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Abstract

Cancer stem cells (CSCs) are tumor subpopulations driving disease development, progression, relapse and therapy
resistance, and their targeting ensures tumor eradication. CSCs display heterogeneous replication stress (RS), but the
functionality/relevance of the RS response (RSR) centered on the ATR-CHKI1 axis is debated. Here, we show that the RSR
is efficient in primary CSCs from colorectal cancer (CRC-SCs), and describe unique roles for PARP1 and MRE11/RADS1.
First, we demonstrated that PARPI is upregulated in CRC-SCs resistant to several replication poisons and RSR inhibitors
(RSRi). In these cells, PARP1 modulates replication fork speed resulting in low constitutive RS. Second, we showed that
MREI11 and RADS51 cooperate in the genoprotection and mitosis execution of PARP1-upregulated CRC-SCs. These roles
represent therapeutic vulnerabilities for CSCs. Indeed, PARP1i sensitized CRC-SCs to ATRi/CHK1i, inducing replication
catastrophe, and prevented the development of resistance to CHK1i. Also, MRE11i 4+ RADS51i selectively killed PARP1-
upregulated CRC-SCs via mitotic catastrophe. These results provide the rationale for biomarker-driven clinical trials in CRC

using distinct RSRi combinations.
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Introduction

Most human solid tumors, including colorectal cancer (CRC),
are characterized by substantial interpatient and intratumor
heterogeneity at genetic, epigenetic, transcriptional and/or
phenotypic levels, representing a major obstacle to cancer
treatment and patient survival [1-3]. A large body of evidence
also indicates that tumors have a high cellular complexity
often manifested with a hierarchical organization resembling
that of the normal tissue [3, 4]. Indeed, marker-driven isola-
tion, in vivo xenotransplantation, cell-ablation, lineage track-
ing, and single-cell genomics studies have revealed the
presence, in CRC, of a mix of malignant cells with different
degree of differentiation, maintained by a subpopulation of
stem cell-like cells, known as cancer-stem cells (CSCs) [5—
13]. In these studies, CSCs were detected in all steps of CRC
development and shown to drive disease initiation, progres-
sion and dissemination.

The stemness-like properties of CSCs (i.e., self-renewal
and multilineage differentiation potential), together with
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their unique therapeutic resistance, make these cells a major
source of tumor heterogeneity and the culprit of treatment
failure and tumor relapse [3, 14]. The specific targeting of
CSCs is advocated to eradicate tumors, but other layers of
complexity are emerging. It is now clear that cell types and
states in tumors are dynamic features [15, 16]. Moreover,
CSCs are reported to evolve both during disease progres-
sion and in response to therapy [17]. This explains the high
heterogeneity in phenotypic markers, proliferation rate,
tumorigenic/metastatic potential, karyotype, and treatment
responsiveness observed across CSCs derived from CRC
[18-24].

CSC heterogeneity represents a novel therapeutic chal-
lenge. Indeed, CSCs are endowed with a very robust DNA
damage response (DDR), which drives resistance to geno-
toxic stress, but also constitutes a unique therapeutic vul-
nerability. However, such strong DDR in CSCs is reported
to arise from multiple, non-mutually exclusive mechanisms,
including enhanced DNA damage repair efficiency, DNA
damage tolerance, antioxidant defenses as well as DDR
signaling overactivation, apoptosis deregulation or senes-
cence evasion (reviewed in [25]). Consequently, the tar-
geting of one such unique CSC feature can be ineffective
against some CSC subsets, and resistance can also emerge.
So, it is urgent to reconstruct all the branches of the DDR in
CSCs, and patient-derived experimental models capturing
tumor genetic and phenotypic diversity can be suitably used
to this aim [26].

One specialized branch of the DDR is dedicated to the
management of replication stress (RS), so-called RS
response (RSR) [27, 28]. RS is a form of genetic instability
originating from the deregulation of the DNA replication
process by endogenous or exogenous factors encompassing
oncogenes, such as HRAS, MYC and CCNEI, or conven-
tional anti-CRC chemotherapeutics, such as 5-FU, irinote-
can and oxaliplatin [29-31]. These perturbations induce
transient slowing or stalling of replication forks, resulting in
the generation of long stretches of single-stranded DNA
(ssDNA) at replication-fork junctions [28, 32]. The loading
of ssDNA by the replication protein A (RPA) complex
triggers the ATR-CHKI1 axis of the RSR that arrests DNA
replication and cell cycle progression through the activation
of the intra-S checkpoint, also known as DNA replication
checkpoint [28]. This limits further RS generation, repli-
cation factor exhaustion, and untimely mitotic entry [33],
culminating either in the resolution/tolerance of DNA
lesions or in the demise/senescence of cells too severely
perturbed [28, 34, 35].

