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SUMMARY
The bacterial genotoxin colibactin promotes colorectal cancer (CRC) tumorigenesis, but systematic assess-
ment of its impact on DNA repair is lacking, and its effect on response to DNA-damaging chemotherapeutics
is unknown.We find that CRC cell lines display differential response to colibactin on the basis of homologous
recombination (HR) proficiency. Sensitivity to colibactin is induced by inhibition of ATM, which regulates DNA
double-strand break repair, and blunted by HR reconstitution. Conversely, CRC cells chronically infected
with colibactin develop a tolerant phenotype characterized by restoredHR activity. Notably, sensitivity to col-
ibactin correlates with response to irinotecan active metabolite SN38, in both cell lines and patient-derived
organoids. Moreover, CRC cells that acquire colibactin tolerance develop cross-resistance to SN38, and a
trend toward poorer response to irinotecan is observed in a retrospective cohort of CRCs harboring colibac-
tin genomic island. Our results shed insight into colibactin activity and provide translational evidence on its
chemoresistance-promoting role in CRC.
INTRODUCTION

Gut microbiota represents an assortment of commensal micro-

organisms inhabiting the large intestine, mediating several func-

tions of intestinal homeostasis.1 Increasing evidence has shown

that colorectal tumorigenesis is accompanied by significant

transformation of the gut microbiota composition, with a

decrease in commensal bacterial species and an enrichment

of opportunistic, detrimental bacterial populations.2,3 Moreover,

specific species were found enriched in colorectal cancer (CRC)

subtypes on the basis of staging, tumor site, and gender.4,5

Importantly, certain bacterial strains have been shown to

mediate several tumor-promoting mechanisms, including direct

stimulation of cancer cell proliferation, promotion of an inflam-

matory microenvironment and generation of a pro-metastatic

niche.6,7 In addition, gut microbiota was found to have a role in
Cell Repo
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driving resistance to anti-cancer treatments. For example, intra-

tumoral bacteria have been shown to induce catabolism of gem-

citabine and 5-fluorouracile,8,9 and a recent study suggested a

potential role of Fusobacterium nucleatum in driving resistance

to platinum-based chemotherapies.10

In particular, a group of bacterial strains is claimed to be

involved in colorectal tumorigenesis through the induction ofmu-

tations by several direct and indirect genotoxic mechanisms.11

Among these, a significant fraction of Enterobacteriaceae, extra-

intestinal, and commensal Escherichia coli strains have been

described to harbor the pks island, which encodes for several

enzymes participating in the synthesis of the genotoxin

colibactin.12

Numerous studies have described an enriched prevalence of

the colibactin-encoding pks island in CRC patients compared

with healthy controls, and a recent meta-analysis has found a
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statistically significant higher risk for CRC development associ-

ated with gut colonization by colibactin-producing bacterial spe-

cies.13 Moreover, the Western diet was recently found to be

associated with increased incidence of CRC characterized by

higher pks island content in two large prospective cohorts.14

Although the precise role of colibactin in colorectal tumorigen-

esis remains elusive, colibactin was proved to increase tumor

formation in preclinical mouse models in association with other

tumor-promoting factors15,16 and was shown to be associated

with tumors in distal colon and rectum.17 Nevertheless, the over-

all genetic and molecular profile of pks-positive tumors remains

obscure.14

From a molecular perspective, colibactin is able to alkylate

DNA, forming inter-strand crosslinks and bulky DNA adducts

and further inducing DNA double-strand breaks (DSBs).12,18–20

Exposure to colibactin results in increased DNA damage, chro-

mosomal aberrations, and mutation rate in infected cells.21,22

Notably, in vitro exposure of normal colonic cells to colibactin

promotes the acquisition of a Wnt-independent growth pheno-

type, characterized by increased proliferation rate coupled

with high mutational load.23 The result of colibactin activity is

the formation of distinctive mutational signatures, which were

found enriched in a subset of CRCs and associated with higher

tumor mutational burden and increased copy number alter-

ations.17,24 Intriguingly, colibactin signatures are compatible

with knownmutational hotspots in cancer driver genes, including

APC, which may suggest a role of colibactin in early CRC

tumorigenesis.17,23,24

DSBs can be caused directly by colibactin through an oxida-

tive, copper-dependent mechanism or may be the result of

colibactin-induced replication stress (RS).25,26 RS results from

a variety of endogenous and exogenous genotoxic stressors

that hamper or perturb DNA replication, leading to accumulation

of single-strand breaks (SSBs) and DSBs.27 Cells activate an

intricate network of DNA damage response and repair (DDR)

pathways to resolve damage and restore replication. This in-

cludes activation of the ATR-CHK1-WEE1 pathway, mainly in

response to SSBs, with further activation of the base excision

and mismatch repair pathways, and, for the repair of DSBs, acti-

vation of ATM, which further promotes homologous recombina-

tion (HR) and prevents toxic non-homologous end-joining

(NHEJ).27–29 Stalled replication forks are stabilized by RPA, while

RAD51 acts as a master regulator for the recruitment of several

DDR players (including Fanconi anemia and HR proteins).30,31

On the basis of the available evidence, while colibactin may

exert a pro-tumorigenic role by driving the accumulation of mu-

tations in normal colonic cells, failure in the activation of the DDR

response results in cell cytotoxicity upon exposure to colibactin.

Previous studies have shown that inhibition of specific DDR pro-

teins (such as ATR for RS response and Ku80 for NHEJ) resulted

in increased colibactin-induced cell cytotoxicity due to failed

DNA damage repair.18,22 This ultimately implies that colibactin

acts as a ‘‘double-edged sword,’’ which might promote tumor

progression on one hand while creating an evolutionary bottle-

neck that selects proficiency in specific DNA repair pathways

on the other. However, in this regard, available evidence is

fragmentary and often relies on preclinical models not of colo-

rectal origin, while a systematic effort in elucidating the DDR
2 Cell Reports Medicine 5, 101376, February 20, 2024
pathways needed to survive colibactin exposure has never

been attempted.

We hypothesized that specific DNA repair pathways may

influence tolerance to colibactin-induced DNA damage and

cytotoxicity, and may be therefore positively selected by chronic

exposure to this genotoxin. We also wanted to test the comple-

mentary hypothesis that colibactin drives CRC evolution and

DNA repair machinery toward a phenotype that more proficiently

repairs DNA damage induced by other exogenous sources, such

as chemotherapeutic agents.

RESULTS

CRC cell lines show differential sensitivity to colibactin
according to their ability to repair DNA damage
To study the cellular effects of exposure to colibactin, direct con-

tact between colibactin-producing bacteria and eukaryotic cells

is required.21 We therefore exploited a coculture system taking

advantage of a previously established model of E. coli DH10B

with a BAC containing the colibactin-encoding pks island,

together with the corresponding empty vector bacteria. We veri-

fied that this system was suitable to observe induction of DNA

damage in cell lines infected with colibactin-producing E. coli

(Figure 1A). To understand whether CRC cells with different ge-

netic background could show differential sensitivity to colibactin

genotoxic activity, we selected a representative panel of CRC

cell lines, which were previously characterized in our labora-

tory,32–34 and we screened them for sensitivity to colibactin.

With this approach, we unveiled a subset of cell lines with exqui-

site sensitivity to colibactin, while another subgroup displayed

marked tolerance (Figure 1B). In accordance with previous

studies,14 we found no clear association between sensitivity to

colibactin and routinely assessed prognostic molecular bio-

markers (Figure 1B). We then hypothesized that the ability to

repair colibactin-induced DNA damage might better explain

the colibactin-tolerant phenotype.We thereforemonitored levels

of DNA damage after exposure to colibactin in a representative

subset of cells. In colibactin-tolerant cells, we observed a peak

of DNA damage (marked by phosphorylation of H2AX at Serine

13935) at 24–48 h after infection, followed by attenuation in the

following days, while colibactin-sensitive cells showed sustained

levels of DNA damage up to 96 h after infection, suggesting that

DNA damage was left unrepaired, resulting in increased cytotox-

icity (Figure 1C).

Inactivation of ATM sensitizes cells to colibactin
To systematically and mechanistically characterize the path-

ways involved in colibactin-induced DNA damage repair, we ex-

ploited the CRISPR-Cas9 technology to generate a panel of

isogenic cell lines, inactivating one key gene player for each

DDR pathway (Figures S1A and S1B). We used the SW480

CRC cell line, which lacked genetic and functional defects in

the DNA repair machinery and proved to be strongly colibactin

tolerant.

We found that knockout (KO) of ATM (involved in DSBs repair

and HR), ATRIP (RS), and ERCC1 (NER) genes significantly

sensitized cells to colibactin’s genotoxicity (Figure 2A). In partic-

ular, cells with inactivation of ATM showed the most prominent
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Figure 1. Proficient DNA damage repair discriminates colibactin-tolerant cells

(A) Top: representative images of DNA damage induced in KP363T cell line 48 h after infection with colibactin, compared with empty vector bacteria at a

multiplicity of infection (MOI) of 200. NT, untreated (non-infected) cells. SN38 (2.5 nM) was used as positive control. Scale bar: 25 mm (10 mm in insets). Bottom:

quantification of gH2AX foci. Results represent mean ± SD (n = 3, scoring at least 250 nuclei for each replicate). *p < 0.05 (one-way ANOVA with Bonferroni’s

multiple-comparisons test). Ns, not statistically significant.

