

[image: image1]
Lysine Methyltransferase Inhibitors Impair H4K20me2 and 53BP1 Foci in Response to DNA Damage in Sarcomas, a Synthetic Lethality Strategy
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Background: Chromatin is dynamically remodeled to adapt to all DNA-related processes, including DNA damage responses (DDR). This adaptation requires DNA and histone epigenetic modifications, which are mediated by several types of enzymes; among them are lysine methyltransferases (KMTs).

Methods: KMT inhibitors, chaetocin and tazemetostat (TZM), were used to study their role in the DDR induced by ionizing radiation or doxorubicin in two human sarcoma cells lines. The effect of these KMT inhibitors was tested by the analysis of chromatin epigenetic modifications, H4K16ac and H4K20me2. DDR was monitored by the formation of γH2AX, MDC1, NBS1 and 53BP1 foci, and the induction of apoptosis.

Results: Chaetocin and tazemetostat treatments caused a significant increase of H4K16 acetylation, associated with chromatin relaxation, and increased DNA damage, detected by the labeling of free DNA-ends. These inhibitors significantly reduced H4K20 dimethylation levels in response to DNA damage and impaired the recruitment of 53BP1, but not of MDC1 and NBS1, at DNA damaged sites. This modification of epigenetic marks prevents DNA repair by the NHEJ pathway and leads to cell death.

Conclusion: KMT inhibitors could function as sensitizers to DNA damage-based therapies and be used in novel synthetic lethality strategies for sarcoma treatment.
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INTRODUCTION

Chromatin structure is dynamically remodeled by DNA and histone epigenetic modifications to control and coordinate all DNA-based processes such as transcription, replication, recombination or DNA repair (Becker and Workman, 2013; Hauer and Gasser, 2017). These epigenetic modifications are mediated by several chromatin modifiers and depend on the cellular context (Ehrenhofer-Murray, 2004; Kouzarides, 2007; Kulis and Esteller, 2010; Dawson and Kouzarides, 2012). Some of these proteins that modify, or bind to, histone modifications are often dysregulated in cancer and have been used as drug targets in novel therapeutic strategies in oncology (Dawson and Kouzarides, 2012; Bates, 2020).

Histone methylation is one of the most prevalent chromatin modifications and plays a key role in the regulation, activation and silencing of genes in euchromatin, and is also associated with heterochromatin condensation (Dawson and Kouzarides, 2012). This dynamic covalent modification of histones occurs in N-terminal lysine or arginine residues (Shilatifard, 2006; DesJarlais and Tummino, 2016), and several inhibitors have been designed against lysine methyltransferases (KMTs) and demethylases (KDMs), which can be used to improve current cancer treatments (Wang and Patel, 2013; Toh et al., 2017). Among them is chaetocin, which inhibits KMTs such as SUV39H1 (Greiner et al., 2005; Chaib et al., 2012; Lai et al., 2015) or G9a (Iwasa et al., 2010; Cherblanc et al., 2013). In addition to its role as KMT inhibitor (Greiner et al., 2005), chaetocin is also a competitive inhibitor of the thioredoxin reductase, whose function is to compensate the deleterious effect of reactive oxygen species (ROS) (Tibodeau et al., 2009). Other exogenous agents such as ionizing radiation also facilitate ROS production (Jackson and Bartek, 2009; Ciccia and Elledge, 2010), causing single- and double-strand breaks (SSBs and DSBs, respectively) (Ciccia and Elledge, 2010), and their accumulation can lead to cell death (Ciccia and Elledge, 2010). Both effects contribute to chromatin relaxation and the generation of oxidative stress, which facilitate DNA damage (Isham et al., 2007; Tibodeau et al., 2009; Dixit et al., 2014; He et al., 2017). In this context, chaetocin also induces cell death in different types of tumors, including multiple myeloma (Isham et al., 2007), leukemia (Chaib et al., 2012), melanoma (Han et al., 2017), gliomas (Dixit et al., 2014; Ozyerli-Goknar et al., 2019), and gastric (Liao et al., 2019), ovarian (Li et al., 2019) and non-small cell lung cancers (Liu et al., 2015). Another recent KMT inhibitor that targets EZH2 is tazemetostat, which is clinically used in sarcomas (Italiano, 2020; Rothbart and Baylin, 2020). Furthermore, PARP1 regulates NHEJ (Non-homologous end joining) (Couto et al., 2011; Caron et al., 2019), and its inhibitors, such as olaparib, also cause DNA damage (McMahon et al., 2016) and are used in sarcomas in combination with DNA damaging agents, such as ionizing radiation (IR) (Lee et al., 2013). In turn, olaparib also sensitizes glioblastoma cells to treatment with temozolomide (Lesueur et al., 2019; Higuchi et al., 2020; Navarro-Carrasco and Lazo, 2021) and ovarian cancer cells with BRCA mutations (Fong et al., 2010).

