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SUMMARY

Limited therapeutic options are available for advanced colorectal cancer (CRC).
Herein, we report that exposure to a neo-synthetic bis(indolyl)thiazole alkaloid
analog, nortopsentin 234 (NORA234), leads to an initial reduction of proliferative
and clonogenic potential of CRC sphere cells (CR-CSphCs), followed by an adap-
tive response selecting the CR-CSphC-resistant compartment. Cells spared by
the treatment with NORA234 express high levels of CD44v6, associated with
a constitutive activation of Wnt pathway. In CR-CSphC-based organoids,
NORA234 causes a genotoxic stress paralleled by G2-M cell cycle arrest and acti-
vation of CHK1, driving the DNA damage repair of CR-CSphCs, regardless of the
mutational background, microsatellite stability, and consensus molecular sub-
type. Synergistic combination of NORA234 and CHK1 (rabusertib) targeting is
synthetic lethal inducing death of both CD44vé6-negative and CD44vé-positive
CRC stem cell fractions, aside from Wnt pathway activity. These data could pro-
vide a rational basis to develop an effective strategy for the treatment of patients
with CRC.

INTRODUCTION

Notwithstanding the recent advances in cancer research and therapy, in terms of early diagnosis and treat-
ment options, colorectal cancer (CRC) represents the second-leading cause of cancer-related death, owing
to the phenomena of primary and acquired resistance to antitumor therapy, as well as the onset of recur-
rence and metastatic disease (Dillekas et al., 2019; Siegel et al., 2020). All these biological mechanisms have
been recently demonstrated to be driven by a specific cancer cell subset, called cancer stem cells (CSCs),
which is endowed with peculiar features shared with healthy stem cells responsible for tumor initiation, pro-
motion, and progression (Puglisi et al., 2009; Todaro et al., 2014; Turdo et al., 2019). CSCs are characterized
by several hallmarks that render them resistant to conventional therapy and able to disseminate to distant
organs, including slow cycling, stemness/differentiative capacity, high expression of adenosine-triphos-
phate-binding cassette transporters, antiapoptotic proteins, and DNA damage repair machinery (Di
Franco et al., 2014; Saigusa et al., 2009). Despite the advent of targeted therapies for the treatment of can-
cer, the resistance phenomenon and, in most cases, the low specificity are the key challenges. Thus, there is
an urgent need to design innovative antitumor therapies that can efficiently target CRC stem cells (CR-
CSCs) and, at the same time, reduce conventional treatment side effects (Veschi et al., 2020). We showed
that activated CR-CSCs express CD44v6 and depend on the PI3K/AKT and Wnt pathway for their survival
and spreading (Todaro et al., 2014; Vermeulen et al., 2010). Importantly from a clinical perspective, we have
recently demonstrated that the expression of CD44vé, as well as the regulation of Wnt pathway, is a highly
dynamic process during tumor progression, which is finely modulated by the tumor microenvironment (Le-
nos et al., 2018).

Recent findings have shown the promising use, as potential adjuvant, of natural compounds of different
sources (Nobili et al., 2009). Although natural compounds need high doses for the completion of their bio-
logical activity, the low toxicity and capability of inhibiting multiple pathways represent a resourceful long-
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alkaloids, being characterized by a nitrogen atom within a heterocyclic ring, interact with a wide spectrum
of molecules and have been recently recognized as an important source for cancer treatment (Carbone
et al., 2020; Cascioferro et al., 2020a, 2020b; Habli et al., 2017; Jung et al., 2019; Kumar and Agnihotri,
2019; Lu et al.,, 2012). Among alkaloids, particular attention was given to nortopsentin, whose analogs
showed good antiproliferative activity against several human tumor cell lines (Cascioferro et al., 2019; Ku-
maretal, 2011). We have reported that nortopsentin analogs effectively inhibit the in vitro activity of CDK1,
causing a block inthe G2/M cell cycle phase increasing the apoptotic events of pancreatic cancer cells (Car-
bone et al., 2015). Based on the significant functional effects of natural derivative compounds toward can-
cer (Hablietal., 2017; Moudi et al., 2013; Nobili et al., 2009), it is reasonable to hypothesize that CSCs could
represent an elective target.

Importantly, in addition to the targeting of multiple intracellular pathways (Millimouno et al., 2014), alka-
loids have been demonstrated to trigger DNA damage response (DDR) in cancer cells (Ehrhardt et al.,
2013; Habli et al., 2017). After DNA damage, specific kinases such as ataxia telangiectasia mutated
(ATM) and ataxia telangiectasia and Rad3 related (ATR) are recruited and activated, thus leading to activa-
tion of downstream effectors, including CHK1 (Walker et al., 2009). The activation of the ATR/CHK1 axis,
which was highly detected in CRC, is pivotal for the cell cycle arrest in G2/M phases and activation of
the DDR pathway (Gralewska et al., 2020; Zhang and Hunter, 2014). This hallmark enhances the capability
of CSCs to activate DDR and induce resistance to anticancer therapy. CHK1 inhibitors are currently under
clinical trial aiming to sensitize cancer cells to genotoxic agents (Hong et al., 2018; Rogers et al., 2020). In
particular, the CHK1 inhibitor LY2603618 (rabusertib) displays a potent effect and a highly selective CHK1
inhibitor activity, without targeting CHK2 (King et al., 2014; Klaeger et al., 2017; van Harten et al., 2019).

Considering the potent antitumor activity of bis-indole neo-synthetic alkaloid compounds (Gul and Ha-
mann, 2005), herein, we evaluate the biological activity of the bis-indole neo-synthetic alkaloid
NORA234, as an anticancer agent that efficiently targets CR-CSCs.

