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Simple Summary: Inhibition of the DNA repair protein PARP-1 is a promising concept in cancer
therapy. More recently, PARP-1 has been revealed as a possible target in colorectal cancer, which is
the second leading cause of cancer-related death worldwide. In this work, we screened a compound
library to identify novel PARP inhibitors with low cytotoxicity and tested their efficacy in colorectal
cancer cell models with and without defects in the DNA damage response. Furthermore, we evaluated
whether the putative PARP inhibitors synergize with chemotherapeutic drugs used in the clinics to
treat colorectal cancer patients. Using various experimental approaches, we were able to identify
two promising molecules with potent PARP inhibition in colorectal cancer cells without causing
cytotoxicity on their own. Moreover, the novel PARP inhibitors sensitized colorectal cancer cells to
the anticancer drug irinotecan dependent on homologous recombination deficiency. Remarkably,
the clinically approved PARP inhibitor olaparib displayed the strongest synergistic effects, but it
was also cytotoxic as a single agent in wildtype colorectal cancer cells. The novel PARP inhibitors
might, therefore, be useful for a combination therapy with irinotecan to avoid overlapping toxicity
on healthy tissue such as bone marrow, which warrants further preclinical studies.

Abstract: The DNA repair protein PARP-1 emerged as a valuable target in the treatment of tu-
mor entities with deficiencies of BRCA1/2, such as breast cancer. More recently, the application
of PARP inhibitors (PARPi) such as olaparib has been expanded to other cancer entities including
colorectal cancer (CRC). We previously demonstrated that PARP-1 is overexpressed in human CRC
and promotes CRC progression in a mouse model. However, acquired resistance to PARPi and
cytotoxicity-mediated adverse effects limit their clinical applicability. Here, we detailed the role
of PARP-1 as a therapeutic target in CRC and studied the efficacy of novel PARPi compounds in
wildtype (WT) and DNA repair-deficient CRC cell lines together with the chemotherapeutics irinote-
can (IT), 5-fluorouracil (5-FU), and oxaliplatin (OXA). Based on the ComPlat molecule archive, we
identified novel PARPi candidates by molecular docking experiments in silico, which were then
confirmed by in vitro PARP activity measurements. Two promising candidates (X17613 and X17618)
also showed potent PARP-1 inhibition in a CRC cell-based assay. In contrast to olaparib, the PARPi
candidates caused no PARP-1 trapping and, consistently, were not or only weakly cytotoxic in WT
CRC cells and their BRCA2- or ATR-deficient counterparts. Importantly, both PARPi candidates
did not affect the viability of nonmalignant human colonic epithelial cells. While both olaparib and
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veliparib increased the sensitivity of WT CRC cells towards IT, no synergism was observed for X17613
and X17618. Finally, we provided evidence that all PARPi (olaparib > veliparib > X17613 > X17618)
synergize with chemotherapeutic drugs (IT > OXA) in a BRCA2-dependent manner in CRC cells,
whereas ATR deficiency had only a minor impact. Collectively, our study identified novel lead
structures with potent PARP-1 inhibitory activity in CRC cells but low cytotoxicity due to the lack of
PARP-1 trapping, which synergized with IT in homologous recombination deficiency.

Keywords: PARP-1; colorectal cancer; synthetic lethality; DNA damage response; chemotherapy

1. Introduction

Despite ongoing progress in the development of new approaches for CRC therapy,
the five-year survival rate is still low, making it the second leading cause of cancer-related
death worldwide [1]. An increasing incidence was observed primarily among younger
age groups, which was attributed to changing lifestyle, medication, and environmental
factors [2]. Current treatment of advanced CRC is based on surgery and chemotherapy
with the DNA damage-inducing drugs irinotecan (IT), oxaliplatin (OXA) and 5-fluorouracil
(5-FU), which are combined in several chemotherapy regimens [3]. Both the development of
resistance during prolonged application and systemic toxicity limit the efficacy of currently
used therapeutics [4].

Colorectal carcinogenesis is associated with (epi)genetic alterations of DNA repair.
In hereditary CRC, mutations of DNA mismatch repair (MMR) genes such as MLH1 and
MSH? give rise to microsatellite instability (MSI) [5]. The MMR gene MLH1 can also be
epigenetically inactivated in sporadic CRC together with other genes, which is referred to
as a CpG island methylator phenotype (CIMP) and results in MSI as well [5]. In contrast,
the vast majority of sporadic CRC cases (up to 90%) arise through the chromosomal
instability pathway (CIN), which is characterized by microsatellite stability (MSS) [6].
Furthermore, sporadic CRC formation is frequently accompanied by epigenetic inactivation
of MGMT involved in the repair of DNA alkylation damage [7]. Mutations of BRCA2
required for homologous recombination (HR)-mediated DNA repair occur rarely but were
observed predominantly in young patients [8]. However, they have not been causally
linked to an increased CRC susceptibility, unlike BRCAI mutations [9]. Interestingly, a
more comprehensive study revealed that around 14% of all CRC cases exhibit HR deficiency
(HRD) [10].

DNA damage induction represents the primary mechanism of anticancer drugs used
in CRC treatment [11]. A fundamental component of the DNA damage response (DDR)
is the enzyme poly (ADP-ribose) polymerase 1 (PARP-1) [12,13]. After binding to DNA
strand breaks, PARP-1 is activated and catalyzes the post-translational formation of poly
ADP-ribose (PAR) on various acceptor proteins, associated with DNA repair, histone
modification, or cell cycle progression [13,14]. We found that PARP-1 is overexpressed in
human CRC tissue, correlating with disease progression [15]. Using a CRC mouse model,
we further demonstrated that PARP-1 protects against colorectal tumor induction, whereas
it promoted colorectal tumor progression driven by intestinal inflammation [15]. These
findings highlight the potential benefit arising from pharmacological PARP inhibition in
CRC.

In recent years, several PARP inhibitors (PARPi) have been clinically approved for
the treatment of ovarian and breast cancer [12,16]. The PARPi olaparib, rucaparib, and
niraparib were shown to induce synthetic lethality in tumors deficientin BRCA1/2[17]. The
application of PARPi is currently expanded beyond BRCA1/2 deficiency to malignancies
with other defects in HR and extensive testing may identify patient populations that benefit
from PARPi treatment [18,19]. This includes defects of the apical DDR kinases ATM and
ATR, as well as RAD51 involved in HR [20]. Mutations of MRE11, which is important for
the detection of DNA double-strand breaks (DSBs), were reported to occur in CRC with
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MSI [21] and lead to higher cytotoxicity of PARP] in vitro [22] but not in patients receiving
monotherapy [23]. Deficiency of ATM, which is observed in up to 10% of CRC cases, is
accompanied by sensitivity towards olaparib, especially in the absence of wildtype (WT)
p53 [24]. Although the anticancer effects of PARPi generally rely on mutations in DDR
genes, multiple lines of evidence suggest a synergistic effect of PARPi and conventional
chemotherapy also in tumors without genetic alterations of DNA repair [12,25]. Molecular
susceptibilities beyond HRD have been identified in CRC [19]. Increased sensitivity towards
the PARP inhibitor olaparib was found in patient-derived HROC278-Met cells containing
a BRAF mutation [26]. Furthermore, KRAS mutant intrahepatic cholangiocarcinoma cells
were shown to be highly sensitive to PARP inhibition [27], which might also hold true for
KRAS mutated CRC. Despite these promising results from preclinical and clinical studies,
the application of PARPI in cancer therapy is limited due to the development of PARPi
resistance and adverse effects such as bone marrow toxicity, fatigue, and gastrointestinal
toxicity [28,29].

In view of the emerging role of PARP-1 as a therapeutic target in CRC and the limi-
tations observed for established PARPi, we aimed to identify PARPi with novel scaffolds
and lower toxicity, in order to test their activity in MSI and MSS CRC cell lines without or
with DDR defects. By in silico analysis, a set of 12 possible PARP inhibitors was identified
and tested with a recombinant PARP-1 enzyme activity assay. The four most potent com-
pounds were then used in an immunofluorescence-based PARP-1 activity assay applying
human CRC cells. After identifying the two most potent inhibitors, their potential to cause
PARP-1 trapping and their cytotoxicity was investigated in CRC cells proficient or deficient
for PARP-1, BRCA2, and ATR and compared to human colonic epithelial cells (HCEC).
Furthermore, the putative synergism with the chemotherapeutics IT, OXA, and 5-FU was
investigated in CRC cell models with and without the DDR defects.

2. Material and Methods
2.1. Test Compounds

Synthesis of test compounds X17613, X17618, X17620, and X17621, and analysis by ESI
mass spectrometry and NMR spectroscopy were conducted as described in SI material and
methods. 'H and '*C-NMR spectra are shown in Supplementary Figures S1-S8. The test
compounds X17608, X17610, X17611, X17616, X4739, X5157, X9563, and X12750 were kindly
provided by ComPlat (KIT, Karlsruhe, Germany).

2.2. Molecular Docking

The virtual screening was calculated and analyzed using Schrodinger release 2020-4
(Schrodinger, LLC, New York, NY, USA, 2021). All protein structures (RCSB PDB: 4PJT [30],
7AAC, 7AAD [31]) were prepared using the Protein Preparation Wizard [32] by adding
hydrogen atoms, assigning OPLS3e force field parameters [33], and replacing missing
side chains or loops with Prime [34], followed by H-bond assignment optimization and
restraint minimization. Before molecular docking, all compounds of the ComPlat library
were prepared with LigPrep to predict possible protonation states and configurations. The
hydrogen bonds to either G863 or S904 were set as constraints for Glide grid generation.
Next, molecular docking with flexible ligands and rigid protein conformation was per-
formed with Glide SP scoring [35]. Finally, the binding poses were visually inspected and
re-scored with Glide XP to obtain the binding free energy values [36].

2.3. PARP Inhibitor Assay

Twelve compounds were screened regarding their ability to inhibit PARP-1 enzyme
activity in vitro. Therefore, we utilized a chemiluminescence-based PARP-1 assay kit (BPS
Bioscience, San Diego, CA, USA) and performed two independent experiments according
to the manufacturer’s instructions. Briefly, non-transparent 96-well plates were coated
with histones overnight. Substances were tested in duplicates, applying concentrations
of 0.001, 0.01, 0.1, 1, 10, and 100 uM. Olaparib and veliparib in concentrations of 5 and
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50 nM served as positive controls. After adding activated DNA and biotinylated NAD", the
ADP-ribosylation reaction was initiated by the addition of PARP-1 enzyme and incubated
at RT for 1 h. Quantification of biotinylated PAR was conducted by using Streptavidin-HRP
and subsequent ECL-based detection of chemiluminescence, applying a Spark® multiplate
reader (Tecan, Crailsheim, Germany). The lowest applied concentration was set to 100%
and ICs( values were calculated by nonlinear regression using GraphPad Prism 9.0 Software
(GraphPad Software Inc., Boston, MA, USA).