RS is frequently found in pre-cancerous lesions [36—38]
and in established tumors [39, 40], but its levels appear
heterogeneous in CSCs [21, 41]. Moreover, the mechanisms
of RSR in CSCs have been poorly investigated so far. At
this regard, the relevance of the RSR in CSCs is a matter of
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contentious [21, 41-43], and the actual functionality of the
RSR in CSCs has been recently questioned [42]. Also, RSR
abrogation variably affects CSC survival [27], as we pre-
viously showed in a panel of CRC patient-derived tumor-
spheres enriched for CSCs (CRC-SCs) treated with ATR
or CHKI inhibitors [21]. Finally, very few studies have
specifically dealt with the development of resistance to RSR
inhibitors in CSCs. Elucidating these issues could guide not
only the design of specific prevention or rescue resistance
therapies but also the identification of novel therapeutic
vulnerabilities of CSCs.

Here, we demonstrated that the RSR in primary CRC-
SCs is highly efficient and relies on the cooperation
between the ATR-CHKI axis and DDR players PARPI,
RADS51 and/or MREI11. Building on these findings, we
developed optimal, resistance-proof protocols targeting all
CRC-SC subsets of our panel regardless of their genetic or
ploidy profile.

Results

Impact of prolonged inhibition of the ATR-CHK1 axis
on colorectal cancer stem cells (CRC-SCs)

We previously showed that two-third of tumors contain CRC-
SCs sensitive to the abrogation of the ATR-CHK1 axis of the
RSR [21]. Among them, we can distinguish CRC-SCs
hypersensitive or moderately sensitive to the inhibition
of CHK1 by prexasertib (hereafter referred to as CHKI1)
(Supplementary Fig. Sla). To investigate the RSR in CSCs,
we first selected two functional subtypes of CRC-SCs: the
KRAS wild-type #1 (CHK1i hypersensitive), and the KRAS
mutated #19 (CHK1i moderately sensitive) [21]. These cells
were relieved from their dependence on the ATR-CHKI1
cascade by subjecting them to several consecutive rounds of
treatments with CHK1i, starting from the ICsy/2 value and
gradually increasing the dose to 1 uM (Fig. 1a). Through this
strategy, we favored the acquisition of resistance to CHK1i in
both CRC-SCs, hereafter defined neo-resistant (neoR).
CHKIi resistance was confirmed by a very low impact of
CHKIi on survival (#1neoR ICsq=2.9 uM; #19neoR 1C5y =
4.1 uM), clonogenic/stemness potential and CD44v6" stem-
like fraction (Fig. 1b, c; Supplementary Fig. S1b, c). The
concurrent administration of calcium channel blocker ver-
apamil did not revert CHKIi resistance, ruling out a drug
efflux phenomenon (Supplementary Fig. S1d). A drug-
screening with 25 DDR targeting/triggering agents, includ-
ing replication poisons commonly used to treat CRC in
clinical practice, revealed that neoR-CRC-SCs were sig-
nificantly more resistant than their sensitive counterparts
(hereafter referred to as SENS) to the CHK1 inhibitor rabu-
sertib and to the ATR inhibitors VE-821 and berzosertib



Control of replication stress and mitosis in colorectal cancer stem cells through the interplay of...

a CHK1i Wash  CHK1i Wash CHK1i Wash Prexasertib = CHK1i
IC,,/2 ~IC 1uM
CHK1i-sensitivel * l l * l ¢_¢_¢_¢_¢¢_¢_¢_¢_¢_i¢_l¢l_i_ll_i“ l CHK1i-neoresistant
(SENS)CSCs  3days 4days 3days 4days <« minimum2 months ——» 3days 4 days (neoR) CSCs
b Prexasertib c CHK1i: 0 50 100 500nM #1 #19
120+ (target: CHK1)  SENS neoR - - . - 150 -SENS _neoR SENS _neoR
2100 (S) (R) >
6100 # ‘o -o e~
© 80- #9 -+ - H 28
o s ® = 100+
Q 60- £
2 40- =6 28
5 0 e EL 50,
X 207 n=5 =
5 T N2 #9 83
0.00 0.05 0.20 0.78 3.1312.5050.00 Q'
Concentration (uM) CFPrfIQ/II]
; y e
120+ Rabusertib (target: CHK1) 4R [ #1S #19nR / #19S
(2] . o 9 o ©
g100 Concentration [uM] § § g j‘v‘: cu\.j % § § E g 2 ;
80- ~ ~—
(0]
g ) KU-55933
8 601 ATMEL - ku-s0019
5 401 SENSneoR = R VE-821
xR 201 #1 - n=5 Berzosertib
0 Lt o S i CHKIi Rabusertib
0.00 ogs 0.20 to.7t£§ 3.1(3 :wzjsoso.oo "' Prexasertib
oncentranon | ccT241533
120- Ber(i(%;e)mb CHK2i PV1019
21004 DNA-PKi NU7026
3 801 MRE11i Mirin
= Talazoparib _ €
® 607 . Olaparib ﬁ @
> 40- _ =3 PARPi R b T x
b= SENSneoR | n=3 ucapari £ 3
< 20{ #1 o - Veliparib g o
ol#1e = o174 RAD51i BO2 - 5
0.00 0.05 0.20 0.78 3.1312.5050.00 RAD52i NP-004255
Concentration (uM) Anti- 5-FU
120 notecan metabolites | Gemcitabine —
£100- —i Platinum Cisplatin
8 compounds Oxaliplatin
) a0 RRM2i | Triapine
& 607 Campthotecin [
lg 404 ‘n=6 R Ignotecan '
‘S SENS neoR#*+ n=7 . .
2 20{ #1 o o n=6 TOPOII! Etopos@e
0 #19 & & WEE1i| Adavosertib