(B) Left: heatmap showing mean residual cell viability 7 days after infection with colibactin at indicated MOIs, normalized on viability after infection with empty

bacteria at an MOI of 400 (n = 2 for MDST8, JVE015, CRC0740XL, and OXCO3; n = 3 for the other cell lines). Right: KRAS, NRAS, and BRAF mutational status

(black square marks mutation) and microsatellite instability phenotype (black square marks microsatellite unstable, MSI).

(C) Time course analysis of DNA damage levels (pH2AX) in colibactin-tolerant and sensitive cell lines after exposure to colibactin or empty bacteria. NT, untreated

(non-infected) cells.
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Figure 2. Genetic inactivation of ATM sensi-

tizes cells to colibactin

(A) Cell viability of SW480 parental and isogenic DDR-

KO cell lines 7 days after infection with colibactin,

normalized on viability after infection with empty

bacteria. Results represent mean ± SD (n = 3).

*p < 0.05 and **p < 0.01 (comparedwith parental cells;

one-way ANOVA with Bonferroni’s multiple-compar-

isons test). DSBs, double-strand breaks; HR, ho-

mologous recombination; RS, replication stress;

NER, nucleotide excision repair; FA, Fanconi anemia;

TLS, translesion synthesis.

(B) Time course analysis of DNA damage (pH2AX) and

replication stress (pRPA32) levels, together with

activation of ATM (pATM), after exposure to colibactin

or empty bacteria at indicated time points. NT, un-

treated (non-infected) cells.

See also Figure S1.

Please cite this article in press as: Sogari et al., Tolerance to colibactin correlates with homologous recombination proficiency and resistance to irino-
tecan in colorectal cancer cells, Cell Reports Medicine (2023), https://doi.org/10.1016/j.xcrm.2023.101376

Article
ll

OPEN ACCESS
effect (Figures 2A and S1C). Moreover, treatment with ATM in-

hibitor AZD0156 was sufficient to sensitize SW480 parental

and isogenic DDR-KO cells to colibactin (Figure S1D). It should

be noted that ATRIP-KO cells showed marked sensitivity to the

ATM inhibitor alone, even when using a lower drug concentra-

tion, in accordance with the known synthetic lethal effect be-

tween abrogation of the ATR and the ATM pathways.36 Never-

theless, an additional effect on sensitization to colibactin was

still measurable in this cell model.

The results obtained with ATM and ATRIP KO suggested that

RS induced by colibactin resulted in increased DSBs, and that

overall the intertwined processes of HR and RS response could

be key for colibactin-induced DNA damage repair. Indeed, by

monitoring the activation of DDR response in SW480 parental

cells by Western Blot we found that colibactin induced DNA

damage at 24 h, which was accompanied by increased levels

of RS marker phospho-RPA32, but both attenuated over time

(Figure 2B). On the contrary, the ATM-KO cells experienced sus-

tained levels of (unresolved) DNA damage and RS (Figure 2B).

HR proficiency correlates with response to colibactin
Given the involvement of ATM in the HR pathway, we hypoth-

esized that HR status could explain differential sensitivity to

colibactin. Intriguingly, we previously showed that KP363T

and HROC278MET, clustering among the most colibactin-sen-

sitive cell lines (see Figure 1B), harbored loss of RAD51C, a

RAD51 paralog involved in HR-mediated DNA damage repair,

and proved to be HR deficient33,37;while in contrast WiDr

and DiFi cells, clustering among colibactin-tolerant cell lines,
4 Cell Reports Medicine 5, 101376, February 20, 2024
proved to be HR proficient.34 In line with

our hypothesis, we found that cell lines

that failed to form RAD51 foci after expo-

sure to ionizing radiations, which are

known to induce DSBs,34 tended to cluster

among the most colibactin-sensitive cell

lines (Figure S2). On the other hand, we

reasoned that colibactin-tolerant cells

should be HR proficient. We therefore

measured RAD51 foci formation as a

marker of HR activation after exposure to
colibactin and found that colibactin-tolerant cell lines showed

increased levels of RAD51 foci compared with sensitive ones

(Figures 3A–3C). To further validate our hypothesis, we tested

sensitivity to colibactin in a small panel of ovarian cancer cell

lines, a cancer type where a significant subset of tumors shows

HR deficiency38 and in which previous work described the

enrichment of colibactin mutational signature.24 We therefore

selected A2780, a BRCA1/2 wild-type cell line that was previ-

ously characterized as HR proficient,39 and UWB1.289 cell

line, which harbors an inactivating mutation in BRCA1, thus be-

ing HR deficient.40 We validated the HR profile of each cell line

by testing their sensitivity to PARP inhibitor olaparib (Figure 3D).

Notably, we found that the HR-deficient UWB1.289 cell line

was significantly more sensitive to colibactin than the HR-pro-

ficient A2780 cells (Figure 3E).

Restoration of HR confers tolerance to colibactin
We next hypothesized that reconstituting HR proficiency could

render HR-deficient, colibactin-sensitive cell lines tolerant to col-

ibactin-induced cytotoxicity. To this end, we exploited two

different approaches.

First, we took advantage of a previously reported, modified

UWB1.289 derivative model with exogenous re-expression of

BRCA1, which confers restoration of HR proficiency.40 Accord-

ingly, we found that the UWB1.289 + BRCA1 derivative cell line

showed a significant increase in residual cell viability upon treat-

ment with olaparib (Figure 4A) and concomitantly showed signif-

icantly increased tolerance to colibactin genotoxic activity

(Figure 4B).
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Figure 3. Colibactin-tolerant cell lines are characterized by proficient homologous recombination

(A) Quantification of nuclear RAD51 foci in colibactin-intermediate/tolerant and colibactin-sensitive cells 24 h after infection, normalized on exposure to empty

bacteria. Results represent mean ± SD (n = 2, scoring at least 200 nuclei for each replicate).

(B) Statistical significance for RAD51 foci formation between colibactin-intermediate/tolerant and sensitive cells. Lines represent mean ± SD. *p < 0.05 (Mann-

Whitney test).

(C) Representative images of RAD51 foci 24 h after infection with colibactin or empty bacteria at an MOI of 200. Scale bar: 25 mm (10 mm in insets).

(D) Sensitivity to olaparib of ovarian cancer cell lines after 7 days of treatment. Results represent mean ± SD (n = 3).

(E) Cell viability of ovarian cancer cell lines 7 days after infection with colibactin, normalized on viability after infection with empty bacteria. Results represent

mean ± SD (n = 3). **p < 0.01 (Student’s t test).

See also Figure S2.
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In parallel, we generated olaparib-resistant CRC cells with ac-

quired resistance to olaparib by constant exposure of HR-defi-

cient KP363T and HROC278MET cells to olaparib until a resis-

tant population emerged (Figure 4C). Previous evidence
suggested that restoration of HR was a mechanism of acquired

resistance to olaparib.41 In fact, olaparib-resistant KP363T and

HROC278MET derivatives showed proficient activation of HR

on the basis of RAD51 foci formation upon exposure to colibactin
Cell Reports Medicine 5, 101376, February 20, 2024 5
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Figure 4. Impact of homologous recombination reconstitution in colibactin-sensitive cells

(A) Sensitivity to olaparib of UWB1.289 with restored BRCA1 expression compared with their parental counterpart. Results represent mean ± SD (n = 3; data for

UWB1.289 parental cells as in Figure 3E for comparison).

(B) Cell viability of UWB1.289 + BRCA1 and parental cells 7 days after infection with colibactin, normalized on viability after infection with empty bacteria. Results

represent mean ± SD (n = 3). *p < 0.05 (Student’s t test).

(C) Sensitivity to olaparib in KP363T (top) and HROC278MET (bottom) parental cell lines and corresponding olaparib-resistant derivatives. Results represent

mean ± SD (n = 3).

(D) Quantification of nuclear RAD51 foci in indicated cell lines 24 h after infection, normalized on exposure to empty bacteria. Results represent mean ± SD (n = 2,

scoring at least 200 nuclei for each replicate).

(E) Cell viability after infection with colibactin at indicated MOIs, normalized on viability after infection with empty bacteria at an MOI of 400, in KP363T (top) and

HROC278MET (bottom) parental cell lines and olaparib-resistant derivatives. Results representmean ±SD (n = 3). ***p < 0.001 (two-way ANOVAwith Bonferroni’s

multiple-comparisons test).

See also Figure S3.
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(Figure 4D; Figure S3A) and the functional pDRGFP/pCBASce-I

assay42 in olaparib-resistant KP363T (Figures S3B and S3C).

Therefore, we hypothesized that this HR-proficient phenotype

selected by olaparib could further drive resistance to colibactin.

