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ABSTRACT
◥

Although several ATR inhibitors are in development, there are

unresolved questions regarding their differential potency, molecu-

lar signatures of patients with cancer for predicting activity, and

most effective therapeutic combinations. Here, we elucidate how to

improve ATR-based chemotherapy with the newly developed ATR

inhibitor, M4344 using in vitro and in vivomodels. The potency of

M4344 was compared with the clinically developed ATR inhibitors

BAY1895344, berzosertib, and ceralasertib. The anticancer activity

of M4344 was investigated as monotherapy and combination with

clinical DNA damaging agents in multiple cancer cell lines, patient-

derived tumor organoids, and mouse xenograft models. We also

elucidated the anticancer mechanisms and potential biomarkers for

M4344. We demonstrate that M4344 is highly potent among the

clinically developed ATR inhibitors. Replication stress (RepStress)

and neuroendocrine (NE) gene expression signatures are signifi-

cantly associated with a response to M4344 treatment. M4344 kills

cancer cells by inducing cellular catastrophe and DNA damage.

M4344 is highly synergistic with a broad range of DNA-targeting

anticancer agents. It significantly synergizes with topotecan and

irinotecan in patient-derived tumor organoids and xenograft mod-

els. Taken together, M4344 is a promising and highly potent ATR

inhibitor. It enhances the activity of clinical DNA damaging agents

commonly used in cancer treatment including topoisomerase inhi-

bitors, gemcitabine, cisplatin, and talazoparib. RepStress and NE

gene expression signatures can be exploited as predictive markers

for M4344.

Introduction
DNA damage commonly occurs in all living cells and needs to be

repaired to avoid genomic instability. DNA damage response (DDR)

pathways coordinate the detection of cellularDNAdamage and engage

a molecular network required for cell-cycle adaptation and repair

process to maintain cell viability (1, 2). Defects of DDR in cancer

therapy withDNA-damaging agents are being exploited in the concept

of synthetic lethality, providing treatment benefits for patients with

cancer in terms of treatment selection and enhanced therapeutic

response (3, 4). Major ongoing efforts in drug discovery are focused

on small-molecule inhibitors of DDR activation caused by cellular

oncogenic stress and DNA damaging agents (5, 6).

The cellular DDR pathways are primarily centered around three

phosphatidylinositol 3-kinase like kinases (PIKKs): ataxia telangiectasia

and rad3-related (ATR), ataxia telangiectasia mutated (ATM), and

DNA-dependent protein kinase (DNA-PK/PRKDC) (7). ATR is the

key kinase activated by replication stress among the three DDR kinases,

which sharesmany substrateswithATM(8).Abnormal accumulationof

single-stranded DNA coated by replication protein A (RPA) triggers the

activation of ATR at the sites of replicative damage. Activated ATR

phosphorylates checkpoint kinase 1 (CHK1), leading to cell-cycle arrest,

pausing of DNA synthesis and initiation of DNA repair (9).

Given its pivotal role in replication stress-induced DDR activation,

ATR is an attractive target for combination therapy with DNA-

damaging agents (9, 10). Multiple clinical trials are ongoing with

small-molecule ATR inhibitors (11, 12). Those studies consist of ATR

inhibitors as monotherapy and in combination with DNA replication

inhibitors (gemcitabine), topoisomerase inhibitors (topotecan, irino-

tecan), platinum derivatives, and poly (ADP-ribose) polymerase

(PARP) inhibitors. Four ATR inhibitors, M4344 (VX-803),

BAY1895344, berzosertib (M6620/VX-970), and ceralasertib

(AZD6738; Fig. 1A) are in multiple clinical trials (13–16).

Phosphorylated CHK1 and phosphorylation of the Ser-139 residue

of the histone variant H2AX (gH2AX) are established pharmaco-

dynamic biomarkers in cancer therapy with ATR inhibition (17).

Loss of ATM, inactivation of TP53, BRCA1/2, BRG1, ARID1A,

and oncogenic activation of MYC and cyclin E (CCNE1) have

been proposed to select patients for treatment with ATR

inhibitors (18–21). However, additional reliable molecular biomar-

kers predicting sensitivity to ATR inhibitors are needed. Recently,

several studies have used gene expression signatures of a specific
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Figure 1.