0.00 0.05 0.20 0.78 3.13 12.5050.00
Concentration (uM)

(Fig. 1d, e; Supplementary Fig. Sle, f). On the contrary, no
differences were found in CRC-SC response to inhibitors of
the other DDR kinases ATM, CHK2 and DNA-PK, which
were all less effective than ATR/CHKI inhibitors (Fig. le;
Supplementary Fig. S1f). Along with an insensitivity to ATR/
CHK1 inhibition, neoR-CRC-SCs demonstrated a significant
higher resistance than SENS-CRC-SCs to the clinically-
relevant replication poisons irinotecan and, to a lesser extent,
5-FU and oxaliplatin (Fig. 1d, e; Supplementary Fig. Sle, f;
Supplementary Tables S1, S2). This difference could be

ascribed to the high sensitivity of SENS-CRC-SCs to irino-
tecan. Moreover, at least one neoR-CRC-SCs show increased
resistance to most (but not all) RS-inducing agents, including
gemcitabine, cisplatin, camptothecin and adavosertib (Fig. le;
Supplementary Fig. S2), indicating an increased capability to
resolve/tolerate severe RS.

Altogether, these findings demonstrate that prolonged
impairment of the RSR by CHKIi results in increased
resistance of CRC-SCs to clinically-relevant replication
poisons and to inhibitors of the ATR-CHKI1 cascade.

SPRINGER NATURE
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<« Fig. 1 Effects of prolonged abrogation of the ATR-CHKI1 axis in

CRC-SCs. a Scheme of the experimental protocol used for the gen-
eration of neoR-CRC-SCs. For further details, see Materials and
Methods. CHKI1i refers to prexasertib, a preferential inhibitor
of CHKI and to a lesser extent CHK2. b Cell proliferation/viability of
neoR-CRC-SCs vs. SENS-CRC-SCs left untreated or treated for 72 h
with the indicated concentration of CHKIi, as assessed by CellTiter-
Glo” assay. Dose-response curves were calculated from the individual
dose-response curves (each coming from an independent experiment)
reported in Supplementary Fig. Slc. Results are expressed as means +
SEM, with number of independent experiments (n) for each group
also reported. "P<0.05, “P<0.01, P <0.001 compared to the
corresponding neoR-CRC-SCs treated with the same dose (unpaired
t-test with or without Welch’s correction). ¢ Clonogenic survival of
neoR-SENS-CRC-SCs vs. SENS-CRC-SCs left untreated or treated
for 24 h with CHKIi, as indicated. Representative clonogenic assay
images and quantitative data are reported. Results are expressed as
means = SEM and individual data points (n = 3 for #1SENS; n =4 for
#1neoR, #19SENS and #19neoR). "P<0.05, P <0.01, P <0.001
compared to untreated conditions for each CRC-SC (one-way
ANOVA and Bonferroni or Dunnett T3 post-hoc test). d Dose-
response curves of neoR-CRC-SCs vs. SENS-CRC-SCs left untreated
or exposed for 72h to ATR or CHKI inhibitors or irinotecan as
representative RS inducer. Proliferation/viability was assessed by
CellTiter-Glo® assay. Results are means + SEM calculated from indi-
vidual dose-response curves of Supplementary Fig. Sle. The n for
each group is reported. "P<0.05, “P<0.01, “"P<0.001 (unpaired
t-test with or without Welch’s correction) compared to the corre-
sponding neoR-CRC-SCs treated with the same dose. e Heatmap
showing the differential sensitivity of neoR/SENS pairs to DDR
inhibitors or activators. The values refer to log, of the ratio of per-
centage of viable cells of neoR-CRC-SCs vs. SENS-CRC-SCs, cal-
culated for each dose using data from dose-response curves of Fig. 1b,
d, and Supplementary Figs. S1, S2. ICs, values for drugs differentially
affecting neoR-CRC-SCs and SENS-CRC-SCs are in Supplementary
Table S1, while all log2 values are in Supplementary Table S2.
TOPO, topoisomerase. All significant P values are shown in Supple-
mentary Table S4. Supplementary figures associated: Supplementary
Figs. S1 and S2.