Indeed, we found that olaparib-resistant cells were significantly

more tolerant to colibactin (Figure 4E). In particular, KP363T ola-

parib-resistant cells show 2.1- to 4.2-fold increase in cell viability

when exposed to colibactin comparedwith the parental counter-

part, and concomitantly display a comparable 5.8-fold increase
6 Cell Reports Medicine 5, 101376, February 20, 2024
when treated with olaparib at clinically relevant concentration

(1 mM). Similarly, HROC278MET olaparib-resistant cells show

1.8- to 2.9-fold increase in cell viability after infection with coli-

bactin and a 2.2-fold increase after treatment with olaparib 1 mM.

Chronic exposure to colibactin selects HR-proficient
cells
Intrigued by these results, we next wondered whether chronic

exposure to colibactin (similarly to what is presumed to occur
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during tumorigenesis) could modulate HR status. To this end,

we chronically exposed the HR-deficient, colibactin-sensitive

KP363T cell line to serial infections with colibactin, until a coli-

bactin-tolerant population eventually emerged (Figures 5A

and 5B).

In order to understand the impact of prolonged exposure to

colibactin on the DNA repair machinery of these cells, we per-

formed RNA sequencing (RNA-seq). Specifically, we carried out

a differential gene expression analysis to compare the transcrip-

tomic profile of KP363T cells that acquired tolerance to colibactin

with that of control parental cells exposed to empty vector bacte-

ria for the same number of infections. We then performed pre-

ranked gene set enrichment analysis (GSEA) exploiting the pub-

licly available and peer-reviewed Reactome protein interactions

database43 to build multiple gene sets comprising DNA repair

genes (Table S1). Following Reactome hierarchical organization

of DNA repair, we decided to first classify genes into 7 DNA repair

pathways (level 1), further stratified in different pathway branches

(level 2) and branch activities (level 3), and performed GSEA on

the three levels independently. With this approach, we found

that several DNA repair pathways showed a statistically signifi-

cant enrichment among the upregulated genes, suggesting that

a general rewiring of the DNA repair machinery occurred after

prolonged exposure to colibactin (Figure 5C). At level 1, the Fan-

coni anemia pathway scored as the most enriched gene set on

the basis of the normalized enrichment score (NES). However,

when we stratified the DNA DSB repair gene set (which com-

prises both homology- and non-homology-mediated repair path-

ways, such as HR and NHEJ, respectively) in levels 2 and 3, ho-

mology-directed repair through HR scored as the most enriched

pathway (Figures 5C, S4A, and S4B).

As functional validation, quantification of HR proficiency with

the pDRGFP/pCBASce-I assay unveiled a significant activation

of the HR pathway in KP363T cells that developed tolerance col-

ibactin (Figures 5D and S4C). Similarly, colibactin-tolerant

KP363T showed increased RAD51 foci formation upon acute

re-exposure to colibactin (Figures 5E and S4D; see Figure 3 for

RAD51 foci measurement in in the parental counterpart for com-

parison). This was further confirmed by the acquisition of cross-

resistance to PARP inhibition (Figure 5F).
Figure 5. Exposure to colibactin selects HR-proficient cells

(A) KP363T cells were longitudinally re-infected with colibactin until a tolerant pop

with colibactin.

(B) Cell viability of KP363T parental cells and colibactin-tolerant derivative 7 days

bacteria. Results represent mean ± SD (n = 3). *p < 0.05 (Student’s t test).

(C) Gene set enrichment analysis of KP363T colibactin-tolerant cells. DNA repai

(analyzed independently) and ranked by normalized enrichment score (NES). Gen

are colored, while gray-filled bars indicate non-significantly enriched gene sets (FD

the pathways based on Reactome annotation (i.e., gene sets with a given color at

color nuance but darker).

(D) Quantification of HR activity compared with mock in KP363T parental and col

ANOVA with Bonferroni’s multiple-tests correction). Ns, not statistically significa

(E) Quantification of nuclear RAD51 foci in colibactin-tolerant KP363T cells 24 h

mean ± SD (n = 2, scoring at least 200 nuclei for each replicate).

(F) Sensitivity to olaparib in KP363T parental cell line and colibactin-tolerant deri

(G) Time course analysis of DNA damage and replication stress levels in KP363T

(H) Expression of RAD51C in KP363T colibactin-tolerant cells after infection with

untreated (non-infected) cells.

See also Figure S4.
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Notably, these cells displayed a pattern of DDR markers

closely similar to that we observed in colibactin-tolerant cells

(see Figure 1C), with a peak of damage (phospho-H2AX) and

RS (phospho-RPA) which tended to attenuate over time by

ongoing DNA damage repair (Figure 5G). As previously

mentioned, parental KP363T harbor loss of RAD51C expression

as a driver of HR deficiency. Notably, RNA-seq analysis showed

that colibactin-tolerant KP363T cells restored expression of

RAD51C (Figure S4B). We therefore assessed protein expres-

sion of RAD51C in the colibactin-tolerant KP363T cells and we

observed that not only did these cells re-express RAD51C after

chronic exposure to colibactin, but its protein levels further

increased over time after acute re-infection (Figure 5H).

Tolerance to colibactin correlates with resistance to
irinotecan active metabolite SN38
Given the strong genotoxic activity exerted by colibactin, we hy-

pothesized that shared DNA repair mechanisms could underlie

sensitivity to both colibactin and chemotherapeutic drugs which

are administered as standard of care in metastatic CRC (mCRC),

namely 5-fluorouracil, oxaliplatin, and SN38 (the active metabo-

lite of irinotecan).44 To investigate our hypothesis, we took

advantage of a systematic effort of pharmacological annotation

of a CRC cell line collection previously established in our lab.33

We crossed chemotherapy sensitivity with response to colibac-

tin and found that cell lines most sensitive to colibactin also

showed a profound sensitivity to SN38, and that colibactin-

tolerant cells were also cross-resistant to SN38 (Figures 6A

and 6B). Importantly, although some cell lines with sensitivity

to colibactin were also significantly sensitive to oxaliplatin, corre-

lation between colibactin and oxaliplatin sensitivity failed to

reach statistical significance (Figure S5A).

To corroborate our findings, we found that KP363T with ac-

quired tolerance to colibactin also showed increased resistance

to clinically relevant concentrations of SN38 but not to oxaliplatin

(Figure 6C). Notably, KP363Tweekly re-infected with empty vec-

tor bacteria for the same number of infections did not

acquire resistance to olaparib or to other chemotherapeutic

agents (Figure S5B). Similar results were reproduced in the addi-

tional cell model HROC39, which after repeated rounds of
ulation capable of surviving to colibactin was selected. Arrows mark infections

after infection with colibactin, normalized on viability after infection with empty

r gene sets derived from the Reactome Database are stratified in three levels

e sets with statistically significant enrichment (false discovery rate [FDR] < 0.5)

R > 0.5). Colors of bar filling and borders refer to the hierarchical organization of

levels 2 and 3 branch from a parental pathway in level 1 colored with the same

ibactin-tolerant cells. Results represent mean ± SD (n = 2). *p < 0.05 (two-way

nt.

after infection, normalized on exposure to empty bacteria. Results represent

vative. Results represent mean ± SD (n = 3).

colibactin-tolerant derivative. NT, untreated (non-infected) cells.

colibactin or empty bacteria, compared with basal levels in parental cells. NT,
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(legend on next page)
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infection acquired a colibactin-tolerant, chemo-resistant pheno-

type (Figures S5C–S5F).

We reasoned that the correlation between the sensitivity pro-

files to colibactin and SN38 could be explained by similarities in

the way these molecules impinge on the DNA repair machinery.

Therefore, we analyzed activation of the DDR response after

exposure to colibactin, SN38, or oxaliplatin. Although all the

three agents induced various degree of RS (as assessed by

phospho-RPA and phospho-CHK1), both colibactin and SN38

strongly activated phospho-ATM and its downstream effector

phospho-CHK2 in a similar fashion and more significantly

compared with treatment with oxaliplatin (Figure 6D). This

suggests that DNA DSBs induced by both colibactin and

SN38 are sensed by ATM, but downstream activity of the HR

pathway controls response to both colibactin and SN38. In

fact, colibactin-tolerant COGA5 and HT29 cells showed forma-

tion of RAD51 foci in response to colibactin, in contrast to coli-

bactin-sensitive KP363T and HROC39 (see Figure 3A). In addi-

tion, inactivation of ATM sensitized SW480 to SN38 alongside

with colibactin (Figure S5G), and olaparib-resistant KP363T

and HROC278MET cells, which are characterized by restored

HR proficiency as described above, show increased resistance

to SN38 (Figure S5H).