2.4. Cell Culture and Treatments

Genetically engineered HCT116 PARP-1*/* and HCT116 PARP-1~/~ were generated
in 2017 by CRISPR-based targeting as described elsewhere [15]. Wildtype HCT116 cells
were obtained from the Core Cell Center (John Hopkins University, Baltimore, MD, USA)
in 2012, while HCT116 BRCA2~/~ cells were kindly provided by Dr. Carlos Caldas in
2017 (University of Cambridge, Cambridge, UK) [37]. Parental DLD-1 ATR*/* and DLD-
1 ATRS/S cells were generated by Dr. Fred Bunz (John Hopkins University, Baltimore,
USA) [38] and obtained in 2018. Caco-2 cells were obtained from CLS Cell Lines Service
(Eppelheim, Germany) in 2012. Non-transformed human colonic epithelial cells (HCEC;
1CT) were established by Dr. Jerry W. Shay (UT Southwestern Medical Center, Dallas,
TX, USA) [39] and kindly provided in 2015. Cells lines were re-authenticated by p53,
PARP-1, ATR, and BRCA2 immunoblotting, by their characteristic differential response to
genotoxic agents and their typical cell morphology. HCT116, HCT116 BRCA2~/~, DLD-1
ATR*/* and DLD-1 ATR®/® cells were maintained in DMEM, whereas HCT116 PARP-1*/*
and HCT116 PARP-1~/~ cells were maintained in RPMI1640 containing 10% FCS and
1% penicillin/streptomycin in a humidified atmosphere at 37 °C and 5% CO;. Caco-2
cells were cultured in MEM with 10% FCS, 1% penicillin/streptomycin, and nonessential
amino acids. HCECs were grown in a nitrogen incubator with reduced oxygen levels
(7% Oy) and 5% CO, at 37 °C in DMEM GlutaMax/Medium 199 (4:1) with supplements as
reported previously [40]. The media and supplements were obtained from PAN-Biotech
(Aidenbach, Germany) and Thermo Fisher Scientific (Darmstadt, Germany). Cell culture
was frequently tested for contamination with mycoplasma by PCR using the Venor® GeM
Classic kit (Minerva Biolabs, Berlin, Germany) and immunofluorescence microscopy with
nuclear staining. The PARP inhibitors olaparib and veliparib were from MedChemExpress
and bought at Hycultec (Beutelsbach, Germany). The PARP inhibitors as well as the test
compounds were dissolved in DMSO as 10 mM stock solution and used in cell culture
experiments in a final concentration range from 0 to 50 uM. DMSO, in a concentration
equivalent to the highest inhibitor concentration used, served as a negative control (0 uM).
Cells were exposed for 1 h for the quantification of PARP-1 trapping or 2 h for assessing
the inhibitory potential by confocal fluorescence microscopy. PARP activity was either
induced by methyl methanesulfonate (MMS) cotreatment (1 mM) for 1 h (PARP trapping)
or by treatment with H,O, (1 mM) for 5 min subsequent to inhibitor incubation. The
chemotherapeutic drugs 5-FU, IT, and OXA (all from MedChemExpress and purchased
at Hycultec, Beutelsbach, Germany) were dissolved in water or DMSO as 75 mM, 34 mM,
and 10 mM stock solution, respectively, and used as indicated. If the PARPi treatment was
conducted in combination with cytostatic drugs for 24 h (yH2AX Western blot analysis) or
72 h (cytotoxicity testing), the PARPi was added 2 h prior.

2.5. Cytotoxicity Testing of PARP Inhibitors

To assess the cytotoxicity of newly developed PARP inhibitors, cells were cultivated in
translucent 96-well plates overnight and treated with PARP inhibitors or cytostatic drugs
for 72 h. For the assessment of synergistic activity, cells were pretreated with the inhibitors
for 2 h, before the inhibitor or cytostatic drug was added. Cell viability was assessed by
the resazurin reduction assay (RRA) as described previously [41], and fluorescence was
measured using a Spark® Multi-well reader (Tecan, Crailsheim, Germany). 1Csy values
were calculated using GraphPad Prism 9.0 software (GraphPad Software Inc., Boston, MA,
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USA). To this end, concentrations were transformed into the log scale, plotted against the
cell viability and the curve was fitted by nonlinear regression with variable slope, providing
the IC5( values.

2.6. PAR Immunofluorescence Analysis

The activity of potential PARP inhibitors was tested in a cell model using
immunofluorescence-based detection of PAR essentially as reported previously [15].
HCT116 cells were seeded in Ibidi 12-well chamber slides and cultivated until they
reached 70% confluence. Induction of PARylation was achieved by adding 1 mM H;O; in
PBS/1 mM MgCl, for 5 min at 37 °C. Cells were washed with PBS/1 mM MgCl, and fixed
by adding 4% PFA at RT. After 20 min, cells were washed with PBS/100 mM glycine for
1 min and permeabilized with PBS/0.3% Triton X-100 for 3 min. Blocking of the cells was
conducted by adding PBS/0.05% Tween containing 5% powdered milk for 1 h at RT. Im-
munofluorescence staining of PAR was performed by either adding a PAR antibody clone
10H or pan-ADP-ribose binding reagent (Sigma-Aldrich, Saint Louis, MO, USA) diluted
1:300 in PBS/0.05% Tween containing 5% powdered milk overnight at 4 °C. Cells were
washed and an Alexa488-coupled secondary antibody was added for 1 h at RT. The slides
were mounted with VectaShield containing DAPI and analyzed by confocal microscopy
using a Zeiss Axio Observer 7 microscope (Oberkochen, Germany) equipped with a
63 % oil objective (Plan-Apochromat 63x/1.40 DIC M27) and a LSM900 confocal laser
scanner (Zeiss, Oberkochen, Germany). Images were analyzed using Zeiss Zen software
version 3.4 and Image] v1.53t (NIH, Bethesda, MD, USA). Briefly, nuclei were identified
based on the DAPI signal and marked as regions of interest (ROI). Subsequently, the mean
PAR signal in the identified ROI was quantified in each image and exported for further
analysis. For the individual experiments, the mean PAR intensity was averaged for each
treatment group and the control was set to 100%. Only images with a minimum of 4 cells
were included in the analysis and at least 5 images were assessed per treatment group. The
experiments were conducted in at least 3 biological replicates. To derive IC5) concentrations,
relative PAR levels of the experiments were transferred to GraphPad Prism 9.0 Software
(GraphPad Software Inc., Boston, MA, USA) for a nonlinear regression analysis applying a
three-parameter model.

2.7. Chromatin Retention Assay and Western Blot Analysis

Quantification of chromatin-trapped PARP-1 was performed as described elsewhere [42].
Briefly, HCT116 cells were harvested, and pellets were lysed in buffer containing 150 mM
KCl, 2.5 mM MgCl,, 50 mM HEPES pH 7.8, 5 mM EDTA pH 8, 3 mM dithiothreitol (DTT),
10% glycerol, 0.5% Triton X-100, and freshly added protease inhibitor cocktail (Roche)
for 15 min on ice. The chromatin-bound protein fraction was isolated by centrifugation
at 4 °C for 15 min and 16.000x g. After transferring the soluble fraction, the chromatin-
containing pellet was washed twice in lysis buffer and sonicated for 3 min. The soluble
and chromatin fractions were mixed with self-made 5x Laemmli buffer (200 mM TRIS
pH 6.8, 40% glycerol, 8% SDS, 4 % -mercaptoethanol, 0.08% Bromphenol Blue) and
incubated at 95 °C for 10 min. Samples were then separated by SDS-PAGE followed by
Western blot analysis essentially as described previously [43]. For the analysis of YH2AX,
cells were directly harvested in 1x Laemmli buffer, incubated at 95 °C for 5 min, and
subjected to SDS-PAGE and subsequent Western blot analysis [44]. The following primary
antibodies were used: anti-PARP-1 (#GTX112864, Genetex, Irvine, CA, USA), anti-Histone
H3 (#GTX122148, Genetex), anti-heat shock protein (Hsp90) o/ 83 (#sc-13119, Santa Cruz
Biotechnology, Heidelberg, Germany), anti-y-H2AX (#ab81299, Abcam, Cambridge, UK).
The following secondary antibodies were used: anti-rabbit IgG-HRP (#7074, Cell Signaling
Technology, Danvers, MA, USA) and m-IgGk binding protein-HRP (#sc-516102, Santa Cruz
Biotechnology). The proteins of interest were detected using a c300 chemiluminescence
imager (Azure Biosystems, Dublin, CA, USA). Densitometric image analysis was conducted
by applying the software AzureSpot version 2.0.062 (Azure Biosystems, USA). The signal
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intensity (e.g., PARP-1 or YH2AX) of each lane was quantified and subsequently normalized
to the respective loading control as indicated in the figure legends, which was analyzed
in each experiment. Finally, the normalized signal intensity of each treatment group was
expressed relative to the negative control and transferred to GraphPad Prism 9.0 Software
(GraphPad Software Inc., Boston, MA, USA) for statistical analysis (see Section 2.8).

2.8. Statistics

Experiments were performed independently at least three times, except otherwise
stated. Results from representative experiments are depicted. Values underwent Grubbs’
test to exclude outliers and are displayed as mean +/— standard error of the mean (SEM)
using the GraphPad Prism 9.0 Software (GraphPad Software Inc., Boston, MA, USA). Statis-
tical analysis was performed using a two-sided Student’s t-test and statistical significance
was defined as p < 0.05.

3. Results
3.1. Identification of Putative PARPi Using Molecular Docking Studies

We devised a focused library of 3,4-bifunctionalized and -bridged indoles that fill an
underrepresented chemical space within the vast number of reported indole derivatives
as privileged scaffolds in drug discovery. From in silico screening of this focused in-
house library within the whole ComPlat archive with more than 18,000 molecules, four
compounds were identified with similar docking scores and binding poses compared to the
well-established PARP inhibitors veliparib and olaparib (Figure 1(A1,A2)). In silico analysis
revealed that the most active compound, X17613 with the carboxylic acid hydrazide motif,
forms key interactions with G863, S904, and Y907 (Figure 1(A3)), while hydrogen bonding
to the carbonyl oxygen atom of G863 is not mandatory. The derivatives X17618, X17620,
and X17621, nevertheless, suggested PARP-1 binding affinity in silico, albeit lower, while
alkylation of the amide of, e.g., X17611 would lead to a clash with the backbone carbonyl
oxygen atom of G863 (Appendix A, Figure A1(Al)). Furthermore, a binding mode allowing
hydrogen bonding to G863 or 5904 could be identified for almost no compound substituted
at this position. Hence, for compound X17610, we obtained a completely different binding
mode, where the indole NH could interact with D766, and the hydrogen bond to 5904
is formed via the morpholine oxygen atom (Appendix A, Figure A1(A2)). Therefore,
we tested this compound despite a shallow scoring value to evaluate the possibility of
other binding modes. Although X17608 is structurally similar to veliparib, the docking
score is significantly reduced due to an intramolecular clash in a similar binding mode
(Appendix A, Figure A1(A3)). All chiral compounds were tested as racemates, and no
favored binding modes for the individual enantiomers could be identified by molecular
docking (Figure 1(A4-A9)). To sum up, in silico studies revealed X17613 as the compound
with the highest PARP-1 binding affinity, followed by the derivatives X17618, X17620, and
X17621 (for chemical structures see Figure 1B and Appendix A, Figure A1B).