RESULTS

CRC sphere cells possess intrinsic resistance to conventional chemotherapy

Taking advantage of our broad collection of primary cell lines, which recapitulate the main characteristics of
parental cancer cells including the genomic and transcriptomic survey, we sought to explore the molecular
mechanisms underlying the resistance of CRC sphere cells (CR-CSphCs) to standard chemotherapeutic
regimen. Regardless from mutational status, CR-CSphCs displayed a stable proliferation after treatment
with 5-fluorouracil (5-FU) in combination with oxaliplatin (Figure 1A). Of note, treated CR-CSphCs under-
went a block on S phase, likely owing to the occurrence of DNA damage in the replication phase at early
time point (Figure 1B).

Given that CR-CSphCs represent a heterogeneous cell compartment, characterized by the presence of
cells at different stage of differentiation, such as progenitor and terminally differentiated cells, we investi-
gated which cell fraction is spared by the chemotherapy treatment taking over and gaining a proliferative
advantage. Among CR-CSphCs transduced with a GFP Wnt reporter gene, we observed that the GFP-
negative fraction was sensitive to chemotherapy-induced cell death, whereas exposure to 5-FU in combi-
nation with oxaliplatin for 5 days led to a significant increase of survival of GFP* CR-CSphCs, paralleled by a
B-catenin activation (Figure 1C) (Vermeulen et al., 2010). We formerly provided evidence that while CD44v6
is a functional marker that pinpoints CRC cells endowed with the ability to in vivo generate and recapitulate
the parental tumor, CD44vé-negative compartment is constituted by the transit-amplifying and differenti-
ated cells (Todaro et al., 2014). As observed for Wnt pathway activity, chemotherapy did not efficiently
target CD44vé-positive fraction (Figure 1D), thus confirming that standard antitumor therapy is able to
only target differentiated CRC cells. Mouse avatars generated by subcutaneous injection of CR-CSphCs,
treated with 5-FU in combination with oxaliplatin, showed a growth similar to treatment with a vehicle (Fig-
ure 1E). This poor effect on cancer cells was also associated with a significant decrease of the cell viability of
healthy cells, already at a short term of exposure (Figure 1F). These data indicate the possibility that resis-
tant tumorigenic cells can emerge and expand after the chemotherapy treatment.

NORA234 reduces CR-CSphCs proliferation and clonogenic potential

Because CR-CSphCs become resistant to the chemotherapy, we evaluated whether neo-synthetic alkaloid
compounds could be exploited as innovative antitumor agents. Of six alkaloid derivatives tested,
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Figure 1. CR-CSphCs are endowed with innate chemoresistance

(A) Cell growth kinetics of CR-CSphCs treated with a vehicle or 5-FU in combination with oxaliplatin, up to 4 days. Data
represent the mean + SD (n = 3) using 2 different CR-CSphC lines for each subgroup (wt, #7 and #21; Braf, #3 and #5; Kras
#8 and #9; Res #R3 and #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-
tailed). ns, nonsignificant.

(B) Cell cycle analysis in CR-CSphCs treated as in (A) for 24 h. Data show percentage of cell numberin G0-G1, S, and G2-M
phases. Data are expressed as mean + SD of three independent experiments performed in CR-CSphCs isolated from
patients with wt (#7 and #21), Braf (#3 and #5), Kras (#8 and #9) and chemoresistant (#R3 and #R4) CRC. (Right panels)
Representative cell cycle analysis of CR-CSphCs treated with a vehicle or 5-FU in combination with oxaliplatin, for 24 h
(blue color = GO-G1; yellow color = S; green color = G2-M).

(C) Percentage of viability in flow-cytometry-sorted TOP-GFP CR-CSphCs, treated as in (A) up to 120 h. Data are
expressed as mean + SD of three independent experiments performed using two different CR-CSphC lines (#8, #9).
(Right panel) Representative flow cytometry analysis of TOP-GFP expression in spared CR-CSphCs, at 5 days. Statistical
significance between 2 groups was determined by unpaired Student'’s t-test (2-tailed). **p < 0.01.

(D) Cell viability percentage of CR-CSphCs enriched for CD44v6 expression and treated with vehicle or 5-FU in
combination with oxaliplatin up to 120 h. Data are expressed as mean + SD of three independent experiments performed
using four different CR-CSphCs lines (#3, #9, #21, #R4). (Right panel) Representative flow cytometry analysis of the
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Figure 1. Continued

percentage of CD44vé positivity in spared CR-CSphCs, at 5 days. Statistical significance between 2 groups was
determined by unpaired Student's t-test (2-tailed). *p < 0.05.

(E) Tumor size of CR-CSphCs subcutaneously injected into immunocompromized mice, treated for 4 weeks (from sixth to
ninth week) with vehicle or 5-FU in combination with oxaliplatin. Data represent the mean + SD of tumor size measured in
six mice per group, using 2 different CR-CSphC lines (#8, #21). Black arrowheads indicate weeks of treatment. Statistical
significance between 2 groups was determined by unpaired Student's t-test (2-tailed). ns, nonsignificant.

(F) Cell viability analysis of healthy cells IMEC and AD-MSCs) treated as in (D), for 3 days. Data are expressed as mean +
SD of three independent experiments. Statistical significance between 2 groups was determined by unpaired Student’s t-
test (2-tailed).**p < 0.01; ****p < 0.0001. See also Figure S1.

NORA234 showed a great antiproliferative effect on both established CRC cell lines and primary CR-
CSphCs, in a time- and concentration-dependent manner (Figures STA-S1C). Given the importance of
mutational profile (Domingo et al., 2018), microsatellite instability (MSI) (Fornasarig et al., 2000; Ward
et al., 2001), consensus molecular subtype (CMS) (Guinney et al., 2015), and CD44vé expression (Todaro
et al., 2014) in the response to standard and targeted therapies, we investigated the ability of NORA234
to target CR-CSphCs on each of these subgroups.