Comparison betweenM4344 and other clinical ATR inhibitors.A, Chemical structures of ATR inhibitors. B, Comparative analysis of cell viability between clinical ATR

inhibitors. DU145 cells were treated as indicated for 72 hours. Cell viability was accessed by CellTiter-Glo assay. C–F, Synergistic effects between ATR inhibitors and

camptothecin (CPT). Cells were co-incubated with CPT (100 nmol/L) and M4344 (C), BAY1895344 (D), berzosertib (E), and ceralasertib (F) as indicated

concentrations for 72 hours. Cell viability was accessed by CellTiter-Glo assay. G, Comparison of combination index values obtained for combination treatments of

CPT (6.3 and 12.5 nmol/L) with the indicated ATR inhibitors. H, Inactivation of ATR-mediated CHK1 phosphorylation by ATR inhibitors. DU145 cells were pretreated

with the indicated concentrations of ATR inhibitors for 1 hour and then incubated with CPT (100 nmol/L) and the ATR inhibitors for three additional hours. Protein

levels were examined by Western blotting (see Supplementary Fig. S1 for effects of M4344 in H82 and U2OS cells).
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cancer type or specific subtypes to determine a standard assessment

for cancer therapy with novel diagnostic tools and therapeutic

schemes (22–24). However, approaches to associate between gene

expression signatures and the activity of ATR inhibitors have not

yet been fully explored.

Although development of ATR inhibitors is active in clinic, ATR is

essential for cell proliferation and biallelic loss of ATR gene function

results in early embryonic lethality (25), emphasizing the needs for

precision therapeutic strategies reducing side effects. Here, we first

report that M4344 is a highly potent ATR inhibitor that enhances

anticancer activity of clinicalDNAdamaging agents in vitro and in vivo

models.

Materials and Methods
Cell lines and drugs

DU145 and U2OS cells were obtained from ATCC and cultured in

DMEMmedia with 10% FBS and penicillin/streptomycin. H82, H446,

H146, H209, A549, DMS114, SAOS-2, H1299, K562, HCT116, CCRF-

CEM, MOLT-4, and SK-OV-3 cells were acquired from ATCC and

grown in RPMI media with 10% FBS and penicillin/streptomycin.

HAP-1 cells were purchased from Horizon Discovery and cultured in

IMDMmedia with 10% FBS and penicillin/streptomycin. All cell lines

were passaged 15 times and examined by MycoAlert Mycoplasma

Detection Kit (Lonza).

M4344 and berzosertib were obtained from EMD Serono, Billerica,

MA (a biopharmaceutical business of Merck KGaA, Darmstadt,

Germany). Camptothecin, topotecan, LMP400, exatecan, SN-38, cer-

alasertib, VE-821, and BAY1895344 were acquired from the Devel-

opmental Therapeutics Program (DCTD, NCI). Etoposide (E1383)

and cisplatin (P4394) were purchased from Millipore-Sigma. Talazo-

parib was provided by BioMarin Pharmaceutical Inc.

Cell viability assay

Cells were plated in 96-well plates at a density of 2 � 103/well and

were cultured for 72 hours in a media containing the drugs. Cell

viability was determined by using CellTiter-Glo Luminescent Cell

ViabilityAssay (Promega,No.G7570) according to themanufacturer’s

instructions and measured by Envision 2104 Multi-label Microplate

Reader (Perkin Elmer). Combination index (CI) was calculated by

CompuSyn (26).

Western blot analysis

Cells were harvested and lysed in a NETN300 buffer [1% NP40,

300 mmol/L NaCl, 0.1 mmol/L EDTA, and 50 mmol/L Tris

(pH 7.5)] containing a protease and phosphatase inhibitor cocktail

(Calbiochem). Following protein concentration determination by

using Bio-Rad Protein Assay Dye Reagent Concentrate solution

(Bio-Rad Inc.), cell lysates were separated on reducing SDS-

PAGE gels and transferred onto PVDF membranes (Millipore).

Membranes were immunoblotted with phospho-ATR (T1989)

(ab223258, Abcam), ATR (sc-1887, Santa Cruz Biotechnology),

phospho-CHK1 (S345; No. 2348, Cell Signaling Technology),

CHK1 (No. 2360, Cell Signaling Technology), phospho-RPA32

(S4/8; A300–245A, Bethyl Laboratories), RPA32 (sc-56770, Santa

Cruz Biotechnology), gH2AX (05–636, EMD Millipore). The spe-

cies-appropriate horseradish peroxidase (HRP)-conjugated second-

ary antibody was used, followed by detection with SuperSignal West

Pico PLUS and Femto Chemiluminescent Substrate (Thermo Fisher

Scientific). The ChemiDoc MP Imaging System (Bio-Rad) was used

for image generation.