3.2. Activity Screening of PARP Inhibitors

After the molecular docking studies, twelve selected compounds were tested with
regard to their potential to inhibit PARP-1 in a chemiluminescent PARP-1 screening assay kit.
Five test compounds led to a concentration-dependent decrease in PARylation catalyzed by
PARP-1, whereas the other seven compounds had no or only little effect on PARP-1 activity
(Figure 2A and Appendix A, Figure A2B). The calculated IC5; values varied between 41
nM for the most potent compound X17613 and 9.2 pM for the compound X17616 with
the lowest inhibitory potency. In general, these ICsy values are higher than the inhibitory
activity observed for the positive controls olaparib and veliparib (Appendix A, Figure A2A),
which are in the low nM range (1.6 nM and 4 nM, respectively). Applied in a concentration
of 5 nM, olaparib and veliparib reduced PARP-1 activity to approximately 25% and 50% of
the negative control, respectively. The most potent compounds X17613, X17618, X17620,
and X17621 were selected for further testing in a cell-based screening of PARP-1 activity
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(see below). Overall, the determined ICs values of the tested compounds correlated well
with the Glide XP scoring values of the determined docking poses from virtual screening
(Figure 1A, and Appendix A, Figure A1A).
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Figure 1. (A) Binding modes of veliparib (1), PDB: 7AAC), olaparib ((2), PDB: 7AAD), and selected
compounds from virtual screening ((3-9), PDB: 4PJT) to PARP-1. The binding to either G863 or
5904, as also found for veliparib, was used as a constraint in docking. All active compounds are
able to form this bond and adopt a similar binding mode. Through the indole NH, there is an
interaction with E988 by a bridging water molecule. No preference between the binding modes of the
5-(4-6) or R-enantiomers (7-9) is observed, while the scoring values also differ only slightly. (B)
Chemical structure of the most active compounds X17613, X17618, X17620, and X17621, according to
in vitro screening and the two established PARPi veliparib and olaparib.
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Figure 2. (A) Concentration-response curves of four potential PARP-1 inhibitors with the highest
activity in the PARP-1 screening assay kit. All concentrations were tested in duplicates. ICsg values
were derived using a nonlinear regression model in GraphPad Prism 9 (n = 2). (B) Investigation of
PARP inhibition by X17613, X17618, X17620, and X17621 in HCT116 cells. Cells were challenged with
1 mM H;0; for 5 min and pretreated or not with the indicated compounds for 2 h. PAR synthesis was
identified by confocal IF microscopy using the PAR 10H antibody. The signal intensity of five images
per concentration was evaluated by Image]J (n > 3). (C) Representative confocal microscopy images
at 100 x magnification after PAR staining in HCT116 cells treated with the indicated concentrations of
X17613 for 2 h with or without subsequent PARP activation by H,O, treatment for 5 min. Scale bar:
100 um. (D) Confocal microscopy images at 630x magnification after pan-PAR staining in HCT116
cells treated according to (C). Scale bar: 20 um. Data are presented as mean +/— SEM. * p < 0.01,
**p <0.01; t-test.
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3.3. Effect of Selected Test Compounds on PAR Formation in HCT116 Cells

Further assessment of the PARPi activity of the four most potent compounds X17613,
X17618, X17620, and X17621 was conducted in HCT116 CRC cells (Figure 2B). The inhibitory
potential of the compounds on HyO,-induced PAR formation was measured by PAR anti-
body staining and subsequent analysis by confocal fluorescence microscopy (Figures 2C
and A3A). A significant decrease in the PAR signal was observed for the inhibitors X17613,
X17618, and X17621 already at a concentration of 100 nM. In contrast to that, the compound
X17620 showed no effect on PAR formation in the cell-based assay even at a concentration
of 10 uM (Figure 2B). Unlike the inhibitors X17613 and X17618, the compound X17621 did
not entirely inhibit PAR formation at the highest concentration. As a positive control, 10 nM
olaparib was included, which completely blocked PAR formation (Figure 2B,C). Since the
applied 10H PAR-Antibody detects PAR in a chain length-dependent manner with preferen-
tial binding to PAR polymers consisting of more than 20 monomers [45], we also conducted
immunostaining with the pan-ADP-ribose binding reagent using the same protocol. Fluo-
rescence microscopy revealed comparable results to the 10H clone PAR antibody (Figure 2D
and Appendix A, Figure A3B). Taken together, the three compounds X17613, X17618, and
X17621 showed a similar potency for cellular PARP inhibition following DNA damage
induction by H,O, with ICsy values between 5 and 35 nM (Figure 2B and Appendix A,
Figure A3C). In contrast to the PARPi studies with recombinant PARP-1 enzyme, X17620
was not active in the cell model and, thus, was excluded from further testing.

3.4. PARP-1 Trapping and Cytotoxicity of PARP Inhibitors

In the next step, we focused on X17613 and X17618 with the highest in vitro and in
cellulo PARP activity and analyzed their potential to cause PARP-1 trapping. To this end,
chromatin isolation was performed in MSI HCT116 cells after PARP activation by exposure
to the alkylating agent MMS for 1 h with or without an inhibitor. The results showed
that only olaparib caused a substantial increase in chromatin-bound PARP-1 (Figure 3A).
No enrichment of PARP-1 in the chromatin fraction was observed after treatment with
X17613 or X17618, indicating that PARP-1 trapping is not induced by these inhibitors at
the used concentrations. The same set of experiments was repeated in MSS Caco-2 cells,
revealing comparable results. Olaparib caused strong PARP-1 trapping, whereas no effects
were detected after treatment with X17613 and X17618 (Figure 3B). Since the ability of
PARPi to trap PARP-1 is associated with their cytotoxic potential and side effects in vivo,
we assessed the viability in HCT116 cells depending on PARP-1. Prior to that experiment,
Western blot analysis was used to validate the lack of PARP-1 protein expression in HCT116
PARP-1~/~ cells, while HCT116 PARP-1*/* control cells displayed PARP-1 expression as
expected (Appendix A, Figure A4A). Neither X17613 nor X17618 decreased cell viability
in HCT116 cells, irrespective of the PARP-1 status (Figure 3C). Veliparib displayed only
mild cytotoxicity at the highest test concentration. In contrast to that, olaparib decreased
viability in HCT116 cells in a concentration-dependent manner, which was much more
pronounced in cells expressing PARP-1 (Figure 3C). Moreover, the effects of the established
and novel PARPi on the viability of MSS Caco-2 cells were determined. X17618 had no
impact on cell viability at all, while veliparib and X17613 showed little cytotoxicity at the
highest test concentration (Figure 3D). In line with the findings in HCT116 cells, olaparib
treatment resulted in a concentration-dependent reduction in Caco-2 viability (Figure 3D).
Finally, we evaluated the cytotoxic potential of PARPi in human colonic epithelial cells
(HCEC), which were established from human healthy colon biopsies. While olaparib caused
a moderate decline in viability at the highest concentration, the other PARPi (veliparib,
X17613, and X17618) had no effect on HCEC (Appendix A, Figure A4B) Taken together, the
novel PARPi X17613 and X17618 did not trap PARP-1 and, similar to veliparib, induced
no cytotoxicity in two different CRC cell models (MSI and MSS) and HCEC (Table 1).
Olaparib in turn caused substantial PARP-1 trapping and was cytotoxic in CRC cells in a
PARP-1-dependent manner.
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Figure 3. (A,B) Analysis of PARP-1 trapping in HCT116 and Caco-2 cells. Immunoblot detection of
PARP-1 after pre-treatment with X17613, X17618, and olaparib followed by MMS exposure for 1 h
and chromatin isolation. The cytosolic marker Hsp90 and the chromatin marker Histone H3 served

as respective loading controls. Representative Western blot images and densitometric evaluation
are shown (n = 3). Data are shown as mean + SEM. (C) Cell viability determined by the resazurin
reduction assay (RRA) in HCT116 PARP-1-/~ and HCT116 PARP-1*/* cells after PARPi treatment for
72 h. A nonlinear regression curve fit was conducted using GraphPad Prism 9 (n > 3). (D) Viability
in Caco-2 cells after exposure to PARPi as indicated. (1 = 3). All data are shown as mean +/— SEM.
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Table 1. ICsg-values [uM] of established PARP inhibitors (olaparib and veliparib), two PARP inhibitor
candidates (X17613 and X17618) and chemotherapeutic drugs in CRC cells with or without DDR defects.
“-* indicates that ICs( values could not be determined due to insufficient or lack of cytotoxicity.

X17613 X17618 Olaparib Veliparib IT 5-FU OXA

HCT116 WT - - 8.40 - 1.28 0.50 1.19
HCT116 BRCA2~/~ - - 0.46 7.45 0.16 0.34 0.25
HCT116 PARP1*/* - - 11.21 - 0.93 0.24 0.71
HCT116 PARP1~/~ - - - - 0.35 0.15 0.28
DLD-1 WT - - 5.88 - 4.19 0.35 8.77
DLD-1 ATRS/S - - 1.99 - 2.99 0.22 9.08
Caco-2 - - - - 66.52 - 11.18
HCEC - - - - 2.95 26.23 40.71

3.5. Cytotoxicity of PARPi Depending on the Cellular BRCA2 and ATR Status

To investigate the impact of the cellular DDR on the cytotoxicity of PARP inhibitors,
we used genetically engineered CRC cell models proficient or deficient for BRCA2 and ATR,
respectively. Cell models were re-authenticated using Western blot analysis, which confirmed
a lack of BRCA2 and ATR protein expression in the respective knockout model (Appendix A,
Figure A4). Cytotoxicity testing revealed no impact of X17613 and X17618 on viability in
HCT116 WT cells, whereas both compounds decreased viability in HCT116 BRCA2~/~ cells
by about 25% at the highest test concentration of 50 uM (Figure 4A). High cytotoxicity in the
low micromolar concentration range was observed in HCT116 BRCA2~/~ cells incubated
with olaparib or veliparib. The determined ICsy values in BRCA2-deficient HCT116 cells
were 18-times lower for olaparib and 5-times lower for veliparib in comparison to HCT116
WT cells (Table 1). Further experiments in DLD-1 WT and DLD-1 ATRS/S cells showed no
effects of X17613 and X17618, irrespective of the ATR status (Figure 4B). Veliparib caused a
concentration-dependent decrease in viability in both cell models, but concentration-response
data did not allow for deriving IC5( values. Olaparib showed the strongest cytotoxic effects of
all tested PARPi, which was affected by the ATR status. DLD-1 ATR®/* cells displayed a 3-fold
higher sensitivity for olaparib than DLD-1 WT cells, as revealed by the respective ICsy values
(Table 1). In summary, BRCA2 deficiency potentiated the sensitivity of CRC cells towards all
tested PARPi (Olaparib » veliparib > X17613 ~ X17618), while ATR deficiency only increased
sensitivity towards olaparib.
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Figure 4. (A) Toxicity of PARPi in HCT116 cells depending on BRCA2 status. HCT116 WT and
HCT116 BRCA2~/~ cells were incubated with PARPi for 72 h and viability was assessed using the
resazurin reduction assay (RRA). Nonlinear regression curve fit was conducted using GraphPad
Prism 9 (n > 3). (B) Toxicity of PARPi in DLD-1 cells depending on ATR status. DLD-1 WT and
DLD-1 ATR®/S cells were incubated with PARPi for 72 h and viability was assessed using the RRA.
Nonlinear regression curve fit was conducted using GraphPad Prism 9 (n > 3). Data are depicted as
mean +/— SEM.



