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15 Purpose: Genomic instability is a hallmark of cancer and target-
16 ing DNA damage response (DDR) is emerging as a promising
17 therapeutic strategy in different solid tumors. The effectiveness of
18 targeting DDR in colorectal cancer has not been extensively
19 explored.
20 Experimental Design: We challenged 112 cell models recapit-
21 ulating the genomic landscape of metastatic colorectal cancer with
22 ATM, ATR, CHK1, WEE1, DNA-PK inhibitors, in parallel with
23 chemotherapeutic agents. We focused then on ATR inhibitors
24 (ATRi) and, to identify putative biomarkers of response and
25 resistance, we analyzed at multiple levels colorectal cancer models
26 highly sensitive or resistant to this drug.
27 Results: We found that around 30% of colorectal cancers,
28 including those carrying KRAS and BRAF mutations and unre-
29 sponsive to targeted agents, are sensitive to at least one DDR

30 inhibitor. By investigating on potential biomarkers of response to
31 ATRi, we found that ATRi-sensitive cells displayed reduced phos-
32 pho-RPA32 foci at basal level, while ATRi-resistant cells showed
33 increased RAD51 foci formation in response to replication stress.
34 Lack of ATM and RAD51C expression was associated with ATRi
35 sensitivity. Analysis of mutational signatures and HRDetect score
36 identified a subgroup of ATRi-sensitive models. Organoids derived
37 from patients with metastatic colorectal cancer recapitulated find-
38 ings obtained in cell lines.
39 Conclusions: In conclusion, a subset of colorectal cancer refrac-
40 tory to current therapies could benefit from inhibitors of DDR
41 pathways and replication stress. A composite biomarker involving
42 phospho-RPA32 and RAD51 foci, lack of ATM and RAD51C
43 expression, as well as analysis of mutational signatures could be
44 used to identify colorectal cancer likely to respond to ATRi.

45 Introduction
46 DNA damage response (DDR) pathways play a critical role for the
47 growth and survival of cancer cells, and their aberrant regulation is
48 responsible for genomic instability, a well-known cancer hallmark (1).
49 Five major repair pathways including homologous recombination
50 (HR), non-homologous end-joining (NHEJ), base excision repair

52(BER), nucleotide excision repair, and DNA mismatch repair
53(MMR) are modulated by more than 450 different effectors which
54are involved in the repair of single-nucleotide defects or DNA
55single-strand and double-strand breaks (ref. 2). Several studies have
56already elucidated the role of HR defects and their clinical implica-
57tions in cancers such as those of ovarian, breast, prostate, and
58pancreatic origin (3). In light of the cross-talk between DNA
59damage sensing, repair, and cell-cycle checkpoints, a set of DDR
60inhibitors (DDRi) targeting essential DNA repair pathways was
61recently developed following the paradigmatic example of PARP
62inhibition in BRCAness-affected cancers (4). Replication stress (RS)
63represents a cause of DNA damage (5) and elevated levels of RS are
64often observed in cancer cells, mostly attributed to the presence of
65oncogenic signaling or to the aberrant regulation of cell-cycle
66checkpoint activators. Therefore, RS, together with defective DDR,
67represent a therapeutic opportunity in cancers (6, 7).
68Colorectal cancer is the third leading cause for cancer-related death
69in the Western world and current classification based on loss of a
70specific DDR function encompasses the distinction into microsatellite
71stable (MSS) and unstable (MSI Q5) colorectal cancers (8). A subset of
72colorectal cancer with MSI-high or deficient MMR profiles are effec-
73tively treated with immune checkpoint inhibitors (9), while MSS
74colorectal cancers are mainly subjected to one-size-fits-all chemother-
75apeutic regimen, often exposing patients to known risk of iatrogenic
76toxicity in exchange of an unknown chance of clinical benefit. We and
77others have shown that several targeted agents, including EGFR,
78HER2, TRK, and BRAF inhibitors, are effective in subsets of patients
79with MSS colorectal cancer, but response is generally transient owing
80to the emergence of acquired resistance (10). Moreover, for both
81patients with MSI and MSS colorectal cancer, available treatments
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84 beyond second-line regimen remain limited owing to the low efficacy
85 and high toxicity burden (11).
86 Recent works suggest that colorectal cancers carrying defective
87 DNA repair pathways might be amenable to PARP therapeutic
88 targeting (12–14) or drugs targeting RS (15–17), although identifica-
89 tion of reliable biomarkers of response and/or stratification
90 approaches still remain a pressing need.
91 Here, we sought to explore in a more systematic and extended way
92 the efficacy of targeting DDR in colorectal cancer by screening 112 cell
93 lines recapitulating the molecular landscape of colorectal cancer with
94 seven different DDRi. Around 30% of colorectal cancer cell models
95 resulted sensitive to at least one DDRi with addition of observed
96 sensitive pattern to RS inhibitors also in a subset of patient-derived
97 organoids (PDO). In addition, we show how alterations of DDR
98 effectors and the analysis of mutational signatures could be exploited
99 as a “composite” biomarker to identify patients likely to benefit from
100 ATR inhibitors (ATRi), a class of drugs that are currently under
101 advanced clinical development and showing efficacy also as mono-
102 therapy (18). Parallel analysis of response to chemotherapeutic agents
103 pinpoints cross-sensitivities with clinically relevant implications.

104 Materials and Methods
105 Cell lines and cell authentication
106 Colorectal cancer cell lines as a part of our biobank were charac-
107 terized previously (refs. 12, 19, 20; Supplementary Table S1). Each cell
108 line was cultured in its specific media under standard culture condi-
109 tions and routinely checked for Mycoplasma contamination (PCR
110 Mycoplasma Detection Kit; ABM). Genetic identity was performed
111 before drug testing and keymolecular assays by using the PowerPlex 16
112 HSSystem (Promega) through short tandem repeats at 16 different loci
113 (D5S818, D13S317, D7S820, D16S539, D21S11, vWA, TH01, TPOX,
114 CSF1PO, D18S51. D3S1358, D8S1179, FGA, Penta D, Penta E, and
115 amelogenin). Amplicons from multiplex PCRs were separated by
116 capillary electrophoresis (3730 DNA Analyzer; Applied Biosystems)
117 and analyzed usingGeneMapperID v.3.7 software (Life Technologies).

118 DDRis and chemotherapeutic drugs
119 5-fluorouracil (5-FU; S1209), oxaliplatin (S1224), SN-38 (S4908),
120 and olaparib (AZD2281, Ku-0059436, S1060) were purchased from

122Selleckchem. Berzosertib (ATRi; HY-13902), ceralasertib (ATRi; HY-
12319323), rabusertib (CHKi Q6; HY-14720), adavosertib (Wee1i; HY-
12410993), AZD0156 (ATMi; HY-100016), and nedisertib (DNA-PKi;
125HY-101570) were purchased from MedChemExpress, while MG-132
126(474790) was purchased from Merck and hydroxyurea (HU; H8627)
127from Sigma.

128Chemotherapy and DDRi screening
129The sensitivity was tested in a 7-day-long proliferation assay. Cells
130were seeded in 48-well culture plates in different numbers per well
131depending on a cell line to reach 80%–90% confluency of control wells
132in the end of the assay. The following day, serial dilutions of oxaliplatin
133(0.75–12 mmol/L), 5-FU (0.625–10 mmol/L), SN-38 (1–150 nmol/L),
134berzosertib (0.65–3 mmol/L), ceralasertib (0.215–10 mmol/L), rabu-
135sertib (0.1–5 mmol/L), adavosertib (0.65–3 mmol/L), AZD-0156 (0.32–
13615 mmol/L), and nedisertib (0.43–20 mmol/L) were added using the
137Tecan D300e Digital Dispenser. Seven days later, the cell viability was
138assessed by Cell TiterGlo Luminescent Cell Viability assay (Promega)
139and measured by the Tecan SPARK M10 plate reader. Viability
140measured for each treatment condition was normalized to untreated
141controls. Final data are an average of at least three biological replicates
142with calculated AUC values. To rank cells’ response within each
143particular drug, we calculated Z score values based on the standard
144formula.