Correlation between M4344 response and RepStress and NE

gene expression signatures

IC50 values of M4344 in 13 cancer cell lines were calculated by

GraphPad Prism 7 software (GraphPad Software). The replication

stress (RepStress) signature score was mined by CellMinerCDB (27),

and computed as weighted sum of standardized (Z-score) transcript

expression for the following genes: SRSF1, SUV39H1, GINS1, PRPS1,

KPNA2, AURKB, TNPO2, ORC6, CCNA2, LIG3, MTF2, GADD45G,

POLA1, POLD4, POLE4, RFC5, RMI1, RRM1. These genes encode E2F

targets and G2M checkpoint and other DNA damage response com-

ponents. They were selected using a combination of literature review

and analyses of genes differentially expressed between small-cell lung

cancer cell lines stratified by replication stress-related attributes. NE

(Neuroendocrine, NE) expression signatures with 25 genes associated

with NE differentiation (BEX1, ASCL1, INSM1, CHGA, TAGLN3,

KIF5C, CRMP1, SCG3, SYT4, RTN1, MYT1, SYP, KIF1A, TMSB15A,

SYN1, STY11, RUNDC3A, TFF3, CHGB, FAM57B, SH3GL2, BSN,

SEZ6, TMSB15B, and CELF3) and 25 genes not associated with NE

differentiation (RAB27B, TGFBR2, SLC16A5, S100A10, ITGB4, YAP1,

LGALS3, EPHA2, S100A16, PLAU, ABCC3, ARHGD1B, CYR61,

PTGES, CCND1, IFITM2, IFITM3, AHNAK, CAV2, TACSTD2,

TGFB1, EMP1, CAV1, ANXA1, and MYOF; ref. 28) were mined and

correlation between the signatures and IC50 values of M4344 was

plotted with the Broad Institute Cancer Cell Line Encyclopedia

(CCLE) and the Genomics and Drug Sensitivity in Cancer; Massa-

chusetts General Hospital-Wellcome Sanger Institute (GDSC) data-

bases by using CellMinerCDB website (http://discover.nci.nih.gov/

cellminercdb; ref. 29).

Gene dependency scores for ARID1A and BRG1 were mined from

the Achilles project (30). Correlation analysis between IC50 values and

gene dependency scores was plotted by using CellMinerCDB website.

Patient-derived tumor organoids

Patient-derived tumor organoids were obtained from direct needle

biopsies (MB155/NCI-PC155 andMB44/NCI-PC44) at the NCI, or as

patient-derived xenografts passaged in NOD SCID gamma (NSG)

mice (LuCaP 145.2 and LuCaP 173.1) at the NCI and propagated

in vitro as three-dimensional organoid cultures as described previ-

ously (31). For drug response assays, organoids were seeded at 2,000

cells/well in 384-well format in 3D-culture composed of growth factor-

reduced, phenol-free Matrigel (BD Biosciences, Catalog No. 356231)

mixed with prostate-specific ENR growthmedia (PrENR) described in

ref. 32 in a ratio of 80/20%, respectively, with a final volume of 20 mL/

well, and incubated at 37�C for 1 hour prior to adding an additional

30-mL media to each well. The following day, plates were dosed and

allowed to grow for 1 week, with onemedia/drug change 72 hours after

the initial dosing. At the end of the week, viability in each well was

quantified using CellTiter-Glo 3D (Promega, Catalog No. G9681)

according to the manufacturer’s protocol.

Xenograft studies

In vivo efficacy data were generated in the human small-cell lung

cancer NCI-H82 (ATCC, HTB-175) and NCI-H446 (ATCC, HTB-

171) xenograft models in mice. The study design and animal usage

were approved by local animal welfare authorities (Regier-

ungspr€asidium Darmstadt, protocol registration number DA4/

Anz.1014). Six- to 8-week-old female CD1 nude (Crl:CD1-Foxn1nu;

Charles River) or H2dRag2 (C;129P2-H2d-Rag2<tm1Fwa IL2rgtm1;

Taconic) mice were used for NCI-H82, and NCI-H446 studies,

respectively. Mice received subcutaneous injections in the right flank

with 5million cells (in PBS/Matrigel).When tumor xenografts reached
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a mean volume of 170 mm3 (NCI-H82), or 135 mm3 (NCI-H446),

mice (n¼ 10 per treatment arm, randomized from 15 mice per arm to

obtain a similar mean and median within the treatment groups)

receivedM4344 (suspended in 15%Captisol/0.1Mhydrochloride acid,

pH 3.5) at a once-weekly oral dose of 10 mg/kg, Irinotecan at a once-

weekly intraperitoneal dose of 50 mg/kg (Bendalis GmbH, infusion

solution, 20 mg/mL stock solution, diluted in 0.9% NaCl) or the

combination thereof. For the combinationM4344was applied24hours

after Irinotecan (H82: for 2 weeks, H446: for 5 weeks). Tumor length

(L) and width (W) were measured with calipers and tumor volumes

were calculated using L � W
2/2. Progression-free survival rate was

defined as 73% increase in tumor volume from baseline according to

the previous guideline (33).