Cancers 2024, 16, 3441

12 of 25

3.6. Combination of PARPi and Clinically Relevant Chemotherapeutic Drugs in CRC Cells

To investigate a putative synergism with anticancer drugs, ICsg values of IT, 5-FU, and
OXA were first determined in all cell models (Appendix A, Figure A5). In HCT116 cells,
the toxicity of IT and OXA were dependent on the molecular subtype. In comparison to
HCT116 WT cells, HCT116 BRCA2~/~ was revealed to be more sensitive with an ICs; value
8-times lower for IT and 5-times lower for OXA, while no such difference was observed
for 5-FU (Appendix A, Figure A5A and Table 1). The PARP-1 status also impacted the
sensitivity of HCT116 cells to IT and OXA with 2.5-3-fold higher sensitivity in PARP-1~/~
cells, while the cytotoxicity of 5-FU was less affected (Appendix A, Figure A5B and Table 1).
Experiments in DLD-1 cells showed little influence of ATR on cytotoxicity, as reflected by a
1.4-times lower IC5q value for IT and a 1.6-times lower ICs value for 5-FU in DLD-1 ATRS/S
cells (Appendix A, Figure A5C and Table 1). The cytotoxic effects of OXA were independent
of ATR. In Caco-2 cells, the cytotoxicity of the anticancer drugs was generally lower than in
HCT116 or DLD-1 cells (Figure A5D and Table 1). Furthermore, nonmalignant HCEC were
tested, which displayed similar sensitivity for IT but lower cytotoxicity for 5-FU and OXA
than the CRC cell lines (Appendix A, Figure A5E).

Subsequently, combined treatment of PARPi and DNA damage-inducing anticancer
drugs was performed. We observed a significant decrease in cell viability compared to
mono-treatment with cytostatics for olaparib and veliparib in HCT116 PARP-1*/*, whereas
in HCT116 PARP1~/~ olaparib and veliparib did not sensitize to the anticancer drugs
(Figure 5A). The novel compounds X17613 and X17618 did not affect the cytotoxicity of the
anticancer drugs (Figure 5B and Appendix A, Figure A6A). In Caco-2, both olaparib and
veliparib moderately increased the cytotoxicity of IT, which was, however, not statistically
significant (Figure 5C).
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Figure 5. (A) Viability in HCT116 PARP-1~/~ and HCT116 PARP-1*/* cells after treatment with
PARP; olaparib or veliparib in combination with chemotherapeutic drugs irinotecan (IT, 0.5 uM),
5-fluorouracil (5-FU, 0.25 uM), and oxaliplatin (OXA, 0.5 uM) for 72 h (n > 3). (B) Viability in HCT116
PARP-1"/~ and HCT116 PARP-1*/* cells after treatment with PARPi X17613 in combination with
chemotherapeutic drugs for 72 h. Data (1 > 3) are given as mean +/— SEM. (C,D) Viability in Caco-2
cells after treatment with PARPi in combination with chemotherapeutic drugs irinotecan (IT, 10 uM),
5-fluorouracil (5-FU, 5 uM), and oxaliplatin (OXA, 1 uM). Data (1 = 3) are shown as mean +/— SEM.
ns: p>0.05,* p <0.01, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ¢-test.
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No effects were observed for the combination treatment with the cytostatic drugs 5-FU
and OXA. In line with the findings in HCT116 cells, no sensitization towards the anticancer
drugs was detected upon incubation with X17613 and X17618 (Figure 5D). Collectively,
these results showed an increased sensitivity of CRC cells (HCT116 > Caco-2) towards IT
after treatment with olaparib and veliparib, while X17613 and X17618 had no synergistic
effect. Furthermore, our data highlighted the relevance of PARP-1 expression for the
cytotoxicity of both IT and OXA.

3.7. Impact of BRCA2 and ATR on the Potential Synergism of PARPi and Chemotherapeutics

Finally, we studied how the DDR status (BRCA2 and ATR) affects the therapeutic
efficacy of a combination regimen consisting of PARPi and chemotherapeutics. Olaparib
synergized with IT and OXA in a BRCA2-dependent manner (Figure 6A). Veliparib also
increased the sensitivity to IT and OXA in a BRCA2-deficient background, which was gen-
erally not as strong as for olaparib. For the novel compounds, an additional cytotoxic effect
was observed for the combination treatment with IT in HCT116 BRCA2~/~ cells but not
with the other anticancer drugs (Figures 6B and A6B). Consistently, bright field microscopy
revealed morphological changes such as cell rounding and detachment in BRCA2-deficient
HCT116 cells treated with X17613 and IT, indicative of cell death (Figure 6C).
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Figure 6. (A) Viability in HCT116 WT and HCT116 BRCA2~/~ cells after treatment with PARPi
olaparib or veliparib in combination with chemotherapeutic drugs (IT, 0.25 pM), 5-fluorouracil (5-
FU, 0.1 uM), and oxaliplatin (OXA, 0.25 uM) for 72 h (n > 3). (B) Viability in HCT116 WT and
HCT116 BRCA2~/~ cells after treatment with PARPi X17613 in combination with chemotherapeutic
drugs (IT, 0.25 uM), 5-fluorouracil (5-FU, 0.1 uM), and oxaliplatin (OXA, 0.25 uM) for 72 h (n > 3).
(C) Representative brightfield microscopic images at 20X magnification of HCT116 WT and HCT116
BRCA2~/~ cells after treatment with X17613 (50 uM), IT (0.25 uM), or a combination of both for 24
h. (D,E) YH2AX formation in HCT116 WT and BRCA2~/~ cells after treatment as described in (C).
Representative Western blot images and densitometric evaluation are shown (1 = 4). Hsp90 served as
loading control. All data are given as mean + SEM. ns: p > 0.05, * p < 0.01, ** p < 0.01; t-test.
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In order to investigate whether this effect is attributable to an increased DSB for-
mation, we performed Western blot analysis of phosphorylated H2AX (yYH2AX) as a
well-established DSB marker [46]. To this end, HCT116 WT and BRCA2-deficient cells were
pretreated with X17613 for 2 h and subsequently co-treated with IT for an additional 24 h.
No significant increase in YH2AX was observed in HCT116 WT cells upon treatment with
X17613 alone (Figure 6D,E). The genotoxic drug IT led to a significant induction of YH2AX
as compared to the control. However, no significant further increase was detected after
co-treatment as compared to IT mono-treatment. It should be noted that IT caused slightly
higher YH2AX levels in BRCA2~/~ cells, which were further augmented in the presence
of X17613 (Figure 6D,E), and that similar results were obtained for X17618 (Appendix A,
Figure A6C). Further experiments in DLD-1 WT and DLD-1 ATR®/® cells revealed little im-
pact of the ATR status on the sensitivity of CRC cells towards a combination of PARPi and
chemotherapeutic drugs (Appendix A, Figure A7A,B). Taken together, these findings pro-
vided evidence that PARPi (olaparib > veliparib > X17613 > X17618) and chemotherapeutic
drugs (IT > OXA) synergize in a BRCA2-dependent manner in CRC cells.

4. Discussion

Our work addresses the role of PARP-1 as a target for chemotherapeutic intervention in
both MSI and MSS CRC by applying novel PARP inhibitors to overcome PARPi resistance
and reduce cytotoxicity-mediated adverse effects. Therefore, we analyzed an array of
indole-based compounds by in silico screening regarding their ability to inhibit PARP-1
activity in a molecular docking model and used the compounds for in vitro testing by
applying a cell-free assay based on recombinant PARP-1. The four substances with the
lowest ICsg value and, thus, highest PARPi activity in vitro, X17613, X17618, X17620, and
X17621, were also identified in silico to have the highest binding affinity to the active
center of PARP-1. Interestingly, the compound, X17613, with the highest inhibitory activity
contains a cyclic carboxylic acid hydrazide motif (i.e., a dihydrodiazepinone, [cd]-fused
to indole). Among PARPi developed so far, a similar core structure can only be found
in pamiparib, which is currently tested clinically for the treatment of brain tumors, since
improved penetration across the blood-brain barrier was demonstrated [47]. Compared
to X17613, olaparib and veliparib share key interactions with the amino acid residues
G863, S904, and Y907 but contain an additional side chain that interacts with Y896 and
D766, presumably leading to a higher potency. Further chemical modification of the lead
compound X17613 might, thus, result in higher inhibitory activity. In a recent study, the
side chain modification of veliparib was shown to drastically increase its PARP trapping
activity due to allosteric retention, independent of enzymatic inhibition [48]. However, one
should keep in mind that this will very likely also cause higher toxicity in healthy tissue,
since the capability for PARP trapping closely correlates with PARPi toxicity [49].

Applying a CRC cell-based assay, the inhibitory activity of the four compounds was
assessed by PAR staining and confocal microscopy. We detected a marked inhibition of
H,O,-dependent PAR generation by X17613 and X17618, albeit at higher concentrations as
compared to the positive control olaparib. The reduced activity of X17620 in the cell-based
assay, despite potent inhibition of recombinant PARP-1, could be attributable to an efficient
cellular efflux. Certain PARPi (e.g., olaparib) are known substrates for P-glycoprotein,
which is an efflux transporter responsible for the resistance of cancers to numerous drugs,
whereas other PARPi (e.g., veliparib) are not excreted [50].

We then assessed the ability of the novel PARPi to cause PARP-1 trapping in HCT116
and Caco-2 cells, which represent CRC cell models with MSI and MSS, respectively [51].
While olaparib induced substantial PARP-1 trapping, X17613 and X17618 showed no
effects in both CRC cell models. Zandarashvili and colleagues dissected the molecular
mechanisms that determine PARPi-dependent trapping of PARP-1 [48]. Catalytic inhibition
of PARP-1 prevents automodification-dependent release, and, therefore, depends on the
ICsg of the PARPi. Simultaneously, PARPi can influence PARP-1 allostery, which either
promotes the release or retention of the enzyme, depending on its structure [48]. Veliparib
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was shown to have an allosteric pro-release effect, which olaparib is lacking [48]. It is
conceivable that X17613 and X17618 also display an allosteric pro-release effect, which
together with their lower PARPI activity compared to olaparib might explain the observed
lack of PARP-1 trapping.