Colibactin tolerance discriminates patient-derived
organoids with distinct sensitivity profile to SN38
To extend these findings tomore translationally relevant models,

we exploited a panel of molecularly annotated CRC patient-

derived organoids (PDOs). We first implemented a previously re-

ported coculture system45 and confirmed that this experimental

setupwas suitable to observe induction of DNA damage in PDOs

upon exposure to colibactin (Figure 7A). We then selected a

small cohort of PDOs consisting of (1) three models in which

sensitivity to SN38 was previously reported (SN38-sensitive pa-

tients #2 and #3 and SN38-resistant patient #5, as in Durinikova

et al.33) and (2) two newly generated PDOs (patients #6 and #7),

which proved to be respectively resistant and sensitive to SN38

(Figure 7B). Notably, we found that the three SN38-sensitive

models showed significant reduction in cell viability once

exposed to colibactin, while SN38-resistant PDOs were unaf-

fected (Figure 7C).

Analysis of pks prevalence in CRC patients treated with
irinotecan-based regimens
In order to provide initial evidence of the clinical implications of

colibactin impact on response to irinotecan-based chemo-
Figure 6. Colibactin-tolerant cells show cross-resistance to SN38

(A) Top: waterfall plot showing cell viability of indicated cells 7 days after infection

empty bacteria. Results represent mean ± SD (n = 2 for MDST8, JVE015, CRC07

Bottom: heatmap displaying cell viability after 7 days of treatment with chemothera

Durinikova et al.33).

(B) Viability after colibactin infection at an MOI of 200 (normalized on viability of

sensitive (<35% residual viability after 7 days of treatment) and intermediate-res

(C) Sensitivity to SN38 and oxaliplatin at clinically relevant concentrations in K

mean ± SD (n = 3). *p < 0.05 (Student’s t test).

(D) Western blot analysis of replication stress (pRPA and pCHK1) and activation o

colibactin-producing bacteria, or treatment with SN38 (2 nM) or oxaliplatin (5 mM

See also Figure S5.
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therapy, we analyzed the pks prevalence by endpoint PCR in a

retrospective cohort of 40 formalin-fixed paraffin-embedded

(FFPE) tumor samples. These were derived from mCRC patients

who received FOLFIRI (combination of irinotecan plus

5-fluorouracil), alone or in combination with anti-VEGF treatment

as per standard of care. In particular, we collected samples from

20 mCRC patients who had progressive disease as best

response to FOLFIRI (defined as ‘‘resistant’’), and from 20 who

had partial response as best response to FOLFIRI (defined as

‘‘sensitive’’). Given that the entire colibactin genomic sequence

is required to synthetize a functional genotoxin, we tested two

different amplicons on two different regions of the pks island

(namely, CLBI and CLBO genes). We considered pks-positive

those samples in which both amplicons are detected, following

a recently published, similar strategy.46 With this approach, we

found 9 of 40 (22.5%) pks-positive samples, in accordance

with previous results obtained in a published cohort46 (Figure S6).

Interestingly, two samples tested positive for colibactin were

derived from a hepatic and a nodal metastasis, suggesting that

colibactin might also spread with the tumor outside from primary

location. The clinicopathological information for colibactin-posi-

tive and colibactin-negative samples is reported in Table S1. We

found that 6 of 9 (67%) pks-positive patients had progressive

disease as best response to FOLFIRI, in contrast with 14 of 31

(45%) in pks-negative patients, suggesting a trend toward

poorer response to FOLFIRI among pks-positive patients.

DISCUSSION

In malignant cancers, DDR pathways are responsible for main-

taining the equilibrium between progressive acquisition of driver

mutations and avoidance of critical levels of DNA damage. Tu-

mors that harbor genetic defects in DNA repair may reveal a

vulnerability to treatments aimed at increasing the DNA damage

load.47 Moreover, the DNA repair status of a tumor may further

affect response to chemotherapy.48 However, how tumors

leverage the trade-off between the advantages of increased

mutability and the drawbacks of genotoxic susceptibility is still

widely unknown. In this regard, compelling evidence supports

the involvement of genotoxins from the microbiota.15,16 Among

these, colibactin has been widely studied for its consolidated as-

sociation with CRC. Although initial evidence has described as-

sociation of colibactin with clinically relevant features, such as

sidedness and overall survival,17 previous studies failed to find

molecular biomarkers which are enriched in colibactin-positive

tumors.13
with colibactin at an MOI of 200, normalized on viability of cells infected with

40XL, and OXCO3; n = 3 for the other cell lines; mean values as in Figure 1B).

peutic agents at clinically relevant, indicated concentrations (data derived from

cells infected with empty bacteria as control) stratifying cells between SN38-

istant cells. Lines represent mean ± SD. ***p < 0.001 (Mann-Whitney test).

P363T parental cell line and colibactin-tolerant derivative. Results represent

f ATM-CHK2 pathway (pATM and pCHK2) after infection with empty vector or

). NT, untreated (non-infected) cells.
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Figure 7. Sensitivity to colibactin correlates

with response to SN38 in patient-derived or-

ganoids

(A) Representative images of DNA damage

induced in patient #5 PDO 24 h after infection with

colibactin at an MOI of 100, compared with empty

vector control bacteria. NT, untreated (non-in-

fected) cells. SN38 (5 nM) was used as positive

control. Scale bar: 25 mm (10 mm in insets).

(B) Sensitivity to SN38 at clinically relevant con-

centration in PDOs. Data for patients #2, #3, and

#5were reproduced fromDurinikova et al.33 for the

purpose of clarity of the figure. Results represent

mean ± SD (n = 2). *p < 0.05 (Student’s t test).

(C) Viability of indicated PDOs 7 days after infec-

tion with colibactin at an MOI of 100, normalized

on viability after infection with empty bacteria.

Results represent mean ± SD (n = 2). *p < 0.05

(Student’s t test).

See also Figure S6.
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In our study, we characterized HR proficiency as a key marker

of tolerance to colibactin in CRC cells. Previous work described

the involvement of different pathways in response to colibactin

but relied mainly on artificial modulations of single DNA repair

proteins, often in cells of non-colorectal origin. On the contrary,

we started from the analysis of the impact of colibactin on a

group of �40 CRC cell lines representative of the molecular het-

erogeneity of this disease, further mechanistically corroborated

by a panel of isogenic cells with genetic inactivation of all the

pathways which may be involved in response to colibactin.

Moreover, we validated the involvement of the HR pathway by

studying different models of HR proficiency restoration.

Colibactin is known to have a pleiotropic effect on the genome

of infected cells.18,21,26 This is recapitulated by our data, as inac-

tivation of ATM for DSBs repair, ATRIP for RS and ERCC1 for

NER all sensitized cells to colibactin. In parallel, GSEA results

showed significantly enriched homology-directed repair path-

ways among upregulated genes in colibactin-tolerant cells,

alongside other DNA repair mechanisms associated with RS

response (such as recognition of DNA damage by PCNA-con-

taining replication complex) and NER, paralleling the sensitizing

effect obtained with ATRIP and ERCC1 KO, respectively. The

involvement of transcription-coupled NER upon colibactin

exposure was previously postulated on the basis of colibactin

mutational signature profile,24 while ATR blockade was shown

to increase sensitivity to colibactin in previous works.18 Never-

theless, HR proved to have a prominent role, as inactivation of

ATM achieved the strongest sensitization phenotype and HR

showed the highest NES with GSEA. Indeed, HR may be

involved in the repair of DSBs, which are either directly induced
Cell Reports
by colibactin or result from the induction

of RS. Notably, we found that in ATM-

KO cells the levels of RS increased in par-

allel to DNA damage. Although colibactin

was previously reported to induce activa-

tion of FANCD2,18 inactivation of this

gene did not result in significant reduction
in cell viability upon infection, suggesting that other DDR path-

ways may rescue cells from cytotoxicity.49,50 In fact, pharmaco-

logical inhibition of ATM was sufficient to sensitize the entire

isogenic DDR-KO panel to colibactin, suggesting that ATM pro-

vides a salvage mechanism even when other DNA repair path-

ways activated by colibactin (such as Fanconi anemia and

NER) are disabled.

Of translational relevance, we found that HR-deficient cells

share a common sensitivity to both colibactin and SN38 but

not oxaliplatin. This association retrieved in cells was further

confirmed in PDOs models which recapitulated different sensi-

tivity profiles to SN38. In addition, we showed that chronic expo-

sure to colibactin selected for HR proficiency in previously HR-

deficient cells, coupled with a resistant phenotype to olaparib

and SN38. This provides evidence for the role of colibactin in

shaping tumor evolution, suggesting a model in which ongoing

mutagenesis driven by a prolonged exposure to colibactin dur-

ing tumor establishment and progression is capable of selecting

a specific DNA repair proficiency phenotype, with implications

for further response to treatment. Traditionally, the activity of

HR has been associated with response to platinum-based ther-

apies in different tumors.34 Nevertheless, both colibactin and

SN38 may share the exquisite ability to induce DSBs which ulti-

mately activate the HR pathway. Moreover, previous evidence

showed that oxaliplatin may induce cancer cell death through

several mechanisms which are independent from the capability

to induce DNA damage.51

Our study poses the preclinical and translational rationale for

studying colibactin-producing bacteria as a putative biomarker

of resistance to irinotecan-based therapy in the clinical setting.
Medicine 5, 101376, February 20, 2024 11
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Given the instability of colibactin, which hampers its direct mea-

surement, current studiesmainly rely on detection of the colibac-

tin-encoding pks island. In this regard, our analysis of an explor-

atory cohort of FFPE mCRC samples suggests an enrichment of

FOLFIRI-resistant cases in patients with pks-positive disease.