Statistical analysis

Statistical analysis was calculated using two-tailed unpaired Student

t test (for in vitrodata) and aRM2-wayANOVAwith aTukeymultiple

comparison test (for in vivo data) by GraphPad Prism 7 software

(GraphPad Software).

Results
M4344 is a potent ATR inhibitor

M4344 is an adenosine triphosphate (ATP)-competitive inhibitor

that showedminimal inhibitory activity against unrelated kinases, with

at least 100-fold selectivity for ATR over 308/312 kinases tested (34).

To specifically characterize the activity of M4344, we first performed

cytotoxicity assays comparing M4344 with the other clinically devel-

oped other ATR inhibitors BAY1895344, berzosertib, ceralasertib, and

VE-821 in DU145 prostate cancer cells (Fig. 1A). M4344 suppressed

cancer cell proliferation at lower concentrations (Fig. 1B), similarly to

BAY1895344 and was more potent than berzosertib, ceralasertib, and

VE-821.

Because of the well-established synergism between ATR and topo-

isomerase I (TOP1) inhibitors (35, 36), to compare the different ATR

inhibitors, we determined their effects in combination with camp-

tothecin (CPT), a selective TOP1 inhibitor and replication stress

inducer (36). Nontoxic low concentration (25 nmol/L) of M4344

strongly suppressed cell viability of prostate DU145 cancer cells in

combination of CPT at nanomolar concentrations (Fig. 1C).

BAY1895344 showed similar potency (Fig. 1D), but berzosertib and

ceralasertib needed higher concentrations (100 nmol/L and 1 mmol/L,

respectively) to achieve comparable effects (Fig. 1E and F). The

differential activity of the ATR inhibitors and the potency of

M4344 in combination with CPT are summarized in Fig. 1G.

Consistent with the potency of M4344 in cell viability assays, low

dose (10 nmol/L) of M4344 and BAY189544 blocked CPT-induced

activation of CHK1, a main downstream effector of ATR (Fig. 1H;

Supplementary Fig. S1; ref. 8). Together, these results show thatM4344

is a potent ATR inhibitor.

Replication stress and NE-related gene expression signatures

are associated with M4344 response

Next, we examined cell viability after a single treatment with

increased concentrations ofM4344 in 16 cancer cell lines from various

tissue types. Differential sensitivity was observed between cell lines

treated with M4344 (Fig. 2A). Blood cancer and to a lesser degree,

small lung cancer cells were most sensitive to M4344 compared with

other cell lines. This might be related to higher replication stress as

described in Fig. 2C and Supplementary Fig. S2A. Protein expression

levels of relevant DNA damage response factors were correlated with

response toM4344 across the 16 cell lines (Fig. 2B). CHK1,MSH2, and

RAD51 showed positive correlations, whereas BRCA2 showed a

negative correlation, consistent with the role of homologous recom-

bination (BRCA2 and RAD51) and ATR-CHK1 in cell adaptation to

replication stress.

To determine whether gene expression signatures can be predictive

markers for M4344, we used a recently described replication stress

(RepStress)-related gene expression signature with 18 selected genes in

cancer cell models and patient tumors. We performed correlation

analysis between IC50 values of M4344 and RepStress scores derived

from the Cancer Cell Line Encyclopedia (CCLE) and Genomics of

Drug Sensitivity in Cancer (GDSC) using CellMinerCDB (29).

Cancer cells with high RepStress scores showed higher sensitivity

than cell lines with low RepStress scores (Fig. 2C; Supplementary

Fig. S2A).

As we recently proposed that replication stress is associatedwithNE

phenotype in patient-derived small-cell lung cancer cell lines (27, 37),

we tested the NE transcript expression signature. Supplementary

Figures S2D and S2B show that cells with high NE scores were most

sensitive to M4344.

Consistently, we found that the activity of ETP-46464, an ATR

inhibitor, exhibited positive correlation with RepStress and NE sig-

natures in the Cancer Therapeutics Response Portal (CTRP) database

(number of cell lines: 539; Supplementary Figs. S2C and S2D).

Moreover, M4344 activity showed significant correlation with gene

dependency for the chromatin remodeling factors ARID1A andBRG1,

consistently with recent reports describing synthetic lethality with

ATR (Fig. 2E and F; refs. 18, 30, 38). Collectively, our data suggest that

gene expression signatures can be exploited to predict M4344 activity

in cancer therapy.