Interestingly, monotreatment with the compounds X17613 and X17618 as well as
veliparib failed to induce cytotoxicity in HCT116 PARP-1*/* and PARP-1~/~ cells. These
three compounds were also not cytotoxic in nonmalignant HCEC. Only olaparib led to a
decrease in viability in HCT116 PARP-1*/* cells, and to a lesser degree also in HCT116
PARP-1~/~ cells, indicating the importance of PARP-1 trapping for cytotoxicity in cells
without genetic susceptibility. It should be mentioned that mutations of PARP-1, which
impair its DNA binding affinity and, thus, reduce cytotoxic PARP trapping, were observed
in tumors with acquired PARPi-resistance, underlining the role of PARP trapping in a
clinical setting [52]. As mentioned above, olaparib also decreased the viability in PARP-1
deficient HCT116 cells. This is likely attributable to the effects of olaparib on other PARPs,
particularly PARP-2, which is inhibited with similar potency as PARP-1 (IC59 56 nM vs.
13 nM) [53] and is trapped on DNA by olaparib via an allosteric pro-retention effect [54].
Furthermore, this could be explained by potential off-target effects of PARPi. Rucaparib
and niraparib were, for example, shown to modulate cellular kinases in vitro at higher
nanomolar concentrations [53,55].

In HCT116 BRCA2~/~ cells, which were used as a model for synthetic lethality
by PARP4, the low cytotoxicity of X17613 and X17618, despite PARP-1 inhibition, might
be caused by an insufficient inhibitor potency. While olaparib and veliparib restrained
recombinant PARP-1 activity in low nM concentrations, a significant reduction in HCT116
BRCA2~/~ cell viability by these two PARPi could only be observed at around 100-fold
higher concentrations. Since inhibition of recombinant PARP-1 by X17613 and X17618
occurs with 10-100-fold less potency as compared to olaparib and veliparib, equally higher
doses should be necessary to induce cytotoxicity and might, therefore, not have been
detected in our assays.

Nevertheless, the inhibitor X17613 led to a significant reduction in viability in HCT116
BRCA2~/~ cells in combination with the established cytostatic drug IT. These results show
that the occurrence of HR deficiency renders CRC cells susceptible towards dual inhibition
of TOP-1 and PARP-1, also in the absence of PARP-1 trapping. BRCA2 mutations in CRC are
rare, occurring with a prevalence of around 1% [56], but were shown to be associated with
an early onset of the disease [9]. Inhibition of PARP-1 could improve CRC chemotherapy
beyond defects of BRCA1/2, leading to synergistic cytotoxicity in tumor cells. This was
illustrated by siRNA-mediated knockdown of the HR-mediator RAD51 in colon cancer
cells, which potentiated the cytotoxicity of olaparib monotreatment and in combination
with SN38 [57]. Our study revealed a marked decrease in CRC cell viability due to co-
treatment with olaparib or veliparib and the DNA-damaging agent IT. These results are in
accordance with an earlier study conducted in human prostate cancer and glioblastoma
cells, revealing synergistic effects of both PARPi with the TOP-1 inhibitor camptothecin [58].
The synergism between PARPi and TOP-1 inhibitors was further demonstrated using a
HCT116 xenograft model, in which a combination regimen of IT and rucaparib strongly
reduced tumor growth in vivo [59]. Furthermore, combinations of PARPi with inhibitors of
ATR could provide a therapeutic approach for the treatment of tumors with or without HR
deficiencies in the future, as shown in ovarian cancer models [60].

Interestingly, a comparison of HCT116 PARP-1-/~ and PARP-1*/* revealed a higher
cytotoxicity of the agents IT and OXA in the absence of PARP-1, highlighting its pivotal role
in DNA repair and replication stress response. Consistent with this finding, we could detect
a synergistic activity of olaparib with IT and OXA, but not with 5-FU in HCT116 PARP-1*/*
cells. These effects were generally also observed in DLD-1 cells, whereas in Caco-2 cells
PARPi had little impact on the cytotoxic activity of the anticancer drugs. Applying different
cancer cell lines, Murai et al. observed that enzymatic PARP inhibition is sufficient for
synergistic effects by combination therapy with TOP-1 Inhibitors (see above), while PARP
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trapping is necessary for alkylating agents such as temozolomide [58]. We were able to
confirm these results for CRC cells, showing that veliparib, which lacks PARP trapping
activity, fails to induce cytotoxicity in combination with OXA, in contrast to olaparib. While
inhibitor-induced PARP trapping is the main contributor to cytotoxicity in a monotherapy
regimen, these observations imply that enzymatic inhibition is sufficient for the synergis-
tic effect in combination with IT. This could allow for the application of better-tolerated
PARPi in a combination treatment regimen. Hopkins et al. revealed PARP-1 trapping to
be the primary mechanism of PARPi cytotoxicity towards healthy bone marrow cells [49].
This side effect was also found to limit the efficacy of olaparib for CRC treatment in a
clinical study by further amplification of the adverse effects of chemotherapeutic drugs
in a combination regimen [23]. It might, therefore, be worth considering the application
of PARPi with attenuated PARP trapping activity in combination with TOP-1 inhibitors
to reduce dose-limiting toxicity (DLT). This is an important clinical aspect since TOP-1
inhibitors, like IT, also cause myelosuppression as DLT. Genetic variants of the phase II gene
UDP-glucuronosyltransferase 1A1 (UGT1A1) were clearly linked to severe myelosuppression
and neutropenia [61]. Diarrhea represents the other most common DLT in response to IT
administration. This can occur rapidly within the first hours or in a delayed manner after
24 h, representing a very serious and potentially life-threatening situation [62]. Indeed,
the combination of PARPi with the TOP-1 inhibitors IT and topotecan for the treatment
of patients with solid tumors was illustrated as challenging due to the severe myelosup-
pression and diarrhea. However, our new PARPi compounds with little cytotoxicity due to
the lack of PARP trapping might be a promising alternative for the combination therapy
with TOP-1 inhibitors. Furthermore, it was proposed to switch the combination therapy
regimen to a gapped schedule, which avoids the overlapping toxicity of PARPi and TOP-1
inhibitors in normal healthy tissue such as bone marrow [62]. Another possibility in this
regard might be the use of indenoisoquinolines, which are TOP-1 inhibitors structurally
unrelated to camptothecin and irinotecan [63]. DLD-1 cells with BRCA2 deficiency were
hypersensitive towards these compounds, which further synergized with olaparib in vitro
and in vivo [63].

Moreover, PARPi and other DDR inhibitors such as ATRi have also great potential
as radiosensitizers, which is of particular interest for the treatment of rectal cancer [64].
Radiotherapy represents an important treatment modality for rectal cancer, typically per-
formed in combination with chemotherapy in a peri- or postoperative setting depending
on the tumor and nodes stages [65]. Using cell culture models and an in vivo xenograft
mouse model, olaparib was shown to sensitize CRC cells (i.e., HCT116 and SW480) towards
radiotherapy in a XRCC2-dependent manner [66]. Furthermore, the PARPi talazoparib
synergized with radiotherapy in CRC cells with both wild-type BRAF (i.e., DLD-1) and
mutant BRAF (i.e., RKO), while olaparib had lower synergistic effects [67]. In addition to
those preclinical studies, a phase 1b clinical study was conducted in patients with locally
advanced rectal cancer. This investigated the safety and tolerability of veliparib in com-
bination with chemoradiotherapy (CRT), consisting of the orally available 5-FU prodrug
capecitabine and fractionated radiotherapy [68]. Interestingly, the results provided first
evidence that veliparib could potentiate the antitumor activity of CRT [68]. It is, therefore,
tempting to speculate that our novel identified PARPi X17613 and X17618 may also sensi-
tize CRC cells towards radiotherapy or radiotherapy combined with IT, which warrants
future preclinical studies. There are completed clinical studies showing a lack of PARPi
efficacy, in which CRC patients were not stratified according to their PARP-1 expression
beforehand [23,69]. Routine assessment of PARP-1 expression in CRC biopsies is, therefore,
strongly recommended to identify patients who might benefit from PARPi combination
therapy, while patients with low PARP-1 expression might be suitable for application of
other DDR inhibitors, with ATR [70] and RAD51 [71] as promising targets. More recently, a
composite biomarker approach has been described to predict responses to ATR inhibitors.
This is based upon the detection of basal pSer33-RPA32 levels, RAD51 foci, ATM, and
RADS5I1C expression in formalin-fixed paraffin-embedded colorectal tumor samples or
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derived preclinical models [72]. It is obvious to complement this set of biomarkers by
PARP-1 expression in order to select the tailored cancer therapy regimen.

