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Abstract

:

The Chromodomain helicase DNA-binding protein 1-like (CHD1L) is a nucleosome remodeling enzyme, which plays a key role in chromatin relaxation during the DNA damage response. Genome editing has shown that deletion of CHD1L sensitizes cells to PARPi, but the effect of its pharmacological inhibition has not been defined. Triple-negative breast cancer SUM149PT, HCC1937, and MDA-MB-231 cells were used to assess the mechanism of action of the CHD1Li OTI-611. Cytotoxicity as a single agent or in combination with standard-of-care treatments was assessed in tumor organoids. Immunofluorescence was used to assess the translocation of PAR and AIF to the cytoplasm or the nucleus and to study markers of DNA damage or apoptosis. Trapping of PARP1/2 or CHD1L onto chromatin was also assessed by in situ subcellular fractionation and immunofluorescence and validated by Western blot. We show that the inhibition of CHD1L’s ATPase activity by OTI-611 is cytotoxic to triple-negative breast cancer tumor organoids and synergizes with PARPi and chemotherapy independently of the BRCA mutation status. The inhibition of the remodeling function blocks the phosphorylation of H2AX, traps CHD1L on chromatin, and leaves PAR chains on PARP1/2 open for hydrolysis. PAR hydrolysis traps PARP1/2 at DNA damage sites and mediates PAR translocation to the cytoplasm, release of AIF from the mitochondria, and induction of PARthanatos. The targeted inhibition of CHD1L’s oncogenic function by OTI-611 signifies an innovative therapeutic strategy for breast cancer and other cancers. This approach capitalizes on CHD1L-mediated DNA repair and cell survival vulnerabilities, thereby creating synergy with standard-of-care therapies
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1. Introduction


Triple-negative breast cancer (TNBC) accounts for 10–15% of all breast cancers and is characterized by the lack of expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) [1]. TNBC clinical features, such as high invasive and metastatic potential, proneness to tumor recurrence, and lack of effective therapies, result in poor patient outcomes and survival [2]. Despite the development of new therapeutic options such as immune-checkpoint inhibitors or poly(ADP-ribose) polymerase inhibitors (PARPi), chemotherapy such as doxorubicin, 5-FU, or 5-FU prodrug capecitabine remain standard-of-care (SOC) treatments for breast cancer [3]. The discovery of new molecular targets and therapeutic strategies is an unmet need for TNBC. One potential target is Chromodomain helicase DNA-binding protein 1-like (CHD1L, also known as ALC1), which is an oncogene that promotes tumor progression, metastasis, and multidrug resistance (MDR) in many cancers, including breast cancer [4,5].



Several studies have shown that loss or reduction of CHD1L sensitizes cells to PARPi in homologous recombination (HR)-deficient cancer cells while overexpression confers resistance [6,7]. PARPi such as olaparib, the first FDA-approved PARPi for the treatment of BRCA-mutant HR-deficient breast cancer [8], are NAD+ analogs whose mechanism of action relies on the catalytic inhibition of PARP1, PARP2, and other PARP enzymes via their binding to the NAD+-binding site [9]. During the DNA damage response (DDR), PARPi prevent the PARP-mediated addition of poly (ADP-ribose) (PAR) chains on PARP, chromatin, and other DNA repair proteins. PARP auto-poly ADP-ribosylation (PARylation) is necessary for its release from chromatin and its inhibition promotes the stabilization of PARP–DNA complexes (PARP trapping), which have been proven to be highly toxic and trigger cell death [10,11]. One of the proteins recruited by PARP1 to DNA damage sites during the DDR is CHD1L, which plays an important role in chromatin remodeling and relaxation [12]. A unique feature of CHD1L is that it generally exists in an autoinhibited conformation in which the macro domain is bound to the ATPase domain. Upon DNA damage, the CHD1L macro domain binds to PAR chains produced by PARP1/2, activating the ATPase domain [13]. Subsequently, the catalytic active conformation is stabilized by the binding of the regulatory linker region to the H2A-H2B acidic patch of the nucleosome, facilitating ATPase-driven nucleosome sliding to expose the DNA lesion to downstream repair factors [14,15]. Previously, we discovered and optimized the first small-molecule CHD1L inhibitors (CHD1Li), which are allosteric inhibitors of the ATPase activity of CHD1L, inducing the reversion of EMT and cell death in colorectal cancer and display antitumor activity in vivo [16,17]. In this study, we use the CHD1Li OTI-611 for the first time to explore the interplay between CHD1L and PARP1/2. Our approach unveils the mechanisms underlying CHD1L-mediated DDR, cell survival, and the robust synergies observed between OTI-611, SOC chemotherapy, and PARPi in the treatment of TNBC.




2. Results


2.1. CHD1L Inhibitors Synergize with Standard-of-Care Chemotherapy and PARPi


We first assessed the cytotoxic effect of CHD1Li lead drug OTI-611 alone and in combination with SOC drugs used in the treatment of TNBC. OTI-611 is cytotoxic to TNBC tumor organoids, potently inhibiting the viability with half maximal inhibitory concentration (IC50) values of 1.7 µM (BRCA1-mutant HR-deficient SUM149PT), 2.8 µM (BRCA1-mutant HR-deficient HCC1937), and 3.3 µM (BRCA-wildtype HR-proficient MDA-MB-231) (Figure S1). When combining sub-lethal doses of OTI-611 with chemotherapy and PARPi, we observed a synergistic effect with all of them, both in BRCA1-mutant and HR-proficient cell models (Figure 1, Figure 2, Figures S2 and S3).



In SUM149PT tumor organoids, the combination improved the IC50 potency of doxorubicin (topoisomerase IIα poison [18]) by 2-fold from 0.56 ± 0.12 µM to 0.28 ± 0.01 µM (Figure 1A–C). The synergistic effect was more pronounced when combining OTI-611 with 5-FU (inhibitor of DNA synthesis [19]), improving the IC50 potency of 5-FU by 10-fold with a Bliss synergy score of 59 (Figure 1A–C).



OTI-611 also synergizes with PARPi such as olaparib (PARP1/2 inhibitor) and AZD5305 (PARP1-selective inhibitor) [20,21]. The inhibition of PARP1/2 by olaparib strongly synergized with CHD1L inhibition, improving the IC50 potency of olaparib by 9-fold from 170 ± 27 µM to 19 ± 0.56 µM (Figure 1A–C). Meanwhile, selective inhibition of PARP1 by AZD5305 improved its IC50 potency by only 2.7-fold in SUM149PT tumor organoids (Figure S3).




2.2. Inhibition of CHD1L Enhances Chemotherapy and PARPi-Mediated DNA Damage and Cell Cycle Arrest


To understand the mechanism behind the cytotoxic synergistic effect between CHD1Li and TNBC therapies, we started by investigating the effect on the DDR, in which CHD1L plays an important role [22]. DNA damage was measured by immunofluorescence of the phosphorylation of the H2AX histone at the Ser-139 residue (γ-H2AX). This modification is required for the assembly of DNA repair proteins at sites of damaged chromatin, as well as for the activation of checkpoint proteins that arrest cell cycle progression [23]. PARP1/2 are essential for DNA repair, including single-stranded break (SSB) repair through the base excision repair (BER) pathway and double-stranded break (DSB) repair through homologous recombination (HR) and non-homologous end joining repair (NHEJ) pathways [24]. When PARP1/2 are inhibited, and the replication fork encounters the SSBs, they progress to DSB inducing γ-H2AX signaling [23]. When combined with BRCA-mutant HR deficiency, PARPi cause synthetic lethality and cell death [25]. The treatment of HR-deficient SUM149PT cells with a range of doses of olaparib (0–25 µM) showed a maximum 5-fold increase in the number of γ-H2AX foci (Figure 3D). In contrast, treatment with OTI-611 does not cause DNA damage, but when combined with olaparib we observed an enhancement of PARPi-mediated DNA damage (p < 0.01) (Figure 3D). This increase in the number of γ-H2AX foci is caused by a synergistic effect, providing a Bliss synergy score of 11.2 (Figure 3A–C). 5-FU and doxorubicin also showed a synergistic increase in DNA damage when combined with OTI-611 (Figure 3A–D).



Upon generation of DNA lesions, DNA damage checkpoints are also activated, which can lead to an arrest of the cell cycle, restraining chromosome segregation until the damaged DNA has been repaired. To study the effect of TNBC therapies and inhibition of CHD1L on the cell cycle, we stained the cells with DAPI, and the cell subpopulations in the G1, S, and G2/M phases were analyzed by flow cytometry. Treatment of SUM149PT cells for 24 h with 0.2 µM of OTI-611 showed an increase in tetraploid DNA content, indicating an arrest in S and G2/M phases (p < 0.05). Olaparib treatment caused a 2-fold increase in the percentage of cells in the G2/M phase (p < 0.05), indicating that the DSB accumulation mediated by PARPi activates the G2/M checkpoint. In contrast, the number of cells in the G1 phase increased by 16% with 5-FU treatment compared to the untreated cells (p < 0.05), due to the inhibition of DNA synthesis through the S phase and activation of the G1 DNA damage checkpoint [26]. Remarkably, the combination of these drugs with CHD1Li enhanced their effects, potentiating G2/M arrest caused by olaparib and G1 arrest caused by 5-FU (p < 0.05) (Figure 4).