145Genomic DNA extraction, whole-exome sequencing, and
146bioinformatic analysis
147Genomic DNA samples were extracted from each cell line using
148Maxwell RSC Blood DNA Kit (Promega) and sent to IntegraGen
149(France) for sequencing. Data analysis was performed in-house
150following procedures described previously (21).

151RNA extraction, sequencing, and bioinformatic analysis
152RNA samples were extracted using Maxwell RSC miRNA Tissue
153Kit (Promega). RNA sequencing (RNA-seq) reads in FASTQ format
154were aligned to the hg38 version of the human genome using the
155splice-aware MapSplice aligner. Output BAM files were processed
156to translate genomic coordinates into transcriptomic ones and
157remove reads with indels, large inserts, and zero mapping quality
158before proceeding with transcript and gene quantification using
159RSEM and GENCODE Release 33 as human gene annotation. In
160particular, we computed robust fragments per kilobase of transcript
161per million mapped reads (FPKM) values exploiting the tximport R
162Bioconductor package (22) and the FPKM function included in the
163DESeq2 R Bioconductor package (23) starting from RSEM gene-
164level expected counts and effective lengths obtained for each gene in
165each sample. The resulting gene expression matrix was subsequently
166annotated with gene names from the GENCODE annotation file
167and filtered by applying the following criteria: (i) genes on chrM or
168chrY pseudoautosomal regions were removed; (ii) genes with FPKM
169¼ 0 in >90% analyzed samples or FPKM < 1 in all analyzed samples
170were considered not expressed and removed; (iii) only protein-
171coding genes, as defined by the GENCODE annotation file, were
172selected for subsequent analysis.

173Prediction of molecular subtypes
174The prediction of CMS and CRIS molecular subtypes was per-
175formed after log2 transformation of gene expression values using the
176CMScaller R package and the CRIS classifier R package with default
177parameters. Cell lines that cannot be confidently assigned to a single
178subtype (FDR > 5%) were labeled as NA (not available).

Translational Relevance

The identification of novel effective therapies for patients with
colorectal cancer that cannot benefit from targeted or immune
treatment represents a pressing need in oncology. Defects in
effectors involved in the DNA damage response (DDR) and
replication stress response might constitute a potentially targetable
vulnerability that has led to the development of new agents (DDR
inhibitors, DDRi), currently under phase I–III testing. In this work,
we test the sensitivity to seven different types of DDRi in a platform
including 112 cell lines representing the molecular landscape of
colorectal cancer and in a subset of colorectal cancer organoids. Of
note, we identify that up to 30% of colorectal cancer models are
sensitive to at least one DDRi and we suggest that the use of a
composite biomarker involving phospho-RPA32 and RAD51 foci
analysis, lack of ATMand RAD51C expression as well as HRDetect
analysis could better stratify colorectal cancer likely to benefit from
ATRi.
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181 MSI analysis
182 The microsatellite instability (MSI) status was evaluated as
183 described previously (12).

184 Circos plot generation
185 Circular representation of colorectal cancer molecular features was
186 generated by combining functions of R packages circlize and
187 ComplexHeatmap (24, 25).

188 Whole-genome sequencing and mutational signature analysis
189 Genomic DNA samples were extracted using ReliaPrep gDNA
190 Tissue Miniprep System (Promega) and sent to IntegraGen (France)
191 for sequencing. Raw reads were aligned to the human reference
192 genome GRCh37/hg19 by bwa-memQ7 (26) and the resulting BAM files
193 were used as input for the pipeline developed to assess mutational
194 signatures on colorectal cancer cell lines (without matched normal).
195 Germline small [single-nucleotide variants (SNV) and Indels] and
196 structural variants (SV) were first detected with Strelka (version 2.9.10;
197 ref. 27) and Manta (version 1.6.0; ref. 28), executed on tumor-only
198 mode, using default parameters. Variants with “PASS” filter flag were
199 taken into the next step. Common SNVs and Indels located within a
200 genomic window of common Indels that started 4 bp upstream and
201 ended 4 bp downstreamwere removed alongwith recurrent variants in
202 the cohort. SVswere discarded if fully locatedwithin the same genomic
203 region of common SVs from the same class (tandem duplications,
204 deletions, inversions, and translocations). So-called common variants
205 were compiled from four databases available in the literature (29–32).
206 Copy-number alterations (CNA) were called with ASCAT (33)
207 using read counts at genomic positions present in 1000 Genome SNPs
208 (phase III, release 83; ref. 34). Read counts from tumor samples were
209 normalized using read count medians of all colorectal cancer cell lines
210 at each genomic position.
211 Mutational signature analysis was performed using SignatureTools
212 software package (35) on thefiltered variants. SignatureExtraction (35)
213 algorithm was adapted to additionally extract base substitution sig-
214 natures that have not been classified as known signatures but are
215 present in these unmatched colorectal cancer cell lines. Variants r in
216 these “novel” signatures are likely to represent outstanding germline
217 variants or artifacts introduced in the various steps of cell line culturing
218 and sequencing that were not discarded in previous steps. Cosmic base
219 substitution signatures (v3.2; ref. 36) 1, 2, 3, 5, 6, 7a, 7b, 8, 10a, 10b, 11,
220 13, 14, 15, 17a, 17b, 18, 20, 26, 28, 30, 36, 37, 40, 44, known to be
221 associated with DDR pathways or observed in colorectal cancer, were
222 considered on signature extraction with SignatureFit. The two “novel”
223 signatures were also added to the list to allow an independent
224 extraction of signature associated with outstanding germline variants
225 and artifacts.
226 The HRDetect model suitable for mutational signature analysis
227 carried out with samples without matched normal using tumor
228 variants and CNAs calls filtered with the pipeline described above
229 was derived on the same training and validation dataset of the original
230 model (37). In this case, only one “novel” signature was added to
231 represent outstanding germline variants. The resulting HRDetect
232 model predicted BRCA1/BRCA2 deficiency with a sensitivity and
233 specificity of approximately 91% in 560 breast cancers for a proba-
234 bilistic cutoff of 0.5. The same model was used to estimate HRDetect
235 score in the colorectal cancer cell lines.

236 CRISPR-mediated ATM knockout
237 To knockout (KO) ATM in SW480 cell line, we used the genome
238 editing one vector system (lentiCRISPR-v2; Addgene #52961).

240Single-guide RNAs (sgRNA) were designed using the CRISPR tool
241(http://crispr.mit.edu) and the following sgRNA sequences were
242used: sgRNA1: CCAAGGCTATTCAGTGTGCG; sgRNA2: TGA-
243TAGAGCTACAGAACGAA. Annealed sgRNA oligonucleotides
244targeting mouse ATM were cloned into Bsmbl lentiCRISPR-v2
245plasmid, as described previously (38). SW480 cells were transfected
246with lentiCRISPR-v2 vector plasmid (using the same guides as
247described above). Transfection was carried out using Lipofectamine
2483000 (Life technologies) and Opti-MEM (Invitrogen), according to
249the manufacturer’s instructions. After 48 hours, cells were incu-
250bated with puromycin (Sigma-Aldrich) for 4 days and subsequently
251single-cell diluted in 96-well plates. We selected clones that lacked
252ATM and confirmed the absence of the protein and Cas9 based on
253Western blot analysis. Testing of ATM KO clones with berzosertib
254and ceralasertib was performed in 96-well plates, where cells were
255treated for 6 days at the indicated concentrations and cell viability
256was assessed by Cell TiterGlo Luminescent Cell Viability assay
257(Promega). Treated wells were normalized to untreated wells. Final
258results are expressed as an average of three biological replicates.