5. Conclusions

In summary, our study identified novel PARPi lead structures with potent PARP-1
inhibitory activity in CRC cells but low cytotoxicity in wildtype CRC cells and no adverse
effects on normal HCEC due to lack of PARP trapping. The most promising compound,
X17613, synergized with the anticancer drug and TOP-1 inhibitor IT in a BRCA2-dependent
manner, which can be transferred to other settings with HRD. In support of this view, a
very recent study provided evidence that PARP inhibition, rather than PARP trapping, is
sufficient for killing cancer cells with HRD [73].
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Figure Al. (A) Binding modes of selected compounds from virtual screening ((1-4), PDB: 4P]T)
to PARP-1. The binding to either G863 or S904 was used as a constraint in docking. All active
compounds are able to form this bond and adopt a similar binding mode (compare Figure 1A). The
three compounds X17611, X17610, and X17608 (1-3) serve as a verification of the binding mode
since the constraints can only be fulfilled with significant losses in the binding free energy due to
unfavorable inter- and intramolecular interactions. X17616 (4) is similar to X17618 (Figure 1A), but
cannot form a potential hydrogen bond due to the lack of the amide function. (B) Chemical structure
of the compounds X17611, X17610, X17608 and X17616.
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Figure A2. (A,B) Concentration response curve of established PARP inhibitors veliparib and olaparib
(A) and eight potential PARP inhibitors (B) with low or no activity in the PARP-1 screening assay kit.
All concentrations were tested in duplicates. IC5y values were derived using a nonlinear regression
model in GraphPad Prism 9 (n = 2).
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Figure A3. (A) Concentration-response curves of 4 potential PARP-1 inhibitors (X17613, X17618,
X17620 and X17621) assessed in HCT116 cells as described in Figure 2B (n = 3). ICsy values were
derived using a nonlinear regression model in GraphPad Prism 9. (B) Representative confocal
microscopy images at 100x magnification after PAR staining in HCT116 cells treated with the
indicated concentrations of X17618 for 2 h with or without subsequent PARP induction by H,O,
treatment for 5 min. Scale bar: 100 um. (C) Confocal microscopy images at 630 x magnification after
pan-PAR staining in HCT116 treated as described in B. Scale bar: 20 um.
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Figure A4. (A) Western Blot analysis of PARP-1, BRCA2 and ATR expression in HCT116 WT, HCT116
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served as loading control. (B) Toxicity of PARPi in human colonic epithelial cells (HCEC). Cells were
incubated with PARPi for 72 h and viability was assessed using the RRA. Nonlinear regression curve
fit was conducted using GraphPad Prism 9 (n > 3).
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Figure A5. Cell viability of (A) HCT116 WT and HCT116 BRCA2~/~, (B) HCT116 PARP-1*/+
and HCT116 PARP-1-/~, (C) DLD-1 WT and DLD-1 ATR®/S, (D) Caco-2 cells and (E) HCEC after
monotreatment with cytostatic drugs IT, 5-FU and OXA for 72 h. Nonlinear regression curve fit was
conducted using GraphPad Prism 9 (n > 3).
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HCT116 BRCA2~/~ cells after treatment with PARPi X17618 in combination with chemotherapeutic
drugs irinotecan (IT, 0.25 uM), 5-fluorouracil (5-FU, 0.1 uM) and oxaliplatin (OXA, 0.25 uM) for
72 h (n > 3). (C) YH2AX formation in HCT116 WT and BRCA2~/~ cells after treatment with X17618
(50 uM), IT (0.25 uM) or a combination of both for 24 h. Representative Western blot images and
densitometric evaluation are shown (1 = 4). All data are presented as mean +/— SEM. ns: p > 0.05,
*p <0.01, * p <0.01, ** p < 0.001, **** p < 0.0001; t-test.
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Figure A7. (A) Viability of DLD-1 WT and DLD-1 ATR/® cells after treatment with PARPi olaparib
or veliparib in combination with chemotherapeutic drugs (IT, 2.5 uM), 5-fluorouracil (5-FU, 0.1 pM)
and oxaliplatin (OXA, 5 uM) for 72 h (n > 3). (B) Viability of DLD-1 WT and DLD-1 ATRS/S cells after
treatment with PARPi X17613 and X17618 in combination with chemotherapeutic drugs (IT, 2.5 uM),
5-fluorouracil (5-FU, 0.1 uM) and oxaliplatin (OXA, 5 uM) for 72 h (n > 3). Data are shown as mean
+/—SEM. * p < 0.01, * p < 0.01, *** p < 0.001, **** p < 0.0001; ¢-test.



Cancers 2024, 16, 3441 22 of 25

References

1.  Favoriti, P; Carbone, G.; Greco, M.; Pirozzi, F.; Pirozzi, R.E.M.; Corcione, F. Worldwide burden of colorectal cancer: A review.
Updates Surg. 2016, 68, 7-11. [CrossRef]

2. Spaander, M.C.W,; Zauber, A.G.; Syngal, S.; Blaser, M.].; Sung, ].J.; You, Y.N.; Kuipers, E.J. Young-onset colorectal cancer. Nat. Rev.
Dis. Prim. 2023, 9, 21. [CrossRef]

3. Biller, L.H,; Schrag, D. Diagnosis and Treatment of Metastatic Colorectal Cancer: A Review. JAMA 2021, 325, 669-685. [CrossRef]

4. Hammond, W.A.; Swaika, A.; Mody, K. Pharmacologic resistance in colorectal cancer: A review. Ther. Adv. Med. Oncol. 2016, 8,
57-84. [CrossRef]

5. Boland, C.R.; Goel, A. Microsatellite instability in colorectal cancer. Gastroenterology 2010, 138, 2073-2087.e3. [CrossRef]

6. Keum, N.; Giovannucci, E. Global burden of colorectal cancer: Emerging trends, risk factors and prevention strategies. Nat. Rev.
Gastroenterol. Hepatol. 2019, 16, 713-732. [CrossRef]

7.  Fahrer, ],; Kaina, B. O6-methylguanine-DNA methyltransferase in the defense against N-nitroso compounds and colorectal cancer.
Carcinogenesis 2013, 34, 2435-2442. [CrossRef]

8.  Degrolard-Courcet, E.; Sokolowska, ].; Padeano, M.-M.; Guiu, S.; Bronner, M.; Chery, C.; Coron, E; Lepage, C.; Chapusot, C.;
Loustalot, C.; et al. Development of primary early-onset colorectal cancers due to biallelic mutations of the FANCD1/BRCA2
gene. Eur. ]. Hum. Genet. 2014, 22, 979-987. [CrossRef]

9.  Phelan, CM;; Igbal, J.; Lynch, H.T.; Lubinski, J.; Gronwald, J.; Moller, P.; Ghadirian, P.; Foulkes, W.D.; Armel, S.; Eisen, A.; et al.
Incidence of colorectal cancer in BRCA1 and BRCA2 mutation carriers: Results from a follow-up study. Br. J. Cancer 2014, 110,
530-534. [CrossRef]

10. Moretto, R.; Elliott, A.; Zhang, J.; Arai, H.; Germani, M.M.; Conca, V.; Xiu, J.; Stafford, P.; Oberley, M.; Abraham, J.; et al.
Homologous Recombination Deficiency Alterations in Colorectal Cancer: Clinical, Molecular, and Prognostic Implications. J. Natl.
Cancer Inst. 2022, 114, 271-279. [CrossRef]

11. Gustavsson, B.; Carlsson, G.; Machover, D.; Petrelli, N.; Roth, A.; Schmoll, H.-J.; Tveit, K.-M.; Gibson, F. A Review of the Evolution
of Systemic Chemotherapy in the Management of Colorectal Cancer. Clin. Color. Cancer 2015, 14, 1-10. [CrossRef]

12.  Mangerich, A.; Burkle, A. How to kill tumor cells with inhibitors of poly(ADP-ribosyl)ation. Int. J. Cancer 2011, 128, 251-265.
[CrossRef]

13. Martin-Hernandez, K.; Rodriguez-Vargas, ].M.; Schreiber, V.; Dantzer, F. Expanding functions of ADP-ribosylation in the
maintenance of genome integrity. Semin. Cell Dev. Biol. 2017, 63, 92-101. [CrossRef]

14. Gibson, B.A.; Kraus, W.L. New insights into the molecular and cellular functions of poly(ADP-ribose) and PARPs. Nat. Rev. Mol.
Cell Biol. 2012, 13, 411-424. [CrossRef]

15. Dorsam, B.; Seiwert, N.; Foersch, S.; Stroh, S.; Nagel, G.; Begaliew, D.; Diehl, E.; Kraus, A.; McKeague, M.; Minneker, V.; et al.
PARP-1 protects against colorectal tumor induction, but promotes inflammation-driven colorectal tumor progression. Proc. Natl.
Acad. Sci. USA 2018, 115, E4061-E4070. [CrossRef]

16. Mateo, J.; Lord, C.J.; Serra, V.; Tutt, A.; Balmafia, J.; Castroviejo-Bermejo, M.; Cruz, C.; Oaknin, A.; Kaye, S.B.; de Bono, ].S. A
decade of clinical development of PARP inhibitors in perspective. Ann. Oncol. 2019, 30, 1437-1447. [CrossRef]

17.  Cortesi, L.; Rugo, H.S.; Jackisch, C. An Overview of PARP Inhibitors for the Treatment of Breast Cancer. Target. Oncol. 2021, 16,
255-282. [CrossRef]

18. Paulet, L.; Trecourt, A.; Leary, A.; Peron, ].; Descotes, E.; Devouassoux-Shisheboran, M.; Leroy, K.; You, B.; Lopez, J. Cracking
the homologous recombination deficiency code: How to identify responders to PARP inhibitors. Eur. J. Cancer 2022, 166, 87-99.
[CrossRef]

19. Reilly, N.M.,; Novara, L.; Di Nicolantonio, F.; Bardelli, A. Exploiting DNA repair defects in colorectal cancer. Mol. Oncol. 2019, 13,
681-700. [CrossRef]

20. Pilié, PG.; Gay, C.M,; Byers, L.A.; O’Connor, M.].; Yap, T.A. PARP Inhibitors: Extending Benefit Beyond BRCA-Mutant Cancers.
Clin. Cancer Res. 2019, 25, 3759-3771. [CrossRef]

21. Giannini, G.; Ristori, E.; Cerignoli, F,; Rinaldi, C.; Zani, M.; Viel, A.; Ottini, L.; Crescenzi, M.; Martinotti, S.; Bignami, M.; et al.
Human MRE11 is inactivated in mismatch repair-deficient cancers. EMBO Rep. 2002, 3, 248-254. [CrossRef]

22. Vilar, E,; Bartnik, C.M,; Stenzel, S.L.; Raskin, L.; Ahn, J.; Moreno, V.; Mukherjee, B.; Iniesta, M.D.; Morgan, M.A.; Rennert, G.; et al.
MRE11 Deficiency Increases Sensitivity to Poly(ADP-ribose) Polymerase Inhibition in Microsatellite Unstable Colorectal Cancers.
Cancer Res. 2011, 71, 2632-2642. [CrossRef]

23. Leichman, L.; Groshen, S.; O’'Neil, B.H.; Messersmith, W.; Berlin, J.; Chan, E.; Leichman, C.G.; Cohen, S.J.; Cohen, D.; Lenz, H.-J.;
et al. Phase II Study of Olaparib (AZD-2281) after Standard Systemic Therapies for Disseminated Colorectal Cancer. Oncologist
2016, 21, 172-177. [CrossRef]

24. Wang, C,; Jette, N.; Moussienko, D.; Bebb, D.G.; Lees-Miller, S.P. ATM-Deficient Colorectal Cancer Cells Are Sensitive to the PARP
Inhibitor Olaparib. Transl. Oncol. 2017, 10, 190-196. [CrossRef]

25.  Curtin, N.J.; Szabo, C. Poly(ADP-ribose) polymerase inhibition: Past, present and future. Nat. Rev. Drug Discov. 2020, 19, 711-736.
[CrossRef]

26. Arena, S; Corti, G.; Durinikova, E.; Montone, M.; Reilly, N.M.; Russo, M.; Lorenzato, A.; Arcella, P.; Lazzari, L.; Rospo, G.; et al. A