M4344 causes cell death by dysregulating replication and

inducing DNA damage

To elucidate themolecular cytotoxicmechanisms ofM4344, we first

assessed changes of DNA synthesis in response to different concen-

trations of M4344 in H82 cells. EdU pulse-incorporation assays

showed a biphasic response (Fig. 2G). At a low dose (50 and

100 nmol/L), which only produced mild cytotoxicity (see Fig. 2A),

M4344 increased Edu incorporation, indicating unscheduled DNA

synthesis, especially in the cells in late S-phase. By contrast, higher

doses (500 and 1,000 nmol/L) that produced extensive cytotoxicity

produced DNA synthesis collapse with reduced EdU incorporation,

indicative of replication catastrophe in a large fraction of the cells

throughout S-phase. Replication collapse caused byM4344 produced a

strong induction gH2AX, indicative of extensive DNA damage

(Fig. 2H).

We next accessed whether the replication stress induced by M4344

could be detected bymeasuring single-stranded DNA (ssDNA) in cells

treated with a combination of CPT and M4344. Using immunoflu-

orescence microscopy under nondenaturing conditions in BrdUrd-

pretreated cells, we found that combination of nontoxic concentration

(25 nmol/L) of M4344 with CPT led to a significant accumulation of

ssDNA (Supplementary Figs. S2E and S2F). Coincidently, M4344

induced RPA32 phosphorylation (Ser4/8), an indicator of single-

stranded DNA and replication stress (Supplementary Figs. S2G and

S2I; refs. 39, 40). DNA damage in the nucleus of those cells with

replication stress was also visualized by gH2AX induction (Supple-

mentary Figs. S2G and S2H).

To further examine the cell death caused by M4344-induced DNA

damage, we profiled the distribution of replicating cells and change of

cell cycle by flow cytometry with EdU and DAPI (Supplementary Figs.
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S2J and S2K). Although CPT alone disrupted DNA replication,

thereby leading to S-phase arrest, a combination of a low dose of

M4344 (25 nmol/L), which alone had no detectable effect on DNA

replication, completely suppressed DNA replication, resulting in

fragmented cells in the sub-G1 population and nonreplicating cells

arrested in G2–M, indicating cell death and mitotic defects,

respectively.

M4344 synergizes with clinical TOP1 inhibitors

To expand the results observed with CPT (see Fig. 1), we tested

combination treatments ofM4344 with clinical TOP1 inhibitors in the

NE small-cell lung cancer cell line H82 (27). We first profiled drug

concentrations for combination by treatment with theDNAdamaging

agents alone, and then a nontoxic dose (25 nmol/L) of M4344 was

selected on the basis of the Fig. 2A. The TOP1 inhibitors included

exatecan, which is increasingly used as cytotoxin in novel antibody-

drug conjugates, SN-38, the active metabolite of irinotecan, topotecan,

and LMP400 (indotecan, in early clinical development; refs. 36, 41).

M4344 significantly synergized with all the TOP1 inhibitors (Fig. 3).

Exatecan showed the highest potency as a single agent, but also show

significant synergy with nontoxic concentrations of M4344 in a very

low nanomolar range (0.25 nmol/L; Fig. 3A and E). SN-38, the active
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Figure 2.

M4344 kills cancer cells under replication stress (RepStress) and with NE genomic signatures by replication-mediated DNA damage. A, Cytotoxicity of M4344 as

monotherapy in 16 cancer cell lines fromdifferent histology. Following incubationwith the indicated concentrations ofM4344 for 72 hours, cell viabilitywas accessed

by CellTiter-Glo assay.B, Correlations between protein levels related to DNA damage response pathways andM4344 sensitivity. Protein levels were mined from the

CCLE cell line database. Correlation heatmap between protein levels and IC50 values of M4344 in A were generated by CellMinerCDB (http://discover.nci.nih.gov/

cellminercdb). C, Correlation of RepStress signature scores in the GDSC databases with M4344 activity obtained in A. Plots were generated with CellMinerCDB.

D, Correlation of NE signature scores in the GDSC databases with M4344 activity in A. Plots were generated by CellMinerCDB. E and F, Gene dependency of M4344

response. Dependency scores of ARID1A and BRG1were mined from the Project Achilles from CCLE. Plots were generated with CellMinerCDB. P values indicate

Pearson correlation coefficients. G, Biphasic effect of M4344 on DNA synthesis. H82 cells treated as indicated were pulse-labeled with EdU (10 mmol/L) 30 minutes

prior to harvest. Edu incorporation per cell was analyzed by FACS. Numbers indicate percentage of cells in the areas.H, Induction of DNAdamage detected by gH2AX

Western blotting. Cells were incubated with the indicated concentrations of M4344 for 24 hours.
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metabolite of irinotecan also exhibited supra-additive effects with

M4344 at low nanomolar range (1 nmol/L; Fig. 3B and F). Topotecan

and LMP400, which required higher doses to achieve similar single-

agent activity still showed synergistic effects with M4344 at 10 nmol/L

dose (Fig. 3D and H). The supra-additive effects of M4344 and

topotecan were extended to additional cancer cell lines: SK-OV-3,

DMS114, U2OS, and A549 (Fig. 3I–L).