Replication stress response is functional and
efficient in CRC-SCs

The RSR status in CSCs is debated [27, 41-43]. There-
fore, we exploited the newly-generated neoR/SENS pairs
to investigate the RSR in CRC-SCs. We first explored
RSR activity in CRC-SCs exposed to exogenous RS
(Fig. 2a-c). Specifically, we performed a protocol of
sequential administration of the RS inducer hydroxyurea
(HU) and, after drug wash, of nocodazole (N), known as
HU + N protocol [42, 44, 45] (Fig. 2a, b). In such assay,
RSR-proficient cells can resolve severe RS, progressing in
the cell cycle and arresting in metaphase, while cells with
impaired RSR get stuck in the S-phase. We demonstrated
that both neoR-CRC-SCs and SENS-CRC-SCs display an
efficient RSR, as shown by low percentages of S-phase
cells coupled with a huge increase in mitoses (Fig. 2b;
Supplementary Fig. S3a) and absent DNA damage in most
cells with replicated DNA (Supplementary Fig. S3b).
Corroborating RSR proficiency, neoR-CRC-SCs activate
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the intra-S checkpoint, as revealed by the high accumu-
lation of S-phase cells and DNA lesions after treatment
with gemcitabine (Fig. 2¢; Supplementary Fig. S3c).

We then explored the RSR in CRC-SCs not exposed to
exogenous stress. We observed that untreated neoR-CRC-
SCs display a significant decrease in constitutive RS com-
pared to their SENS counterparts, manifested with a lower
fraction of cells positive to pPRPA32 or displaying parental
ssDNA, two RS markers (Fig. 2d). Contrarily to their SENS
counterparts [21], neoR-CRC-SCs treated with CHK1i did
not experience severe RS, as shown by the low increase in
the level of the RS markers pRPA32, pATM, and yH2AX
(Fig. 2d, e; Supplementary Fig. S3d), and were not affected
in their cell cycle progression (Fig. 2c; Supplementary Fig.
S3c, e). Thus, in untreated conditions, low constitutive RS
levels in neoR-CRC-SC make the ATR-CHKI1 axis dis-
pensable for survival. Accordingly, multiple agents boost-
ing RS sensitized neoR-CRC-SCs to CHK1 and/or ATR
inhibitors (Supplementary Fig. S3f-h).

Collectively, these observations demonstrate that the
RSR is functional and efficient in CRC-SCs, but becomes
dispensable for survival in CRC-SCs with low
constitutive RS.

PARP1 is upregulated and adjusts replication fork
speed in resistant CRC-SCs

To uncover unique mechanisms in the RSR of neoR-CRC-
SCs, we performed targeted DNA sequencing analyses of
a set of DDR-related genes in neoR/SENS pairs. None-
theless, we detected no significant changes in the genetic
background of neoR-CRC-SCs vs. SENS-CRC-SCs, and
no commonly acquired/lost mutations in neoR-CRC-SCs
(Fig. 3a; Supplementary Table S3). On the contrary, we
revealed an increase in constitutive protein levels of
PARPI in untreated neoR-CRC-SCs compared to their
SENS counterparts (Fig. 3b; Supplementary Fig. S4a).
Reportedly, PARPI1 contributes to both DNA replica-
tion and DNA damage repair [46]. To explore the func-
tional relevance of PARP1, we used the pharmacological
inhibitors of PARP1/2 (hereafter referred to as PARP1i)
olaparib and talazoparib assessing the response to RS.
Through the HU + N assay, we observed correct S-phase
progression, massive mitosis accumulation and low DNA
damage persistence in both neoR-CRC-SCs and SENS-
CRC-SCs challenged with HU and then coexposed to
nocodazole and PARPI1i (Fig. 3c; Supplementary Fig.
S4b). On the contrary, CHK1i decreased the efficiency of
neoR-/SENS-CRC-SCs to respond to severe RS by HU,
an effect not modified by concurrent PARP1 inhibition
(Fig. 3c; Supplementary Fig. S4b). This indicates that the
ATR-CHK1 axis but not PARP1 is crucial in resolving
severe RS induced by replication poisons. Intriguingly,
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RSR impairment by CHKI1i was more pronounced in
SENS-CRC-SCs than in neoR-CRC-SCs (Fig. 3c; Sup-
plementary Fig. S4b), pointing to the emergence of
additional mechanisms handling RS in neoR-CRC-SCs.
Next, we analyzed the role of PARP1 in DNA replication
of CRC-SCs not exposed to exogenous stress. By flow
cytometry, we revealed that, in neoR-CRC-SCs, PARPI1i
monotherapy did not significantly increase the levels of
YH2AX in S-phase, a marker of RS fork breakage (Fig. 3d).
On the contrary the concurrent administration of CHK1i

pRPA32 [ .- ‘

RPAT2 e on emcmem e amos oo 2
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and PARPIi boosted RS in neoR-CRC-SCs (Fig. 3d).
Likewise, the CHKI1i+ PARPIi regimen augmented the
levels of pRPA32 and yH2AX in immunofluorescence and
western-blot (Fig. 3e; Supplementary Fig. S4c).