SSBs and DSBs are specifically repaired by different DDR mechanisms, which are strictly coordinated in order to sequentially detect, identify, signal and repair specific DNA lesions based on their type (d’Adda di Fagagna, 2008; Jackson and Bartek, 2009). Initially, all these DDR pathways require a local distortion of chromatin caused by the DNA lesion (Ball and Yokomori, 2011; Bakkenist and Kastan, 2015), which is necessary to trigger the sequential steps in the response, ranging from chromatin remodeling and DNA protection of damaged sites, to the recognition of the type of damage and the activation of the corresponding DDR pathway (Polo, 2015; Campillo-Marcos et al., 2021). These sequential processes involve changes in covalent modifications of histones (Polo, 2015), which are necessary for the recruitment of specific DNA repair factors. In this context, histone acetylation plays an important role in response to DNA damage, since acetylated histones H3 and H4 are recognized by chromatin remodelers and protein kinases implicated in specific DDR pathways (Deem et al., 2012; Garcia-Gonzalez et al., 2020). Among them, the acetylation of histone H4 in K16 (H4K16ac) induced by DNA damage is also associated with chromatin relaxation (Murr et al., 2006; Garcia-Gonzalez et al., 2020). However, other chromatin readers depend on specific histone methylations to be recruited to DNA damage sites, such as 53BP1 (Pei et al., 2011; Wakeman et al., 2012; Zhao et al., 2020), a protein involved in non-homologous end joining (NHEJ) (Lottersberger et al., 2013; Panier and Boulton, 2014; Shibata, 2017), a key DNA repair pathway in resting cells such as neurons or cancer stem cells. In this context, the dimethylation of histone H4 in lysine 20 (H4K20me2), mediated by SET8 (Dulev et al., 2014) and NSD2/MMSET (Pei et al., 2012), is necessary for the recruitment of 53BP1 at locations with DNA damage (Botuyan et al., 2006; Pei et al., 2011; Dulev et al., 2014). H4K20me2 stabilizes the interaction between chromatin and 53BP1 in foci (Li et al., 2020), and facilitate DNA repair by the NHEJ pathway (Bunting et al., 2010; Panier and Boulton, 2014).

Due to the role of DDR in the maintenance of genome integrity and cellular homeostasis, defects in DNA repair pathways directly lead to the accumulation of SSBs and DSBs, and the subsequent cell death. In fact, patients with mutations in several DDR pathways respond much better to treatment, becoming super responders (Wheeler et al., 2021). In this work, we have studied the molecular base by which KMT inhibitors, chaetocin and tazemetostat, impair DDR (32, 52) by mimicking a DNA repair defect, which would allow their use as DNA damage sensitizers (53, 54) and become candidates for novel synthetic lethality strategies in sarcomas cells treated with either ionizing radiation (IR) (Lee et al., 2013) or doxorubicin (Maurel et al., 2009; D’Ambrosio et al., 2020).



MATERIALS AND METHODS


Reagents and Inhibitors

Doxorubicin (Ref. 16416646, Thermo-Fisher Scientific), olaparib (AZD2281) (Ref. O-9201, LC Laboratories, Woburn, MA, United States), chaetocin (Ref. C9492, Sigma-Aldrich Merck), tazemetostat (Ref. S7128, Selleckchem) and JMJD2 inhibitor (5-carboxy-8HQ; Ref. 420201, Calbiochem, Merck-Millipore). All other reagents were from Sigma-Aldrich-Merck (Darmstadt, Germany) (Supplementary Table 1).



Cell Lines and Culture

Two human sarcoma cell lines, U2OS (ATCC, HTB-96) from an osteosarcoma and SK-LMS-1 (ATCC, HTB-88) from a leiomyosarcoma, were validated by and obtained from the ATCC and grown as recommended by the supplier in DMEM supplemented with antibiotics, 10% FBS and 5 mM glutamine. Both cell lines are mycoplasma free. Experiments with inhibitors were performed in serum-deprived cells for 48 h to eliminate mitogenic signals.