259Immunofluorescence
260Cells seeded at a density of 1–2 � 105 cells on a glass coverslip in a
26124-well plate were treated the next day with HU at a concentration of
2622.5 mmol/L for indicated times. At the end of treatment, cells were
263fixed in 4%paraformaldehyde for 20minutes at room temperature and
264permeabilized with 0.1% Triton-X100 in PBS for 5minutes. Cells were
265incubated at room temperature with 1% BSA in PBS for 30 to 60
266minutes, followed by incubation overnight at 4�C with the following
267primary antibodies diluted in PBS containing 1% of BSA: anti-phos-
268pho-RPA32 (Ser33; Bethyl Laboratories A300-246A; 1:500), anti-
269phospho-CHK1 (Ser345; Cell Signaling Technology 2348S; 1:400),
270anti-phospho-Histone H2AX (Ser139; Bethyl Laboratories A300-
271081A; 1:600), anti-RAD51 (Millipore ABE257; 1:100). After washing,
272cells were fluorescently labeled with an Alexa Fluor 555 or Alexa Fluor
273488 donkey anti-rabbit antibody (Molecular Probes; 1:400) for 1 to
2742 hours at room temperature. Nuclei were stained with DAPI. A Leica
275DMI6000B fluorescence microscope (Leica Microsystems) under a
27640� dry objective was used to detect pRPA32, pCHK1, gH2AX, and
277RAD51 foci or pan-nuclear staining. For detection of nuclear-localized
278foci, images were captured at 10 individual z-planes and were merged
279using the “ZProject” function in ImageJ. Individual nuclei were scored
280for foci positivity as identified based upon signal intensity above
281general background staining levels and present within the nucleus as
282assessed by DAPI staining. Cells containing ≥ 5 distinct foci were
283defined as foci positive, and the percentage of positive nuclei was
284calculated as [(number of foci-positive nuclei)/(number of nuclei
285scored)]�100. For pan-nuclear staining, images were captured at the
286focal plane. Individual nuclei were scored for positivity using the
287ImageJ “analyze particles” function and the percentage of positive
288nuclei was calculated as [(number of foci-positive nuclei)/(number of
289nuclei scored)]�100. Aminimumof 400 nuclei per sample were scored.

290Olaparib screening
291The response to olaparib in a long-term proliferation assay (10–
29214 days) was retrieved from our previous publication (12). For all the
293cell lines which were not tested previously, we provided the very same
294experimental setup.

295Organoid culture and drug screening
296Tumor samples were obtained from patients treated at Niguarda
297Cancer Center (Milan, Italy) after written consent and the study was
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300 conducted in accordance with the local Independent Ethical Com-
301 mittee (protocol 194/2010). The PDOs and patient-derived xenoor-
302 ganoidsQ8 were established andmaintained in the culture as described in
303 full details in ref. 12.
304 Organoids were enzymatically dissociated using TrypLE Express
305 Enzyme for 10 to 20 minutes at 37�C to obtain single-cell suspensions
306 and seeded at a density of 4,000 to 6,000 cells per well in 96-well plates
307 precoated with basementmembrane extract (BME; Cultrex BMEType
308 2; Amsbio) overlayed with 100 mL of 2% BME/growth mediaQ9 . The
309 treatment with drugs started on day 4 after seeding when formed
310 growing organoidswere visible. Organoidswere treated in fresh 150mL
311 medium containing 2% BME with increasing doses of six different
312 DDRi or SN-38 in technical quadruplicates, covering physiologic
313 concentrations of the drugs. Treatment was done automatically by
314 Tecan D300e Digital Dispenser. A total of 4 mmol/L MG-132 was used
315 as a positive control, DMSO served as negative control. The viability
316 was assayed at the end of the experiment after 7 days of treatment by
317 CellTiter-Glo Luminescent Cell Viability assay (Promega) with mod-
318 ifications. Briefly, plates were equilibrated at room temperature for 30
319 minutes and reagent was mixed 1:1 with organoid media. Organoids
320 were then subjected to the lysis by vigorous shaking for 25minutes, and
321 readout was done by plate reader Tecan SPARK 10M. The raw CTG
322 values were normalized to the mean of the DMSO control wells on a
323 per-plate basis. The control wells (positive and negative) were used to
324 calculate Z factors to indicate the quality of the data generated in the
325 screening plate (as a standard rule, data obtaining Z factor >0.4 are
326 acceptable). All experiments were independently repeated at least two
327 times, and final results are expressed as an average of biological
328 replicates.
329 The formula used to calculate Z factor:
330

Z factor ¼ 1� 3 � standard deviation negative controlð Þ þ 3 � standard deviation positive controlð Þ
average negative controlð Þ � average positive controlð Þ

331332
333 Immunofluorescence in organoids
334 Untreated and HU-treated (at a concentration of 2.5 mmol/LQ10 for
335 24 hours) organoids, grown on chamber slides (Falcon Culture-
336 Slides) previously precoated with BME (Cultrex BME Type 2;
337 Amsbio), were fixed in 4% paraformaldehyde in PBS solution for
338 30 minutes at room temperature and permeabilized with 0.5%
339 Triton-X100 in PBS for 30 minutes at room temperature. Organoids
340 were then incubated with 1% BSA in PBS for 60 minutes, followed
341 by incubation overnight with the following primary antibodies
342 diluted in PBS containing 1% of BSA and 1% of donkey serum:
343 anti-RAD51 (Millipore ABE257; 1:100), anti-phospho-RPA32
344 (Ser33; Bethyl Laboratories A300-246A; 1:500), and anti-phos-
345 pho-Histone H2AX (Ser139; Bethyl Laboratories A300-081A;
346 1:600). After washing, organoids were fluorescently labeled with
347 Alexa Fluor 488 donkey anti-rabbit antibody (Invitrogen) diluted
348 1:400 in PBS containing 1% BSA and 1% donkey serum for 1 to
349 2 hours. Nuclei were stained with DAPI. Slides were then mounted
350 using the fluorescence mounting medium (Dako) and analyzed
351 using a confocal laser scanning microscope (TCS SPE II, Leica).

352 IHC in cell lines and organoids
353 For IHC analyses, biological samples were sliced in 4-mm-thick
354 sections, deparaffinized in xylene, and rehydrated through decreasing
355 concentrations (100%, 95%, 80%, and 70%) of ethyl alcohol, then
356 rinsed in distilled water. Antigen retrieval was carried out using

358preheated target retrieval solution for 30 minutes. Endogenous per-
359oxidase activitywas quenchedwith 0.3%hydrogen peroxide in distilled
360water. Slides were treated with 1% BSA and 2% FBS in PBS
361and then incubated in a closed humid chamber overnight at 4�C with
362anti-RAD51C (1:1,000, Thermo Fisher Scientific, PA5-75307) or anti-
363ATM antibody (1:100 in case of cell lines; 1:500 in case of PDOs,
364Abcam ab32420). The antibody binding was detected using a polymer
365detection kit (GAR-HRP, Microtech) followed by a diaminobenzidine
366chromogen reaction (Peroxidase substrate kit, DAB, SK-4100; Vector
367Lab). All sections were counterstained with Mayer’s Hematoxylin
368(Diapath, C0305) and visualized using a bright-fieldmicroscope (Leica
369DM750).