To explore DNA replication, we performed DNA fiber
assay, allowing for visualizing/monitoring the dynamics
of individual DNA replication forks [47]. In untreated
conditions, we observed a slight but significant decrease
of the replication track length in neoR-CRC-SCs vs.
SENS-CRC-SCs, a sign of decelerated fork progression

SPRINGER NATURE
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<« Fig. 2 RSR is functional and efficient in CRC-SCs. a—c Evaluation

of RSR proficiency in neoR/SENS-CRC-SCs subjected to exogenous
replication stress (RS) as illustrated in the scheme in a. Specifically,
cells were left untreated or either sequentially exposed to 1 mM
hydroxyurea (HU) and, after drug washout, 1 uM nocodazole (N) (a,
b; the so-called HU + N assay, see Materials and Methods), or treated
for 24 h with 100 nM gemcitabine (GEM) or prexasertib (CHK1i) (a,
c). Flow-cytometric cell cycle profiles upon staining with a DNA
intercalant (DAPI) alone (c) or together with an anti-pH3 antibody (b)
and quantitative data (¢; means + SEM from 6 independent experi-
ments) are reported. In b, mitotic (pH3™) cells are in red. See also
Supplementary Fig. S3a—c. "P<0.05, “"P<0.01, “*P<0.001 (one-
way ANOVA and Dunnett T3 post-hoc test) compared to untreated
conditions. d Immunofluorescence analysis in neoR-CRC-SCs and
SENS-CRC-SCs left untreated or exposed for 24 h to 100 nM CHK1i
and stained with an anti-pRPA32 antibody (top) or incubated with 10
uM 1dU prior to anti-BrdU staining (bottom). Representative images
and quantification of pRPA32" cells and cells with parental ssDNA
are reported. Results are expressed as means = SEM and individual
data points. Numbers refer to the number of independent experiments.
“P<0.05, “P<0.01, ""P<0.001 (unpaired t-test with or without
Welch’s correction) as indicated. In the bottom part, statistical analysis
was performed only in the histogram on the right. e Western-blot
analysis in #1SENS-CRC-SCs and #1neoR-CRC-SCs treated or not
with 100nM CHKIi using the depicted antibodies (nucleolin as
loading control). #1neoR* and #IneoR® correspond to cells collected
after 12 and 17 weeks during CHKI1i resistance generation. See also
Materials and Methods and Supplementary Fig. S3d. All significant P
values are shown in Supplementary Table S4. Supplementary figures
associated: Supplementary Fig. S3.

(by fork reversal [48]) or enhanced nuclease degradation
at the replication fork (Fig. 3f). Intriguingly, CHKI1i
provoked nascent strand shortening in SENS-CRC-SCs
but did not significantly modulate fork progression in
neoR-CRC-SCs, which is in line with RS induction in the
former. On the contrary, PARPI inhibition led to a dra-
matic increase in DNA replication track length in neoR-
CRC-SCs, a sign of accelerated DNA replication and
increased fork progression speed, while did not affect
track length of SENS-CRC-SCs (Fig. 3f). In line with the
severe RS induction shown before, CHK1i+ PARPI1i
diminished DNA replication track length also in neoR-
CRC-SCs. These observations reveal a unique role of
PARP1 in modulating fork speed progression in neoR-
CRC-SCs.

To further explore replication fork integrity, we detected
nascent ssDNA, a marker of DNA degradation at active
replicating forks [49]. We observed low/absent nascent
ssDNA in untreated and PARPI1i-treated neoR-CRC-SCs,
implying that PARP1 acts by modulating fork progression
speed rather than nuclease degradation at replicating forks
(Fig. 3g). Nascent ssDNA levels significantly increased
only upon CHKI1i+ PARPI1i (Fig. 3g), confirming that
PARPI inhibition boosts RS in neoR-CRC-SCs only when
combined with ATRi/CHKIi.

Altogether, these findings demonstrate that PARP1 acts
by adjusting replication fork speed in neoR-CRC-SCs.

SPRINGER NATURE

PARP1 inhibition reverts CSC resistance to ATR-
CHK1 inhibitors inducing replication catastrophe

We then assessed the impact of PARP1 upregulation on
CSC survival. In line with drug-screening results, we con-
firmed that PARP1i alone did not affect neoR-CRC-SC
survival (Fig. 4a). However, we showed that the inhibition
of PARPI1 significantly sensitizes neoR-CRC-SCs to
CHKI1i, exerting a synergistic effect (Fig. 4a, b; Supple-
mentary Fig. S5a). Interestingly, CHK1i sensitization was
observed for olaparib and talazoparib, which trap PARP1 on
damaged DNA (PARPI1 trappers [50, 51]), but not for the
weak PARPI1 trapper veliparib (Fig. 4c). Also, the specific
PARP2i UPF 1069 did not increase CHKI1i sensitivity
(Fig. 4d), proving that such effect is PARPI1-dependent.
This evidence suggests that neoR-CRC-SC Kkilling by
CHKI1i+ PARPILi occurs through replication catastrophe
[33].

Importantly, the clonogenic survival of neoR-CRC-SCs
was dramatically affected by CHK1i + PARP1i but not by
CHKI1i or PARPI1i monotherapies (Fig. 5a; Supplementary
Fig. S5b), confirming that CHKIi+ PARPIi efficiently
targets the CSC compartment. Consistently, CHK1i + ola-
parib significantly impaired the in vivo growth of neoR-
CRC-SCs xenografted into the flank of immunodeficient
NSG mice, while CHK1i/PARP1i monotherapies had no
in vivo antitumor effect (Fig. 5b). Using our characterized
CRC-SC panel (Supplementary Fig. Sla), we revealed that
CRC-SC hypersensitive to CHK1i (SENS™CH) display
lower basal protein levels of PARP1 than CRC-SCs mod-
erately sensitive to CHK1i (SENSMED)y or innately resistant
to CHKI1i (innR) (Fig. 5c). Notably, PARP1i conferred
sensitization to CHK11i also in innR-CRC-SCs, confirming
the relevance of PARP1 in driving CRC-SC resistance to
CHKI1i (Fig. 5d).