2.3. Inhibition of CHD1L Traps PARP1, PARP2, and CHD1L at DNA Damage Sites


It is known that PARP–DNA complexes, caused by the inhibition of PARP auto-PARylation and its release from chromatin, are highly cytotoxic and are the driver of PARPi cytotoxicity, rather than unrepaired SSBs [11,27]. We therefore hypothesized that PARP trapping could be another mechanism behind the synergistic effect of CHD1L and PARP inhibition. To study the accumulation of bound PARP1/2 on chromatin, we used in situ subcellular fractioning of SUM149PT cells co-treated with 0.001% methyl methanesulfonate (MMS) and the drug of interest, followed by immunofluorescence [28] (Figure 5 and Figure S4) or Western blotting (Figures S6 and S7). As anticipated, when DNA damage occurred due to MMS, olaparib effectively trapped both PARP1 and PARP2 on nucleosome DNA in a dose-dependent manner (Figure 5A and Figure S4A). In line with our expectations, OTI-611 also led to a dose-dependent trapping of PARP1/2, resulting in a 10-fold increase in PARP1 trapping and a 2-fold increase in PARP2 trapping (Figure 5B and Figure S4A). Conversely, the selective PARP1 inhibitor AZD5305 only caused an increase in PARP1 trapping. Notably, olaparib showed a 15-fold increase in PARP1 trapping compared to a 10-fold increase with AZD5305 (Figure 5C and Figure S4A). Doxorubicin served as a negative control demonstrating that DNA-damaging chemotherapy does not induce PARP1/2 or CHD1L trapping (Figure 5D and Figure S4A). In general, PARP2 trapping showed a lower increase than PARP1, which may be due to a lower abundance of PARP2 in cells [29]. Finally, as hypothesized, we observed a synergistic effect in PARP1/2 trapping when combining OTI-611 and olaparib (Figure 5E and Figure S5A).



Previous studies, on the role of CHD1L, have always used cell lines with knockdown or knockouts of the gene encoding for CHD1L and have never been able to study the result of its enzymatic inhibition. In this study, we investigated the interaction and trapping of CHD1L on chromatin following DNA damage and inhibition of either PARP1/2 or CHD1L enzymes. As a control, we used doxorubicin to demonstrate that DNA damage alone does not result in a stable interaction between CHD1L and chromatin (Figure 5D). PARPi olaparib and AZD5305 also did not show CHD1L trapping due to the inhibition of PARP1/2 and histone PARylation needed for CHD1L binding (Figure 5A,C). In contrast, the enzymatic inhibition of CHD1L by OTI-611 showed a dose-dependent increase in CHD1L trapping onto chromatin (Figure 5B, Figures S4B and S5B). Moreover, the combination of OTI-611 and olaparib showed a decrease in the CHD1L trapping caused by CHD1L inhibition, indicating a PAR-dependent mechanism for binding to nucleosomes (Figure 5E and Figure S5B). These results reveal that loss of CHD1L ATPase and nucleosome remodeling activity likely traps CHD1L on PARylated histones.




2.4. Inhibition of CHD1L Nucleosome Remodeling Activity Blocks DDR Signaling


An important function of CHD1L is chromatin remodeling and chromatin relaxation, moving from a tightly condensed DNA to an accessible state allowing for DNA transcription and repair [30]. Thus, we investigated the effect of CHD1L ATPase inhibition by OTI-611 on its nucleosome remodeling activity using a FRET-based assay, which measures the distancing of Cy3 on DNA and Cy5 on the H2A histone upon nucleosome sliding. Consistent with other literature reports [22], our results demonstrate that nucleosome remodeling by CHD1L requires PARP1-mediated PARylation of nucleosomes, PAR binding to the CHD1L macro domain, and release of its autoinhibition. Thus, incubation of the nucleosomes with PARP1 (pre-incubated with NAD+), full length-CHD1L, and ATP showed a fast increase in the remodeling rate, starting at time 0 or the addition of ATP, and reaching a maximum after 30 min (Figure 6A). The CHD1L ATPase domain hydrolyzes ATP to slide the nucleosomes and consequently, our control with no ATP showed no remodeling. Interestingly, incubation with PARP1, NAD+, and ATP, but no CHD1L, also showed some increase in the remodeling rate but was unstable in the time course of the experiment (Figure 6A). When pre-incubating full-length CHD1L with 10 µM of OTI-611 for 10 min, we observe a reduction in the remodeling rate (Figure 6B) demonstrating that the inhibition of the ATPase activity of CHD1L blocks its remodeling activity. Furthermore, OTI-611 shows no inhibitory effect against another SNF2-like helicase known as SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin subfamily A member 5 (SMARCA5), demonstrating OTI-611’s selectivity for CHD1L over other chromatin remodelers (Figure 6C).



Since CHD1L inhibition did not cause DNA damage by γ-H2AX foci formation, we hypothesized that inhibition of nucleosome remodeling and chromatin relaxation could have an effect on the DDR. For that, SUM149PT cells were pre-treated with sub-lethal doses of OTI-611 for 4 h and then treated with olaparib. The results showed that pre-treatment with CHD1Li significantly decreased the number of γ-H2AX foci caused by olaparib at low (5 µM) or high doses (25 µM) (Figure S8), indicating that OTI-611 inhibition of CHD1L chromatin remodeling may prevent the DDR through obstruction of H2AX phosphorylation.




2.5. Inhibition of CHD1L Promotes PAR Translocation to the Cytoplasm


The main role of PARP1 during the DDR is to detect and signal the recruitment of repair machinery to the sites of DNA damage. For that, PARP1/2 catalyzes PARylation, which is a pivotal post-transcriptional protein modification, consisting of the addition of ADP-ribose units to the carboxyl group of acidic residues such as glutamate or aspartate on target proteins by using NAD+ as substrate [24]. CHD1L is one of the proteins that requires binding to these PAR chains for its activation and subsequent chromatin remodeling. Using immunofluorescence of PAR, we studied the effect of PARPi and CHD1Li on PARylation in SUM149PT cells. As expected, after a 4 h treatment with the PARPi olaparib and AZD5305, we observed an inhibition of nuclear PARylation caused by the blockade of the NAD+-binding site of PARP molecules and an increase in cytoplasmic PAR in olaparib-treated cells (Figure 7A–C). In contrast, doxorubicin increased PARylation in the nucleus due to the increase in DNA damage and activation of DDR, while having no effect on cytoplasmic PAR (Figure 7A–C). Interestingly, inhibition of CHD1L by treatment with OTI-611 caused the same effects as PARPi, and when combining them, this effect was potentiated. In addition, the effect of doxorubicin on nuclear PARylation was reverted by CHD1L inhibition, causing an increase in PAR in the cytoplasm (Figure 7A–C).



OTI-611 potently inhibits the CHD1L ATPase enzymatic activity, while PARPi had no inhibitory effect (Figure S9A). To prove that OTI-611 is not directly inhibiting PARP1/2 and thus PARylation, we performed enzyme assays based on the capacity of PARP1/2 to add PAR to nucleosomes and itself, using NAD+. The results showed that olaparib inhibits both PARP1 and PARP2 and that OTI-611 does not have any effect on PARP1/2 activity (Figure S9B,C). Taken together, these results suggest that inhibiting CHD1L causes PAR to move from the nucleus to the cytoplasm, indicating that this translocation is not directly caused by PARP1/2 inhibition affecting PARylation.



It has been described that CHD1L binds PAR chains through its macro domain and protects PAR chains from being hydrolyzed by PAR-Glycohydrolase (PARG) [6], which is the main enzyme for PAR degradation. To further investigate this mechanism, cells were pre-treated for 2 h with 1 µM of a PARG inhibitor (PDD00017273) prior to treatment with PARPi or CHD1Li. The inhibition of PARG did not have any effect on PARPi-mediated inhibition of nuclear PARylation. In contrast, pre-treatment with PARGi and therefore inhibition of PAR chain hydrolysis kept the levels of nuclear PAR similar to control cells and inhibited PAR translocation to the cytoplasm mediated by CHD1L inhibition (Figure S10). Accordingly, CHD1L appears to play a key role in regulating the homeostasis of PAR by protecting against PARG hydrolysis and OTI-611 inhibition of CHD1L promotes PARG-mediated hydrolysis and PAR translocation to the cytoplasm.