However, the sole presence of the pks island in the tumor at

the time of diagnosis may not adequately recapitulate the effect

of past exposure to colibactin. Indeed, colibactin-associated

mutational signatures have been found in only 5% of CRC pa-

tients,24 in sharp contrast with the prevalence of pks+ bacteria

in CRCs, estimated to be around 60%.13 Studies aiming at sys-

tematically proving the association of colibactin with clinically

relevant outcomes will have to take into consideration different

factors, including the specific bacterial strains, the molecular

background of the tumor and the impact of past exposure to col-

ibactin in the cancer genome.

In conclusion, our results shed further light on the mode of ac-

tion of colibactin and its impact on the DNA damage response,

and provide additional evidence on the role of this genotoxin in

shaping tumor evolution. Future clinical studies will be required

to understand whether colibactin can be used as a biomarker

of response to chemotherapy to better guide treatment selection

in CRC patients.

Limitations of the study
The correlation we found between sensitivity to colibactin and

SN38 in PDOs appeared weaker compared with the one

observed in cell lines. This may be due to the small number of

models analyzed. Furthermore, exposure to colibactin was ob-

tained with an organoid monolayer coculture system, which

granted more feasibility and reproducibility, but could have

partially affected the genotoxic activity exerted by colibactin.45

It will be interesting to extended these findings to more models

and exploiting more complex coculture systems, such as intralu-

minal bacterial injections.45 In addition, given the widespread

presence of colibactin in different bacterial strains,12 and the

fact that colibactin mutational signatures were retrieved in

different tumors other than those of intestinal origin,24 it will be

fascinating to extend our results to other tumor types. The corre-

lation we retrieved between HR status and sensitivity to colibac-

tin in a small group of ovarian cancer cell lines provides an initial

evidence in this regard.

Although we observed a trend toward poorer response to iri-

notecan-based therapy in pks+ mCRC patients, the small cohort

size and its retrospective identification represent limitations of

our results. Considering the relatively low prevalence of the pks

island in FFPE samples that we and others observed,46 assess-

ment of pks prevalence in larger and ideally prospective cohorts

of patients is warranted to establish the role of colibactin as a po-

tential driver of irinotecan resistance in this clinical setting and

assess its impact on patients’ survival under treatment.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-gamma-H2AX Antibody, Affinity

Purified

Bethyl Cat# A300-081A; RRID:AB_203288

Anti-RAD51 Millipore Cat# ABE257; RRID:AB_10850319

Donkey Anti-Rabbit IgG (H + L) Polyclonal

Antibody, Alexa Fluor 555 Conjugated

Molecular Probes Cat# A-31572; RRID:AB_162543

Donkey anti-Mouse IgG (H + L) ReadyProbes

Secondary Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat# R37114; RRID:AB_2556542

Phospho-Histone H2A.X (Ser139) (D7T2V)

Mouse mAb

Cell Signaling Technology Cat# 80312; RRID:AB_2799949

Histone H2A.X (D17A3) XP Rabbit mAb Cell Signaling Technology Cat# 7631; RRID:AB_10860771

Anti-Vinculin, clone V284 Millipore Cat# 05–386; RRID:AB_11212640

ATM (phospho S1981) antibody [EP1890Y] Abcam Cat# ab81292; RRID:AB_1640207

Rabbit Anti-ATM Monoclonal Antibody,

Unconjugated, Clone D2E2

Cell Signaling Technology Cat# 2873; RRID:AB_2062659

Rabbit anti-Phospho RPA32 (S33) Antibody,

Affinity Purified

Bethyl Cat# A300-246A; RRID:AB_2180847

Recombinant Anti-RPA32/RPA2 antibody [4E4] Abcam Cat# ab252861; RRID:AB_292764

Rad51C (2H11) Santa Cruz Biotechnology Cat# sc-56214; RRID:AB_2238197

Phospho-Chk1 (Ser345) (133D3) Rabbit mAb Cell Signaling Technology Cat# 2348; RRID:AB_331212

Chk1 (2G1D5) Mouse mAb Cell Signaling Technology Cat# 2360; RRID:AB_2080320

Phospho-Chk2 (Thr68) (C13C1) Rabbit mAb Cell Signaling Technology Cat# 2197; RRID:AB_2080501

Mouse Anti-Chk2 Monoclonal Antibody,

Unconjugated, Clone 1C12

Cell Signaling Technology Cat# 3440; RRID:AB_2229490

ATRIP Antibody Cell Signaling Technology Cat# 2737, RRID:AB_823659

FANCD2 Antibody - BSA Free Novus Biologicals Cat# NB100-182, RRID:AB_10002867

ERCC1 (D61F5) Rabbit mAb Cell Signaling Technology Cat# 5437, RRID:AB_10831838

REV1 Antibody (A-11) Santa Cruz Biotechnology Cat# sc-393022, RRID:AB_2885169

Bacterial and virus strains

Escherichia coli DH10B pBeloBAC empty vector Prof. Jean Philippe Nougayrede21 N/A

Escherichia coli DH10B pBeloBAC-pks Prof. Jean Philippe Nougayrede21 N/A

Chemicals, peptides, and recombinant proteins

DAPI (40,6-diamidino-2-phenylindole,

dihydrochloride)

Thermo Scientific Cat# 62247

Fetal Bovine Serum (South America) Sterile Filtered Euroclone Cat# ECS0180L

L-Glutamine solution Sigma-Aldrich Cat# G7513

Antibiotic Antimycotic Solution (1003), Stabilized Sigma-Aldrich Cat# A5955

Trypsin-EDTA Solution Sigma-Aldrich Cat# T3924

Crystal Violet Solution Sigma-Aldrich Cat# V5265-500ML

Oxaliplatin MedChemExpress Cat# HY-17371

SN38 MedChemExpress Cat# HY-13704

Olaparib MedChemExpress Cat# HY-10162

AZD0156 MedChemExpress Cat# HY-100016

Critical commercial assays

Venor�GeM Classic Minerva Biolabs Cat# 11-1250

PowerPlex� 16 HS System Promega Cat# DC2100

(Continued on next page)
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PierceTM BCA Protein Assay Kit Thermo Scientific Cat# 23225

Western Blotting AmershamTM ECLTM Prime Cytica Cat# RPN2236

LipofectamineTM 3000 Transfection Reagent Invitrogen Cat# L3000001

NEBNext� High-Fidelity 2X PCR Master Mix New England Biolabs GmbH Cat# M0541S

CellTiter-Glo� Luminescent Cell Viability Assay Promega Cat# G7573

Maxwell� RSC DNA FFPE Kit Promega Cat# AS1450

Deposited data

RNA-Seq data This study ENA:PRJEB68048

Experimental models: Cell lines

Human: COGA-5 cell line Laboratory of L.A. Huber RRID:CVCL_A076

Human: DLD-1 cell line ATCC RRID:CVCL_0248

Human: HCT 116 cell line NCI60 RRID:CVCL_0291

Human: OUMS-23 cell line JCRB RRID:CVCL_3088

Human: WiDr cell line Laboratory of R. Bernards RRID:CVCL_2760

Human: SW480 cell line ATCC RRID:CVCL_0546

Human: DiFi cell line Laboratory of J. Baselga RRID:CVCL_6895

Human: HT29 cell line NCI60 RRID:CVCL_A8EZ

Human: HROC183 cell line Laboratory of M. Linnebacher RRID:CVCL_1D16

Human: Co-115 cell line Laboratory of R. Hamelin RRID:CVCL_D102

Human: SNU-977 cell line KCLB RRID:CVCL_5109

Human: HROC284Met cell line Laboratory of M. Linnebacher RRID:CVCL_1U91

Human: MDST8 cell line ECACC RRID:CVCL_2588

Human: GEO cell line Laboratory of G. Tortora RRID:CVCL_0271

Human: KM20 cell line KCLB RRID:CVCL_L095

Human: KM12 cell line NCI60 RRID:CVCL_1331

Human: RW-7213 cell line Laboratory of D. Arango RRID:CVCL_D175

Human: SNU-1411 cell line KCLB RRID:CVCL_5025

Human: LS411N cell line ATCC RRID:CVCL_1385

Human: LS1034 cell line ATCC RRID:CVCL_1382

Human: VACO 432 cell line Labboratory of B. Vogelstein RRID:CVCL_5402

Human: HCC2998 cell line NCI60 RRID:CVCL_1266

Human: CL-11 cell line DSMZ RRID:CVCL_1978

Human: HROC69 cell line Laboratory of M. Linnebacher RRID:CVCL_1G06

Human: JVE015 cell line LUMC RRID:CVCL_EG16

Human: CRC0174_XL cell line Lead contact N/A

Human: SK-CO-1 cell line ATCC RRID:CVCL_0626

Human: HROC131 T0 M3 cell line Laboratory of M. Linnebacher RRID:CVCL_1D13

Human: HDC-114 cell line Laboratory of M. Schwab RRID:CVCL_A376

Human: SW1116 cell line ATCC RRID:CVCL_0544

Human: CRC0740_XL cell line Lead contact N/A

Human: SNU-61 cell line KCLB RRID:CVCL_5078

Human: HROC59 cell line Laboratory of M. Linnebacher RRID:CVCL_1G04

Human: HROC39 cell line Laboratory of M. Linnebacher RRID:CVCL_1U81

Human: C106 cell line ECACC RRID:CVCL_M011

Human: OX-CO-3 cell line Laboratory of V. Cerundolo RRID:CVCL_B452

Human: HROC278Met T2 M2 cell line Laboratory of M. Linnebacher RRID:CVCL_1U90

Human: NCI-H498 cell line ATCC RRID:CVCL_1563

Human: KP363T cell line LUMC RRID:CVCL_EG34

(Continued on next page)
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Human: SW480 ATM KO cell line This study N/A