370Western blotting
371Cells were seeded in 6-well culture plates (seeding number was
372adjusted for each cell line to reach optimal confluency by the end of the
373experiment), treated next day with 1 mmol/L ATRi ceralasertib for
37424 hours, 2.5 mmol/L HU for 4 hours, and their combination for
37524 hours (HU was added for the last 4 hours of the treatment). Cells
376were subsequently lysed in using boiling SDS buffer [50 mmol/L Tris-
377HCl (pH 7.5), 150 mmol/L NaCl, and 1% SDS] to extract total cellular
378proteins, quantified by the BCA Protein Assay Reagent kit (Thermo
379Fisher Scientific), and prepared using LDS and Reducing Agent
380(Invitrogen). Western blot analysis was performed with Enhanced
381Chemiluminescence System (GE Healthcare) and peroxidase-
382conjugated secondary antibodies (Amersham). The following primary
383antibodies were used for Western blotting: anti-phospho-RPA32
384(Ser33; Bethyl Laboratories A300-246A; 1:1,000), anti-RPA32 (Abcam
385AB252861; 1:2,000), anti-RPA32 (S4/S8; Bethyl Laboratories A300-
386245A; 1:3,000), anti-ATR (Cell Signaling Technology, 13934S;

3871:1,000), anti-phospho-CHK1 (Ser345; Cell Signaling Technology,
3882348S; 1:1,000), anti-CHK1 (Cell Signaling Technology, 2360S;
3891:1,000), anti-phospho-Histone H2AX (Ser139; Cell Signaling Tech-
390nology, 80312S; 1:1,000), anti-H2AX (Cell Signaling Technology,
3917631S; 1:1,000), anti-phospho-DNA-PK (Ser2056; Cell Signaling
392Technology, 68716S; 1:1,000), anti-DNA-PK (Cell Signaling Technol-
393ogy, 12311S; 1:1,000), anti-RAD51 (Genetex GTX70230; 1:1,000), and
394anti-HSP90 (Santa Cruz Biotechnology, SC-7947; 1:1,000). In the
395Western blot screening analysis, we used following antibodies: anti-
396ATM (Cell Signaling Technology, 2873S; 1:1,000); anti-P53 (Sigma-
397Aldrich p5813; 1:1,000); anti-RAD51C (Santa Cruz Biotechnology SC-
39856214; 1:1,000) and anti-Vinculin (MERCK 05-386; 1:3,000). Detec-
399tion of the chemiluminescent signal was performed with ChemiDoc
400Imaging System (Bio-Rad).

401In vivo xenograft models
402Animal procedures were approved by the Ethical Commission of
403the Institute FIRC ofMolecular Oncology (IFOM,Milan, Italy) and by
404the ItalianMinistry of Health, and were performed in accordance with
405institutional guidelines and international law and policies. Mice were
406obtained from Charles River and were maintained under pathogen-
407free conditions in individually ventilated cages and with free access to
408food andwater. During the experiment, investigators were not blinded.
409Mice were checked daily for signs of illness and distress.
410Four-to five weeks old female NOD-SCID mice were used. Tumor
411size was measured twice a week and calculated using the formula V¼
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414 (d2�D)/2 (d¼minor tumor axis;D¼major tumor axis) and reported
415 as tumor volume (mm3; mean � SEM of individual tumor volumes).
416 Exponentially growing C80 cells were resuspended in a mixture of
417 50% PBS and 50%Matrigel (Corning) and injected subcutaneously in
418 the flank (5�106Q11 cells permouse). Once the tumors reached a volume of
419 approximately 100/200 mm3Q12 , mice were randomized (at least 8 per
420 group) to receive ceralasertib (prepared in 10% DMSO, 40% PEG300,
421 5% Tween80, and 45% sterile water) or vehicle. The drug solution and
422 the vehicle control were administered by oral gavage daily at 50 mg/kg
423 for 3 weeks.

424 Statistical analysis
425 Results were expressed as means � SEM or SD. Statistical
426 significance was evaluated by unpaired t test or Mann–Whitney
427 test as indicated using GraphPad Prism software. P < 0.05
428 was considered statistically significant (�, P < 0.05; ��, P < 0.01;
429 ���, P < 0.001; ����, P < 0.0001).

430 Data availability statement
431 The datasets generated during and/or analyzed during the current
432 study are available from the corresponding author on reasonable
433 request.

434 Results
435 Selection of cell line models recapitulating the genomic
436 landscape of colorectal cancer
437 We previously tested a panel of 99 MSS colorectal cancer cell lines
438 enriched for KRAS and BRAF alterations and identified a subset
439 of tumors (around 13%) displaying sensitivity to the PARP inhibitor
440 (PARPi) olaparib (12). In this work, we have studied a dataset of
441 112 cell lines, which include not only the majority of those previously
442 tested with olaparib, but also an additional set of EGFR/RAS/BRAF/
443 PIK3CA wild-type and MSI cell lines which were selected to parallel
444 the molecular and transcriptional landscape of colorectal cancer
445 (refs. 39, 40; Fig. 1A; Supplementary Table S1). Overall, this panel
446 includes 31 cell lines recently derived from tumor biopsy or surgical
447 colorectal cancer samples, as well as from patient-derived xenografts,
448 for which the clinical annotation is available (refs. 20, 41; Fig. 1A;
449 Supplementary Table S1).

450 Systematic targeting of DDR pathways in colorectal cancer
451 preclinical models
452 To establish the fraction of colorectal tumors sensitive to DDR
453 pathway inhibitors, we screened colorectal cancer cell lines with drugs
454 targeting key DDR proteins, namely ATM, ATR (two distinct inhi-
455 bitors), CHK1, WEE1, and DNA-PK (Fig. 1B and Fig. 2; Supplemen-
456 tary Fig. S1; ref. 7). For ATR blockade, we employed berzosertib and
457 ceralasertib, because both inhibitors are undergoing clinical develop-
458 ment for several solid tumors with varying dosing protocols and
459 administration routes (refs. 17, 42; Fig. 1B and Fig. 2; Supplementary
460 Fig. S1).
461 Wealso assessed sensitivity to the PARPi olaparib in cellmodels that
462 were not included in our previous study (ref. 12;Fig. 2). In addition, we
463 tested sensitivity of the colorectal cancer cell platform with the three
464 most used standard-of-care cytotoxic drugs in colorectal cancer,
465 namely, 5-FU, SN-38 (the active metabolite of irinotecan), and oxa-
466 liplatin, leading to the identification of additional responsive colorectal
467 cancer lines (Fig. 2).
468 Cell-specific and variable levels of response to chemotherapy were
469 noted (Fig. 2); an overlapping pattern of response was observed

471between SN-38 and the ATRis ceralasertib and berzosertib (Spearman
472correlation r ¼ 0.52 and 0.43, respectively; P < 0.0001; Fig. 2; Sup-
473plementary Fig. S2A and S2B).