2.6. CHD1Li-Mediated PAR Translocation to the Cytoplasm Activates PARthanatos


PARthanatos is a form of programmed cell death different from apoptosis and known to be mediated by PARP1 overactivation [31]. The unique events occurring during PARthanatos are PARP1 rapid activation, accumulation of PAR, and nuclear translocation of apoptosis-inducing factor (AIF) [32]. Here, we hypothesized that the accumulation of PAR in the cytoplasm caused by CHD1Li can also mediate PARthanatos. To better understand the link between PAR translocation to the cytoplasm and cell death, we used immunofluorescence to measure the activation of caspase-3 and the subcellular localization of AIF after treating SUM149PT cells with SOC drugs and OTI-611. Following an 18 h treatment with PARPi, olaparib, or AZD5305, we observed an increase in the AIF intensity in the cytoplasm but no translocation of this protein to the nucleus (Figure 7D,E). This might be caused by mitochondrial outer membrane permeabilization, which triggers the release of mitochondrial proteins like AIF or cytochrome c, activating caspase-3 by its cleavage and apoptosis (Figure S11A). As with PARPi, when cells were treated with doxorubicin, we observed activation of apoptosis by caspase-3 cleavage (Figure S11A) accompanied by a slight increase in AIF in the nucleus (Figure 7D,E). Unlike PARPi and doxorubicin, CHD1Li OTI-611 caused a decrease in cytoplasmic AIF while significantly increasing AIF in the nucleus (Figure 7D,E), which is a key mediator and biomarker of PARthanatos [33]. Moreover, when combining CHD1L inhibition with SOC drugs, the cell death mechanism shifts from apoptosis to PARthanatos, evidenced by a significant increase in AIF nuclear translocation and a decrease in activation of caspase-3 (Figure 7D,E and Figure S11A).



PARthanatos might be accompanied by other events also occurring during apoptosis or necrosis like mitochondrial depolarization, phosphatidylserine (PS) externalization, loss of membrane integrity, and large-scale DNA fragmentation [34]. To better characterize this mechanism, we studied PS externalization and membrane integrity using a real-time multiplex assay that monitors Annexin V binding to PS and simultaneous loss of cell membrane integrity with a membrane-impermeable DNA binding dye. PARPi and doxorubicin showed an apoptotic kinetic phenotype, characterized by an early increase in PS exposure on the outer plasma membrane and a late loss of membrane integrity (Figure S12). In contrast, CHD1Li OTI-611 caused a rapid and simultaneous increase in both when combined with SOC drugs, shifting the kinetics to a more non-apoptotic phenotype (Figure S12). Moreover, in cells stained with Hoechst 33342, we observed that treatment with OTI-611 causes large-scale fragmentation of DNA, which displays a different pattern of dead cell bodies compared to those caused by apoptosis (small-scale fragmentation) (Figure S11B).





3. Discussion


In the last decade, the structural and mechanistic insights related to CHD1L’s role in the DDR and its interaction with other repair proteins or histones have been elucidated [14,15,35]. In all these studies, CHD1L knockdown or knockout cell lines have been used as models, limiting the studies to compare between the absence and presence of CHD1L [6,7,36]. In this study, we employ pharmacological inhibition of CHD1L as a seminal approach to provide a comprehensive understanding of its biological function in DDR and tumor cell survival and to illuminate the consequences of CHD1L inhibition. Furthermore, we demonstrate CHD1Li OTI-611 as a promising targeted therapeutic strategy to exploit vulnerabilities in CHD1L-mediated DDR and tumor cell survival. This strategy also synergizes with broadly used chemotherapy and PARPi offering a new direction for the treatment of TNBC and other cancers.



The PARylation reaction is one of the most important events in the PARP-dependent DNA repair pathways, allowing the recruitment of repair proteins and the release of PARP from DNA lesions [37] (Figure 8A). PARPi mimic NAD+ and bind to the catalytic domain of PARP1 and/or PARP2, inhibiting PARylation and causing PARP trapping [38]. Trapped PARP–DNA complexes, collide with ongoing DNA replication forks to result in fork stalling and replication stress [27]. Furthermore, our results indicate that under normal conditions, CHD1L binds to PAR chains, protecting them from PARG-mediated hydrolysis and facilitating the release of PARP1/2 from DNA (Figure 8A) [6,22]. In contrast, inhibiting CHD1L leaves PAR chains unprotected, allowing PARG-mediated hydrolysis and the entrapment of PARP1/2 onto DNA in the absence of PARPi (Figure 8B).



We demonstrate for the first time that inhibiting CHD1L’s ATPase activity traps it in chromatin (Figure 8B). Our data indicate that CHD1L trapping likely occurs on nucleosomes, where histone PARylation happens. We observe a reduction in CHD1L entrapment when OTI-611 is combined with olaparib, though this reduction does not affect cytotoxic synergy. Interestingly, the stabilization of CHD1L and histones caused by CHD1Li leads to a blockade of DDR signaling likely due to the obstruction of H2AX phosphorylation. This is consistent with reports where an inactivating mutation in the ATPase domain of CHD1L also abrogated γ-H2AX signaling induced by phleomycin [22]. Additionally, BER and alternative NHEJ (alt-NHEJ) are compromised when PARP is entrapped on DNA by PARPi [39,40]. Loss of H2AX phosphorylation has also been shown to block HR and NHEJ [23,41]. Therefore, pharmacological inhibition of CHD1L reveals multiple mechanisms that work together to impede the DDR. Consequently, CHD1Li affect both BRCA-mutant and wild-type cancer cells by disrupting the DDR upstream of multiple DNA repair pathways, diminishing the relevance of BRCA mutation. In summary, both PARPi and CHD1Li induce PARP trapping, but their mechanisms differ. PARPi entrapment of PARP1/2 causes DNA damage and cell death due to replication fork collapse and persistent PARP trapping in HR-deficient tumor cells [42]. This DNA damage is facilitated by the relaxed chromatin resulting from CHD1L chromatin remodeling and DDR in the absence of CHD1Li. Conversely, PARP trapping caused by CHD1Li works differently. It inhibits chromatin remodeling, preventing chromatin relaxation and subsequent DNA repair proteins from accessing the DNA damage sites. This obstruction hinders DNA repair, thereby preventing downstream DNA damage that would normally result from PARPi trapping. However, combination treatments with CHD1Li synergize with PARPi or chemotherapy to enhance their DNA damage, which is likely due to the CHD1Li blockade of DDR.



γ-H2AX is also required for checkpoint activation during the DDR. Cells lacking H2AX manifest a G2/M checkpoint defect after exposure to low doses of ionizing radiation [43,44]. Some studies have also shown that CHD1L promotes cell cycle progression through the MDM2/p53 pathway, upregulating Cyclin E and Cdk2 [45,46,47]. Notably, knockdown of CHD1L promotes cell cycle arrest at the G1/S phase [45]. In contrast, during pharmacological inhibition of CHD1L by OTI-611, we observed cell cycle arrest in S and G2/M. This difference might be explained by the blockade of H2AX phosphorylation caused by OTI-611 trapping of CHD1L, which is excluded in CHD1L-knockout models. Notably, the combination of OTI-611 with either olaparib or 5-FU enhances arrest in the G2/M phase or G1 phase, respectively. These results suggest that CHD1L’s role in cell cycle regulation extends beyond G1/S progression and likely involves multiple cell cycle checkpoints. CHD1L is known to function as an anti-apoptotic factor by regulating the gene expression and function of proteins involved in apoptosis [48]. For example, CHD1L inhibits pro-apoptotic proteins Nur77 and TP53 while activating other anti-apoptotic proteins like SPOCK1, TCTP, and MDM2 [48,49]. For the first time, this report further characterizes CHD1L as a mediator of PARthanatos, a non-apoptotic programmed cell death mechanism, known to be induced by PARP1 hyperactivation, the production of large amounts of PAR and AIF release from the mitochondria, and its translocation to the nucleus. Some compounds such as B-lapachone, nicavaren, and deoxypodophyllotoxin (DPT) have shown induction of PARthanatos through increased ROS production and PARP1 overactivation [50,51,52], which can be prevented by PARPi or PARP1 gene deletion but not by caspase inhibitors [53,54]. Our results show a different activation mechanism of PARthanatos, which does not involve PARP1 overactivation upon increased DNA damage. CHD1Li-mediated deprotection of PAR chains increases the accessibility of PARG and the hydrolysis of PAR. In turn, PARP trapping is enhanced while promoting the translocation of PAR to the cytoplasm, triggering AIF release from the mitochondria, its nuclear translocation, and PARthanatos (Figure 8B). Taken together, the literature reports by others and our results herein demonstrate that CHD1L functions as a master regulator of tumor cell survival in breast cancer and likely other cancers.