To quantify the synergistic effects observed in the combination

treatments, CI values were calculated (Supplementary Fig. S3). CI

values for all of the tested combinations shown in Fig. 3 were ≤1,

indicating strong synergistic effects when M4344 was combined with

the four clinical TOP1 inhibitors in the five cell lines tested.

M4344 synergizes with a broad range of widely used clinical

agents including etoposide, gemcitabine, cisplatin, and

talazoparib

To establish the range of drugs that could be considered for

combination treatment with M4344 in the clinic, we performed

combination studies ofM4344 inH82 cells withwidely used anticancer

drugs that target DNA by different mechanisms. Etoposide is a
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Figure 3.

M4344 synergizes clinical TOP1 inhibitors. A–D, H82 cells were co-incubated with M4344 (25 nmol/L) and the indicated concentrations of exatecan (A), SN-38 (B),

topotecan (C), and indotecan (LMP400; D) for 72 hours. E and F, Conversely, H82 cells were co-incubatedwith the indicated concentrations of M4344 and exatecan

(E, 0.25 nmol/L), SN-38 (F, 1 nmol/L), topotecan (G, 10 nmol/L), and indotecan (LMP400; H, 10 nmol/L) for 72 hours. I–L, Synergy of M4344 with topotecan in four

additional cell lines: SK-OV-3 (I), DMS114 (J), U2OS (K), andA549 (L). Cellswere cotreatedwithM4344 (25 nmol/L) and the indicated concentrations of topotecan for

72 hours. Cell viability was accessed by CellTiter-Glo assay. Synergy plots are presented in Supplementary Fig. S3.
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TOP2-specific inhibitor, gemcitabine a nucleoside analogue that

blocks DNA polymerase and depletes deoxyribonucleotides, cisplatin

a DNA crosslinking agent and talazoparib a PARP inhibitors (42, 43).

All drugs showed significant synergy withM4344 used at noncytotoxic

concentrations (Fig. 4; Supplementary Fig. S4). These results dem-

onstrate the potential of M4344 for combination therapy with a broad

range of DNA-targeted anticancer agents.

M4344 is active in patient-derived tumor organoids and

xenograft models

Next, we tested several models that are more relevant to in vivo

activity of M4344. These included patient-derived tumor organoids

from prostate cancer: the LuCaP 145.2, LuCaP 173.1, and MB155. As

shown in Fig. 5 (panels A, B, and E), two of the four organoid models,

LuCaP 145.2 and LuCaP 173 showed significant enhancement of

topotecan activity by noncytotoxic doses of M4344 (25 nmol/L).

MB155 organoids showed only mild synergy at low doses of M4344

and topotecan (Fig. 5C). MB44 organoids however did not show

additive response to topotecan with M4344 (Fig. 5D and E). This lack

of synergymight be due the intrinsic resistance of theMB44 organoids

toM4344 (Supplementary Fig. S5A) and to their intrinsic sensitivity to

topotecan (Fig. 5D). A contributing factor could be that NE subtype

organoids were more sensitive to M4344 and showed better combi-

nation effects than adenocarcinoma subtype organoids (Fig. 5;

Supplementary Fig. S5A).

To further evaluate the efficacy of M4344 in animal tumor models,

we generated H82 and H446 small-cell lung cancer cells–derived

mouse xenografts and tested their response to the combination of

M4344 and irinotecan.Micewere administeredM4344 (10mg/kg) and

irinotecan (50mg/kg), and subsequently tumor growth was measured.

Addition ofM4344 to irinotecan in both H82 andH446 xenografts led

to a statistically significant decrease in tumor volume relative to single-

agent therapies (Fig. 6A and B). Benefits of progression-free survival

were also observed in the combination therapy over irinotecan single

therapy (Fig. 6C and D). The combination was well tolerated as

determined by lack of body weight (Supplementary Fig. S6). These

findings indicate that M4344 effectively synergizes with TOP1 inhi-

bitors to promote tumor suppression and regression in human cancer

cells–derived experimental models.