474RS is a targetable vulnerability in colorectal cancer
475Drug screening revealed that around 30% of colorectal cancer lines
476were sensitive to DDRi, with 25% cases being particularly susceptible
477to ATR inhibition. These values are based on viability <35% at the
478clinically relevant concentration of 1 mmol/L of the ATRi ceralasertib
479(Fig. 2). Cross-sensitivity to the twoATRis berzosertib and ceralasertib
480was evident (Spearman correlation r ¼ 0.78; P < 0.0001), thus
481validating the screening (Supplementary Fig. S2C). Pathway sensitivity
482was also maintained with CHK1 and WEE1 inhibition through
483rabusertib and adavosertib treatment, respectively, thus revealing a
484broad dependency to the RS pathway in a subset of colorectal cancer
485models (Fig. 2; Supplementary Fig. S3A–S3D).
486We considered that ATRi are in advanced clinical development and
487appear to show effectiveness as monotherapy (18), while ATMi and
488DNA-PKi appear to be more effective when combined with targeted,
489radio- or chemo-based therapies (43, 44). Accordingly, we focused on
490understanding the impact of RS on response to the ATR blockade in
491colorectal cancer.
492We used HU to trigger RS in colorectal cancer cells and we
493initially assessed pathway activation by immunofluorescence anal-
494ysis on four ATRi-sensitive and four ATRi-resistant cell lines
495(Supplementary Fig. S4). We evaluated the role of different DDR
496effectors on RS, such as gH2AX, a marker of DNA damage (45),
497activation of replication Protein A (phospho-RPA32), a heterotri-
498meric protein which recruits DDR effectors to the damage site to
499initiate the RS response (46), and the phosphorylated form of CHK1
500(pCHK1 S345), a direct ATR target involved in cell-cycle modu-
501lation (ref. 47; Supplementary Fig. S4).
502Induction of RS by HU-triggered DNA damage in both ATRi-
503sensitive and ATRi-resistant cells, as shown by increased levels of
504gH2AX and pCHK1 (Supplementary Fig. S4A and S4B). Levels of
505phosphoS33-RPA32, a residue directly phosphorylated by ATR (48),
506increased upon HU treatment in both groups (Supplementary
507Fig. S4C, pan-nuclear signal). We assessed basal levels of pRPA32
508foci as an indicator of endogenous RS and we found that ATRi-
509resistant cells showed significantly higher basal pRPA32 foci with
510respect to the sensitive lines (Supplementary Fig. S4D). Next, we
511measured RAD51 foci formation upon HU treatment and found that
512it was significantly increased in ATRi-resistant cells after HU com-
513paredwithATRi-sensitive cells (Supplementary Fig. S4E). Intrigued by
514these findings, we extended the analysis to 16 additional models and
515performed two independent biological experiments. This analysis
516confirmed that ATRi-resistant colorectal cancer cells display higher
517basal levels of pRPA32 foci (Fig. 3A–C) and increased levels of RAD51
518foci formation upon HU treatment (Fig. 3D–F; Supplementary
519Fig. S5) respect to ATRi-sensitive cells.
520To further evaluate the impact of RS on the DDR signaling path-
521ways, we performed biochemical analysis in cells treatedwith the ATRi
522ceralasertib, HU, or their combination (Fig. 4). Considering pCHK1 as
523a marker of ATR pathway activation, we found that this protein was
524equally activated in ATRi-sensitive and ATRi-resistant lines upon HU
525treatment, thus mirroring what was previously observed by immu-
526nofluorescence assay. However, DNA damage, as assessed by gH2AX
527accumulation, was already evident upon ATRi treatment only in
528sensitive cells. In addition, upon 24 hours treatment with ATRi,
529sensitive cells revealed co-activation of phospho-DNA-PK, further
530confirmed by measuring RPA32 phosphorylation on S4/S8
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533 residues (49). While S4/S8 residues were already activated upon
534 treatment with single-agent ATRi or HU in ATRi-sensitive cells, these
535 residues were phosphorylated in ATRi-resistant cells only when HU-
536 based treatment was administered. A similar pathway of activationwas
537 also observed for pRPA32-S33 residue (Fig. 4), highlighting a clear
538 ATR dependency in ATRi-sensitive cells to cope with RS.

539 Identification of biomarkers of response to ATR pathway
540 inhibitors in colorectal cancer
541 Predictive biomarkers are needed to stratify patients likely to
542 respond to ATR pathway inhibitors, but research efforts in malignan-
543 cies other than colorectal cancer have achievedmodest results (17, 42).
544 To fill this gap, we initially performed bioinformatic analysis on
545 genomic, RNA-seq, and proteomic data gathered from the colorectal

547cancer CRC cell lines coupled with pharmacogenomic response to
548ATM, ATR, CHK1, WEE1, and DNA-PK inhibitors. In addition to
549cMYC, RAS, and cyclin E (CCNE1 and CCNE2; Supplementary Figs.
550S6–S8), whose aberrant activation is known to trigger RS in other
551tissues (50), we included other genes involved in carcinogenesis and in
552cell-cycle control (Supplementary Figs. S9 and S10). In general, in our
553cohort, we could not find any robust and statistically significant
554correlations between response to ATR pathway inhibitors (ATRi,
555CHKi, WEEi) and genomic alterations in the subset of DDR/cell-
556cycle genes Q15analyzed in colorectal cancer models.
557We then evaluated TP53, a tumor suppressor gene involved in the
558cell-cycle control and DDR activation (51). No correlation was found
559between response to ATRi and genetic alterations of TP53 defined as
560functionally relevant according to the p53.iarc.fr database (see

Figure 1.

Selection of cell line models repre-
senting the genomic landscape of
colorectal cancer and scheme of the
DDR pathways with their actionable
targets. A, Circos plot representing
the mutational status of a selected
panel of 112 colorectal cancer cell lines
enriched for RAS and BRAFmutations
or other alterations conferring resis-
tance to anti-EGFR blockade. The
HER2, APC, and TP53 genetic status
is also reported. MUT, mutant; WT,
wild type. The distribution of micro-
satellite status and representation of
transcriptional (CRIS) and molecular
(CMS) subtypes in cell lines is also
shown. MSS, microsatellite stable;
MSI, microsatellite instability. NA, not
available. B, Schematic representa-
tion with key players of DDR is shown
along with the DDRis currently under-
going clinical development.Q13
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563 Materials and Methods) or p53 protein loss (Supplementary Figs. S9,
564 S10, S11A, and S11B).
565 We next analyzed alterations of the ATM gene and loss of ATM
566 protein, which are known to confer sensitivity to ATRi in other tumor
567 types such as prostate and pancreatic cancer (52, 53).
568 Distribution of SNVs in the ATM sequence was not associated with
569 ATRi sensitivity (Supplementary Fig. S9A and S9B), while colorectal
570 cancer cells showing ATM protein loss (tested both by Western blot
571 and IHC analysisQ16 ) were clearly sensitive to ATRi (Fig. 5A; Supple-
572 mentary Fig. S12A and S12B). This observation was confirmed
573 when we extended the analysis to an additional dataset of 129
574 colorectal cancer cell lines that are part of our colorectal cancer cell
575 bank collection (Supplementary Fig. S12C), again we found that
576 ATM protein loss is invariably associated with sensitivity to ATRis
577 (Supplementary Fig. S12D).
578 To mechanistically confirm these findings, we used CRISPR-
579 mediated gene editing to generate ATM KO in SW480 colorectal
580 cancer cells, which are resistant at the clinically relevant ATRi (cer-
581 alasertib) concentration of 1 mmol/L (Fig. 5B and C). We isolated two
582 independent clones from two different guides (guide 1 and 2, clones
583 1.4, 1.7, 2.2 and 2.3) and all of them showed sensitivity to ATR
584 inhibition compared with isogenic parental controls, confirming
585 previous work showing that ATM is a fundamental player driving
586 DDR and RS response (ref. 54; Fig. 5D).
587 We then considered whether different cell lines that are highly
588 sensitive to PARP inhibition as shown in our previous work (12) were
589 also sensitive to ATR inhibition, suggesting that HR deficiency might
590 also represent a mechanism of sensitivity to RS (Supplementary
591 Fig. S13A). KP363T, HROC334, and HROC278MET exhibited the
592 highest sensitivity to olaparib (12) and were also sensitive to ATRi.
593 Although we were not able to identify potentially pathogenic SNVs in

595DDR genes in these cells, when we considered RNA-seq and protein
596analysis we found out that all of them had no or very low levels of
597RAD51C expression (Supplementary Fig. S13B and S13C), a RAD51
598paralog whose loss is a well-knownmechanism of PARPi sensitivity in
599breast and gastric cancer (55). The HROC87 cells which express very
600low RAD51 levels (Supplementary Fig. S13D) were also sensitive to
601ATRi (Supplementary Fig. S13A).