In addition to the potent antitumor effects of OTI-611 alone, we have characterized its strong synergy with chemotherapy and PARPi. The synergy resulting from OTI-611 affects cellular events differently when combined with chemotherapy or PARPi, which stem from the diverse biological function of CHD1L in regulating cell survival, including PARP-mediated DNA repair, cell cycle, and programmed cell death. For example, the synergy observed when combining OTI-611 with PARPi is primarily due to the enhancement of PARP1/2 trapping and the induction of PARthanatos. Consistent with previous results [6,55], our results show that the synergy between CHD1Li and PARPi may be driven by the increase in both PARP1 and PARP2 trapping as the selective inhibition of PARP1 by AZD5305 displayed limited synergy compared to synergy observed by inhibiting PARP1/2 by olaparib. On the other hand, OTI-611 also synergizes with broadly used clinical chemotherapies. Building on the findings from our current study and our earlier research [16,17], we propose that the mode of action of CHD1Li OTI-611 operates through allosteric inhibition of CHD1L ATPase and chromatin remodeling. This mechanism, whether applied alone or in combination with chemotherapy or PARPi, facilitates the trapping of CHD1L and/or PARP1/2, leading to the blockade of DDR and the induction of PARthanatos.




4. Materials and Methods


4.1. Cell Lines


SUM149PT, HCC1937, and MDA-MB-231 cell lines were purchased from ATCC or CU Anschutz Cell Technologies Shared Resource and were short-tandem repeat (STR)-profiled and mycoplasma-tested before use. SUM149PT cells were maintained in Ham’s F12/Glutamax (Gibco, Waltham, MA, USA) medium supplemented with 5% fetal bovine serum (FBS), 10 mM HEPES, 1 µg/mL hydrocortisone, and 5 µg/mL insulin. HCC1937 and MDA-MB-231 cells were maintained in RPMI-1640 medium supplemented with 10% or 5% FBS, respectively. All the cell lines were kept in a humidified incubator at 37 °C and 5% CO2.




4.2. Tumor Organoid Culture


As previously described [16], cell lines were cultured as tumor organoids by seeding 2000 to 5000 cells/well into uncoated 96-well U-bottom Ultra Low Attachment Microplates (Corning, Corning, NY, USA) using their corresponding medium. Cell aggregation was then promoted by centrifugation of the plates for 15 min at 1000 rpm followed by the addition of Matrigel (Corning) to a 2–5% final concentration. Tumor organoids were maintained under standard cell culture conditions for 72 h prior to drug treatment.




4.3. Tumor Organoid Cytotoxicity


To assess cytotoxicity in tumor organoids, these were cultured as described before and treated for 72–96 h with OTI-611 combined with olaparib, 5-fluorouracil (5-FU), doxorubicin, AZD5305, and docetaxel (SelleckChem, Houston, TX, USA). Organoids were then transferred to a white solid bottom 96-well plate and incubated with an equal volume of CellTiter Glo 3D reagent (Promega, Madison, WI, USA cat #G9683) for 45 min on a shaker at 400 rpm. Luminescence was recorded using the EnVision plate reader (Revvity, Waltham, MA, USA), and values were normalized to the controls using GraphPad Prism 9.




4.4. Immunofluorescence


DNA damage, PARylation, and AIF translocation were assessed by immunofluorescence. SUM149PT cells were seeded into a 96-well PhenoPlate (Revvity) and allowed to adhere overnight. Cells were then treated with OTI-611 or OTI-611 in combination with olaparib, 5-FU, doxorubicin, or AZD5305 for different timepoints. The medium was then aspirated, and cells were fixed with 4% paraformaldehyde for 15 min at room temperature (RT). After washing twice with PBS, cells were incubated with 0.3% Triton X-100 for 30 min followed by another washing step. To decrease the unspecific binding of the antibodies, cells were blocked in 5% BSA or milk for 30 min at RT. Afterwards, cells were washed twice with PBS and incubated with the correspondent primary antibody with the following indicated dilutions, timepoints, and temperatures: anti-γH2AX (Cell Signaling, Danvers, MA, USA cat #9718), 1:500, overnight (O/N), 4 °C; anti-PAR (Enzo Life Science, Farmingdale, NY, USA, cat #ALX-804-220-R100), 1:1000, 2 h, RT; or anti-AIF (Cell Signaling cat #4642), 1:100, O/N, 4 °C. Cells were washed again and incubated with secondary antibody for 1–2 h at RT (goat anti-mouse or anti-rabbit AlexaFluor 647 (Life Technologies, Carlsbad, CA, USA), 1:500). Finally, cells were washed, stained with Hoechst 33342 (1:1000), and imaged using a 40× water objective on the Phenix Plus High-Content Screening (HCS) System (Revvity). The analysis of the different staining was performed using the Harmony Software version 5.0 (Revvity). DNA damage was measured by quantification of the number of γH2AX foci normalized by the number of cells in the field. PAR and AIF were measured by the intensity in the nucleus and in the cytoplasm.




4.5. In Situ Subcellular Fractionation for Immunofluorescence


PARP1, PARP2, and CHD1L trapping were assessed as described in [21,28]. SUM149PT cells were plated at a density of 20,000 cells per well into clear bottom black 96-well plates (Revvity). OTI-611, olaparib, AZD5305, and doxorubicin were added at different doses and methyl methanesulfonate (MMS) to a final concentration of 0.001%. After 4 h incubation, cell media was aspirated and cells were treated for 10 min at 4 °C with cold cytoskeleton (CSK) buffer (10 mM PIPES pH = 6.8, 300 mM sucrose, 200 mM NaCl, 3 mM MgCl2) supplemented with 0.6% Triton X-100. Then, cells were washed with cold PBS and fixed for 15 min at −20 °C with ice-cold methanol, followed by incubation with blocking solution (5% BSA in PBS) for 1 h at RT. PARP1 (anti-PARP1 antibody (Sigma Aldrich, Burlington, MA, USA cat #WH0000142M1), 1:2000, O/N, 4 °C), PARP2 (anti-PARP2 (Active Motif, Carlsbad, CA, USA, cat #39743), 1:1000, O/N, 4 °C), and CHD1L (anti-CHD1L (Thermo Fisher Scientific, Waltham, MA, USA cat #PA5-55940), 1:1000, O/N, 4 °C) primary antibodies were then added in antibody dilution buffer (1% BSA in PBS) and incubated O/N at 4 °C. Afterwards, cells were incubated with secondary antibodies (anti-mouse AlexaFluor 488 (Life Technologies) or anti-rabbit AlexaFluor 647 (Life Technologies)) for 1 h at room temperature. Finally, cells were washed, stained with Hoechst 33342 (1:1000), and imaged using a 40× water objective on the Phenix Plus HCS System (Revvity).




4.6. Chromatin Fractionation for Western Blotting


To validate the CHD1L trapping data using in situ chromatin fractionation and immunofluorescence, we performed chromatin fractionation followed by Western blotting. SUM149PT cells treated or not with 7 µM OTI-611 for 4 h in the presence of 0.005% MMS were harvested and lysed in lysis buffer (100 mM KCl, 2.5 mM MgCl2, 5 mM EDTA, 50 mM HEPES, 3 mM DTT, 10% glycerol, 0.5% Triton-X, and protease inhibitor cocktail) for 45 min on ice. Lysates were then centrifuged at 16,000× g for 15 min at 4 °C, and supernatants containing soluble proteins (from cytoplasm and nucleus) were collected. The pellet containing chromatin-bound proteins was washed twice with lysis buffer and subjected to sonication. Soluble and chromatin fractions were mix with SDS-PAGE loading buffer, incubated at 95 °C for 10 min and subjected to Western blotting using the following primary antibodies and conditions: CHD1L (Thermo Fisher Scientific cat #PA5-55940, 0.04 ug/mL, 4 °C, O/N), Histone 3 H3 (Cell Signaling cat #4499, 1/2000, 4 °C, O/N), and α-Tubulin (Cell Signaling cat #2144, 1/1000, 4 °C, O/N).




4.7. Cell Cycle Analysis by Flow Cytometry


To study the effect of OTI-611 and its combination with chemotherapeutic agents on cell cycle progression, 250,000 cells were seeded in 6-well plates and allowed to attach overnight. Cells were treated with different doses of OTI-611, olaparib, 5-FU, or docetaxel and with their combinations for 24 h. Cells were then harvested by trypsinization, washed with PBS, and fixed with 70% ice-cold ethanol for at least 2 h. The fixed cells were centrifuged at 300× g for 10 min, resuspended in PBS, centrifuged again, and stained in a 0.5 µg/mL DAPI solution in 0.1% Triton X-100-PBS for 30 min at RT. Samples were measured on a NovoCyte Penteon Cytometer (Agilent, Santa Clara, CA, USA), and the cell cycle distribution of single cells was analyzed using the automatic settings of FlowJo V10 (BD Biosciences, Milpitas, CA, USA).




