined as stable disease (SD) or better for greater than 180 days, as

well as improved PFS [(HR, 0.48; P ¼ 0.08) when compared with
class II patients; Fig. 5C; Supplementary Fig. S5A]. This phenom-
enon was more pronounced when controlling for cancers with poor
baseline prognosis, including pancreatic cancer and KRAS-mutant
colorectal cancer (Supplementary Fig. S5B; ref. 42). Of note, our
analyses included patients harboring heterogeneous tumor types,
with most patients having been heavily pretreated in the metastatic
setting. In addition, the trials allowed for ATM defects identified by
various platforms, including liquid biopsy. Interestingly, only 1/8 of
patients with a Tier 1 ATM variant (ATM K2710�), as discovered by
a liquid biopsy platform, displayed clinical benefit. Because many
liquid biopsy platforms lack a normal DNA control, these ATM
variants may be associated with clonal hematopoiesis of indetermi-
nate potential (CHIP; ref. 43). Thus, it is important to consider this
when deciding on which liquid and tissue platforms to utilize when
evaluating for ATM mutations and also stressed the importance of a
normal DNA control.

Overall, our studies highlight the importance of further refining
how different ATM variants may influence protein expression, ATM
function, and treatment response in tissue-specific contexts. Specifi-
cally, our analysis indicates that, even for bona fide ATM deleterious
mutations, functional effects may bemost relevant in penetrant, class I
tumor types, such as breast, ovarian, prostate, pancreatic, and colo-
rectal cancers with microsatellite stability. By contrast, the functional
effects of ATM LOF may be relatively less relevant in nonpenetrant,
class II tumor types such as melanoma, endometrial, and kidney
cancers. Further, the genomic sequencing platform, variant origin
(germline vs. somatic), and co-occurrence of additional strong prog-
nostic biomarkers (e.g., KRAS mutations in colorectal cancer) may
influence treatment response to targeted therapies. Thus, we present a
novel algorithm that is readily implementable in clinical settings for
utilizing ATM LOF as a predictive biomarker (Fig. 5D), and this
approach will be validated in ongoing prospective clinical trials.

Discussion
ATM is a tumor suppressor involved in mediating pathways

affecting cancer cell survival and proliferation, and aberrations result-
ing in ATM LOF have been observed across multiple cancers. Accord-
ingly, efforts have been made to leverage targeted therapies, including
ATRi and PARPi, to treat tumors harboring ATMLOF, but significant
heterogeneity in response to treatment has been observed in the clinic
despite strong preclinical evidence. Therefore, identifying the optimal
biomarker of ATM LOF in cancer as well as defining the phenotype of
ATM LOF tumors is imperative to guiding targeted therapy selection,
interpreting clinical trial results, and improving patient outcomes.

Here, we disclose a novel, potent, and selective ATR inhibitor,
ART0380, with nanomolar activity against the ATR/ATRIP complex
and a good selectivity window (Fig. 1). Consistent with preclinical data
and clinical observations of ATR inhibitors as a class, cells harboring
ATM LOF as well as PDX models harboring varying degrees of ATM
LOF were selectively sensitive to ART0380 treatment. Importantly,
response toART0380was seen in colorectal PDXmodelswith differing
types of ATM variants and degrees of protein loss (Fig. 2). These
preclinical data further supported the biological rationale for the
clinical evaluation of ART0380 in the context of patients with ATM
aberrations but also revealed that potentially targetable ATM LOF
tumors can display a spectrum of genomic and proteomic defects in
ATM. Accordingly, we have launched an active phase I clinical trial
testing the efficacy of ART0380 alone or in combination in patients
with advanced cancer (NCT04657068). Patient samples from this
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Figure 5.

Variant and tissue specificity in targetingATM loss of function (LOF).A,Progression-free survival (PFS) of patientswith advanced cancerwith penetrant tumor types
with ATM LOF as well as patients without ATM LOF when treated with platinum chemotherapy. B, Stratified Cox proportional hazards model showing significance
when both variant and protein staining are considered (right). C, Clinical benefit of ATRi treatment experienced by patients with advanced cancer with Tier 1 ATM
variants andmore (class I) or less (class II) penetrant tumor. Clinical benefit is defined as stable disease or better for greater than 180 days.D,Proposed clinical flowof
ATM LOF predictive biomarker.
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clinical study will be used to further explore the impact of tissue type,
variant type, as well as allelic and protein status of ATM to help inform
biomarker development.