Human: SW480 ATRIP KO cell line This study N/A

Human: SW480 ERCC1 KO cell line This study N/A

Human: SW480 FANCD2 KO cell line This study N/A

Human: SW480 REV1 KO cell line This study N/A

Human: A2780 cell line ECACC RRID:CVCL_0134

Human: UWB1.289 cell line ATCC RRID:CVCL_B079

Human: UWB1.289+BRCA1 cell line ATCC RRID:CVCL_B078

Human: KP363T olaparib-resistant cell line This study N/A

Human: HROC278MET olaparib-resistant cell line This study N/A

Human: KP363T colibactin-tolerant cell line This study N/A

Human: KP363T empty long term cell line This study N/A

Human: HROC39 colibactin-tolerant cell line This study N/A

Oligonucleotides

sgRNA targeting ATM 50- CCAAGGCTATTCAGTG

TGCG-30
Durinikova et al.33 N/A

sgRNA targeting ATRIP 50-GCGAGACTCACTACA

TCAGA-30
This study N/A

sgRNA targeting ERCC1 50-GCTCTGTGTAGATCG

GAATA-30
This study N/A

sgRNA targeting FANCD2 50-AAGAAGACTGTCAA

AATCTG-30
This study N/A

sgRNA targeting REV1 50-AAACTAATGATGTTGC

ATGG-30
This study N/A

CLBI forward primer 50-CGCTTCATCAACACGC

TTTA-30
This study N/A

CLBI reverse primer 50-GCAAAAACCGGCTACT

TGTC-30
This study N/A

CLBO forward primer 50-CGTCGTTATTTACCGC

ACCT-30
This study N/A

CLBO reverse primer 50-CACTACGCGACCAAGA

CAGA-30
This study N/A

Recombinant DNA

Plasmid: pDRGFP Addgene RRID:Addgene_26475

Plasmid: pCBASceI Addgene RRID:Addgene_26477

Plasmid: lentiCRISPR v2 Addgene RRID:Addgene_52961

Software and algorithms

GeneMapper� Software v.6 Applied Biosystems RRID:SCR_014290

GraphPad Prism v.8 GraphPad RRID:SCR_002798

ImageJ v1.53a https://ImageJ.nih.gov/ij/ N/A

MapSplice v2.2.1 http://www.netlab.uky.edu/p/bioinfo/ http://www.netlab.uky.edu/p/bioinfo/

Samtools v1.14 https://samtools.sourceforge.net/ https://samtools.sourceforge.net/

Ubu 1.2 UNC-Chapel Hill Bioinformatics

Utilities

https://github.com/mozack/ubu/blob/master/

src/main/java/edu/unc/bioinf/ubu/Ubu.java

Rsem v1.3.3 https://github.com/deweylab/RSEM https://github.com/deweylab/RSEM

R v4.1 The R Foundation for Statistical

Computing

https://www.R-project.org/

Tximport Bioconductor https://bioconductor.org/packages/release/

bioc/html/tximport.html

Deseq2 Bioconductor https://bioconductor.org/packages/release/

bioc/html/DESeq2.html
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fGSEA Bioconductor https://bioconductor.org/packages/release/

bioc/html/fgsea.html

ggplot2 v3.3 Tidyverse https://ggplot2.tidyverse.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, prof.

Alberto Bardelli (alberto.bardelli@unito.it).

Materials availability
Isogenic SW480 DDR knock-out cell lines, KP363T and HROC278MET olaparib-resistant cells, KP363T and HROC39 colibactin-

tolerant cells and KP363T re-infected with empty vector bacteria are available from the lead contact (A.B.) under a Material Transfer

Agreement.

Data and code availability
(1) RNA-seq data obtained for KP363T cells with acquired tolerance to colibactin or exposed to empty vector bacteria for the

same number of infections were deposited in the European Nucleotide Archive (ENA:PRJEB68048). Other raw data reported

in this paper will be shared by the lead contact upon request.

(2) This paper does not report original code.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Each cell line was cultured in its specific medium, routinely supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and

antibiotics (100 U/ml of penicillin and 100mg/mL of streptomycin), and grown at 37�Con a 5%CO2 air incubator. Cells were routinely

screened for absence of Mycoplasma contamination using the Venor GeM Classic kit (Minerva Biolabs). All the cell lines used were

confirmed negative for Mycoplasma contamination in all the tests performed. The identity of each cell line was checked nomore than

3 months before performing the experiments using the PowerPlex 16 HS System (Promega), through short tandem repeat tests at 16

different loci (D5S818, D13S317, D7S820, D16S539, D21S11, vWA, TH01, TPOX, CSF1PO, D18S51, D3S1358, D8S1179, FGA,

Penta D, Penta E and amelogenin). Amplicons frommultiplex PCRswere separated by capillary electrophoresis (3730 DNA Analyzer,

Applied Biosystems) and analyzed using GeneMapper v.3.7 software (Life Technologies). Short tandem repeat results for all the CRC

cell lines matched the profiles previously published.32 The origin of all the CRC cell lines used in the present study was previously

reported.32,33 A2780 cell line was obtained from ECACC. UWB1.289 parental and +BRCA1 derivative cells were obtained

from ATCC.

Colibactin-producing and empty vector bacteria
Escherichia coliDH10B strains harboring a Bacterial Artificial Chromosome (pBeloBAC) with the pks island and their counterpart with

corresponding empty-vector BAC were kindly provided by Jean-Philippe Nougayède, Université de Toulouse, France.21

Patient-derived organoids
Regarding PDOs #2, #3 and #5, tumor samples were obtained from patients treated at Niguarda Cancer Center (Milan, Italy) after

written consent and the study was conducted in accordance with the local Independent Ethical Committee (protocol 194/2010).

PDOs establishment was previously reported.34 For PDOs #6 and #7, samples were procured and the study was conducted under

the approval of the Review Board of the Candiolo Cancer Institute (PROFILING protocol No. 001-IRCC-00IIS-10), and all patients

provided informed consent. PDOs #6 and #7 were established as previously described.52 Organoids were tested for Mycoplasma

and maintained at 37�C in a humidified atmosphere of 5% CO2. All the PDOs were cultured in Cultrex Basement Membrane Extract

(BME) Type 2 (Amsbio) with ENAS medium. ENAS medium was prepared starting from Basal Medium (consisting of advanced

DMEM/F12 medium containing 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mmol/L GlutaMAX, 10 mmol/L HEPES and

50mg/mL primocin) supplemented with: 1 3 B27 supplement (Invitrogen), 1 3 N2 supplement (Invitrogen), 1.25 mmol/L N-acetyl-

cysteine (Sigma Aldrich), 10 mmol/L nicotinamide (Sigma Aldrich), 10 nmol/L gastrin (Sigma), 50 ng/mL human EGF (Life Technolo-

gies), 100 ng/mL Noggin (PeproTech), 500 nmol/L TGFb type I receptor inhibitor A83-01 (Tocris), and 10 mmol/L p38 MAPK inhibitor

SB202190 (Sigma Aldrich).
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FFPE tumor samples of CRC patients for analysis of pks prevalence
Fortymetastatic CRC patients treatedwith FOLFIRI alone or in combination with an anti-VEGFR agent (as per standard-of-care) were

retrospectively identified at Grande Ospedale Metropolitano Niguarda, Milan, Italy. All patients were enrolled within the AlfaOmega

Master Observational Trial (NCT04120935) and signed a dedicated informed consent. Patients were identified and considered

eligible for this study based on their response to FOLFIRI as follow: 20 who had partial response (‘sensitive’), and 20 who had pro-

gressive disease (‘resistant’) as best response to FOLFIRI administered as per standard of care. Electronic charts records were re-

viewed to collect and analyze patients’ clinicopathological features.