Treatment with NORA234 reduced the cell viability of CR-CSphCs, regardless of their mutational/MSI sta-
tus, CMS, and basal expression levels of CD44vé6 (Figures STD-S1G). Although NORA234 treatment alone
led to delayed proliferation rate of CR-CSphCs unrelated to the mutational status, after 48 h, cells acquired
resistance and started regrowing (Figure 2A and Table S1).

In addition, while NORA234 mainly targeted the Wnt'*" cell compartment, only the 30% of CR-CSCs en-
dowed with high Wnt pathway activity, highlighted by B-catenin-driven GFP expression, resulted affected
(Figures 2B and STH). In line with this phenomenon, 65% of CD44vé-positive CR-CSCs survived, whereas
the differentiated fraction exhibited a pronounced sensitivity to NORA234 treatment (Figures 2C and
ST1). These data indicate that this alkaloid derivative selectively target CD44vé-negative cells, sparing
most CD44vé-positive CR-CSCs.

Of note, while long-term exposure to NORA234, by selecting the treatment-resistant cell clones, showed a
stability of clonogenic potential, healthy cells did not show any significant toxicity (Figures 2D and S1J-
STL).

Acquired resistance to NORA234 is mediated by activation of DDR pathways driven by CHK1
To explore the molecular mechanisms involved in the adaptive response of CR-CSphCs, we evaluated
whether NORA234 could induce a genotoxic defect that is repaired during the DNA replication. CR-
CSphCs in response to NORA234 showed an increase G2-M phase, thus indicating that cell cycle arrest
induced by DNA damage is required for the triggering of DDR machinery (Figure 3A). Proteomic analysis
of DNA damage biomarkers exhibited increased expression levels of y-H2AX and cleaved PARP, paralleled
by upregulation of the homologous recombination repair protein RAD51 in CR-CSphCs after exposure to
NORA234 (Figure 3B). Such treatment led to an induction of DNA damage and consequent cell death,
which is more pronounced in wt CR-CSphCs (Figures S2A-S2C). Moreover, transcriptomic analysis re-
vealed that CR-CSphCs respond to NORA234 treatment, regardless the mutational background, by
increasing the expression of CHK1-related proteins, which are restored to basal levels on drug washout
(Figure 3C). This phenomenon could be driven by genotoxic stress (Figures 3D, 3E, S2D, and S2E). Of
note, CR-CSphCs bearing Braf or Kras oncogenic mutation displayed higher basal activation levels of
CHK1, likely owing to the replicative stress induced by a dysregulated proliferative pathway (Figures 3F,
3G, and S2F) (Colomer et al., 2019; Manic et al., 2018). Accordingly, analysis of a large cohort of patients
with cancer showed a significant upregulation of CHK1 at both RNA and protein levels in CRC compared
with healthy mucosa (Figures S2F-S2H) (Madoz-Gurpide et al., 2007). Altogether, these data suggest that
CR-CSphCs are highly dependent on CHK1-mediated DDR in the resistance to genotoxic stress agents
including NORA234.

NORA234 in combination with CHK1 inhibitor abrogates the CR-CSC compartment

We next investigated the role of CHK1 in the acquired resistance to NORA234 treatment of CR-CSCs. In
accordance with literature, inducible silencing of CHK1 led to a block in S phase of the cell cycle and sta-
bilization of CR-CSphCs proliferation (Figures S3A-S3D). After CHK1 downregulation, while the expression

4 iScience 24, 102664, June 25, 2021



iScience

A wt Braf Kras Res
40 40 40 40
% 30 . 30 30 30 .
2 .
g 20 20 20 w20
c
= 10 10 10 10 vehicie:
00.,.,..0..,...0......0..,...NORA234
0 24487296 0 24487296 0 24487296 0 24487296
Time (hours)
Cc
100 A 100 -
g 80 - :\:; 80 -
£ 60| £ 60 -
3 3
> 40 - S 40
° °
© 20 O 20 4
0 L e e e e | 0 _
0 48 120 0 48 120
Time (h) Time (h)
—s— Wnt"s" Vehicle —8— CD44v6+ Vehicle
o— WnitHsn NORA234 —0—CD44v6+ NORA234
—&— Wnt"* Vehicle —a— CD44v6- Vehicle
Wnt™ NORA234 —a—CD44v6- NORA234
D -
300 7 gyehicle T
° 8 250 | BNORA234
2| g
_§ § 200
w 150
)
g -
g 8 100
z E 50
e 2
0

wt Braf Kras Res

Figure 2. CD44v6* CR-CSCs acquire resistance to NORA234 treatment

(A) Kinetics of cell growth of CR-CSphCs treated with vehicle or NORA234, up to 4 days. Data represent the mean + SD
(n = 3) using CR-CSphCs isolated from wt (#7 and #21), Braf (#3 and #5), Kras (#8 and #9) and chemoresistant(#R3 and #R4)
CRC patients. Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). *p < 0.05;
**p < 0.01.

(B) Viability percentage of low and high TOP-GFP cell fraction treated as in (A) up to 120 h. Data are expressed as mean +
SD of three independent experiments performed using two different CR-CSphC lines (#8, #9).

(C) Viability percentage of CR-CSphCs enriched for CD44vé expression and treated as in (A) up to 120 h. Data are
expressed as mean + SD of three independent experiments performed using four different CR-CSphC lines (#3, #9, #21,
#R4).