Discussion
This study describes the molecular pharmacology of the novel ATR

inhibitor, M4344 (VX-803), which is in early clinical trials. It provides

insights into M4344 potency, predictive biomarkers and synergistic

combinations in human cancer cell lines, and organoids and in mouse

xenografts. Although several small-molecule ATR inhibitors are

advancing in parallel in clinical trials, there are still unresolved

questions concerning the identification and selection of groups of

patients with cancerwho aremost likely to benefit fromATR inhibitors

and how best to combine ATR inhibitors in cancer therapy. Here, we

demonstrate that M4344 effectively inhibits the ATR–CHK1 pathway

at nontoxic nanomolar concentrations in cancer cell lines. We report

gene expression signatures as potential predictive biomarkers for
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Figure 4.

M4344 shows synergywith etoposide, gemcitabine, cisplatin, and talazoparib.A–D,H82 cellswere co-incubatedwith a nontoxic concentration ofM4344 (25 nmol/L)

and the indicated concentrations of etoposide (A), gemcitabine (B), cisplatin (C), and talazoparib (D) for 72 hours. E–H, H82 cells were coincubated with the

indicated concentrations of M4344 and etoposide (E, 1 mmol/L), gemcitabine (F, 1 nmol/L), cisplatin (G, 0.5 mmol/L), and talazoparib (H, 5 nmol/L) for 72 hours.

Cell viability was accessed by CellTiter-Glo assay. Synergy plots are presented in Supplementary Fig. S4.
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further clinical evaluation of M4344 in cancer therapy. We also show

that M4344 exhibits broad range activity in multiple cancer models as

it induces significant synergy with a broad range of widely used clinical

agents that target DNA and induce replication stress in various cancer

cell lines, patient-derived prostate tumor organoids, and human

cancer cells–derived SCLC mouse xenografts.
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Figure 5.

M4344 synergizes with topotecan in patient derived prostate tumor organoids. A–D, LuCaP 145.2 (A), LuCaP 173.1 (B), MB155 (C), and MB44 (D) organoids were

incubated with a noncytotoxic concentration of M4344 (25 nmol/L) and the indicated concentrations of topotecan for 72 hours. Cell viability was quantified using

CellTiter-Glo 3D. Data shown are the mean � SEM (N ¼ 4 for each group). P values indicate statistical difference between groups (topotecan vs. combination;
� , P values < 0.0001). E, Bar graph representing normalized AUC values calculated by measuring changes in cell viability of organoids treated as indicated. Data

shown are the mean � SEM (N ¼ 4 for each group; � , P values < 0.0001).
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Figure 6.

Efficacy of the combination of M4344 with irinotecan in human small-cell lung cancer tumor xenografts and schematic flow chart summarizing this study. A–D, The

in vivo efficacy ofM4344was evaluated inmice transplantedwithH82 (A) andH446 (B) cells.Mice received subcutaneous injections in the rightflankwith cancer cells

(in PBS/Matrigel). Mice received M4344 at an oral dose of 10mg/kg, irinotecan at an intraperitoneal dose of 50mg/kg or the combination thereof. Both compounds

were applied once weekly, the treatment duration was 2 weeks for the H82 and 5 weeks for the H446. For the combination M4344 was applied 24 hours after

Irinotecan. Tumor volumes are shown as mean � SEM (N ¼ 10 mice for each group). C and D, Benefits of progression-free survival by combination treatment,

compared with control treatment and either monotherapy. E, M4344 inhibits activation of the ATR signaling pathway, thereby consequently blocking signal

transduction from replicative DNA damage. After M43444 treatment, cells undergo replication catastrophe with DNA damage and mitotic defects, leading to cell

death. Gene expression signatures including replication stress (RepStress), NE signature, and SWI/SNF inactivation are candidate predictive markers for M4344 in

cancer therapy.
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On the basis of single-agent cytotoxicity, synergy with TOP1

inhibitors and inhibition of CHK1 activation, we conclude that the

four ATR inhibitors in clinical development can be ranked by potency

as: M4344 � BAY1895344 > berzosertib (M6620/VX-970) > cerala-

sertib (AZD6738). This ranking is consistent with recent reports and

unpublished data (11, 12). It is also notable that M4344 is chemically

distinct (see Fig. 1A), whereas berzosertib is chemically related to VE-

821, itself a potent ATR inhibitor but with unsatisfactory in vivo

activity (35), and BAY1895344 is chemically related to ceralasertib

(AZD6738). Hence, further studies are warranted to compare the

binding sites and molecular interactions between M4344 and ATR

with the other clinical ATR inhibitors.

ATR inhibitors are being developed both as single agents and as

adjuvants to chemotherapy for tumors that require ATR to adjust to

replication stress and defective DNA repair (summarized in Fig. 6E;

refs. 11, 12). Single-agent activity was clearly observed with M4344

across the 16 cell lines tested in our study as well as in two of the four

prostate organoid tumors. Synthetic lethality screens with ATR have

been hampered by the fact that ATR is essential in cell proliferation.