Subset of Colorectal Cancers with Cross-Sensitivity to Olaparib and Oxaliplatin. Clin. Cancer Res. 2020, 26, 1372-1384. [CrossRef]


https://doi.org/10.1007/s13304-016-0359-y
https://doi.org/10.1038/s41572-023-00432-7
https://doi.org/10.1001/jama.2021.0106
https://doi.org/10.1177/1758834015614530
https://doi.org/10.1053/j.gastro.2009.12.064
https://doi.org/10.1038/s41575-019-0189-8
https://doi.org/10.1093/carcin/bgt275
https://doi.org/10.1038/ejhg.2013.278
https://doi.org/10.1038/bjc.2013.741
https://doi.org/10.1093/jnci/djab169
https://doi.org/10.1016/j.clcc.2014.11.002
https://doi.org/10.1002/ijc.25683
https://doi.org/10.1016/j.semcdb.2016.09.009
https://doi.org/10.1038/nrm3376
https://doi.org/10.1073/pnas.1712345115
https://doi.org/10.1093/annonc/mdz192
https://doi.org/10.1007/s11523-021-00796-4
https://doi.org/10.1016/j.ejca.2022.01.037
https://doi.org/10.1002/1878-0261.12467
https://doi.org/10.1158/1078-0432.CCR-18-0968
https://doi.org/10.1093/embo-reports/kvf044
https://doi.org/10.1158/0008-5472.CAN-10-1120
https://doi.org/10.1634/theoncologist.2015-0319
https://doi.org/10.1016/j.tranon.2017.01.007
https://doi.org/10.1038/s41573-020-0076-6
https://doi.org/10.1158/1078-0432.CCR-19-2409

Cancers 2024, 16, 3441 23 of 25

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Keggenhoff, F.L.; Castven, D.; Becker, D.; Stojkovic, S.; Castven, J.; Zimpel, C.; Straub, B.K.; Gerber, T.; Langer, H.; Hahnel, P; et al.
PARP-1 selectively impairs KRAS-driven phenotypic and molecular features in intrahepatic cholangiocarcinoma. Gut 2024, 73,
1712-1724. [CrossRef]

LaFargue, C.J.; Dal Molin, G.Z.; Sood, A.K.; Coleman, R.L. Exploring and comparing adverse events between PARP inhibitors.
Lancet Oncol. 2019, 20, e15—e28. [CrossRef]

Rose, M.; Burgess, ].T.; O'Byrne, K.; Richard, D.J.; Bolderson, E. PARP Inhibitors: Clinical Relevance, Mechanisms of Action and
Tumor Resistance. Front. Cell Dev. Biol. 2020, 8, 564601. [CrossRef]

Aoyagi-Scharber, M.; Gardberg, A.S.; Yip, B.K.; Wang, B.; Shen, Y.; Fitzpatrick, P.A. Structural basis for the inhibition of poly(ADP-
ribose) polymerases 1 and 2 by BMN 673, a potent inhibitor derived from dihydropyridophthalazinone. Acta Crystallogr. Sect. F
Struct. Biol. Commun. 2014, 70, 1143-1149. [CrossRef]

Ogden, TE.H,; Yang, J.-C.; Schimpl, M.; Easton, L.E.; Underwood, E.; Rawlins, P.B.; McCauley, M.M.; Langelier, M.-F,; Pascal, ] M.;
Embrey, K.J.; et al. Dynamics of the HD regulatory subdomain of PARP-1; substrate access and allostery in PARP activation and
inhibition. Nucleic Acids Res. 2021, 49, 2266-2288. [CrossRef]

Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation: Parameters, protocols, and
influence on virtual screening enrichments. J. Comput.-Aided Mol. Des. 2013, 27, 221-234. [CrossRef]

Roos, K.; Wu, C.; Damm, W.; Reboul, M.; Stevenson, ].M.; Lu, C.; Dahlgren, M.K.; Mondal, S.; Chen, W.; Wang, L.; et al. OPLS3e:
Extending Force Field Coverage for Drug-Like Small Molecules. J. Chem. Theory Comput. 2019, 15, 1863-1874. [CrossRef]
Jacobson, M.P; Friesner, R.A.; Xiang, Z.; Honig, B. On the Role of the Crystal Environment in Determining Protein Side-chain
Conformations. J. Mol. Biol. 2002, 320, 597-608. [CrossRef]

Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P,; Knoll, E.H.; Shelley, M.; Perry, ] K,;
et al. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1. Method and Assessment of Docking Accuracy. J. Med.
Chem. 2004, 47, 1739-1749. [CrossRef]

Friesner, R.A.; Murphy, R.B.; Repasky, M.P; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
Precision Glide: Docking and Scoring Incorporating a Model of Hydrophobic Enclosure for Protein-Ligand Complexes. ]. Med.
Chem. 2006, 49, 6177—-6196. [CrossRef]

Xu, H.; Xian, J.; Vire, E.; McKinney, S.; Wei, V.; Wong, ].; Tong, R.; Kouzarides, T.; Caldas, C.; Aparicio, S. Up-regulation of the
interferon-related genes in BRCA2 knockout epithelial cells. ]. Pathol. 2014, 234, 386-397. [CrossRef]

Hurley, PJ.; Wilsker, D.; Bunz, F. Human cancer cells require ATR for cell cycle progression following exposure to ionizing
radiation. Oncogene 2007, 26, 2535-2542. [CrossRef]

Roig, A.L; Eskiocak, U.; Hight, S.K.; Kim, S.B.; Delgado, O.; Souza, R.F,; Spechler, S.J.; Wright, W.E.; Shay, ] W. Immortalized
epithelial cells derived from human colon biopsies express stem cell markers and differentiate in vitro. Gastroenterology 2010, 138,
1012-1021.€5. [CrossRef]

Seiwert, N.; Wecklein, S.; Demuth, P.; Hasselwander, S.; Kemper, T.A.; Schwerdtle, T.; Brunner, T.; Fahrer, ]. Heme oxygenase 1
protects human colonocytes against ROS formation, oxidative DNA damage and cytotoxicity induced by heme iron, but not
inorganic iron. Cell Death Dis. 2020, 11, 787. [CrossRef]

Carlsson, M.J.; Vollmer, A.S.; Demuth, P.; Heylmann, D.; Reich, D.; Quarz, C.; Rasenberger, B.; Nikolova, T.; Hofmann, T.G;
Christmann, M.; et al. p53 triggers mitochondrial apoptosis following DNA damage-dependent replication stress by the
hepatotoxin methyleugenol. Cell Death Dis. 2022, 13, 1009. [CrossRef] [PubMed]

Demin, A.A.; Hirota, K.; Tsuda, M.; Adamowicz, M.; Hailstone, R.; Brazina, J.; Gittens, W.; Kalasova, I.; Shao, Z.; Zha, S.; et al.
XRCC1 prevents toxic PARP1 trapping during DNA base excision repair. Mol. Cell 2021, 81, 3018-3030.e5. [CrossRef] [PubMed]
Mimmler, M.; Peter, S.; Kraus, A.; Stroh, S.; Nikolova, T.; Seiwert, N.; Hasselwander, S.; Neitzel, C.; Haub, J.; Monien, B.H.; et al.
DNA damage response curtails detrimental replication stress and chromosomal instability induced by the dietary carcinogen
PhIP. Nucleic Acids Res. 2016, 44, 10259-10276. [CrossRef] [PubMed]

Fahrer, ].; Huelsenbeck, J.; Jaurich, H.; Dorsam, B.; Frisan, T.; Eich, M.; Roos, W.P; Kaina, B.; Fritz, G. Cytolethal distending toxin
(CDT) is a radiomimetic agent and induces persistent levels of DNA double-strand breaks in human fibroblasts. DNA Repair 2014,
18, 31-43. [CrossRef] [PubMed]

Haince, J.F; Poirier, G.G.; Kirkland, J.B. Nonisotopic methods for determination of poly(ADP-ribose) levels and detection of
poly(ADP-ribose) polymerase. Curr. Protoc. Cell Biol. 2004, 21, Unit18.7. [CrossRef] [PubMed]

Sharma, A.; Singh, K.; Almasan, A. Histone H2AX phosphorylation: A marker for DNA damage. Methods Mol. Biol. 2012, 920,
613-626. [CrossRef]

Xiong, Y.; Guo, Y,; Liu, Y,; Wang, H.; Gong, W.; Liu, Y.; Wang, X.; Gao, Y.; Yu, F; Su, D.; et al. Pamiparib is a potent and selective
PARP inhibitor with unique potential for the treatment of brain tumor. Neoplasia 2020, 22, 431-440. [CrossRef]

Zandarashvili, L.; Langelier, M.-E,; Velagapudi, U.K.; Hancock, M. A ; Steffen, ].D.; Billur, R.; Hannan, Z.M.; Wicks, A J.; Krastev,
D.B.; Pettitt, S.J.; et al. Structural basis for allosteric PARP-1 retention on DNA breaks. Science 2020, 368, eaax6367. [CrossRef]
Hopkins, T.A.; Ainsworth, W.B.; Ellis, P.A.; Donawho, C.K.; DiGiammarino, E.L.; Panchal, S.C.; Abraham, V.C.; Algire, M.A_; Shi,
Y.; Olson, A.M.; et al. PARP1 Trapping by PARP Inhibitors Drives Cytotoxicity in Both Cancer Cells and Healthy Bone Marrow.
Mol. Cancer Res. 2019, 17, 409-419. [CrossRef]

Lawlor, D.; Martin, P,; Busschots, S.; Thery, J.; O'Leary, ].J.; Hennessy, B.T.; Stordal, B. PARP Inhibitors as P-glyoprotein Substrates.
J. Pharm. Sci. 2014, 103, 1913-1920. [CrossRef]


https://doi.org/10.1136/gutjnl-2023-331237
https://doi.org/10.1016/S1470-2045(18)30786-1
https://doi.org/10.3389/fcell.2020.564601
https://doi.org/10.1107/S2053230X14015088
https://doi.org/10.1093/nar/gkab020
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1021/acs.jctc.8b01026
https://doi.org/10.1016/S0022-2836(02)00470-9
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm051256o
https://doi.org/10.1002/path.4404
https://doi.org/10.1038/sj.onc.1210049
https://doi.org/10.1053/j.gastro.2009.11.052
https://doi.org/10.1038/s41419-020-02950-8
https://doi.org/10.1038/s41419-022-05446-9
https://www.ncbi.nlm.nih.gov/pubmed/36446765
https://doi.org/10.1016/j.molcel.2021.05.009
https://www.ncbi.nlm.nih.gov/pubmed/34102106
https://doi.org/10.1093/nar/gkw791
https://www.ncbi.nlm.nih.gov/pubmed/27599846
https://doi.org/10.1016/j.dnarep.2014.03.002
https://www.ncbi.nlm.nih.gov/pubmed/24680221
https://doi.org/10.1002/0471143030.cb1807s21
https://www.ncbi.nlm.nih.gov/pubmed/18228447
https://doi.org/10.1007/978-1-61779-998-3_40
https://doi.org/10.1016/j.neo.2020.06.009
https://doi.org/10.1126/science.aax6367
https://doi.org/10.1158/1541-7786.MCR-18-0138
https://doi.org/10.1002/jps.23952

Cancers 2024, 16, 3441 24 of 25

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Arnold, C.; Demuth, P; Seiwert, N.; Wittmann, S.; Boengler, K.; Rasenberger, B.; Christmann, M.; Huber, M.; Brunner, T.;
Linnebacher, M.; et al. The Mitochondrial Disruptor Devimistat (CPI-613) Synergizes with Genotoxic Anticancer Drugs in
Colorectal Cancer Therapy in a Bim-Dependent Manner. Mol. Cancer Ther. 2022, 21, 100-112. [CrossRef]