4.8. CHD1L Synthesis and Purification


Full-length (FL) CHD1L (residues 16-879) and catalytic (cat) CHD1L (residues 16-619) were expressed in Rosetta 2 (DE3) pLysS cells. LB/agar plates with kanamycin and chloramphenicol were streaked with 5 µL of a previous glycerol stock for 24 h. Primary cultures were made from plate colonies for 7 h in 100 mL LB broth with 34 µg/mL Chloramphenicol and 50 µg/mL Kanamycin A sulfate. Secondary cultures were grown in 2 L Terrific Broth with 34 µg/mL Chloramphenicol and 50 µg/mL Kanamycin A sulfate to OD600 = 1.6 (6 h). Cultures were induced with 0.5 mM IPTG at 18 °C for 18 h. Cells were harvested at 4400 rpm for 40 min and frozen at −20 °C for 16 h. Frozen pellets were resuspended in a 4:1 mL/g ratio with Buffer 1A, composed of 20 mM HEPES, pH 7.5, 500 mM NaCl, 50 mM KCl, 20 mM imidazole, 20 mM MgCl2, 1 mM TCEP, 10% glycerol, and 500 μM PMSF. Cells were lysed by sonication, and cellular debris was removed by centrifugation at 15,000 rpm for 1 h. The supernatant was collected and refrigerated at 4 °C overnight before centrifugation at 15,000 rpm for 45 min. The supernatant was loaded onto an 8 mL Ni-NTA Qiagen resin column. Bound protein was washed with 100 mL Buffer A, 500 mL Buffer 1C (buffer A + 10 mM ATP), then 100 mL Buffer A. Elution occurred using Buffer 1B (buffer A + 500 mM imidazole) across a 20–500 mM imidazole gradient for 100 mL. Following Ni-NTA affinity purification, the protein was dialyzed overnight against 4 L of Buffer 2A-cat composed of 50 mM Tris, pH 7.5, 200 mM NaCl, 10% glycerol, and 1 mM DTT or 2A-FL composed of 20 mM MES, pH 6.0, 300 mM NaCl, 10% glycerol, and 1 mM DTT.



Dialyzed protein was loaded onto 2 × 1 mL subtractive Q-FF Sepharose columns in addition to an 8 mL SP-FF Sepharose column. Bound protein was washed with 100 mL Buffer 2A-FL or 2A-cat. Subtractive Q-FF columns were then removed, after which elution occurred using Buffer 2B-FL (buffer 2A-FL + 0.8 M NaCl) or Buffer 2B-cat (buffer 2A-cat + 0.8 M NaCl) across a 100 mL gradient of 0.3–1.1 M NaCl. Following ion exchange purification, the protein was concentrated to 5 mL using an Amicon Ultra centrifugal filter (Sigma Aldrich). Concentrated protein was loaded onto a HiLoad 26/600 Superdex 200 prep grade size exclusion column at 1 mL/min. The mobile phase used was Buffer 3A, composed of 20 mM HEPES, 100 mM NaCl, 1 mM TCEP, pH 7.5, and 10% glycerol. After size exclusion purification, the protein was pooled and concentrated for storage.




4.9. Nucleosome Remodeling FRET Assay


To study the CHD1L-mediated nucleosome remodeling and its inhibition by OTI-611, we used a Fluorescence Resonance Energy Transfer (FRET) assay. For that, mononucleosomes composed of a human histone octamer containing a Cy5-tagged H2A, wrapped by a Cy3-labelled DNA template (EpiCypher, Durham, NC, USA, cat #16-4201), were used. The 10 µL reactions were prepared in black low-volume 384-well microplates by mixing 20 nM of mononucleosomes, 20 nM of full-length CHD1L, pre-incubated or not, for 10 min at 37 °C with OTI-611, 80 nM PARP1 (Abcam, Waltham, MA, USA, cat #ab123934) pre-incubated at 37 °C for 5 min with NAD+ and 2 mM ATP. Right after the addition of ATP, the assay was monitored over time using Cy3 excitation (531 nm) and simultaneous detection of Cy3 (595 nm) and Cy5 (685 nm) emission signals using an EnVision plate reader (Revvity). Data are expressed as the ratio of Cy3/Cy5 signal over time.




4.10. PARP1/2 Enzyme Assay


The effect of OTI-611 and olaparib on PARP1 and PARP2 enzyme activity was tested using the PARP1/2 Colorimetric Assay Kit (BPS Bioscience, San Diego, CA, USA, cat #BPS-80580 or cat #BPS-80581). First, a 96-well plate was coated with histones. Next, the biotinylated NAD+ substrate was incubated with an activated DNA template, the inhibitor to test, and the PARP1/2 enzyme for 1 h at RT. After that, the sample plate was treated with streptavidin–HRP for 30 min at RT, followed by the addition of the horseradish peroxidase (HRP) substrate until the colorimetric signal was developed. The EnVision plate reader (Revvity) was used to measure the absorbance at 450 nm, and the results were plotted and analyzed using GraphPad Prism 9.




4.11. CHD1L ATPase Assay Measured by ADP-Glo Assay


All reactions were carried out using white opaque 384-well microplates (Revvity cat #6007290); 25 nmol/L cat-CHD1L was preincubated with various doses of the inhibitor at 37 °C for 10 min before all other assay components were added to initiate the reaction. No enzyme control was used to measure the background. The reaction components include 200 nmol/L mononucleosome (Active Motif cat #81770), 2 mmol/L DTT, and 10 µmol/L ATP (Promega) in a buffer containing 50 mmol/L Tris pH 7.5, 50 mmol/L NaCl, 5 mmol/L MgCl2, and 5% glycerol to a total volume of 5 µL per well with 4 replicate wells per condition. The reaction was incubated at 37 °C for 1 h. The assay plate was brought to RT before 5 µL of ADP-gloTM Reagent (Promega cat #V9102) was added to remove unreacted ATP. The ATP depletion step was carried out at RT for 40 min before 10 µL of Detection Reagent was added and incubated for 30–60 min to convert the ADP produced from CHD1L to ATP for luciferase detection. An EnVision plate reader (Revvity) was used to detect luminescence, and the enzyme activity was determined after background subtraction and normalization to enzyme-only control.




4.12. Phosphatidylserine Externalization and Membrane Integrity


Phosphatidylserine externalization and membrane integrity kinetics were analyzed using the RealTime-GloTM Annexin V Apoptosis and Necrosis Assay (Promega cat #JA1012) according to the manufacturer’s instructions. About 8000 cells were seeded per well in 96-well solid bottom white plates (Corning) in 100 µL and allowed to attach overnight. Then, 75 µL of media were removed, followed by the addition of 25 µL of the test compounds at 4× desired final concentration and 50 µL of the 2× detection reagent. Luminescence and fluorescence were measured over time using an EnVision plate reader (Revvity). No-cell and medium-only controls were used for background correction.




4.13. Synergy Evaluation and Statistical Analysis


For the evaluation of the synergistic effect of OTI-611 in combination with chemotherapeutic agents or PARPi in causing cytotoxicity or DNA damage, we used the Bliss synergistic score quantified by the SynergyFinder R package [56]. Data were examined for statistical significance using GraphPad Prism 9, using one-way ANOVA tests, as indicated in the figure legends. All experiments were performed in 2–3 independent experimental replicates and data expressed as mean ± S.E.M. Significance levels were defined as follows: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. IC50 values were calculated using GraphPad Prism 9, fitting the dose–response curves to a nonlinear regression model.





5. Conclusions


In conclusion, since its discovery, CHD1L has emerged as an oncogene in many types of cancer [4,5]. Notably, genetic inhibition studies validated that CHD1L plays a pivotal role in mediating MDR to both PARPi and chemotherapy [6,7,36,57,58]. Our findings align with the existing literature, demonstrating that the pharmacological inhibition of CHD1L by OTI-611, either alone or in combination with standard therapies, presents a promising and effective approach for cancer treatment and overcoming MDR. The observed synergy between OTI-611 and PARPi or chemotherapy underscores the translational potential of OTI-611 in treating breast cancer and other cancer indications.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms25168590/s1.





Author Contributions


R.S. conceptualized, designed, executed the majority of experiments, conducted data analysis, and wrote and edited the paper. H.E. conducted data analysis, designed and generated all the figures, and contributed to editing the paper. T.K. assisted with experiments and data analysis. J.T.K. expressed and purified recombinant catalytic and full-length CHD1L enzymes. P.A. synthesized OTI-611 used in the studies. Q.Z. conducted cat-CHD1L enzyme inhibition studies, contributed to data analysis, and assisted with paper editing. D.V.L. conceived and supervised the research, co-designed experiments, conducted data analysis, and wrote and edited the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by a grant from the NIH NCI awarded to D.V.L. (R01-CA251361). R.S. was supported in part by the Spanish Government through the Margarita Salas grant. We also thank the shared resource (SR) laboratories, including Drug Discovery and Development (D3SR) and Flow Cytometry (FCSR), which are supported in part by the University of Colorado Cancer Center, an NIH NCI designated center (P30-CA046934). The D3SR is supported by the University of Colorado Anschutz Center for Drug Discovery, which was established with generous grant funding from the ALSAM Foundation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are included in this published article and its Supplementary Information files.