(D) Colony-forming assay of CR-CSphCs treated with a vehicle or NORA234, at 21 days. The number of colonies
represents mean + SD of 3 independent experiments performed with cells isolated from 4 different patients with CRC
(CR-CSphCs #3, #9, #21, #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-
tailed). ns, nonsignificant; **p < 0.01. See also Figure S1.

v-H2AX highly increased, a reduction of DDR response, highlighted by RAD51 expression, was observed in
CR-CSphCs. As consequence, CR-CSphCs, harboring silenced CHK1, slightly enhanced apoptotic events
(Figures S3E and S3F). Interestingly, after NORA234 treatment, downregulation of CHK1 sensitized CR-
CSphCs to induced cell death, associated with a significant decrease of cell proliferation and clonogenicity
regardless the mutational background (Figures 4A-4C). Notwithstanding blockade of CHK1, by pharmaco-
logical inhibition with rabusertib (LY2603618), in combination with NORA234, had a limited toxic effect on
healthy cells, CR-CSCs-expressing CD44v6, endowed with high activity of Wnt pathway and marked by
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Figure 3. CR-CSphCs resistance to NORA234 is mediated by increased activity of CHK1-mediated DDR

(A) Cell cycle analysis in CR-CSphCs treated with a vehicle or NORA234 (red bars), for 24 h. The data show percentage of cell number in G0-G1, S, and G2-M
phases. Data are expressed as mean =+ SD of three independent experiments performed with cells isolated from 4 different patients with CRC (CR-CSphCs
#3, #9, #21, #R4). (Lower panels) Representative cell cycle analysis of CR-CSphCs (#R3) treated with vehicle or NORA234, for 24 h.
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Figure 3. Continued

(B) Representative immunoblot analysis and quantification of DNA damage (y-H2AX), apoptosis (cleaved PARP), and DDR (RAD51) markers expression in CR-
CSphCs treated with vehicle or NORA234 at the indicated time points. B-actin was used as loading control. Data are presented as mean + S.D. of 2
independent experiments performed with cells isolated from 4 different patients with CRC (CR-CSphCs #3, #9, #21, #R4).

(C) Heatmap of DNA damage — ATM/ATR regulation of G2-M-checkpoint-related genes (278aCt expression values) in CR-CSphCs treated as in (B). Data are
presented as normalized expression values of cells isolated from 4 different CRC patients (CR-CSphCs #3, #9, #21, #R4). Black arrow heads indicate genes
upregulated upon 24 h of treatment with NORA234, which values are restored to basal levels after 48 h of drug washout.

(D) Representative immunocytochemistry analysis of nuclear p-CHK1, in CR-CSphCs (#21) treated with a vehicle, 5-FU in combination with oxaliplatin, or
NORA234, at 24 h. Scale bars, 100 pm.

(E) Immunoblot analysis of p-CHK1 and CHK1 in wt CR-CSphCs (CSphC #21, #24, and #33) treated as indicated for 24 h. B-actin was used as a loading control.
(F) Immunoblot and its relative OD ratio analysis of p-CHK1 and CHK1 in wt, Braf, Kras, or chemoresistant CR-CSphCs. B-actin was used as a loading control.
Data are presented as mean + S.D. of 2 independent experiments performed with cells isolated from 4 different patients with CRC (CR-CSphCs # 21, # 3, #9,
#R4).

(G) Box and violin plot of p-CHK1 positivity, evaluated by flow cytometry, in wt (CR-CSphCs #7, #14, #24, #35, #37, #58), Braf (CR-CSphCs #1, #2, #3, #4), Kras
(CR-CSphCs #8, #9, #10, #11, #12, #15, #16, #20, #22, #57, #59), or chemoresistant CR-CSphCs (CR-CSphCs #R2, #R3, #R4). Data are expressed as mean + SD
of three independent experiments. Statistical significance between 2 groups was determined by unpaired Student'’s t-test (2-tailed). *p < 0.05; **p < 0.01.
See also Figure S2.

nuclear B-catenin, were efficiently targeted (Todaro et al., 2014; Vermeulen et al., 2010) (Figures 4D-4F and
S4A-S4F).

Notably, the combinatorial treatment based on the use of NORA234 and CHK?1 inhibitor showed a syner-
gistic effect possibly driven by the concomitant induction of DNA damage followed by the inhibition of
DDR molecular machinery (Figure S4G).

These data indicate that inhibition of CHK1 together with a genotoxic stress may be considered as prom-
ising synthetic lethal antitumor regimen for patients with CRC regardless the mutational status.

DISCUSSION

Treatment of CRC is currently based on chemotherapy regimen and EGFR- or VEGF-based targeted
therapies. These treatments are unable to target CR-CSCs expressing CD44v6, which acquire an adaptive
therapy resistance owing to the constitutive activation of PI3K and Wnt pathway (Mangiapane et al., 2021;
Todaro et al., 2014). CR-CSphCs exposed to NORA234 led to an initial decrease of proliferative capacity
and clonogenicity, which was followed by the regrowth of resistant subclones, characterized by high
expression levels of CD44vé and B-catenin activity. The block in G2-M of CR-CSphCs induced by
NORA234-driven genotoxic stress is likely paralleled with the inhibition of ATM-regulated DNA damage
checkpoint. However, the adaptive response to NORA234 led to a restore of genome integrity mediated
by RAD51 and highlighted by the reduction of y-H2AX, thus giving evidence of an alternative DDR mech-
anism. Transcriptomic and proteomic analysis showed that the transient effect induced by NORA234 was
followed by accumulation of a cell fraction endowed with highly activation of CHK1-mediated DDR machin-
ery. In presence of replication stress (RS), CHK1 directly interacts with ATR (Chen and Poon, 2008; Madoz-
Gurpide etal., 2007), by playing a crucial role in DNA replication, response to RS, and cell cycle progression
(Zeman and Cimprich, 2014; Zhang and Hunter, 2014).