METHOD DETAILS

Bacteria-cell line cocultures
Infections with colibactin-producing or empty-vector bacteria were performed as previously described.53 Briefly, on day 0 cancer

cells were plated at different densities based on the experimental designs described below, and a bacterial overnight culture in Luria

Bertani (LB) broth, supplemented with 25mg/mL chloramphenicol as selection marker, was started. The following day, 0.5mL of over-

night cultures were added to 9.5mL of Dulbecco’s Modified Eagle Medium with high glucose (DMEM, Sigma Aldrich) supplemented

with 25mMHEPES, and allowed to grow for 2 h, during which bacteria reached exponential phase growth (infectionmedium). Optical

density at 600nm (OD600) was measured to monitor growth, and a conversion factor from OD600 to CFU/mL was previously

assessed in our experimental conditions. Plated cancer cells were carefully washed with PBS to remove antibiotics, and infection

medium diluted in DMEM 25mM HEPES was added to achieve the desired multiplicity-of-infection (MOI), in a volume of interaction

medium of 1mL for 6-multiwell plates (used for Western Blot) and 200mL for 24-multiwell plates (used for colibactin sensitivity assays

and immunofluorescence analysis). Bacteria-cancer cells cocultures were then incubated at 37�C for 4 h. After that, cells were care-

fully washed with PBS supplemented with 20mg/mL gentamicin to remove remaining bacteria and complete mediumwith gentamicin

was added. Cells were then incubated until analysis.

Immunofluorescence
Cell lines were plated on glass coverslips at a density of 8 3 104 per coverslip. The following day, cells were either infected with col-

ibactin-producing or empty-vector bacteria or treatedwith indicated chemotherapy. Cells were then fixed at indicated timepoints. For

irradiation, cells were grown on glass coverslips (23 105 cells per well) in a 24-well plate. Twenty-four hours after plating, cells were

exposed to ionizing radiation and allowed to recover for 4 h, followedby fixation. Cellswere fixed in 4%paraformaldehyde for 20min at

room temperature (RT) and permeabilized with 0.1%Triton X-100 for 5min on ice. Then, cells were treated with BSA 1% for 1 h at RT,

followed by overnight incubation at +4�C with the following primary antibodies diluted in PBS containing 1% of donkey serum: anti-

phospho-Histone H2AX (Ser139) rabbit monoclonal antibody (Bethyl Laboratories A700-053) (1:600); anti-RAD51 (Millipore

ABE257; 1:100). After washing, cells were fluorescently labeledwith an Alexa Fluor 555 or Alexa Fluor 488 donkey anti-rabbit antibody

(MolecularProbes; 1:400) for 1hat roomtemperature.NucleiwerestainedwithDAPI.Slideswere thenmountedusing thefluorescence

mounting medium (Dako). For quantification of gH2AX and RAD51 nuclear foci, nuclei were detected with a Leica DMI6000B fluores-

cencemicroscope (LeicaMicrosystems) under a403dry objective using theLeicaApplicationSuiteAdvancedFluorescencesoftware

(v.2.6.3.8173). Images were captured at 10 individual z-planes and were merged using the ‘‘Z Project’’ function in ImageJ. Individual

nuclei were scored for foci positivity, identifiedbasedon signal intensity abovegeneral background staining levels andpresencewithin

the nucleus as assessed by concomitant DAPI staining. Cells containingR5 distinct foci were defined as foci-positive, and the per-

centage of positive nuclei was calculated as [(number of RAD51 foci-positive nuclei)/(number of nuclei scored)]* 100.34 Doubling of

RAD51 foci-positive nuclei in cells infected with colibactin-producing bacteria compared with empty vector bacteria, or in irradiated

cells comparedwith untreated controls, was considered as threshold of positivity, in accordancewith previously published analysis of

post-irradiation RAD51 foci.34 Representative images shown were acquired with a confocal laser scanning microscope (TCS SPE II,

Leica), using the Leica Application Suite Advanced Fluorescence software (v.2.6.3.8173), and processedwith AdobePhotoshopCS5.

Colibactin sensitivity and drug proliferation assays
On day 0, cells were plated at different densities in 24-multiwell plates. For colibactin sensitivity assay, the following day cells were

infected with colibactin-producing or empty-vector bacteria at indicated MOIs as described above. Following 4 h of infection, resid-

ual bacteria were removed and cells were incubated at 37�C 5%CO2 for 7 days in their respective complete medium supplemented

with 20mg/mL gentamicin. For drug proliferation assays, serial dilutions of each drug were added to the cells, which were then incu-

bated at 37�C in 5% CO2 for 7 days. Following incubation, cells were fixed with 4% paraformaldehyde and stained with 1% Crystal

Violet-Methanol solution (Sigma-Aldrich). Crystal Violet was then solubilized with 10% acetic acid and absorbance was quantified at

595nm. Oxaliplatin (S1224), SN-38 (S4908), olaparib (AZD2281, Ku-0059436, S1060), and ATM inhibitor AZD0156 were purchased

from MedChemExpress. The sensitivity profile to chemotherapeutic agents shown in Figure 6A was derived from ref. 33.

Western blot analysis
On day 0, cells were plated at different densities in 6-multiwell plates. The following day, cells were infectedwith colibactin and empty

bacteria at indicatedMOIs as described above. total cellular proteins were extracted by solubilizing cells in boiling SDSbuffer (50mM
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Tris-HCl [pH 7.5], 150 mMNaCl, and 1% SDS). Samples were boiled for 5 min at 95�C and sonicated for 10 s. Extracts were clarified

by centrifugation and normalized with the BCA Protein Assay Reagent kit (Thermo). Western blot detection was performed with

enhanced chemiluminescence system (GE Healthcare) and peroxidase conjugated secondary antibodies (Amersham). Detection

of the chemiluminescent signal was performed with ChemiDoc Imaging System (Bio-Rad). The following primary antibodies were

used for western blotting: anti-Vinculin (MERCK 05–386; 1:3,000); anti-HSP90 (Santa Cruz Biotechnology, sc-13119; 1:1,000);

anti-actin (Santa Cruz Biotechnology; 1:3,000); anti-phospo-H2AX (Ser139) (Cell Signaling Technology, 80312S; 1:1,000); anti-

H2AX (Cell Signaling Technology, 7631S; 1:1,000); anti-phospho-ATM (Ser1981) (Abcam, ab81292; 1:1,000); anti-ATM (Cell

Signaling Technology, 2873S; 1:1,000); anti-phospho-RPA32 (Ser33) (Bethyl Laboratories A300-246A; 1:1,000); anti-RPA32 (Abcam,

ab252861; 1:2,000); anti-RAD51C (Santa Cruz Biotechnology, sc-56214; 1:1,000); anti-phospho-CHK1 (S345) (Cell Signaling Tech-

nology, 2348S; 1:1,000); anti-CHK1 (Cell Signaling Technology, 2360S; 1:1,000); anti-phospho-CHK2 (Cell Signaling Technology,

2197S; 1:1,000); anti-CHK2 (Cell Signaling Technology, 3440S, 1:1000).

Generation of isogenic DDR knock-out cell lines
Generation of ATM-KO SW480was previously reported.33 To generate the DDR gene panel knock-outs, we used the genome editing

one vector system (lentiCRISPR-v2). Small guide RNAs (sgRNAs) were designed using the CRISPR tool (http://crispr.mit.edu). An-

nealed sgRNAs oligonucleotides targeting the human DDR genes were cloned into Bsmbl lentiCRISPR-v2 plasmid, as previously

described.54 In order to reduce the risk of mutagenesis from off-target effects, we exploited transient expression of Cas9 and sgRNA

through transfection. Using SW480 cells, transfection was carried out using Lipofectamine 3000 (Life technologies) and OptiMEM

(Invitrogen), according to the manufacturer’s instructions. After 48 h, cells were incubated with puromycin (Sigma Aldrich) for

4 days and subsequently single cell diluted in 96-well plates. Several clones were selected for each DDR gene knock-out and

loss of DDR proteins expression were confirmed by Western blot. Plasmid lentiCRISPR v2 was a gift from Feng Zhang (Addgene

plasmid # 52961).

Generation of olaparib-resistant cell lines
KP363T and HROC278MET olaparib-resistant derivatives were obtained treating parental (sensitive34) cells with 5 mM of olaparib for

several months, until resistant derivatives emerged. Resistance to olaparib was confirmedwith drug screening comparing to parental

counterparts.

Generation of pDRGFP expressing cells
Cells were seeded at a density of 2.5 3 105 cells/well in 6-multiwell plates. The following day, cells were transfected with pDRGFP

plasmid using Lipofectamine 3000 (Life technologies) following manufacturer’s instruction. pDRGFP plasmid is composed of two

differentially mutated GFP (green fluorescent protein) genes oriented as direct repeats and separated by a drug selection marker.42

One of the GFP genes is mutated to contain the recognition site for the Sce-I endonuclease and, as a result, will undergo a DSBwhen

Sce-I is ectopically expressed.42 A homologous recombination event between the two GFP genes results in the expression of intact

GFP protein. Seventy-two hours after infection, puromycin (Sigma Aldrich) was used to select stably pDRGFP-expressing cells. Gen-

eration of pDRGFP-expressing KP363T parental cells was previously reported.34 pDRGFP was a gift from Maria Jasin (Addgene

plasmid # 26475).