Conflicts of Interest


D.V.L. is the founder of Onconaut Therapeutics Incorporated and OTI-611 is being developed as a lead drug therapy for the treatment of cancer. D.V.L., R.S., H.E., P.A., and Q.Z. are inventors of patents pertaining to this research. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Harbeck, N.; Penault-Llorca, F.; Cortes, J.; Gnant, M.; Houssami, N.; Poortmans, P.; Ruddy, K.; Tsang, J.; Cardoso, F. Breast cancer. Nat. Rev. Dis. Primers 2019, 5, 66. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.; Siddharth, S.; Sharma, D. Triple Negative Breast Cancer: A Mountain Yet to Be Scaled Despite the Triumphs. Cancers 2021, 13, 3697. [Google Scholar] [CrossRef] [PubMed]

	



Bianchini, G.; De Angelis, C.; Licata, L.; Gianni, L. Treatment landscape of triple-negative breast cancer—Expanded options, evolving needs. Nat. Rev. Clin. Oncol. 2022, 19, 91–113. [Google Scholar] [CrossRef]

	



Cheng, W.; Su, Y.; Xu, F. CHD1L: A novel oncogene. Mol. Cancer 2013, 12, 170. [Google Scholar] [CrossRef]

	



Soltan, M.A.; Eldeen, M.A.; Eid, R.A.; Alyamani, N.M.; Alqahtani, L.S.; Albogami, S.; Jafri, I.; Park, M.N.; Alsharif, G.; Fayad, E.; et al. A pan-cancer analysis reveals CHD1L as a prognostic and immunological biomarker in several human cancers. Front. Mol. Biosci. 2023, 10, 1017148. [Google Scholar] [CrossRef]

	



Hewitt, G.; Borel, V.; Segura-Bayona, S.; Takaki, T.; Ruis, P.; Bellelli, R.; Lehmann, L.C.; Sommerova, L.; Vancevska, A.; Tomas-Loba, A.; et al. Defective ALC1 nucleosome remodeling confers PARPi sensitization and synthetic lethality with HRD. Mol. Cell 2021, 81, 767–783.e11. [Google Scholar] [CrossRef]

	



Verma, P.; Zhou, Y.; Cao, Z.; Deraska, P.V.; Deb, M.; Arai, E.; Li, W.; Shao, Y.; Puentes, L.; Li, Y.; et al. ALC1 links chromatin accessibility to PARP inhibitor response in homologous recombination-deficient cells. Nat. Cell Biol. 2021, 23, 160–171. [Google Scholar] [CrossRef]

	



Tutt, A.; Robson, M.; Garber, J.E.; Domchek, S.M.; Audeh, M.W.; Weitzel, J.N.; Friedlander, M.; Arun, B.; Loman, N.; Schmutzler, R.K.; et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with BRCA1 or BRCA2 mutations and advanced breast cancer: A proof-of-concept trial. Lancet 2010, 376, 235–244. [Google Scholar] [CrossRef]

	



Rose, M.; Burgess, J.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. [Google Scholar] [CrossRef] [PubMed]

	



Xue, H.; Bhardwaj, A.; Yin, Y.; Fijen, C.; Ephstein, A.; Zhang, L.; Ding, X.; Pascal, J.M.; VanArsdale, T.L.; Rothenberg, E. A two-step mechanism governing PARP1-DNA retention by PARP inhibitors. Sci. Adv. 2022, 8, eabq0414. [Google Scholar] [CrossRef]

	



Murai, J.; Huang, S.-Y.N.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [Google Scholar] [CrossRef]

	



Sellou, H.; Lebeaupin, T.; Chapuis, C.; Smith, R.; Hegele, A.; Singh, H.R.; Kozlowski, M.; Bultmann, S.; Ladurner, A.G.; Timinszky, G.; et al. The poly(ADP-ribose)-dependent chromatin remodeler Alc1 induces local chromatin relaxation upon DNA damage. Mol. Biol. Cell 2016, 27, 3791–3799. [Google Scholar] [CrossRef]

	



Ooi, S.-K.; Sato, S.; Tomomori-Sato, C.; Zhang, Y.; Wen, Z.; Banks, C.A.S.; Washburn, M.P.; Unruh, J.R.; Florens, L.; Conaway, R.C.; et al. Multiple roles for PARP1 in ALC1-dependent nucleosome remodeling. Proc. Natl. Acad. Sci. USA 2021, 118, e2107277118. [Google Scholar] [CrossRef]

	



Bacic, L.; Gaullier, G.; Sabantsev, A.; Lehmann, L.C.; Brackmann, K.; Dimakou, D.; Halic, M.; Hewitt, G.; Boulton, S.J.; Deindl, S. Structure and dynamics of the chromatin remodeler ALC1 bound to a PARylated nucleosome. eLife 2021, 10, e71420. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Chen, K.; Chen, Z. Structural basis of ALC1/CHD1L autoinhibition and the mechanism of activation by the nucleosome. Nat. Commun. 2021, 12, 4057. [Google Scholar] [CrossRef]

	



Abbott, J.M.; Zhou, Q.; Esquer, H.; Pike, L.; Broneske, T.P.; Rinaldetti, S.; Abraham, A.D.; Ramirez, D.A.; Lunghofer, P.J.; Pitts, T.M.; et al. First-in-Class Inhibitors of Oncogenic CHD1L with Preclinical Activity against Colorectal Cancer. Mol. Cancer Ther. 2020, 19, 1598–1612. [Google Scholar] [CrossRef]

	



Prigaro, B.J.; Esquer, H.; Zhou, Q.; Pike, L.A.; Awolade, P.; Lai, X.H.; Abraham, A.D.; Abbott, J.M.; Matter, B.; Kompella, U.B.; et al. Design, Synthesis, and Biological Evaluation of the First Inhibitors of Oncogenic CHD1L. J. Med. Chem. 2022, 65, 3943–3961. [Google Scholar] [CrossRef] [PubMed]

	



Nitiss, J.L. Targeting DNA topoisomerase II in cancer chemotherapy. Nat. Rev. Cancer 2009, 9, 338–350. [Google Scholar] [CrossRef]

	



Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3, 330–338. [Google Scholar] [CrossRef] [PubMed]

	



Barchiesi, G.; Roberto, M.; Verrico, M.; Vici, P.; Tomao, S.; Tomao, F. Emerging Role of PARP Inhibitors in Metastatic Triple Negative Breast Cancer. Current Scenario and Future Perspectives. Front. Oncol. 2021, 11, 769280. [Google Scholar] [CrossRef]

	



Illuzzi, G.; Staniszewska, A.D.; Gill, S.J.; Pike, A.; McWilliams, L.; Critchlow, S.E.; Cronin, A.; Fawell, S.; Hawthorne, G.; Jamal, K.; et al. Preclinical Characterization of AZD5305, A Next-Generation, Highly Selective PARP1 Inhibitor and Trapper. Clin. Cancer Res. 2022, 28, 4724–4736. [Google Scholar] [CrossRef] [PubMed]

	



Ahel, D.; Hořejší, Z.; Wiechens, N.; Polo, S.E.; Garcia-Wilson, E.; Ahel, I.; Flynn, H.; Skehel, M.; West, S.C.; Jackson, S.P.; et al. Poly(ADP-ribose)–Dependent Regulation of DNA Repair by the Chromatin Remodeling Enzyme ALC1. Science 2009, 325, 1240–1243. [Google Scholar] [CrossRef] [PubMed]

	



Mah, L.J.; El-Osta, A.; Karagiannis, T.C. γH2AX: A sensitive molecular marker of DNA damage and repair. Leukemia 2010, 24, 679–686. [Google Scholar] [CrossRef] [PubMed]

	



Ray Chaudhuri, A.; Nussenzweig, A. The multifaceted roles of PARP1 in DNA repair and chromatin remodelling. Nat. Rev. Mol. Cell Biol. 2017, 18, 610–621. [Google Scholar] [CrossRef] [PubMed]

	



Lord, C.J.; Ashworth, A. PARP inhibitors: Synthetic lethality in the clinic. Science 2017, 355, 1152–1158. [Google Scholar] [CrossRef]

	



Lee, B.J.; Chon, K.M.; Kim, Y.S.; An, W.G.; Roh, H.J.; Goh, E.K.; Wang, S.G. Effects of cisplatin, 5-fluorouracil, and radiation on cell cycle regulation and apoptosis in the hypopharyngeal carcinoma cell line. Chemotherapy 2005, 51, 103–110. [Google Scholar] [CrossRef] [PubMed]

	



Pommier, Y.; O’Connor, M.J.; de Bono, J. Laying a trap to kill cancer cells: PARP inhibitors and their mechanisms of action. Sci. Transl. Med. 2016, 8, 362ps17. [Google Scholar] [CrossRef]

	



Sawasdichai, A.; Chen, H.-T.; Abdul Hamid, N.; Jayaraman, P.-S.; Gaston, K. Subcellular Fractionation of Adherent and Non-adherent Mammalian Cells. J. Vis. Exp. 2010, 41, 1958. [Google Scholar]

	