DNA Damage

DNA damage was induced by treatment with different doses (0.5, 1 or 3 Gy) of ionizing radiation using a Gammacell 1,000 Elite irradiator (Theratronics, Ottawa, Canada) with a 137Cs source. Alternatively DNA damage was also induced by treatment with doxorubicin (topoisomerase II inhibitor) or olaparib (PARP1 inhibitor) (Sanz-Garcia et al., 2012; Campillo-Marcos and Lazo, 2019). These measurements were performed in serum deprived cells (0.5%) for 48 h to remove mitogenic signaling and promote DNA repair by the NHEJ pathway. Chaetocin (100 nM) or tazemetostat (80 nM) were added at 24 h after serum withdrawal and cells were exposed to each KMT inhibitor for 24 h. When olaparib (10 μM) was combined with chaetocin, this PARP inhibitor was added 3 h later than this KMT inhibitor (27 h after deprivation of serum). In case of doxorubicin (3 μM), it was added 22 h later than chaetocin o tazemetostat (46 h after serum withdrawal), so that cells were exposed to this chemotherapeutic drug for 2 h. Finally, DNA damage caused by IR was induced after 24 h of treatment with chaetocin or tazemetostat and 48 h after deprivation of serum.



Cell Lysates and Histone Extraction

Cells were lysed with the RIPA lysis buffer (150 mM NaCl, 1.5 mM MgCl2, 10 mM NaF, 4 mM EDTA, 50 mM Hepes, 1% Triton X-100, 0.1% SDS, and 10% glycerol) supplemented by phosphatases inhibitors (1 mM NaF and 1 mM sodium orthovanadate) and proteases inhibitors (1 mM PMSF, 10 μg/mL aprotinin, and 10 μg/mL leupeptin). Acidic extracts of histones were prepared as previously reported (Shechter et al., 2007). All protein extracts were quantified using the Bradford protein assay (Bio-Rad; Hercules, CA, United States). Lysates were boiled at 100°C in Laemmli buffer for 5 min for gel loading.



Antibodies

The antibodies used are listed in Table 1 and were diluted in TBS-0.1% Tween20 or PBS-1% BSA for immunoblots and/or immunofluorescence assays, respectively.


TABLE 1. List of antibodies and applications.
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SDS-Page Electrophoresis and Western Blot Analysis

Proteins were fractionated by SDS-Page vertical electrophoresis and transferred to Immobilon-FL membranes (Millipore) that were blocked with TBS-T buffer [25 mM Tris–HCl (pH 8.0), 50 mM NaCl and 2.5 mM KCl, 0.1% Tween-20] and 5% non-fat dry milk, or 5% BSA (bovine serum albumin), for 1 h at room temperature. Next, membranes were incubated with the primary antibody overnight at 4 °C, followed by three washes of 10 min in TBS-T buffer. Afterward, membranes were incubated with their corresponding secondary antibodies for 1 h in darkness, followed by three washes with TBS-T buffer (10 min). Finally, membrane signals were detected using the LI-COR Odyssey Infrared Imaging System (LI-COR Biosciences; Lincoln, NE, United States) (Sanz-Garcia et al., 2012; Monsalve et al., 2016; Campillo-Marcos and Lazo, 2019). All western blots were performed in triplicate and corresponds to the accompanying immunofluorescence figure.



Immunofluorescence and Confocal Microscopy

Cells were plated on 60 mm dishes, which included coverslips, to be used for immunofluorescence experiments (Salzano et al., 2014, 2015; Monsalve et al., 2016; Moura et al., 2018; Campillo-Marcos and Lazo, 2019). Cells on coverslips were fixed with 3% paraformaldehyde for 30 min and treated with 200 mM glycine solution for 15 min at room temperature to eliminate the paraformaldehyde. Cells were permeabilized with 0.2% Triton X-100 solution in PBS for 30 min and blocked with 1% BSA in PBS for 30 min at room temperature or overnight at 4°C. For the simultaneous detection of two proteins, coverslips were sequentially incubated with the two primary antibodies, followed by three washes for 10 min in PBS after each one. The incubation with their corresponding secondary antibodies (Table 1), was performed for 1 h at room temperature in darkness, and finally washed three times for 10 min in PBS. Nuclei were stained with DAPI (4′, 6′-diamidino-2-phenylindole) (Sigma), diluted 1:1,000 in PBS, for 15 min at room temperature and washed three times for 10 min in PBS. Coverslips were mounted with Mowiol (Calbiochem-Merck, Darmstadt, Germany). Images were acquired with a LEICA SP5 DMI-6000B confocal microscope (Leica), with the following lasers: Argon (488 nm), DPSS (561 nm) and UV Diode (405 nm). These images were captured with a 63.0× lens zoomed in 1.5–3 × with a 1,024 × 1,024 frame and 600 Hz scanning speed and pinhole (95.6 μm), lasers intensity and photomultipliers gain and offset were maintained constant for all samples examined. Image analysis was performed with the ImageJ software1. These imaging experiments were independently performed three times, and one of these experiments was shown in its corresponding main or Supplementary Figure. The number of cells analyzed in each independent experiment was obtained from different fields within the same experiment and is was indicated in all box plots of each image.