These results demonstrate that PARP1 inhibition effi-
ciently sensitizes former resistant CRC-SCs to CHK1i, both
in vitro and in vivo, by inducing replication catastrophe.

Targeting PARP1 prevents the acquisition of CSC
resistance to ATR/CHK1 inhibitors

To make our results relevant for the clinic, we exploited
the identified mechanism of resistance to CHK1i based on
PARPI upregulation as a means to prevent the acquisition
of CHKI1i resistance. To this aim, we added PARPI1i
during the neoR generation protocol (Supplementary Fig.
S6a). Our rationale was to deplete the fraction of CRC-
SCs with increased PARPI1 levels once selected by
CHKI1i. Corroborating our hypothesis, PARP1i avoided
the acquisition of resistance to CHKIi, leading (at
least for talazoparib in most experiments) to the near-to-
complete depletion of SENS-CRC-SCs (Fig. 6a;



Control of replication stress and mitosis in colorectal cancer stem cells through the interplay of...

a - - E Numl&er of b
™ mutated genes
g g 3 T & g S 0246810 61 #1SENS
z B O = 2L e e CHK1i: = 6h 24h - 6h 24h kDa
o#1SENS NN BE3N NI N(c ) | Il ——
| B chy NS ] PARP1 == - 116
¢#19SENS I3 I I I M c J Cc i cPARP1 - 89
°#19“9?Fé (CI (el ile) i . B-ACHN W e w— - —— 15
g ®
e - Mutations #19SENS #19neoR
o 0.6+ neo
€04l COSMIC-reported CHK1i: = 6h 24h - 6h 24h kDa
So2, o (Likely) Oncogenic [l PARP1 & o S g v - 116
i -
00 ke ie B 5 & @ o cPARP1 — 89
28» v B < 3 < P .
gz s ¥ 5 8 & & B-Tubulin -y a> - 55
Cc #neoR #SENS#neoR 2 #SENS#neoR
HU+N i 5l 100
[0]
Control Control CHK1i PARP1i  CHK1i+ PARP1i ©40
%6_ :2 010 1 10 g} 23 57 0 )68 %51 8 30
X ] ) 7] = E [e%
% I ub-G G pmtgg)s U‘) 20
3 2] : : ; ; 510
o G,/M
B S\ Polyploidy| E E E x 0
0 2(‘)0 4[‘)0 6[‘)0 86010‘00 0 24‘)0 4(‘)0 600 8001000 0 200 400 600 8001000 0 200 400 600 8001000 0 200 400 600 8001000 CHK1| N -4+ -4 -4+ -+
DNA content (a.u.) PARP1i:- - ++ - - ++ -+ + - -+ 4+
HU+N:+ + + + + + + + +H+ A+ ++
d #neoR " e #neoR
Control CHK1i PARP1i _ CHK1i + PARP1i2g 50 CHK1i: - + - + - =+
5 % 7 R Sg 40 PARP1i: - - O O T T«pa
x E E 1 3£ 30 PRPA32  we . w8 .. w32
N - et -t 5 O [
£ g | Lo 20 RPA32 « e e b @5 = 32
4 - - s (=]
3 55 10 TH2AX | - 15
0 200 400 600 8001000 O 260 4(’)0 6(‘)0 8(‘)010‘000 2:)0 4:)0 660 8(‘)01000 260 4{)0 GCT)O 8?)010'00 & g 0 B-Tubulin ------55
DNA content (a.u.) CHK1i: - + - + - +
PARP1i: - - OO TT
f CHK1i and/or J cHKtiandlor
IdU PARP1i IdU PARP1i ldu
¢30min’ . 6h lBOmin) Tr— 24h ¢30min) NsasSDCﬁRt
#SENS #neoR #SENS #neoR . . CHK1i
Control  CHK1i  PARP1i + PARP1i
50+ 1 1 —_—
a . —
4 40' *kk 1 —_————— -1 2
ey 5 | @ 03
5309 3 1 5 E : woxk o
2 i ! i 58
2 204 - i . wer >
S H , s 2 ‘ <7}
S 101 ] . 1 : S8
el F 3 e
0 0
CHK1i: - - - + - + - + - + A _ -
PARP1i: - - - s - L+ s P‘j{;’;};; A
Anezed. gt 643 201 191 200 213 331 222 333 378 Analyzed 50 519 509 518

Supplementary Fig. S6b). Intriguingly, CHK1i + PARPIi
decreased cell survival in SENS-CRC-SCs from the first
cotreatment round. In line with this observation, the
combination of sublethal doses of CHK1i and PARPIi
efficiently killed SENS-CRC-SCs (Fig. 6b), also impair-
ing clonogenicity (Fig. 6¢; Supplementary Fig. S6c). We
surmise that this sensitization is due to a further increase

in RS by PARPIi, resulting in higher dependence on the
ATR-CHKI1 cascade. Accordingly, the administration of
RS inducers sensitized SENS-CRC-SCs to sublethal doses
of CHK1i (Supplementary Fig. S6d).