602Analysis of mutational signatures and response to DDRis in
603colorectal cancer cell lines
604Mutational signatures are the imprints of DNA damage and repair
605processes that are in place over the course of tumorigenesis (56).
606Several mutational signatures have been shown to be the direct
607outcome of DNA repair deficiencies and have been proposed as
608biomarkers of targetable pathway abnormalities (57). To understand
609whether mutational signatures highlighted sensitivity to ATRi inhi-
610bition, we undertook whole-genome sequencing of 28 lines, choosing
611among the most ATRi-sensitive and ATRi-resistant cells. Next, we
612obtained all single-base substitutionmutations relative to the reference
613human genome and performed mutational signature analysis as
614reported previously (35) and explored relationships with the cerala-
615sertib blockade.
616Mutational signature analysis (Supplementary Table S2) revealed
617four cases with MSI (CO-115, KM12, SNU1544, and VACO432) and
618one case (HCA24) with alteration in polymerase proofreading.
619These are well-described DNA repair abnormalities with known
620potential sensitivities to immune checkpoint therapies and have
621distinct hypermutator phenotypes. These five samples have the highest
622tumor mutational burdens within the cohort. Excluding these five
623cases, we explored mutational signatures of the rest of the cohort and
624found that cell lines with increased sensitivity to ceralasertib have a

Figure 2.

Responseprofiles toDDRis and chemotherapeutic agents in colorectal cancer cellmodels. Heatmap representingpharmacoresponse of 112 colorectal cancer cell lines
to three chemotherapeutic drugs and seven different DDRis (two ofwhich target ATR). Cellswere treatedwithmonotherapy and cell proliferationwas assessed after
7 days of treatment. All experiments were repeated in at least three biological replicates with technical triplicates, and final data are expressed as their average.
Viability results were expressed as Z scores calculated from normalized AUC (nAUC) values for each individual drug. The red shades represent cells’ resistance while
the blue scale shows sensitivity to the specific drug. Values for olaparib response have been partly retrieved from our previous publication (12).
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627 significantly higher representation of mutational signatures that
628 are associated with other DNA repair abnormalities in aggregate,
629 including base excision signatures 18—associated with damage from
630 8-oxo-dG (8-Oxo-20-deoxyguanosine), signature 30 due to NTHL1
631 deficiency, and signature 36 due to MUTYH loss and HR repair
632 (signatures 3 and 8) deficiencies (P ¼ 0.0186). Of note, HRDetect
633 high scores appeared to identify models with high sensitivity to ATR
634 blockade, as HROC278MET, KP363T, and HROC334 exhibited the
635 highest HRDetect scores and were sensitive to this DDRi (Fig. 5E
636 and F; Supplementary Table S2). Thus, mutational signature analysis

638may be a useful tool in revealing defective DDR mechanisms in
639colorectal cancer samples even when a matched normal sample is
640not available.

641Testing DDRi in clinically relevant colorectal cancer models
642To extend our findings of putative biomarkers of response to ATRi
643to more clinically relevant models, we tested DDRi in PDOs in which
644sensitivity to olaparib and oxaliplatin had been determined previous-
645ly (12). Three of five PDOs (Patient #1, #2, #3) were sensitive to ATR
646pathway inhibition (Fig. 6A and B; Supplementary Fig. S14). More in

Figure 3.
Cells resistant to ATR inhibition exhibit higher levels of endogenous RS and increased RAD51 activity upon exogenous induction of RS. A, Immunofluorescence
detection of basal pRPA32 foci inATRi-sensitive (blue histograms) andATRi-resistant (red histograms) cellmodelswas performed andquantified (at least 400nuclei
were counted for each cell line in two biological replicates). B, Statistical significance for basal pRPA32 foci formation between ATRi-sensitive versus ATRi-resistant
cell models was calculated using the Mann–Whitney test. Statistical significance: ���� , P < 0.0001. C, Representative images of immunofluorescence staining of
pRPA32 foci at basal levels in two ATRi-sensitive and two ATRi-resistant models. DAPI was used to stain nuclei. Magnification: 40�, scale bar: 25 mm. D, ATRi-
sensitive and ATRi-resistant cell models were treated with 2.5 mmol/L HU for 24 hours. Following treatment, immunofluorescent detection of RAD51 foci formation
was performed and compared with untreated cells. E, Statistical significance for RAD51 foci formation upon 24 hours HU treatment between ATRi-sensitive versus
ATRi-resistant cell models was calculated using the Mann–Whitney test. Statistical significance: ���� , P < 0.0001. F, Representative images of immunofluorescence
staining of RAD51 foci after 24 hour-long treatment with 2.5 mmol/L HU in two ATRi-sensitive and two ATRi-resistant models. DAPI was used to stain nuclei.
Magnification: 40�, scale bar: 25 mm. For images from the full experiment, please see Supplementary Fig. S5.

Figure 4.

Cells sensitive to ATR inhibition exhibit higher levels of endogenous RS activation and DNA-PK activation. The expression and activation/phosphorylationQ14 of key
players inATRpathway, RS, NHEJ, andDNAdamagewasmeasured byWestern blot analysis after 24 hours treatmentwith 1mmol/LATRi ceralasertib, 4 hoursHU at a
concentration of 2.5 mmol/L, or combination of the two agents (20 hours only ATRi followed by 4 hours ATRiþHU). Cell extracts were immunoblotted with the
indicated antibodies and HSP90 was used as a loading control.
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Figure 5.

ATM protein loss and HRDetect analysis identify colorectal cancer sensitive to ATR inhibition. A, Identification of three colorectal cancer cell lines (black bar) with
complete ATM protein loss (see Supplementary Fig. S12) and response to ATR blockade by ceralasertib. Colorectal cancer cell lines were ranked based on sensitivity
to this ATRi calculated on normalized AUC values. B, CRISPR/Cas9 KO of ATM gene by six different sgRNAs targeting different exons in ATRi-resistant colorectal
cancer cell line SW480. After puromycin selection of single-cell clones and Western blot validation, clones of sgRNA1 and 2 were selected for further single-cell
dilution. C,Western blot validation of ATM KOs of four different single-cell clones. SW480 parental cell line and two empty sgRNAs were used as negative controls.
HSP90 was used as a loading control of the immunoblotting. D, ATRi testing in ATM KO clones by a 7-day-long cell viability assay. Parental cell line SW480 and
isogenic SW480with empty guide were used as controls. Clinically relevant concentration range of inhibitors (around 300 nmol/L in case of berzosertib and around
1,000 nmol/L for ceralasertib) are highlighted. A representative experiment of three independent biological replicates with technical triplicates is shown. E, Bar plot
representing the HRDetect score of 28 colorectal cancer cell lines ordered from the lowest to the highest score across the x axis from left to right. F, Ceralasertib
viability curves in depicted 28 cell lines from E after 7-day-long treatment (data coming from Fig. 2 and Supplementary Fig. S1). Clinically relevant concentration of
1 mmol/L was used as a cutoff to define sensitive models (viability <35%, in blue) compared with the resistant (viability >75%, in red).
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Figure 6.