Here, we show that CR-CSphCs are highly dependent on CHK1-mediated DDR in the resistance to geno-
toxic stress induced by alkaloid derivate, NORA234, probably reducing the genomic instability, sustained
by RS (Aguilera and Garcia-Muse, 2013; Cancer Genome Atlas, 2012; Gorgoulis et al., 2005; Pearl et al.,
2015). Proliferative cancer cells are highly dependent on cell cycle checkpoints controlled by CHK1 posing
this mechanism as the “Achilles’ heel” (Dietlein et al., 2015). Blockade of CHK1 activity inhibits cancer cell
replication and cell cycle checkpoints, thus leading CR-CSphCs to apoptosis regardless of their mutational
status (Manicetal., 2018, 2021). On these premises, CHK1 inhibitors have been recently exploited in clinical
studies to block RS-induced pathways in cancer cells endowed with DDR defects (NCT01341457,
NCT01296568, NCT00415636) (Reilly et al., 2019). Treatment with CHK1 inhibitor (LY2603618) in combina-
tion with gemcitabine and pemetrexed reported adverse effects (NCT01139775) (Wehler et al., 2017).
Although the results obtained using CHK1-based double combinations showed acceptable safety and
pharmacokinetics, the response of patients with cancer was below expectation (Calvo et al., 2016; Gorecki
etal., 2021; Weiss et al., 2013). Thus, all together these findings point out the urgent need to improve pa-
tient selection criteria (i.e., mutational profile) and design a new combinatorial treatment strategy.
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Figure 4. Inhibition of CHK1 activity sensitized CR-CSphCs to NORA234 by synthetic lethality

(A) Fold variation of cell number in CR-CSphCs transduced with shCHK1 or ns shRNA and treated with vehicle, 5-FU in combination with oxaliplatin, or
NORA234, up to 72 h. Data are mean + S.D. of 3 independent experiments performed with cells isolated from patients with wt (#21), Braf (#3), Kras (#9), or
chemoresistant (#R4) CRC.

(B) Cell viability analysis of cells treated as in (A) for 72 h. Data are mean =+ S.D. of 3 independent experiments performed with cells isolated from 4 different
CRC patients (CR-CSphCs #3, #9, #21, #R4). Statistical significance between 2 groups was determined by unpaired Student’s t-test (2-tailed). ns,
nonsignificant; *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Representative colony forming assay of CR-CSphCs (R#4) transduced with shCHK1 or ns shRNA and treated with vehicle or NORA234, at 21 days. n
represents the number of colonies. Scale bars, 1000 um.

(D) Percentage of Annexin V positivity in CR-CSphCs treated with vehicle or rabusertib (LY2603618), for 24 h. Data represent mean + S.D. of 3 independent
experiments performed with cells isolated from patients with wt (#21), Braf (#3), Kras (#9) or chemoresistant (#R4) CRC. Statistical significance between 2
groups was determined by unpaired Student’s t-test (2-tailed). **p < 0.01; ***p < 0.001; ****p < 0.0001.

(E) Cell cycle analysis in CR-CSphCs treated with vehicle or NORA234 in combination with Rabusertib (LY2603618), for 48 h. Data show percentage of cell
number in subGO (red color), GO-G1 (blue color), S (brow color), and G2-M (green color) cell cycle phase. Data are expressed as mean + SD of three
independent experiments using cells isolated from 4 different patients with CRC (CR-CSphCs #3, #9, #21, #R4).

(F) Flow cytometry analysis of GFP and CD44vé6 positivity percentage in CR-CSphCs transduced with TOP-GFP and treated with a vehicle, NORA234, alone or
in combination with rabusertib (LY2603618), for 48 hr. Data are expressed as mean + SD of three independent experiments using cells isolated from 2
different patients with CRC (CR-CSphCs #8, #9).

(G) 3D synergy map of viability in CR-CSphCs treated alone or in combination with NORA234 and rabusertib (LY2603618) at the indicated doses, for 48 h.
Data are mean of 3 independent experiments using cells isolated from patients with wt (#21), Braf (#3), Kras (#9) or chemoresistant (#R4) CRC. See also
Figures S3 and S4.

Addition of CHK1 inhibitor to the NORA234 treatment was able to synergistically target CR-CSphCs,
regardless of their mutational background, having a limited toxic effect on healthy cells. Of note, the dou-
ble combination led to a marked apoptotic induction in the CSC compartment, as highlighted by the
reduction of CD44vé™/Wnt"9" cells, and the concurrent abrogation of CR-CSphCs proliferation and
clonogenicity. Such treatment overcame the acquired resistance mechanisms dictated by chemotherapy
and targeted therapies, which mostly affect the more differentiated CD44vé-negative cell compartment
(Mangiapane et al., 2021; Siravegna et al., 2015).

Our results provide evidence that CR-CSphCs circumvent the genotoxic stress and induction of apoptosis
driven by NORA234 by hijacking toward the activation of CHK1. Accordingly, the inhibition of CHK1, by
both genetic and pharmacological approach, sensitizes CR-CSphCs to NORA234, thus suggesting that
the pharmacological inhibition of two DDR effectors, such as ATM and CHK1, might be exploited in pre-
clinical models (Mauri et al., 2020; Rundle et al., 2017).

DDR is a key mechanism whose molecular components are finely regulated during CRC progression, thus
conferring a selective advantage in the acquisition of genetic alterations and chemoresistance. A major
limitation in the use of genotoxic antitumor drugs is represented by the presence of CSCs, which are en-
dowed with innate chemoresistance. Here, we demonstrate that nortopsentin analog, NORA234, targets
CR-CSphCs, which acquire an adaptive resistance by upregulating CHK1-driven DDR pathways. The
combinatorial treatment based on the use of NORA234 and CHK1 inhibitor was sufficient to abrogate
CR-CSCs proliferative and clonogenic potential, regardless the mutational status.