Pettitt, S.J.; Krastev, D.B.; Brandsma, I.; Dréan, A.; Song, E.; Aleksandrov, R.; Harrell, M.I.; Menon, M.; Brough, R.; Campbell, J.;
et al. Genome-wide and high-density CRISPR-Cas9 screens identify point mutations in PARP1 causing PARP inhibitor resistance.
Nat. Commun. 2018, 9, 1849. [CrossRef]

Sandhu, D.; Antolin, A.A.; Cox, A.R.; Jones, A.M. Identification of different side effects between PARP inhibitors and their
polypharmacological multi-target rationale. Br. J. Clin. Pharmacol. 2022, 88, 742-752. [CrossRef]

Langelier, M.E; Lin, X.; Zha, S.; Pascal, ].M. Clinical PARP inhibitors allosterically induce PARP2 retention on DNA. Sci. Adv.
2023, 9, eadf7175. [CrossRef]

Antolin, A.A.; Ameratunga, M.; Banerji, U.; Clarke, P.A.; Workman, P.; Al-Lazikani, B. The kinase polypharmacology landscape
of clinical PARP inhibitors. Sci. Rep. 2020, 10, 2585. [CrossRef]

Yurgelun, M.B.; Kulke, M.H.; Fuchs, C.S.; Allen, B.A.; Uno, H.; Hornick, J.L.; Ukaegbu, C.I; Brais, L.K.; McNamara, P.G.; Mayer,
R.J.; et al. Cancer Susceptibility Gene Mutations in Individuals With Colorectal Cancer. J. Clin. Oncol. 2017, 35, 1086-1095.
[CrossRef]

Tahara, M.; Inoue, T.; Sato, F; Miyakura, Y.; Horie, H.; Yasuda, Y.; Fujii, H.; Kotake, K.; Sugano, K. The Use of Olaparib (AZD2281)
Potentiates SN-38 Cytotoxicity in Colon Cancer Cells by Indirect Inhibition of Rad51-Mediated Repair of DNA Double-Strand
Breaks. Mol. Cancer Ther. 2014, 13, 1170-1180. [CrossRef]

Murai, J.; Zhang, Y.; Morris, J.; Ji, J.; Takeda, S.; Doroshow, J.H.; Pommier, Y.G. Rationale for PARP inhibitors in combination
therapy with camptothecins or temozolomide based on PARP trapping versus catalytic inhibition. J. Pharmacol. Exp. Ther. 2014,
349, 408-416. [CrossRef]

Augustine, T.; Maitra, R.; Zhang, ].; Nayak, J.; Goel, S. Sensitization of colorectal cancer to irinotecan therapy by PARP inhibitor
rucaparib. Investig. New Drugs 2019, 37, 948-960. [CrossRef]

Kim, H.; Xu, H.; George, E.; Hallberg, D.; Kumar, S.; Jagannathan, V.; Medvedev, S.; Kinose, Y.; Devins, K.; Verma, P; et al.
Combining PARP with ATR inhibition overcomes PARP inhibitor and platinum resistance in ovarian cancer models. Nat. Commun.
2020, 11, 3726. [CrossRef]

Innocenti, F.; Undevia, S.D.; Iyer, L.; Chen, PX,; Das, S.; Kocherginsky, M.; Karrison, T.; Janisch, L.; Ramirez, J.; Rudin, C.M.; et al.
Genetic variants in the UDP-glucuronosyltransferase 1A1 gene predict the risk of severe neutropenia of irinotecan. J. Clin. Oncol.
2004, 22, 1382-1388. [CrossRef]

Thomas, A.; Pommier, Y. Targeting Topoisomerase I in the Era of Precision Medicine. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer
Res. 2019, 25, 6581-6589. [CrossRef]

Marzi, L.; Szabova, L.; Gordon, M.; Weaver Ohler, Z.; Sharan, S.K.; Beshiri, M.L.; Etemadi, M.; Murai, J.; Kelly, K.; Pommier, Y. The
Indenoisoquinoline TOP1 Inhibitors Selectively Target Homologous Recombination-Deficient and Schlafen 11-Positive Cancer
Cells and Synergize with Olaparib. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2019, 25, 6206-6216. [CrossRef]

Deng, S.; Vlatkovic, T.; Li, M.; Zhan, T.; Veldwijk, M.R.; Herskind, C. Targeting the DNA Damage Response and DNA Repair
Pathways to Enhance Radiosensitivity in Colorectal Cancer. Cancers 2022, 14, 4874. [CrossRef]

Glynne-Jones, R.; Wyrwicz, L.; Tiret, E.; Brown, G.; Rodel, C.; Cervantes, A.; Arnold, D.; Committee, E.G. Rectal cancer: ESMO
Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2017, 28, iv22-iv40.
[CrossRef] [PubMed]

Qin, C.; Ji, Z.; Zhai, E.; Xu, K.; Zhang, Y.; Li, Q.; Jing, H.; Wang, X.; Song, X. PARP inhibitor olaparib enhances the efficacy of
radiotherapy on XRCC2-deficient colorectal cancer cells. Cell Death Dis. 2022, 13, 505. [CrossRef]

Carter, R.; Cheraghchi-Bashi, A.; Westhorpe, A.; Yu, S.; Shanneik, Y.; Seraia, E.; Ouaret, D.; Inoue, Y.; Koch, C.; Wilding, J.; et al.
Identification of anticancer drugs to radiosensitise BRAF-wild-type and mutant colorectal cancer. Cancer Biol. Med. 2019, 16,
234-246. [CrossRef]

Czito, B.G.; Deming, D.A.; Jameson, G.S.; Mulcahy, M.E,; Vaghefi, H.; Dudley, M.W.; Holen, K.D.; DeLuca, A.; Mittapalli, R.K,;
Munasinghe, W.; et al. Safety and tolerability of veliparib combined with capecitabine plus radiotherapy in patients with locally
advanced rectal cancer: A phase 1b study. Lancet Gastroenterol. Hepatol. 2017, 2, 418-426. [CrossRef]

Gorbunova, V.; Beck, ].T.; Hofheinz, R.-D.; Garcia-Alfonso, P.; Nechaeva, M.; Cubillo Gracian, A.; Mangel, L.; Elez Fernandez, E.;
Deming, D.A.; Ramanathan, RK; et al. A phase 2 randomised study of veliparib plus FOLFIRI+bevacizumab versus placebo
plus FOLFIRI+bevacizumab in metastatic colorectal cancer. Br. . Cancer 2019, 120, 183-189. [CrossRef]

Combes, E.; Andrade, A.E; Tosi, D.; Michaud, H.-A.; Coquel, F.; Garambois, V.; Desigaud, D.; Jarlier, M.; Coquelle, A.; Pasero, P,;
et al. Inhibition of Ataxia-Telangiectasia Mutated and RAD3-Related (ATR) Overcomes Oxaliplatin Resistance and Promotes
Antitumor Immunity in Colorectal Cancer. Cancer Res. 2019, 79, 2933-2946. [CrossRef]

Shkundina, L.S.; Gall, A.A.; Dick, A.; Cocklin, S.; Mazin, A.V. New RAD51 Inhibitors to Target Homologous Recombination in
Human Cells. Genes 2021, 12, 920. [CrossRef] [PubMed]

Durinikova, E.; Reilly, N.M.; Buzo, K.; Mariella, E.; Chila, R.; Lorenzato, A.; Dias, ]. M.L.; Grasso, G.; Pisati, F; Lamba, S.; et al.
Targeting the DNA Damage Response Pathways and Replication Stress in Colorectal Cancer. Clin. Cancer Res. Off. ]. Am. Assoc.
Cancer Res. 2022, 28, 3874-3889. [CrossRef] [PubMed]


https://doi.org/10.1158/1535-7163.MCT-21-0393
https://doi.org/10.1038/s41467-018-03917-2
https://doi.org/10.1111/bcp.15015
https://doi.org/10.1126/sciadv.adf7175
https://doi.org/10.1038/s41598-020-59074-4
https://doi.org/10.1200/JCO.2016.71.0012
https://doi.org/10.1158/1535-7163.MCT-13-0683
https://doi.org/10.1124/jpet.113.210146
https://doi.org/10.1007/s10637-018-00717-9
https://doi.org/10.1038/s41467-020-17127-2
https://doi.org/10.1200/JCO.2004.07.173
https://doi.org/10.1158/1078-0432.CCR-19-1089
https://doi.org/10.1158/1078-0432.CCR-19-0419
https://doi.org/10.3390/cancers14194874
https://doi.org/10.1093/annonc/mdx224
https://www.ncbi.nlm.nih.gov/pubmed/28881920
https://doi.org/10.1038/s41419-022-04967-7
https://doi.org/10.20892/j.issn.2095-3941.2018.0284
https://doi.org/10.1016/S2468-1253(17)30012-2
https://doi.org/10.1038/s41416-018-0343-z
https://doi.org/10.1158/0008-5472.CAN-18-2807
https://doi.org/10.3390/genes12060920
https://www.ncbi.nlm.nih.gov/pubmed/34208492
https://doi.org/10.1158/1078-0432.CCR-22-0875
https://www.ncbi.nlm.nih.gov/pubmed/35881546

Cancers 2024, 16, 3441 25 of 25

73. Petropoulos, M.; Karamichali, A.; Rossetti, G.G.; Freudenmann, A.; Iacovino, L.G.; Dionellis, V.S.; Sotiriou, S.K.; Halazonetis, T.D.
Transcription-replication conflicts underlie sensitivity to PARP inhibitors. Nature 2024, 628, 433—441. [CrossRef] [PubMed]

74. Potlitz, F; Link, A. Chemotion Repository 2024. Available online: https://dx.doi.org/10.14272 /collection/ CWG_2024-02-14
(accessed on 14 February 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41586-024-07217-2
https://www.ncbi.nlm.nih.gov/pubmed/38509368
https://dx.doi.org/10.14272/collection/CWG_2024-02-14

	Introduction 
	Material and Methods 
	Test Compounds 
	Molecular Docking 
	PARP Inhibitor Assay 
	Cell Culture and Treatments 
	Cytotoxicity Testing of PARP Inhibitors 
	PAR Immunofluorescence Analysis 
	Chromatin Retention Assay and Western Blot Analysis 
	Statistics 

	Results 
	Identification of Putative PARPi Using Molecular Docking Studies 
	Activity Screening of PARP Inhibitors 
	Effect of Selected Test Compounds on PAR Formation in HCT116 Cells 
	PARP-1 Trapping and Cytotoxicity of PARP Inhibitors 
	Cytotoxicity of PARPi Depending on the Cellular BRCA2 and ATR Status 
	Combination of PARPi and Clinically Relevant Chemotherapeutic Drugs in CRC Cells 
	Impact of BRCA2 and ATR on the Potential Synergism of PARPi and Chemotherapeutics 

	Discussion 
	Conclusions 
	Appendix A
	References