PDOs and PDXs represent clinically relevant models for determination of sensitivity to DDRi in vitro and in vivo. A, Pharmacologic testing of organoids derived from
patients with colorectal cancer with six different DDRis in a 7-day-long viability assay. The results at the endpoint were normalized to control wells containing DMSO
vehicle and were plotted as histograms (a percent of viability) at clinically relevant concentrations of individual inhibitors. MG-132 was used as a positive control for
organoid death (Supplementary Fig. S14). (Continued on the following page.)
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649 general, when comparing these results with sensitivity to FOLFIRI/
650 FOLFOX according to the clinical history of the corresponding
651 patients (Supplementary Table S4 in ref. 12), we found out that these
652 same three organoids were those that previously responded to che-
653 motherapy, thus suggesting that potential DDR deficiency might
654 confer cross-sensitivity to both chemotherapeutics and DDRi. To
655 corroborate the insights gathered from cell line analysis, we performed
656 foci analysis upon HU treatment also in PDOs. We observed concor-
657 dant results showing lower basal level of pRPA32 foci and RAD51 foci
658 after 24 hours of HU exposure in the ATRi-sensitive models
659 (Patient#1-2-3Q17 ), supporting HR deficiency (12) as a biomarker of
660 response to ATR inhibition, although insufficient to make any solid
661 statistical statement due to the limited size of the cohort (Fig. 6C
662 andD). Interestingly, the oxaliplatin- and olaparib-sensitive Patient#1
663 (as characterized in ref. 12), who also responded to previous FOLFIRI
664 treatment, was characterized by loss of RAD51C expression (Fig. 6C),
665 suggesting again the loss of this paralog as a putative biomarker of
666 response to both PARPi and ATRi. Patient#4, who showed a pRPA32
667 and RAD51 profile similar to the ATR-sensitive patients, was resistant
668 to ATRi and PARPi, but sensitive to SN-38 (Supplementary Fig. S15),
669 suggesting that HR-proficient tumors might still be sensitive to
670 topoisomerase I inhibition.
671 Finally, we assessed the sensitivity to the single-agent ceralasertib
672 in vivo using a colorectal xenograft model corresponding to one of the
673 cell lines (C80) that we found sensitive to ATR inhibition in our
674 screening (Fig. 2). In vivo treatment with ceralasertib led to significant
675 growth control (Fig. 6E) and was well tolerated (Supplementary
676 Fig. S16).

677 Discussion
678 The last decade has seen an unprecedented opportunity for the
679 development of drugs targeting DDR, and numerous clinical trials are
680 currently assessing their efficacy in various types of malignancies,
681 including colorectal cancer (13, 58). Encouraging results are emerging
682 from different tumors, and development of DDRi in colorectal cancer
683 is confined to investigations in a limited number of preclinical models
684 or in few trials (13, 15, 17), where the identification of robust
685 biomarkers of response still remains an urgent clinical need. Here,
686 wepresent results obtained from, to our knowledge, thefirst large-scale
687 screening of colorectal cancer preclinical models with seven different
688 DDRi currently being tested in phase I–III clinical trials. In parallel, to
689 identify potentially relevant translational correlations, we have per-
690 formed a screening with the three most used chemotherapeutic agents
691 for colorectal cancer treatment (5-FU, SN-38, and oxaliplatin), thus
692 providing a unique platform of response to agents directly targeting
693 DNA or DDR. We selected 112 colorectal cancer cell lines closely
694 recapitulating the genomic landscape of this tumor type, with a specific
695 enrichment forRAS/BRAF-mutantmodels that remain an unmet need

697in metastatic colorectal cancer due to their unresponsiveness to
698targeted therapies such as cetuximab or panitumumab. Pharmacologic
699analysis unveiled that around 30%of themodels are sensitive to at least
700one DDRi, suggesting that severe impairment to the DDR machinery
701in colorectal cancer cells renders these tumors vulnerable, in particular
702with respect to ATR pathway inhibitors (18%–25%). Interestingly, we
703previously showed in a comparable screening that the number of cells
704showing sensitivity to PARPi is approximately half of that we observed
705targeting RS response effectors (12), suggesting a higher incidence of
706RS defects compared with HR, at least in colorectal cancer, that could
707be further exploited for therapeutic intervention. The linear correla-
708tion between sensitivity to SN-38 andATRis is also of potential clinical
709relevance. SN-38 is the active metabolite of irinotecan, a standard-of-
710care drug in metastatic colorectal cancer targeting topoisomerase I
711(TOP1), which is a crucial component of the DNA replication
712machinery. This correlation cannot be surprising considering that
713many of these cell lines are characterized by oncogenic activation that
714historically has been proven to trigger RS. It derives that inhibition of
715the RS master regulator ATR has emerged as a top candidate gene for
716synthetic lethality approaches with TOP1 inhibitors (59) and this
717supports the design of effective combinatorial strategies involving
718irinotecan and ATRi (60), whose testing is currently beyond the scope
719of this article.
720Given its pivotal role in the RS response, ATR has become an
721attractive target for the development of small-molecule inhibitors, and
722many of them are currently being tested in clinical trials as single agent
723or in combination with other DNA-damaging agents (17, 42). Under-
724standing the mechanisms and identifying biomarkers that predict
725response to ATRis would improve patients’ stratification and the
726clinical decision-making process. With this purpose, we have initially
727focused our investigation on the main players involved in the RS
728response and found that ATRi-resistant cells exhibit higher basal levels
729of pRPA32. Previous studies have provided a prognostic significance to
730RPA1 or RPA2 in different tumor types, including colorectal can-
731cer (61). These and our findings might support the fact that tumors
732carrying higher levels of RPA could be more tolerant to RS. Given that
733each cell has a finite pool of RPA for interactions with ssDNA and that
734ATR recruitment and activation is dependent on this interaction, low
735levels or exhaustion of RPA might explain the sensitivity of some
736cancer cells to ATRi (62).
737We also found that ATRi-resistant cells expressed significantly
738higher levels of RAD51 foci upon HU treatment, suggesting that
739these cells might rely on RAD51 and HR-mediated mechanisms to
740overcome DNA damage and RS. Interestingly, we observed the
741same trend in a very limited set of PDOs that we screened with
742DDRi. Overall, these data might pose the preclinical evidence for
743testing for pRPA32 foci at basal level in patient tumor biopsy
744samples or patient-derived models (63) to potentially identify those
745who could likely respond to ATRi (Fig. 7), similarly to other clinical

(Continued.) The screening detected strong pattern of sensitivity to ATRis, CHK1i, and WEE1i in 3 patients (#1–3). Sensitivity cutoff was set to 35% and resistance is
above 75% viability (indicated with dashed lines). Unpaired Student t test was used for statistical evaluation of the results. ns, nonsignificant. B, The heatmap with
indicated viability values in percentage at the end of the experiment for indicated drug concentrations. Results (A and B) are an average of at least two independent
biological experimentswith technical quadruplicates. Z factor values varied between 0.74 and0.94.C, IHC detection of RAD51C andATMprotein in colorectal cancer
PDOs’ cytoclots. Patient #1 displays RAD51C negativity compared with other PDOs, while all ex vivo tumor models display ATM positivity. The sections were
counterstained with hematoxylin. Scale bar: 50 mm. Quantification of two independent biological experiments performed for detection of pRPA32 S33 foci at basal
levels or RAD51 foci after 24-hour-long HU treatment; NT, nontreated. Statistical significance:

�
, P < 0.05; ns, nonsignificant (two-tailed unpaired Student t test).