Although further advances are needed to elucidate the clinical relevance of presented findings, our results
demonstrate that NORA234 displays a synthetic lethality effect with the deficiency of CHK1-mediated DDR
mechanisms, thus suggesting its putative exploitation in clinical setting as adjuvant therapy to sensitize CR-
CSCs to targeted therapy.

Limitations of the study

Although our in vitro analyses clearly demonstrated that CR-CSCs are targeted by the combination treat-
ment based on the use of nortopsentin analog and CHK1 inhibitor, its exploitation in adjuvant clinical
setting should be previously validated in a metastatic preclinical study.

Resource availability
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reagents.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CD44 vé6 APC-conjugated Antibody R&D system Cat#FAB3660A; AB_621925
Mouse IgG1 APC-conjugated Antibody R&D system Cat#IC002A; AB_357239

Phospho-Histone H2A.X (Ser139) (20E3)
Rabbit (DA1E) mAb IgG XP® Isotype Control
Rad51 (D4B10)

Phospho-Chk1 (Ser345) (133D3)

Chk1 (2G1D5)

B-actin (8H10D10)

Chk2 (1C12)

p53 Antibody

Histone H2A.X

Cleaved PARP (Asp214)

Phospho-Chk1 (Ser317) (D12H3)

Cdk1 (POH1)

Phospho-cdk1 (Tyr15) (10A11)

Alexa Fluor 488 goat anti-rabbit

Goat anti-rabbit HRP-linked

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell SignalingTechnology
ThermoFisher Scientific

ThermoFisher Scientific

Cat# 9718; AB_2118009
Cat# 3900; AB_1550038
Cat# 8875; AB_272110
Cat# 2348; AB_331212
Cat# 2360; AB_2080320
Cat# 3700; AB_2242334
Cat# 3440; AB_2229490
Cat# 9282; AB_331476
Cat# 2595; AB_10694556
Cat# 9541; AB_331426
Cat# 12302; AB_2783865
Cat# 9116; AB_2074795
Cat# 4539; AB_560953
Cat# A11008; AB_143165
Cat# 31460; AB_228341

Biological samples

Subcutaneous CRC xenografts

CR-CSphC lines

This paper
Mangiapane et al. (2021)

N/A
N/A

Chemicals, peptides, and recombinant proteins

Collagenase, Type Il
Hyaluronidase

StemPro Accutase Cell Dissociation Reagent
Rabusertib (LY2603618)
NORA234

5-FU

Oxaliplatin

Polybrene

Puromycin

Doxycycline

TOTO-3 lodide

DAPI

7-AAD

SeaPlaque Agarose
Propidium lodide

TRIzol™ Reagent

ThermoFisher Scientific
Sigma-Aldrich
ThermoFisher Scientific

Selleckchem

Selleckchem

Sigma

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ThermoFisher Scientific
ThermoFisher Scientific
BD Pharmingen

Lonza

Sigma-Aldrich

Thermo Fisher

Cat# 17101015
Cat# H4272
Cat# A1110501
Cat# 52626

Cat# S1209
Cat# 09512
Cat# H9268
Cat# A1113803
Cat# D9891
Cat# T3604
Cat# D1306
Cat# 559925
Cat# 50101
Cat# P4170
Cat# 15596026

Critical commercial assays

iScript gDNA Clear cDNA Synthesis Kit

SsoAdvanced Universal SYBR Green Supermix

BIO-RAD
BIO-RAD

Cat# 1725034
Cat# 1725271

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
DNA damage-ATM ATR regulation of BIO-RAD Cat# 10030616
G2 M checkpoint

CaspGLOW™ Fluorescein Active Biovision Cat# K183
Caspase-3 Staining Kit

CaspGLOW™ Red Active Biovision Cat# K193
Caspase-3 Staining Kit

FITC Annexin V Apoptosis Detection Kit | BD Cat#556547
Experimental models: cell lines

Adipose-Derived Mesenchymal Stem Cells ATCC PCS-500-011
hTERT immortalized IMECs Alessio Zippo N/A
Experimental models: organisms/strains

NOD/SCID mice Charles River Laboratories Cat# 634
Recombinant DNA

psPAX2 Addgene Cat# 12260
pMD2.G Addgene Cat# 12259
TRIPZ inducible Lentiviral Non-silencing shRNA control Dharmacon Cat# RHS4743
TRIPZ Inducible Lentiviral Human CHEK1 shRNA Dharmacon Cat# RHS4696-200700465
TOP-GFP Addgene Cat# 35489

Software and algorithms

Graphpad Prism 8 GraphPad Software http://www.graphpad.com/scientificsoftware/prism/

R version 3.6.1 R software https://www.r-project.org/
FlowJo_v10.7.1 BD https://www.flowjo.com/solutions/flowjo
Fiji ImageJ software https://imagej.net/Fiji/Downloads

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Colorectal cancer cells isolation and culture

CRC specimens were provided by the University Hospital “P. Giaccone,” in accordance with the ethical pol-
icy of the Institutional Committee for Human Experimentation (authorization CE9/2015, Policlinico Paolo
Giaccone, Palermo). Human samples were digested with collagenase (0.6 mg/mL) and hyaluronidase
(10 ng/mL), and cell suspension was cultured in ultralow adhesion using serum-free stem cell medium
(SCM) supplemented with EGF and b-FGF (Todaro et al., 2014). Chemoresistant CR-CSphCs line was ob-
tained from metastatic liver lesions of patients receiving chemotherapy who have undergone hepatectomy
at the University Polyclinic A. Gemelli, Rome (Table S1). CR-CSphCs lines and the related tumor tissues
were routinely authenticated by short tandem repeat (STR) analysis using a multiplex PCR assay (Global-
Filer™ STR kit, Applied Biosystem) and analyzed by ABIPRISM 3130 genetic analyzer (Applied Biosystems)
(Mangiapane et al., 2021). The presence of mycoplasma contamination was checked by using the MycoA-
lert™ Plus Mycoplasma Detection Kit (Lonza) as per the manufacturer's instructions every 3 months. All the
experiments were performed with early passage cultures and the expression of stem-like markers was regu-
larly assessed. Adipose-derived mesenchymal stem cells (PCS-500-011) and hTERT immortalized mammary
epithelial cells (kindly provided by Prof. Alessio Zippo) were cultured as per the manufactures’ instructions
and used for cell viability assay as healthy control cells.