Heterogeneity in response has limited the efficacy of targeted
therapies, such as DNA-damaging chemotherapies, radiation, and
DDR inhibitors, against cancers harboring ATM LOF. Due to the
fact that ATM kinase dysfunction affects multiple downstream
pathways that mediate cell survival and proliferation, as well as the
prevalence of ATM LOF across cancer types, ATM aberrations have
the potential to be exploited for biomarker development, although
efforts to do so have yet to be clinically successful in a pan-cancer
fashion. Here, we begin elucidating the factors linking specific ATM
aberrations to clinical outcomes. We performed the largest and most
comprehensive pan-cancer study of ATM aberrations to date and
showed that variants in the ATM gene are found across the entirety
of the coding sequence and across cancer types, with the majority of
variants identified as missense variants and unique to a single
individual with cancer (Fig. 3). Notably, we identified “hotspots”
for ATM variants shared between patients, which have not been
previously well described. Furthermore, we showed that the kinase
domain of the gene was significantly more likely to have disease-
associated missense variants with a known deleterious impact on the
associated ATM protein function, which is consistent with an
analysis of ATM missense mutations in TCGA (37).

Interestingly, recent synthetic lethal drug screens have revealed
that the mode of ATM kinase modulation, whether through
specific pharmacologic inhibition, or genetic suppression of ATM
protein, influences drug sensitivity (8, 44). For example, although
pharmacologic ATM kinase inhibition, but not ATM knockout,
sensitized cells to PARPi, both ATM inhibition and ATM knockout
sensitized cells to ATRi, with greater sensitization induced by the
ATM kinase inhibitor (44). Thus, our findings suggest that the
specific location of a variant and its resultant impact on ATM
kinase function may affect drug sensitivity more than the loss of
total ATM protein.

Recent emerging evidence suggests that variant tissue of origin may
affect the antitumor efficacy of DDR inhibitors, thus complicating
efforts to leverageDDRgene aberrations as predictive biomarkers (23).
Here, pan-cancer analysis revealed the presence of cancer subtype
tissue-specific differences, specifically in (1) the type and prevalence of
ATM variants (null and/or inactivating variants and deleterious
missense variants versus VUS and benign missense variants), (2) the
selective pressure for LOH of second allele, and (3) the genomic
signatures of tumors with deleterious variants in ATM. Our data show
that, unlike BRCA1/2-aberrant tumors, the majority of tumor types
with known deleterious ATM variants do not display traditional
homologous recombination deficient (HRD) signatures (e.g., signature
3), which has been noted in prior genomic studies (32, 38). This, along
with the fact thatATM LOF does not result in the same degree of HRD
or BRCAness phenotypes as deleterious mutations in BRCA1/2, may
help explain why ATM aberrancy has yielded inconsistent results as a
predictive biomarker for PARPi, which is relatively HRD-specific in
single-agent use (8, 16, 32, 45).

Mutations in ATM and TP53 genes have been previously shown to
be relatively mutually exclusive in certain cancers, which is consistent
with our findings herein with tissue-specific differences (4, 41, 46).
Preclinical data have shown that both ATM and TP53 defects may
predict sensitivity to ATRi, and TP53 activitymay influence sensitivity
to DNA-damaging and DDR-targeted therapy in ATM-aberrant
tumors (35, 39). Given this mutual exclusivity of functional defects
in these genes, in silico tools assessing the resulting impact on protein

function of ATM variants may be better informed by incorporating
TP53 status as well.

The correlations among deleterious variants in ATM, selective
pressure for LOH, and loss of ATM protein differed by cancer tissue
type. For example, colorectal, HBOC cancer subtypes, prostate, and
pancreatic cancers displayed a significantly stronger concordance
(77%) between inactivating variants and protein loss than did mela-
noma and lung adenocarcinoma (16%; Fig. 4). Although these differ-
ences could be due to issues with antibody staining, we noted that, of
the five tumors harboring the R1730� ATM variant, the two that
displayed a complete loss of ATM protein were both colorectal cancer
whereas the three that retained protein expression were all cutaneous
melanoma. Tissue specificity for a variant’s functional impact has
recently been shown for BRCA1/2 as well, whereby variants in these
genes in non-HBOC cancer subtypes (where penetrance of mutations
in these genes is low) have been shown to be not phenotypically
meaningful and selective pressure for LOH to be not pronounced.
Instead, variants in BRCA1/2 in non-HBOC cancer subtypes were
likely acting as passenger events, and thus were not actionable for
targeted treatment with PARPi (23). Similarly, our findings suggest
thatATM variants are likely subclonal in certain cancer types andmay
not necessarily be driver events in a pan-cancer fashion. Furthermore,
the tissue specificity for penetrance of ATM LOF has the potential to
help shape trial design and treatment selection for patients with ATM-
aberrant cancers (Fig. 5).