Yet, siRNA screening for TOP1 inhibitors revealed ATR as synthetic

lethal with CPT and LMP400 (indotecan; ref. 35). Previous reports also

indicated that alterations of ATM, BRCA1/2, ARID1A, and oncogenic

activation of MYC and Cyclin E1 confer hypersensitivity to ATR

inhibition (reviewed in refs. 11, 12), leading to synthetic lethality.

Consistent with these prior findings and the requirement for ATR to

prevent replication catastrophe (Fig. 6E; ref. 40), our results with a

gene expression signature for replication stress (RepStress) showed

significant predictive values for M4344, suggesting that this RepStress

signature could potentially be used to select patients for treatment with

ATR inhibitors. We also confirmed the importance of dysfunctional

SWI/SNF complex involved in ATR dependency by finding BRG1

(SMARCA4) dependency (38) for M4344 response in the panel of

cancer cell lines examined here. Underlying the importance of chro-

matin structure and dynamics, we also found that inactivation of

another SWI/SNF component (ARID1A), which is also commonly

mutated in cancers, was significantly correlated with M4344 activity.

In addition, based on the cancer cell lines and prostate organoid

models, we found that tumors with NE characteristics such as

SCLC (27) and prostate tumors (44) were significantly correlated with

cytotoxic response to M4344. NE gene signature could be also a

promising biomarker for determination of prognosis and therapeutic

choice across various cancer types (45). Thus, our preclinical results

may prompt further clinical studies with gene expression signatures to

assess the clinical activity ofM4344 and prediction of drug response, as

well as expansion with other clinical ATR inhibitors (Fig. 6E).

As adjuvants to chemotherapy, prior studies with VE-821, berzo-

setib (M6620/V-970), and ceralasertib (AZD6738) have established

that ATR inhibitors are highly synergistic with chemotherapeutic

agents inducing replication stress (Fig. 6E; refs. 12, 14). Consistent

with M4344 targeting ATR, we found that, in multiple models

including diverse cancer cell lines, prostate organoids, and mouse

xenografts, M4344 was highly synergistic with a broad range of

clinically relevant replication stress inducers including TOP1 inhibi-

tors (topotecan, irinotecan, exatecan, indotecan), PARP inhibitors

(talazoparib), gemcitabine, and cisplatin. Given that those DNA

damaging agents are widely used in standard of care cancer treatments,

low-dose combinations of M4344 and DNA damaging agents may

overcome the chemoresistance of tumors such as those with inacti-

vation of SLFN11 (46, 47).

A challenge of combination therapies with ATR inhibitors is dose-

limiting toxicity due to the fact that replicating normal tissues (intes-

tine, bone marrow, and hair follicles) are affected by the combination

in addition to the targeted rapidly proliferative tumors. One approach

to spare the normal tissues is to combine ATR inhibitors with tumor-

targeted TOP1 inhibitors (TTTi) using a “gapped schedule” (36). This

strategy consists in administering TTTi as short intravenous infusions

at broad intervals (2-4 weeks) and to give the ATR inhibitor once the

normal tissues are cleared (2-3 days after the TTTi injection), on a

continuous basis (daily or else depending on the pharmacokinetics of

the ATR inhibitor) to ensure sustained ATR inactivation during the

time the TTTi is retained in the tumor. Hence, further studies are

warranted to combineM4344 orally in a gapped schedule combination

with TTTis such as Enhertu and sacituzumab govitecan (36).

Another challenge is how to choose rationally among the ATR

inhibitors in clinical development. Like BAY1895344 and ceralasertib,

M4344 is given orally, whereas the first-generation ATR inhibitor

berzosertib (M6620/VX-970) is intravenous. Although intravenous

ensures reliable delivery of the drug dose to the patient, oral admin-

istrations enable continuous treatment, which would work well with

“gapped scheduling.” The safety, tolerability, pharmacokinetics, and

pharmacodynamics of M4344 in monotherapy as well as combination

with chemotherapy are being explored in a first-in-human study

(NCT02278250). A clinical trial to investigate a combination of the

PARP inhibitor niraparib with M4344 in PARP inhibitor resistant

ovarian cancer was recently announced (NCT04149145).

In summary, M4344 is a highly potent ATR kinase inhibitor that

synergizes with a broad range of clinical anticancer agents and kills

cancer cells by inducing replication catastrophe, collapse of cell-cycle

progression, and irreparable DNA damage (Fig. 6E). Our findings also

raise the possibility that gene expression signature-related replication

stress andNEdifferentiationmay contribute to the selection of patients

for M4344 therapy as a useful therapeutic marker.
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