Animals and tumor models

Six- to 8-week-old male NOD/SCID mice were purchased by Charles River Laboratories, and in vivo exper-
iments were performed as per the ARRIVE and Animal Care Committee Guidelines of the University of Pa-
lermo (Italian Ministry of Health authorization n. 154/2017-PR). 2.5x10°> CR-CSphCs were subcutaneously
injected in the flank of NOD/SCID mice, in 150 pl of 1:1 SCM/Matrigel (BD) solution. Mice were treated
for 4 weeks (weeks 6-9) by intraperitoneal (i.p.) injection with phosphate-buffered saline (PBS) (vehicle)
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with 5-FU (15 mg/kg, 2 days/week) in combination with oxaliplatin (0.25 mg/kg, once a week). Tumor vol-
ume was calculated using the formula: largest diameter x (smallest diameter)? x /6. To evaluate possible
toxic effects of NORA234, mice were treated for 3 weeks with a vehicle (PBS) or NORA234 (8 mg/kg, 2 days/
week) by i.p. injection. At the end of treatment, animals were sacrificed accordingly to Directive 2010/63/EU
guidelines (D.lgs 26/2016), and the liver, colon, kidney, spleen, lungs and pancreas were collected for his-
topathological examination.

METHODS DETAILS

In vitro treatment of CR-CSphCs

CR-CSphCs were treated with 5-fluorouracil 10 uM (Selleckchem) and oxaliplatin 10 uM (Sigma-Aldrich),
NORA234 (0,3 uM), and LY2603618 0,1uM (rabusertib, Selleckchem) alone or in combination. All the com-
pounds were replenished in culture media every 48 h. To determine the IC50 or drug-combination effi-
ciency of LY2603618 and NORA234, 6%10° CR-CSphCs were seeded in 96-well plates and, after 24 h,
treated with different concentrations (vehicle, 0.01 uM, 0.1 uM, 1 uM, 10 uM) up to 96 h. For drug screening,
CR-CSphCs were treated with vehicle or different neo-synthetic alkaloid compounds at the indicated con-
centrations (Vehicle, 0.03 uM, 0.3 uM, 3 pM).

Synthesis of nortopsentin analog compounds

To carry out the synthesis of nortopsentin analog compounds, a suspension of the appropriate carbothioa-
mide (5.0 mmol) and holo-acetyl compounds (5.0 mmol) in ethanol (3.0 ml) was heated under reflux for
30 min-3 h. The resulting precipitate was filtered off, dried, and recrystallized from ethanol to afford the
pure compounds (Cascioferro et al., 2019).

Cell viability, proliferation, and clonogenic assay

CR-CSphCs viability was assessed using the CellTiter 96® AQueous One Solution Cell Proliferation 369
Assay (MTS, Promega) as per the manufacturer’s instructions and analyzed by the GDV MPT 370 reader
(DV 990 BVé). To evaluate cell proliferation, Cell Titer-Glo Luminescent Cell Viability Assay Kit (Promega)
was used as per the manufacturer’s instruction, and luminescence was measured by using Infinite F500 (Te-
can). Bliss synergistic score was calculated by using SynergyFinder (lanevski et al., 2017). For colony-forma-
tion assay, CR-CSphCs were seeded at a clonal density on 0.3% Agarose SeaPlague Agar (Invitrogen) and
cultured up to 21 days. Colonies were stained with 0.01% crystal violet and counted using ImageJ software.

Flow cytometry, cell sorting, and cell cycle analysis

CR-CSphCs were harvested, washed with PBS, and stained with CD44v6 (2F10 APC, mouse IgG1, R&D sys-
tems), p-CHK1 (Ser345, 133D3, Rabbit IgG, Cell Signaling Technology), or corresponding IMC for 1 h at
4°C. The dead cells were excluded with 7-AAD (0.25 ug/1x106cells, BD Biosciences).

Forintracellular staining, cells were fixed in 4% paraformaldehyde, permeabilized with 100% ice-cold meth-
anol and stained with Phospho-Histone H2A.X (y-H2AX,Ser139) (20E3, rabbit IgG, Cell signaling technol-
ogy) and isotype-matched control (DA1E) (rabbit mAb IgG, Cell signaling technology) for 1 h at room tem-
perature. After incubation with secondary antibody goat-anti-rabbit 1gG (H+L), AlexaFluor-488
(Thermofisher), CR-CSphCs were washed with PBS and incubated with RNAse A (10 pg/mL, Qiagen Cat#
19101) and propidium iodide (5 ng/mL, Sigma-Aldrich) for 20 min at 4°C. Samples were analyzed by flow
cytometer. Apoptotic cells were identified by using the CaspGLOW Fluorescein or Red Active Caspase
3 Staining Kit (Biovision)or the FITC Annexin V Apoptosis Staining Kit (BD Bioscience) as per the manufac-
turer's protocol. The caspase 3 activity and the percentage of early and late apoptotic cells were analyzed
by flow cytometry.

To enrich Wnt- and CD44vé-expressing cells, CR-CSphCs were resuspended in PBS supplemented with 2%
bovine serum albumin and 2mM ethylenediaminetetraacetate and filtered with a 70-um mesh to avoid cell
sorter (FACSMelody, BD Bioscience) plugging. To verify the purity of sorted cells, a postsorting acquisition
was performed.