Kutuzov, M.M.; Belousova, E.A.; Kurgina, T.A.; Ukraintsev, A.A.; Vasil’Eva, I.A.; Khodyreva, S.N.; Lavrik, O.I. The contribution of PARP1, PARP2 and poly(ADP-ribosyl)ation to base excision repair in the nucleosomal context. Sci. Rep. 2021, 11, 4849. [Google Scholar] [CrossRef]

	



Gottschalk, A.J.; Timinszky, G.; Kong, S.E.; Jin, J.; Cai, Y.; Swanson, S.K.; Washburn, M.P.; Florens, L.; Ladurner, A.G.; Conaway, J.W.; et al. Poly(ADP-ribosyl)ation directs recruitment and activation of an ATP-dependent chromatin remodeler. Proc. Natl. Acad. Sci. USA 2009, 106, 13770–13774. [Google Scholar] [CrossRef]

	



David, K.K.; Andrabi, S.A.; Dawson, T.M.; Dawson, V.L. Parthanatos, a messenger of death. Front. Biosci (Landmark Ed) 2009, 14, 1116–1128. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Kim, N.S.; Haince, J.-F.; Kang, H.C.; David, K.K.; Andrabi, S.A.; Poirier, G.G.; Dawson, V.L.; Dawson, T.M. Poly(ADP-Ribose) (PAR) Binding to Apoptosis-Inducing Factor Is Critical for PAR Polymerase-1–Dependent Cell Death (Parthanatos). Sci. Signal. 2011, 4, ra20. [Google Scholar] [CrossRef]

	



Wang, Y.; Dawson, V.L.; Dawson, T.M. Poly(ADP-ribose) signals to mitochondrial AIF: A key event in parthanatos. Exp. Neurol. 2009, 218, 193–202. [Google Scholar] [CrossRef] [PubMed]

	



Fatokun, A.A.; Dawson, V.L.; Dawson, T.M. Parthanatos: Mitochondrial-linked mechanisms and therapeutic opportunities. Br. J. Pharmacol. 2014, 171, 2000–2016. [Google Scholar] [CrossRef] [PubMed]

	



Lehmann, L.C.; Bacic, L.; Hewitt, G.; Brackmann, K.; Sabantsev, A.; Gaullier, G.; Pytharopoulou, S.; Degliesposti, G.; Okkenhaug, H.; Tan, S.; et al. Mechanistic Insights into Regulation of the ALC1 Remodeler by the Nucleosome Acidic Patch. Cell Rep. 2020, 33, 108529. [Google Scholar] [CrossRef]

	



Juhasz, S.; Smith, R.; Schauer, T.; Spekhardt, D.; Mamar, H.; Zentout, S.; Chapuis, C.; Huet, S.; Timinszky, G. The chromatin remodeler ALC1 underlies resistance to PARP inhibitor treatment. Sci. Adv. 2020, 6, eabb8626. [Google Scholar] [CrossRef]

	



Wei, H.; Yu, X. Functions of PARylation in DNA Damage Repair Pathways. Genom. Proteom. Bioinform. 2016, 14, 131–139. [Google Scholar] [CrossRef]

	



Rudolph, J.; Jung, K.; Luger, K. Inhibitors of PARP: Number crunching and structure gazing. Proc. Natl. Acad. Sci. USA 2022, 119, e2121979119. [Google Scholar] [CrossRef]

	



Dantzer, F.; De La Rubia, G.; Ménissier-De Murcia, J.; Hostomsky, Z.; De Murcia, G.; Schreiber, V. Base Excision Repair Is Impaired in Mammalian Cells Lacking Poly(ADP-ribose) Polymerase-1. Biochemistry 2000, 39, 7559–7569. [Google Scholar] [CrossRef]

	



Patel, A.G.; Sarkaria, J.N.; Kaufmann, S.H. Nonhomologous end joining drives poly(ADP-ribose) polymerase (PARP) inhibitor lethality in homologous recombination-deficient cells. Proc. Natl. Acad. Sci. USA 2011, 108, 3406–3411. [Google Scholar] [CrossRef] [PubMed]

	



Firsanov, D.V.; Solovjeva, L.V.; Svetlova, M.P. H2AX phosphorylation at the sites of DNA double-strand breaks in cultivated mammalian cells and tissues. Clin. Epigenetics 2011, 2, 283–297. [Google Scholar] [CrossRef]

	



Krastev, D.B.; Wicks, A.J.; Lord, C.J. PARP Inhibitors—Trapped in a Toxic Love Affair. Cancer Res. 2021, 81, 5605–5607. [Google Scholar] [CrossRef] [PubMed]

	



Luijsterburg, M.S.; van Attikum, H. Chromatin and the DNA damage response: The cancer connection. Mol. Oncol. 2011, 5, 349–367. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Capetillo, O.; Chen, H.T.; Celeste, A.; Ward, I.; Romanienko, P.J.; Morales, J.C.; Naka, K.; Xia, Z.; Camerini-Otero, R.D.; Motoyama, N.; et al. DNA damage-induced G2-M checkpoint activation by histone H2AX and 53BP1. Nat. Cell Biol. 2002, 4, 993–997. [Google Scholar] [CrossRef]

	



Wang, W.; Wu, J.; Fei, X.; Chen, W.; Li, Y.; Shen, K.; Zhu, L. CHD1L promotes cell cycle progression and cell motility by up-regulating MDM2 in breast cancer. Am. J. Transl. Res. 2019, 11, 1581–1592. [Google Scholar]

	



Wang, J.; Liu, M.; Chen, L.; Chan, T.H.; Jiang, L.; Yuan, Y.F.; Guan, X.Y. Overexpression of N-terminal kinase like gene promotes tumorigenicity of hepatocellular carcinoma by regulating cell cycle progression and cell motility. Oncotarget 2015, 6, 1618–1630. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Zhang, L.; Zhao, H.; Qiu, X.; Chen, W.; Wang, D.; Ban, N.; Fan, S.; Shen, C.; Xia, X.; et al. CHD1L regulates cell cycle, apoptosis, and migration in glioma. Cell. Mol. Neurobiol. 2016, 36, 565–576. [Google Scholar] [CrossRef]

	



Xiong, X.; Lai, X.; Li, A.; Liu, Z.; Ma, N. Diversity roles of CHD1L in normal cell function and tumorigenesis. Biomark. Res. 2021, 9, 16. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Hu, L.; Chan, T.H.; Tsao, G.S.; Xie, D.; Huo, K.K.; Fu, L.; Ma, S.; Zheng, B.J.; Guan, X.Y. Chromodomain helicase/adenosine triphosphatase DNA binding protein 1-like (CHD1l) gene suppresses the nucleus-to-mitochondria translocation of nur77 to sustain hepatocellular carcinoma cell survival. Hepatology 2009, 50, 122–129. [Google Scholar] [CrossRef]

	



Ma, D.; Lu, B.; Feng, C.; Wang, C.; Wang, Y.; Luo, T.; Feng, J.; Jia, H.; Chi, G.; Luo, Y.; et al. Deoxypodophyllotoxin triggers parthanatos in glioma cells via induction of excessive ROS. Cancer Lett. 2016, 371, 194–204. [Google Scholar] [CrossRef]

	



Abdelghany, L.; Kawabata, T.; Goto, S.; Jingu, K.; Li, T.S. Nicaraven induces programmed cell death by distinct mechanisms according to the expression levels of Bcl-2 and poly (ADP-ribose) glycohydrolase in cancer cells. Transl. Oncol. 2022, 26, 101548. [Google Scholar] [CrossRef] [PubMed]

	



Park, E.J.; Min, K.J.; Lee, T.J.; Yoo, Y.H.; Kim, Y.S.; Kwon, T.K. beta-Lapachone induces programmed necrosis through the RIP1-PARP-AIF-dependent pathway in human hepatocellular carcinoma SK-Hep1 cells. Cell Death Dis. 2014, 5, e1230. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, N.; Mao, Y.; Han, G.; Ju, Q.; Zhou, L.; Liu, F.; Xu, Y.; Zhao, X. YM155, a survivin suppressant, triggers PARP-dependent cell death (parthanatos) and inhibits esophageal squamous-cell carcinoma xenografts in mice. Oncotarget 2015, 6, 18445–18459. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; An, R.; Umanah, G.K.; Park, H.; Nambiar, K.; Eacker, S.M.; Kim, B.; Bao, L.; Harraz, M.M.; Chang, C.; et al. A nuclease that mediates cell death induced by DNA damage and poly(ADP-ribose) polymerase-1. Science 2016, 354, aad6872. [Google Scholar] [CrossRef] [PubMed]

	



Blessing, C.; Mandemaker, I.K.; Gonzalez-Leal, C.; Preisser, J.; Schomburg, A.; Ladurner, A.G. The Oncogenic Helicase ALC1 Regulates PARP Inhibitor Potency by Trapping PARP2 at DNA Breaks. Mol. Cell 2020, 80, 862–875.e6. [Google Scholar] [CrossRef] [PubMed]