Homologous recombination proficiency assay
The pDRGFP-expressing cells were seeded at a density of 2.5 3 105 cells/well in 6-multiwell plates. The following day, cells were

transfected with the Sce-I-expressing plasmid (pCBASce-I)42 using Lipofectamine 3000 following manufacturer’s instruction. Fifty

to 60 h after transfection, cells were harvested and analyzed by flow cytometry using the Beckman Coulter CyAn ADP analyzer

with the Summit v.4.3 software. pCBASceI was a gift from Maria Jasin (Addgene plasmid # 26477).

Generation of colibactin-tolerant cell lines
KP363T and HROC39 colibactin-tolerant cell derivatives (and KP363T control cells re-exposed to empty-vector bacteria) were ob-

tained through longitudinal re-infections with colibactin-producing bacteria. At the beginning of the experiment, 5 million cells were

plated in a T75 tissue flask for each condition. The following day, cells were infected with colibactin-producing or empty vector bac-

teria at MOI 100. Each week, cells were detached, counted (in order to be able to calculate the MOI) and re-plated in a new T75 flask.

Cells were then infected the following day. When cells were too few to be detached, they were left recovering for an additional week

before reinfection. For cell re-infected with empty vector bacteria, since they kept growing exponentially, when detached only 5

million cells were re-plated for each reinfection.

RNA extraction and sequencing
Total RNA was extracted using the Maxwell RSCmiRNA Tissue Kit (AS1460, Promega). The quantification of RNA was performed by

Thermo Scientific Nanodrop 1000 (Agilent) and Qubit 3.0 Fluorometer (Life Technologies). RNA integrity was evaluated with the Agi-

lent 2100 Bioanalyzer using the Agilent RNA 6000 Nano Kit. Total RNA (800 ng) with RNA integrity number (RIN) score between 9 and

10 was used as input to the Illumina TruSeq RNA Sample Prep Kit v2-Set B (48Rxn), according to the manufacturer’s protocol. After
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library preparation, sequencing was performed on NextSeq500 to get single-end 150 bp reads. Three biologically independent RNA

samples were extracted and sequenced for both KP363T colibactin-tolerant cells and counterpart cells exposed to long-term treat-

ment with the empty bacteria.

Gene expression analysis
RNA-seq reads were initially aligned to hg38 using the splice-aware MapSplice tool.55 The resulting BAM files underwent processing

via ubu sam-xlate and sam-filter to translate genomic coordinates into transcriptomic ones and to exclude reads with indels, large

inserts and zeromapping quality. Then, the quantification of transcripts and geneswas conducted using RSEM56 andGENCODE v33

as gene annotation. Starting from the RSEM-derived gene results (expected counts and effective lengths), robust FPKM values were

subsequently calculated, using the tximport R Bioconductor package and the fpkm function included in the DESeq2 R Bioconductor

package.57 Finally, the robust FPKM values were log2-transformed, the gene expression matrix was annotated with gene names

from the GENCODE annotation file and genes of interest were selected to calculate the z-scores.

Differential gene expression analysis and GSEA
RSEM-derived gene results were used to perform differential gene expression analysis exploiting the tximport and DESeq2 R Bio-

conductor packages.57 KP363T colibactin-tolerant cells (alternative condition) were compared with KP363T cells exposed to long-

term treatment with the empty bacteria (reference condition). Independent filtering was performed as implemented by the results

function and adjusted p values were obtained by applying the Benjamini–Hochberg (BH) method. In addition, the lfcShrink function

was used to shrink the log2 fold changes. Genes were annotated with gene names from the GENCODE annotation file and those

whose adjusted p value was <5% were considered as differentially expressed.

We subsequently performed pre-ranked GSEA with the fgsea function from the fGSEA R Bioconductor package.58 Genes were

ranked based on the obtained shrunken log2 fold changes. The enrichment analysis was performed considering different categories

of genes involved in DNA repair. Specifically, three groups of gene sets were derived from the Reactome database43 (Reactome:R-

HSA-73894; https://reactome.org/content/detail/R-HSA-73894) in the followingway: the 7main DNA-repair Pathwayswere selected

as ‘Level 1’ gene sets, all their branches were selected as ‘Level 2’ gene sets and all the branches derived from Level 2 were selected

as ‘Level 3’ gene sets. Each level was analyzed independently from the others and for each gene set we obtained the BH-adjusted p

value, the normalized enrichment score (NES) and the list of genes in the leading edge.

Patient-derived organoids drug screening and bacteria co-cultures
Sensitivity to SN38 in PDOs #2, #3 and #5 was derived from the ref. 33. In order to screen the sensitivity to SN38 in PDO #6 and #7,

following previously published protocols,33 organoids were enzymatically dissociated using TrypLE Express Enzyme for 10 to 20min

at 37�C to obtain single-cell suspensions and seeded at a density of 7,000–8,000 cells per well in 96-well plates precoated with BME

Type 2 and overlayedwith 100 mL of growthmedia containing 1%BME. The treatment with drugs started on day 2 after seedingwhen

3D structures were visible. Organoids were treated in fresh 150 mL medium containing 2% BME with increasing doses of SN-38 in

technical triplicates, covering physiologic concentrations of the drug. Treatment was done automatically by Tecan D300e Digital

Dispenser. MG-132 at 4 mmol/L concentration was used as a positive control; DMSO served as a negative control.

For PDO-bacteria cocultures, PDOswere dissociated and plated as described above in the complete absence of antibiotics. Infec-

tion with colibactin-producing or empty-vector bacteria was performed on day 2 after seeding following a previously published pro-

tocol for PDOs plated on BME-coated plates.45 Briefly, PDOswerewashed twicewith PBS before adding overnight bacterial cultures

diluted in infection medium (DMEM-high glucose with 25mMHEPES as described above) at desiredMOI. Bacteria-PDOs cocultures

were incubated at 37�C for 3 h. After that, cells were carefully washed with PBS with 20mg/mL gentamicin to remove remaining bac-

teria and ENAS medium supplemented with cell-permeable antibiotic primocin. MG-132 at 4 mmol/L concentration was used as a

positive control, while infection with empty vector bacteria served as negative control.

The viability was assayed at the end of the experiment after 7 days from infection or treatment administration by CellTiter-Glo Lumi-

nescent Cell Viability assay (Promega) with modifications. Briefly, plates were equilibrated at room temperature for 30 min and re-

agent was mixed 1:1 with organoid media in the wells. Organoids were then subjected to the lysis by vigorous shaking for 25 min,

and readout was done by plate reader Tecan SPARK 10M. The raw CellTiter-Glo values were normalized to the mean of the negative

control wells on a per-plate basis. The control wells (positive and negative) were used to calculate Z factors to indicate the quality of

the data generated in the screening plate, as described before.33

Patient-derived organoids immunofluorescence
Treated or infected organoids, grown on chamber slides (Falcon 8-well Culture Slide) previously precoated with BME, were fixed in

4%paraformaldehyde in PBS solution for 30min at room temperature and permeabilized with 0.5% Triton X-100 in PBS for 30min at

room temperature. Organoids were then incubated with 1%BSA in PBS for 60 min, followed by incubation overnight with anti-phos-

pho-Histone H2AX (Ser139; Bethyl Laboratories A300-081A; 1:600) primary antibody diluted in PBS containing 1%of BSA and 1%of

donkey serum. After washing, organoids were fluorescently labeled with Alexa Fluor 488 donkey anti-rabbit antibody (Invitrogen)
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diluted 1:400 in PBS containing 1% BSA and 1% donkey serum for 1 to 2 h. Nuclei were stained with DAPI and F-actin with Alexa

Fluor 555 phalloidin (50 mg/mL). Slides were then mounted using the fluorescence mounting medium (Dako) and analyzed using a

confocal laser scanning microscope (TCS SPE II, Leica).

Analysis of pks prevalence in FFPE samples of CRC patients
DNA from 3 formalin-fixed paraffin-embedded (FFPE) tissue slides of 10mm thickness was extracted with the Maxwell RSC DNA

FFPE Kit (AS1450, Promega). Amplicons of the CLBI and CLBO genes (132bp and 60bp, respectively) of the pks genomic island

were obtained with the NEBNext High-Fidelity 2X PCR Master Mix (M0541S; New England Biolabs GmbH) and resolved through

electrophoresis on 2% agarose gel with 10,000x SYBR Safe DNA gel stain (S33102; Invitrogen). Detection of signal was performed

with ChemiDoc Imaging System (Bio-Rad). DNA extracted from colibactin-producing E.coli and water were used as positive and

negative controls, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details for each experiment are specified in the corresponding figure legends. Statistical significance was determined by

unpaired Student’s t test, Mann-Whitney test, one-way ANOVA or two-way ANOVA (GraphPad Prism) as specified for each exper-

iment and p < 0.05 was considered statistically significant.
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