For cell cycle analysis, CR-CSphCs were centrifuged, and cell pellet was incubated with 1 ml of Nicoletti
Buffer (0.1% of sodium citrate, 0.1% of Triton x-100, 50 pg/ml of propidium iodide, 10 pg/ml of RNAse
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solution) in the dark at 4°C overnight. DNA content was evaluated by BD FACSLyric flow cytometer (BD
Clinical system, BD Bioscience).

The overall obtained data were analyzed by FlowJo software.

Cell transfection and lentiviral transduction

To generate lentiviral particles, packaging cell line HEK-293T was transfected with TOP-dGFP-reporter
(Addgene, 35489), TRIPZ inducible lentiviral nonsilencing shRNA control (ns shRNA, Dharmacon), or human
CHK1 shRNA (shCHK1, Dharmacon) plasmids in association with psPAX2 (Addgene, 12260) and pMD2.G
(Addgene, 12259) in OPTIMEM (Gibco) supplemented with XtremeGENE HP DNA transfection reagent
(Roche).

Lentiviral supernatants were concentrated using the Lenti-X Concentrator reagent (Clontech) and CR-
CSphCs were transduced in presence of 8 pg/mL of polybrene (Sigma-Aldrich). Transduced clones were
selected by using puromycin (1 ng/ml, Sigma-Aldrich). shCHK1 was induced treating transduced cells
with doxycycline (1 ng/ml, Sigma-Aldrich) for 5-10 days.

Immunohistochemistry and immunofluorescence

Immunohistochemical analysis was performed on cytospins, using phospho-CHK1 (5317, D12H3; Cell
Signaling Technology). Single staining was revealed using biotin-streptavidin system (Dako) and detected
with 3-amino-9-ethylcarbanzole (AEC, Dako). Double staining was performed using antibodies against
CD44v6 (2F10 APC, mouse 1gG1, R&D systems) and p-CHK1 (Ser345, 133D3, Rabbit IgG, Cell Signaling
Technology), revealed by the MACH 2 double stain 2 kit conjugated goat antimouse polymer horseradish
peroxidase (HRP) and the conjugated goat antirabbit polymer alkaline phosphatase (Biocare Medical), and
detected by DAB and Vulcan Fast Red chromogen. Nuclei were counterstained with aqueous hematoxylin
(Sigma-Aldrich). Hematoxylin and eosin stainings were performed using standard protocols.

Cytospun of CR-CSphCs untreated or treated with NORA234 were fixed, permeabilized, and incubated
overnight with RAD51 (D4B10, cell signaling technology). To reveal, primary antibody cells were stained
with Alexa Fluor-488 Goat antirabbit IgG (Life Technologies) secondary antibody. Nuclei were counter-
stained using Toto-3 iodide (Life Technologies) or DAPI (33258, Thermofisher).

Real-time polymerase chain reaction

Total RNA was obtained using the TRIzol™ Reagent (Thermo Fisher) protocol, and 1 nug of total RNA, after
the removal of genomic DNA, was retrotranscribed as per the manufacturer’s instructions. The expression
analysis of genes involved in DNA damage signaling pathway was evaluated using a PrimePCR designed
panel (Bio-Rad). Relative mRNA expression levels were normalized with the endogenous control (GAPDH)

and calculated using the comparative Ct method (22ACY,

Western blot

CR-CSphCs were lyzed in ice-cold lysis buffer (Tris-HCL 10 mM, NaCl 50 mM, sodium pyruvate 30 mM, NaF
50 nM, ZnCI2 5 uM, triton 1, sodium orthovanadate 0.1 nM, sodium butyrate 10 mM and PMSF 1 mM) sup-
plemented with protease and phosphatase inhibitors (Sigma-Aldrich). Whole-cell lysates were loaded in
sodium dodecyl sulfate-polyacrylamide-gel electrophoresis gels and blotted on nitrocellulose mem-
branes. Membranes were blocked with a 5% nonfat dry milk and 0.1% Tween 20 PBS solution for 1 h at
room temperature and then incubated with specific antibodies against y-H2AX (Ser139, 20E3, Rabbit
IgG, Cell Signaling Technology), cleaved PARP (Asp214, D64E10, Rabbit IgG, Cell Signaling Technology),
RADS51 (D4B10, rabbit IgG, Cell Signaling Technology), CHK1 (2G1D5, Mouse IgG1, Cell Signaling Tech-
nology), CHK2 (1C12, Mouse 1gG2b, Cell Signaling Technology), P53 (Rabbit, Cell Signaling Technology),
H2AX (Rabbit, Cell Signaling Technology), pCHK1 (Ser345, 133D3, Rabbit IgG, cell Signaling Technology),
p-CDK1 (Tyr15, 10A11, Rabbit, Cell Signaling Technology), CDK1 (POH1, Mouse IgG2a, Cell Signaling
Technology), and B-actin (8H10D10, mouse IgG2b, Cell Signaling Technology). Primary antibodies were re-
vealed using antimouse or antirabbit HRP-conjugated (goat IgG; Thermo Fisher Scientific) and detected by
Amersham imager 600 (GE Healthcare). Protein levels were normalized with B-actin and calculated by
densitometric analysis using ImageJ software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Database and statistical analysis

Transcriptomic data of healthy and tumor tissues have been collected by using the Gene Expression Profile
Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/), by matching TCGA normal and GTEx
data. Data were shown as mean + standard deviation. Statistical significance was estimated by unpaired t-

test. Results were referred to statistically significant as p<0.05. * indicates p< 0.05, ** indicate p < 0.01, ***
indicate p < 0.001, and **** indicate p < 0.0001.
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