Our findings revealed that tumors with deleterious, inactivating
ATM variants were significantlymore likely to display complete loss of
protein, likely because these variant types affected protein structure
and degradation. However, we identified patients harboring tumors
with known deleterious variants and retained ATM protein expres-
sion, as well as patients who displayed complete loss of ATM protein
despite no identifiable inactivatingATM variant, which included 9% of
patients who were confirmed wild-type for ATM (Fig. 4). Recent
clinical studies found that patients who were wild-type for ATM but
with complete ATM protein loss did not clinically benefit from
ATRi (20, 21), and further studies into coalterations or epigenetic
modifiers that affect ATM function are ongoing.

Discrepancies in the clinical definition and diagnostic methods of
ATM LOF can complicate efforts to connect ATM variant status and
therapeutic outcome. For instance, liquid biopsy platforms are increas-
ingly being used for clinical somatic sequencing and can identify
variants inATM. Notably, only a single patient (1/8) with a Tier 1ATM
variant identified by liquid biopsy displayed clinical benefit to ATRi
greater than 180 days in our analysis of patients with ATM alterations
treated with single-agent ATRi. Germline and somatic DNA sequenc-
ing using a CLIA-approved platform that includes a normal DNA
sample for somatic control and biallelic status, with confirmation by
IHC staining, were shown to be the most informative for identifying
ATMLOF (Fig. 5). Amatched normalDNAcontrol to distinguish true
cancer-associated targetable ATM variants is necessary because ATM
is among the number of genes where false-positive results may arise
from sequencing in the setting of CHIP (43). Liquid biopsy platforms
that can delineate these false-positive results are attractive for clinical
use given the ease of sampling compared with tissue biopsies, though
tissue biopsy currently remains gold standard.

Finally, our retrospective analyses demonstrate that a novel algo-
rithmic approach that incorporates variant type, protein status, and
tissue type specificity forATM LOFmay be leveraged to predict benefit
to select anticancer therapies (Fig. 5). We found tissue-specific differ-
ences in clinical response to ATRi monotherapy in patients with ATM
LOF, whereby patients with tumor types harboring Tier 1 variants
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strongly correlated with LOH and ATM LOP had greater clinical
benefit than those with less penetrant tumor types. Although our
current study is limited by the retrospective nature of the clinical data,
we are conducting prospective biomarker-selected clinical trials of
various targeted and immune-oncology agents in patients with ATM
LOF (e.g., NCT04266912). Furthermore, there are mechanisms of
sensitivity to platinum chemotherapy and ATRi outside of just ATM
LOF, and there may be other modifiers (e.g., genomic, epigenetic,
tumor microenvironment mediated) that alter sensitivity to targeted
agents such as ATRi in the clinic.

Early-phase clinical studies of single-agent ATRi have shown
promise for patients with ATM LOF. For instance, recent clinical
data have demonstrated that patients with biallelic loss of the gene,
which was strongly correlated with ATM LOP, responded best to
ATRi monotherapy (21, 22), which is consistent with our findings.
Additionally, studies have also highlighted the importance of
combined genomic and proteomic profiling for identifying the
maximum number of patients with ATM LOF that may benefit
from select anticancer therapies, including ATR kinase inhibi-
tion (17, 18). Therefore, to refine ATM LOF as a predictive
biomarker, it is imperative to further delineate the genotype to
phenotype relationship of distinct ATM variants, with a particular
focus on how tissue specificity, ATM variant type, ATM biallelic or
monoallelic loss, and comutations may influence ATM function
and subsequent susceptibility to therapy.

Overall, our findings demonstrate ATM LOF is highly prevalent
across several cancer types and is a promising therapeutic target in
select patient populations. Synthetic lethal screens of ATM aberrancy
and anticancer drugs, includingDDR inhibitors, have revealed numer-
ous opportunities for targeting cancers with ATM functional loss,
while also elucidating that there may be differences in sensitivity based
on the specific type of ATM defect, zygosity, and tumor tissue context.

Data and materials availability
All data are available in themain text or the supplementarymaterials.
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