D,Representative imagesof immunofluorescencedetection ofRAD51 andpRPA32 S33 signal inATRi-resistant (Patient #5) andATRi-sensitive (Patient #1) organoids
treated with 2.5 mmol/L HU for 24 hours. Scale bar: 25 mm. NT, nontreated; HU, hydroxyurea. E, ATRi-sensitive C80 cells were injected into NOD-SCID mice to
establish a xenograft growth. After expansion and randomization when the tumor volume in individual mice reached 100/200 mm3, mice started being treated
with ceralasertib (50 mg/kg, by oral administration daily) for 21 days. Tumor volumes were measured every 3 days using caliper. Ϯ: one mouse from the control
group was sacrificed because of tumor growth reaching the endpoint. Bars, �SE. Statistical significance: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (Mann–Whitney
nonparametric test).
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748 analyses where RAD51 foci identified PARPi-vulnerable tumors in
749 breast cancer (64).
750 Considering that genetic data analysis is not sufficient to faith-
751 fully predict the real DNA repair capability of a tumor, especially
752 due to the presence of multiple uncharacterized variants of
753 unknown significance, functional testing on a patient-derived plat-
754 form would be extremely helpful to guide treatment choice, par-
755 ticularly if implemented by the choice of a peculiar clinical set-
756 ting (13). From a practical point of view, one important limitation
757 of this application could be the difficulty in identifying a clear-cut
758 threshold level to support a yes or no decision for patient selection.
759 An extended analysis in a larger cohort of clinically and molecularly
760 annotated organoids and patients’ tumor samples is warranted to
761 translate these findings to a clinical decision level.
762 Phospho-RPA32 andRAD51 foci levelsmight be used togetherwith
763 other putative biomarkers that have been previously correlated with
764 sensitivity to ATR inhibition, such as ATM protein loss (52). Accord-
765 ingly, we propose that analysis of multiple DDR effectors could be
766 combined to generate a “composite” biomarker that more effec-
767 tively pinpoints patients likely to respond to ATRis (Fig. 7). Here
768 we validated the ATM loss as a biomarker of ATRi sensitivity also in
769 colorectal tissue. Because of the prevalence of this alteration [8%–
770 20% (65, 66)] in the colorectal setting, a significant group of patients

772could potentially benefit from ATRi treatment. Because HR and RS
773are two closely connected pathways, we reasoned that tumors with
774HR deficiencies might be cross-sensitive to PARPi and ATRi.
775Accordingly, cells with ATM loss that in our previous screening
776resulted sensitive to olaparib (12), and here responded to ATRi,
777suggest that combination of PARPi with RS response inhibitors
778might be very effective in colorectal cancer, as also observed in other
779tissues (6). The same was true also for other models that, by means
780of transcriptomic analysis, we found being with very low or
781complete loss of expression levels of RAD51 or RAD51C, a RAD51
782paralog with key functions in HR (67). While RAD51 is an essential
783gene and many companies are already attempting the development
784of specific inhibitors, RAD51C remains still untargetable and its loss
785detection might identify those patients with colorectal cancer very
786likely to respond to ATRi, beyond PARPis.
787On the practical side, assessment of ATMandRAD51Cmight result
788more easily informative respect to the functional evaluation of pRPA32
789and RAD51 due to their clear on/off Q18interpretation.
790Interestingly, ATM, RAD51, and RAD51C are among the molec-
791ular markers that define the BRCAness phenotype (also referred to
792as HRDness), and that are evaluated in panel-based companion
793diagnostic tools used in the clinic to predict HR and to assess patient
794eligibility for treatment with PARPi (13). More recently, advanced

Figure 7.

The proposed preclinical and clinical flow to potentially predict ATRi-sensitive and ATRi-resistant colorectal cancer tumors. After written consent of the patient,
tumor sample can be either processed as FFPE sample for direct immunohistologic and immunofluorescence analysis, or preclinical models for in vitro and
in vivo analyses can be established. Samples can be tested for direct in vitro drug screenings or for biomarkers analysis through immunofluorescence or IHC
assays. To evaluate the relevance of the “composite biomarker” of sensitivity to ATR inhibition, we propose to detect the expression level of proteins ATM,
RAD51, and RAD51C together with scoring of phosphor-RPA32 at basal level—prior to treatment. Also, scoring of activated DNA-PK and RAD51 upon
treatment with ATRi will be informative. This information may eventually lead to the identification of patients who might benefit from ATR inhibition
monotherapy, and directly translate the knowledge from bench to bedside. TTT, treatment. This figure was created with biorender.com. FFPE, formalin-fixed
paraffin embedded.
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797 signature analysis in breast cancer through the HRDetect score has
798 pointed out RAD51C loss as a reliable BRCAness biomarker (68),
799 suggesting that similar molecular approaches could be attempted in
800 patients with colorectal cancer to further improve patients’ selec-
801 tion. Here we have presented HRDetect score analysis performed for
802 the first time without a germline reference in colorectal cancer models.
803 This analysis revealed four cell lines as potential HR defective; while
804 three of four resulted sensitive to ATR inhibition, and interestingly
805 they are characterized by the lack of RAD51C expression. On the other
806 hand, one cell line (SW480) was resistant to the clinically relevant
807 concentration of ceralasertib (1 mmol/L), but showed sensitivity to
808 higher concentrations. Thinking about the limitation to this approach,
809 it should be taken into account that HRDetect is able to identify
810 previous genomic “scars” of HR deficiency that could have evolved
811 during treatment exposure leading to functionally HR-proficient
812 tumor resistant to the therapy (57).
813 Extended mutational signature analysis further pointed out higher
814 representation of the BER signature in ATRi-sensitive cell lines.
815 Considering the close interconnection between HR and RS pathways,
816 and in particular the role of PARP in cellular processing of DNA
817 damage through the BER pathway (69), we might exploit this genomic
818 analysis together with composite biomarker testing to significantly
819 improve and refine patient stratification.
820 One important limitation of this work is that in vitro experiments
821 have been performed keeping preclinical models (cell lines and
822 organoids) in incubators at standard oxygen concentrations (around
823 20%), whichmight not completely recapitulate the hypoxic conditions
824 of colorectal cancer tissues; high pO2 could in fact exert DNA damage
825 thatmight increase sensitivity toDDRi.However, wewere able to show
826 that even at high pO2 conditions, subsets of very sensitive as well as
827 very resistant models to DDRi could be identified. In addition, our
828 successful testing of single ATRi in a xenograft model has also
829 suggested that preselection for RS sensitivity through the “composite”
830 biomarker analysis might improve efficacy of the treatment, poten-
831 tially even more if in combination or during sequential treatment with
832 other agents.
833 In conclusion, we provide preclinical evidence showing the efficacy
834 of novel promising agents targeting DDR and RS in colorectal cancer.
835 Furthermore, we have identified a “composite” biomarker including
836 different effectors of DNA repair deficiency and RS response (basal
837 pRPA32, RAD51 upon HU, ATM loss, and RAD51C loss), and
838 mutational signature analysis as potential predictors of response to
839 specific DDRi and, more broadly, as biomarkers to define distinct class
840 of patients with unique vulnerabilities in the DDR pathways. Further
841 investigation with combinatorial strategies is warranted to maximize
842 DDR-targeting effects in colorectal cancer. These preclinical results
843 could inform future testing ofDDRi in selected cohorts of patients with
844 colorectal cancer.
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Andrea Degasperi

Carlotta Cancelliere

Gianluca Mauri

Pietro Andrei

Michael Linnebacher



Silvia Marsoni

Salvatore Siena

Andrea Sartore-Bianchi

Serena Nik-Zainal

Federica Di Nicolantonio

Alberto Bardelli

Sabrina Arena
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