	



Ding, X.; Zhu, Z.; Lapek, J.; McMillan, E.A.; Zhang, A.; Chung, C.Y.; Dubbury, S.; Lapira, J.; Firdaus, S.; Kang, X.; et al. PARP1-SNAI2 transcription axis drives resistance to PARP inhibitor, Talazoparib. Sci. Rep. 2022, 12, 12501. [Google Scholar] [CrossRef] [PubMed]

	



Fan, G.T.; Ling, Z.H.; He, Z.W.; Wu, S.J.; Zhou, G.X. Suppressing CHD1L reduces the proliferation and chemoresistance in osteosarcoma. Biochem. Biophys. Res. Commun. 2021, 554, 214–221. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Kulesskiy, E.; Saarela, J.; Turunen, L.; Wennerberg, K.; Aittokallio, T.; Tang, J. Methods for High-throughput Drug Combination Screening and Synergy Scoring. Methods Mol. Biol. 2018, 1711, 351–398. [Google Scholar]








[image: Ijms 25 08590 g001] 





Figure 1. CHD1Li synergizes with TNBC therapies in SUM149PT organoids. (A) Bliss synergy 3D plots showing synergy scores for each dose combination of OTI-611 (1.7–1.9 µM) and PARPi and SOC chemotherapy. (B) Dose–response matrices representing the percentage of cell death caused by OTI-611, PARPi and SOC therapy, and their combinations. (C) Dose–response curves showing OTI-611’s synergistic effect when combined with PARPi and SOC chemotherapy as measured by IC50 values. SUM149PT organoids were treated with drug combinations for 72 h. Bliss synergy score values were calculated using the SynergyFinder R package version 3.12.0. To evaluate synergy, OTI-611 was treated at sub-lethal doses. Synergy score values above 10 are considered a synergistic interaction between drugs. Data are presented as the mean of two independent experiments ± S.E.M. See also Figures S2 and S3. 
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Figure 2. CHD1Li synergizes with TNBC therapies in MDA-MB-231 and HCC1937 tumor organoids. (A) Dose–response curves showing OTI-611’s synergistic effect when combined with PARPi and SOC chemotherapy as measured by IC50 values in MDA-MB-231 tumor organoids treated for 72 h. (B) Dose–response curves showing OTI-611’s synergistic effect when combined with PARPi and SOC chemotherapy as measured by IC50 values in HCC1937 tumor organoids treated for 72 h. Data are presented as the mean of two independent experiments ± S.E.M. See also Figure S2 for Bliss synergy scores quantification. 
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Figure 3. Inhibition of CHD1L enhances chemotherapy and PARPi-mediated DNA damage. (A) Bliss synergy 3D plots showing synergy scores for each dose combination of OTI-611 (1.5–2 µM) and PARPi or SOC chemotherapy. (B) Dose–response matrices representing the percentage of DNA damage measured by γ-H2AX immunofluorescence, for doses of OTI-611, PARPi and SOC chemotherapy, and their combinations. OTI-611 was treated at sub-lethal doses to evaluate synergy. Bliss synergy scores were generated using the SynergyFinder R package. A synergistic drug interaction is considered when values are above 10. Data are presented as the mean of two independent experiments ± S.E.M. (C) Representative images of γ-H2AX immunofluorescence in SUM149PT cells treated for 4 h with OTI-611, PARPi and SOC chemotherapy, and their combinations. Scale bar = 100 µm. (D) Quantification of γ-H2AX foci number in SUM149PT. Data were normalized to DMSO-treated cells and presented as the mean of two independent experiments ± SEM, ** p < 0.01, *** p < 0.001. 
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Figure 4. Inhibition of CHD1L enhances chemotherapy and PARPi-mediated cell cycle arrest. (A) Representative flow cytometry profiles of SUM149PT cells treated for 24 h with OTI-611, PARPi and SOC chemotherapy, and their combinations. After treatment, cells were fixed and stained with DAPI. The distribution of cells in G1, S, or G2/M is indicated. (B) Quantification of the percentage of cells in each phase of the cell cycle (G1, S, or G2/M). The experiment was performed in two independent experimental replicates and data were shown as mean ± S.E.M, * p < 0.05. 
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Figure 5. Inhibition of CHD1L traps PARP1, PARP2, and CHD1L at DNA damage sites. (A) Trapping profiles of PARP1, PARP2, and CHD1L measured after dose-response treatment with olaparib. (B) Trapping profiles of PARP1, PARP2, and CHD1L measured after dose-response treatment with OTI-611. (C) Trapping profiles of PARP1, PARP2, and CHD1L measured after dose-response treatment with AZD5305. (D) Trapping profiles of PARP1, PARP2, and CHD1L measured after dose-response treatment with doxorubicin. Doxorubicin was used as a negative control of trapping. (E) Trapping profiles of PARP1, PARP2, and CHD1L measured after dose-response treatment with olaparib combined with OTI-611 or vice versa. For all the conditions, SUM149PT cells were treated with the drug of interest in combination and 0.001% MMS for 4 h. All data were normalized to MMS-treated cells and expressed as the mean of two independent experiments ± S.E.M. 
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Figure 6. OTI-611 selectively inhibits CHD1L ATPase and nucleosome remodeling activities. (A) Nucleosome remodeling assay performed with 20 nM FRET-nucleosomes, 20 nM fl-CHD1L, 80 nM PARP1 (pre-incubated with NAD+), and 2 mM ATP. Reactions without ATP, fl-CHD1L, orPARP1 were added as controls. (B) Nucleosome remodeling assay performed with 20 nM FRET-nucleosomes, 20 nM fl-CHD1L (pre-incubated with 10 µM of OTI-611), 80 nM PARP1 (pre-incubated with NAD+), and 2 mM ATP. (C) Nucleosome remodeling assay performed with 20 nM FRET-nucleosome, 10 nM SMARCA5 (pre-incubated with 10 µM of OTI-611), and 1 mM ATP. Data are presented as the ratio of Cy3/Cy5 ± S.D. of one technical replicate. The experiments were repeated twice. 
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Figure 7. CHD1Li-mediated PAR translocation to the cytoplasm activates PARthanatos. (A) Intensity of cytoplasmic PAR in SUM149PT cells treated for 6 h with OTI-611, olaparib, AZD5305, or doxorubicin, and their combinations. PAR localization is measured as the sum intensity in the cytoplasm and normalized by the number of nuclei per field. (B) Intensity of nuclear PAR in SUM149PT cells treated for 4 h with OTI-611, olaparib, AZD5305, or doxorubicin, and their combinations. PAR mean intensity is normalized by the number of nuclei per field. Data expressed as the mean of three independent experiments ± S.E.M. (C) Representative images of PAR immunofluorescence showing changes in nuclear PAR and its translocation to the cytoplasm with OTI-611 treatment. Scale bar = 50 µm. (D) Intensity of cytoplasmic AIF in SUM149PT cells treated for 18 h with OTI-611, olaparib, AZD5305, or doxorubicin, and their combinations. (E) Intensity of nuclear AIF in SUM149PT cells treated for 18 h with OTI-611, olaparib, AZD5305, or doxorubicin, and their combinations. AIF mean intensity is normalized by the number of nuclei per field and expressed as the mean of two independent experiments ± S.E.M. (F) Representative images showing changes in cytoplasmic AIF and its translocation to the nucleus with OTI-611 treatment. Scale bar = 50 µm, * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 8. CHD1L ATPase inhibition traps CHD1L at DNA damage sites and induces PARthanatos. (A) Under normal conditions, upon DNA damage, PARP1/2 detect SSB and DSB and recruit repair machinery to damage sites by auto-PARylating themselves and through PARylating other repair proteins, and histones. One of these proteins is CHD1L, which binds to the PAR chains by its macro domain releasing its autoinhibition. Once CHD1L is activated, it can bind the histone and relax the chromatin through its ATPase-driven chromatin remodeling activity, promoting DNA repair and cell survival. PARP1 is released from the DNA damage site and PAR is recycled through PARG-mediated hydrolysis. (B) When CHD1L ATPase is inhibited by OTI-611, CHD1L becomes trapped near DNA damage sites and unable to relax the chromatin. Moreover, unprotection of the PAR chains causes their PARG-mediated hydrolysis, trapping PARP1/2. This mechanism of PARP trapping does not cause DNA damage, unlike PARPi entrapment of PARP on relaxed chromatin, which undergoes DNA repair and subsequent replication fork collapse in HR-deficient tumor cells. Additionally, CHD1L inhibition by OTI-611 leaves PAR chains unprotected, allowing PARG to hydrolyze PAR and enable PAR fragment translocation to the cytoplasm. In the cytoplasm, AIF binds to PAR fragments in the mitochondria, causing its release and subsequent translocation to the nucleus. Once in the nucleus, AIF triggers large-scale DNA fragmentation and a form of non-apoptotic cell death known as PARthanatos. 
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