To further validate the role of PARPI in resistance to
ATRi/CHK1i, we generated neoR-CRC-SCs from 6 addi-
tional CRC-SCs with moderate/high sensitivity to CHK1i.

SPRINGER NATURE
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<« Fig. 3 PARPI1 is upregulated and modulates DNA replication

speed in neoR-CRC-SCs. a Oncoprint of mutations for 61 DDR-
related genes in neoR-CRC-SCs and SENS-CRC-SCs identified by
deep sequencing. Only mutations included in COSMIC (“C”; http://ca
ncer.sanger.ac.uk/cosmic) and/or annotated as (likely) oncogenic (dark
gray squares) in the oncoKB database (https://oncokb.org/) are
reported. Mutated gene number and allelic frequencies per CRC-SC
are shown. Full gene list is in Supplementary Table S3. b Western-blot
analysis in neoR-CRC-SCs and SENS-CRC-SCs left untreated or
administrated for 6 h or 24 h with 100 nM prexasertib (CHK1i) and
then stained with antibodies recognizing PARP1 and B-Actin or
B-Tubulin (to ensure equal lane loading). cPARPI, cleaved PARPI1.
¢ Flow cytometry analysis in one representative CRC-SC pair
(#1SENS/neoR) left untreated or sequentially treated with 1 mM
hydroxyurea (HU) and, after drug washout, with 1 pM nocodazole (N)
alone or together with CHK1i and/or PARPI1i (talazoparib, TZ) (the
HU + N assay, see Fig. 2a). Cell cycle profiles for #IlneoR and
quantification of S- and G/M-phase cells for #1neoR and #1SENS are
shown. Mitotic (pH3™) cells are in red. Results are expressed as means
+SEM and individual data points of 4 (#1SENS) or 5 (#1neoR)
independent experiments. Cell cycle profiles of #1SENS are in Sup-
plementary Fig. S4b. "P<0.05, “P<0.01, “"P<0.001 (one-way
ANOVA and Bonferroni or Dunnett T3 post-hoc test) compared to
HU + N-treated  conditions. *P<0.05, #P<0.01, *P<0.001
(unpaired t-test) compared to SENS-CRC-SCs. d, e Flow cytometry
and immunoblot analysis of RS markers in neoR-CRC-SCs left
untreated or treated with CHK i and/or olaparib (O) or TZ (T) for 24 h
(d) or 72h (e) and stained with antibodies recognizing YH2AX,
pRPA32, RPA32 and/or DAPI. Cell cycle profiles and quantification
of YH2AX™ S-phase cells are reported in d. Results are means + SEM
of 5 independent experiments. P <0.05, “P<0.01, P <0.001
(one-way ANOVA and Bonferroni post-hoc test) as indicated (d). In
e, f-Tubulin was used to ensure equal lane loading. See also Sup-
plementary Fig. S4c. f DNA fiber assay in representative neoR/SENS-
CRC-SCs (#19) left untreated or treated for 6 h with CHK1i and/or TZ
and labeled with 250 uM 1dU for the last 30 min. Representative DNA
fiber images and dot-plots of IdU-labeled tract lengths for only
untreated cells (left) or all conditions (right) are shown. Number of
well-isolated DNA fibers per condition is reported. Data were pooled
from four (left) and two (center and right) independent experiments
(see Materials and Methods), and shown as box-plots with means
and individual data points. "P<0.05, “P<0.01, “P<0.001,
Mann-Whitney test for the comparison neoR-CRC-SCs vs. SENS-
CRC-SCs (left), and Kruskal-Wallis ANOVA followed by Dunn’s
post-hoc test for comparisons within neoR or SENS groups (center/
right). g¢ Immunofluorescence detection of nascent ssDNA in neoR-
CRC-SCs left untreated or exposed to CHKIi and/or TZ for 6h,
labeled for the last 30 min of the treatment with 250 uM 1dU, and
finally stained with an anti-BrdU antibody. Representative images and
quantification of cells displaying nascent strands (BrdU™) are shown.
Data were pooled from two independent experiments and shown as
box-plots with means and individual data points. Number of analyzed
cells per condition is reported. P<0.05, “P<0.01, ""P<0.001
(Kruskal-Wallis ANOVA followed by Dunn’s post-hoc test). Dose
range in c—g: 100-200 nM CHK1i, 5 uM OLA, 300-500 nM TZ; a.u.
arbitrary units. All significant P values are shown in Supplementary
Table S4. Supplementary figures associated: Supplementary Fig. S4.

We revealed that all SENS-CRC-SCs developed resistance
to CHKI1i, but SENSMEP_.CRC-SCs acquired resistance
more rapidly than SENSTCH.CRC-SCs (Fig. 6d; Supple-
mentary Fig. S6e), presumably for their higher PARPI1
levels. Taking advantage of these novel SENS/neoR pairs,
we confirmed that PARPIli prevents the generation of

SPRINGER NATURE

resistance to CHKIi, sensitizing CRC-SCs to this agent
(Fig. 6e, f; Supplementary Fig. S6f).

In conclusion, PARP1 inhibition not only sensitizes to,
but also prevents the acquisition of resistance to CHK1i.

Combined inhibition of MRE11 and RAD51 kills
PARP1-upregulating CSCs by inducing mitotic
catastrophe

To further extend the clinical potential of our results, we
reasoned that the role of PARP1 in the RSR of neoR-CRC-
SCs could make these cells vulnerable to the inhibition of
other fork remodeling/stabilizing players, focusing on the
druggable players MRE11 and RADS1 [52]. We observed
that pharmacological inhibitors of MRE11 (by mirin) or
RADS1 (by B02) were ineffective in depleting neoR-CRC-
SCs (Fig. 7a; Supplementary Fig. S7a). On the contrary, the
MREI11i + RAD51i regimen was effective against
#19neoR-CRC-SCs and (to a lesser extent) #1neoR-CRC-
SCs (Fig. 7a; Supplementary Fig. S7a, b). Moreover,
MREI11i + RADSI1i affected the clonogenic potential of
neoR-CRC-SCs (Fig. 7b; Supplementary Fig. S7c) and the
survival of innR-CRC-SCs and additional neoR-CRC-SCs
(Fig. 7c; Supplementary Fig. S7d). This indicates effective
targeting of the CSC compartment by MREI11i 4 RADS51i
and a common dependence on the joint activities of MRE11
and RAD51 in CHK li-resistant cells. Of note, SENSMED.
CRC-SCs were more efficiently targeted by MRE11i+
RADSI1i than SENSMSH.CRC-SCs (Supplementary Fig.
S7e), possibly due to higher PARP1 levels. These obser-
vations indicate that the combined activities of MRE11 and
RADS51 becomes particularly relevant for CRC-SCs in a
PARPI1-upregulated context.

To elucidate the mechanisms of cell death by MRE11i +
RADS51i, we investigated the impact of MRE11 and RADS1
on the RSR of neoR-CRC-SCs. By HU + N assay, we
found that MRE11i + RADS51i makes the RSR partially
ineffective in neoR-CRC-SCs subjected to exogenous RS
(Fig. 7d), suggesting that the cooperation between MRE11
and RADS51 can contribute to the RSR under severe RS.
However, we observed that the inhibition of MREI11/
RADS]1, alone or in combination, did not markedly increase
the level of RS in neoR-CRC-SCs (Fig. 7e; Supplementary
Fig. S7f). Intriguingly, MRE11i + RADS51i did not affect S-
phase progression, but induced a significant accumulation
of metaphases (pH3™") (Fig. 7f; Supplementary Fig. S7g), an
effect particularly evident in #19neoR and observable to a
lesser extent with MRE11i. Accordingly, the concurrent
inhibition of MRE11 and RADS51 impaired correct mitosis
orchestration in neoR-CRC-SCs leading to accumulation of
aberrant metaphases activating the spindle assembly
checkpoint (SAC) [53] as shown by kinetochore localiza-
tion of BUBR1 (BUBR1pH3™ cells), along with an almost
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Fig. 4 PARP1 inhibition sensitizes CRC-SCs to CHK1 inhibitors.
a, b Cell viability (evaluated by CellTiter-Glo® assay) of neoR-CRC-
SCs exposed for 96 h with CHKI1i alone or in combination with ola-
parib (OLA) or talazoparib (TZ), as indicated. Results are means +
SEM and individual data points of 5 (for OLA-treated #lneoR, TZ-
treated #I1neoR and OLA-treated #19neoR) or 3 (for TZ-treated

etk

#19neoR) independent experiments. ‘P <0.05, “P<0.01, “P<
0.001 (one-way ANOVA and Bonferroni or Dunnett T3 post-hoc test)
as reported. In b, synergism is calculated with the Combenefit software
(see Materials and Methods). Similar results were found for doses of
TZ not significantly decreasing neoR-CRC-SC survival when

complete depletion of anaphases (Fig. 7g). Mitotic defects
were accompanied by the induction of apoptosis as
demonstrated by the increased incorporation of the vital dye
propidium iodide (Supplementary Fig. S8) coupled to
increased activation of caspase-3 (Fig. 7h) in neoR-CRC-
SCs cotreated with MRE11i and RADS51i. These findings
indicate that MRE11i + RADS1i kills neoR-CRC-SCs by
mitotic catastrophe [54] with a pathway dependent on cas-
pase activity.

In conclusion, we provided evidence of a novel func-
tional interplay between MREI11 and RADSI in the RSR
and mitosis, which becomes essential, and hence exploi-
table therapeutically, in PARP1-upregulating CRC-SCs.

Discussion

CSC depletion ensures tumor eradication, but the poor
characterization of the mechanisms involved in genomic
stability and drug resistance in CSCs together with their
substantial he