TUNEL Assays

TUNEL assay (TdT-mediated dUTP Nick-End Labeling) (Roche) was used to label free DNA-ends in damaged DNA in cells. The detection is based on the binding of fluorescein-12-dUTP to the 3′-OH of the DNA strand and was detected by a fluorescence microscope. Briefly, cells were cultured on glass coverslips and fixed with 3% PFA in PBS for 15 min at room temperature. PFA was removed and 200 mM glycine was added for 15 min. Cells were permeabilized with 0.2% triton X-100 for 15 min and blocked with 1% BSA in PBS for 30 min at room temperature or overnight at 4°C. Coverslips were incubated with 50 μl of TUNEL reaction mixture (prepared according to the manufacturer instructions) for 1 h at 37°C in darkness, followed by three washes for 10 min in PBS. Nuclei were stained with DAPI (Sigma), diluted 1:1,000 in PBS, for 10 min at room temperature, and washed three times for 10 min in PBS. Coverslips were mounted with Mowiol (Calbiochem-Merck, Darmstadt, Germany) on microscope slides. Samples were visualized using a Leica TCS SP5 DMI-6000B confocal microscope (Leica) and analyzed with the ImageJ software. As western blots and immunofluerescences, TUNEL assays were independently performed in triplicate and one representative experiment for each cell line was selected for the main figure. The number of cells in each independent experiment is indicated in the corresponding figure.



Statistical Analysis

The IBM SPSS 25 statistics package was used for analysis. Statistical significance was calculated using Mann–Whitney U tests, which analyze differences between only two pairs of samples, or Dunn’s multiple comparison tests whether more than two samples were assessed at the same time, and not all of them were adjusted to a normal distribution (Bremer and Doerge, 2009). For the study we followed the ASBC recommendations (Pollard et al., 2019).



RESULTS


Chaetocin Induces DNA Damage by Itself and Impairs the Recruitment of 53BP1 at Damage Sites

Initially, we tested whether chaetocin, a KMT inhibitor, was able to induce DNA damage, which was detected by the formation of γH2AX foci, a surrogate marker of DDR early steps (van Attikum and Gasser, 2005; Bekker-Jensen and Mailand, 2010; Salzano et al., 2015). Chaetocin significantly increased the number of γH2AX foci with respect to control cells (Figures 1A–C). Furthermore, the combination of this inhibitor with lower doses of IR (0.5 Gy), another source of oxidative stress, showed a synergic effect on the assembly of these foci (Figure 1C, left). However, this effect was not observed with higher doses of IR (1 or 3 Gy) in U2OS osteosarcoma cells (Figures 1A–C) and SK-LMS-1 leiomyosarcoma cells (Supplementary Figure 2).
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FIGURE 1. Chaetocin impairs the assembly of 53BP1 foci in response to ionizing radiation (IR) in U2OS cells deprived of serum. (A) γH2AX and 53BP1 foci formation in response to different doses of IR. (B) Effect of chaetocin on γH2AX and 53BP1 foci formation after inducing DNA damage with different doses of IR. (C) Quantification of γH2AX (left) and 53BP1 (right) foci in response to chaetocin and/or IR. (D) The immunoblot shows that chaetocin and/or IR have no effect on 53BP1 protein levels. ns, not significant. *p < 0.05, **p < 0.01, and ***p < 0.001. These images only show the detail in one cell selected for presentation. The field images are shown in Supplementary Figure 1. Ctrl, control without IR.


After the initial phosphorylation of histone H2AX, additional repair proteins are sequentially recruited to DSBs. One of these proteins is 53BP1 (Pei et al., 2011; Wakeman et al., 2012), which determines DNA repair by the NHEJ pathway (Mirman and de Lange, 2020; Zhao et al., 2020). We studied whether chaetocin interfered with the assembly of 53BP1 foci in serum-deprived cells. The formation of these 53BP1 foci was impaired in U2OS osteosarcoma cells treated with chaetocin independently of the dose of IR used (Figures 1B,C). No differences in 53BP1 protein levels were detected by western blot after chaetocin and/or IR treatments (Figure 1D), which rules out a reduction of endogenous 53BP1 protein as the cause of foci loss. Similar results were obtained in SK-LMS-1 leiomyosarcoma cells (Supplementary Figure 2). Therefore, we concluded that chaetocin impairs the recruitment of 53BP1, but not of γH2AX, to DSBs induced by IR.



The Effect of Chaetocin on 53BP1 Foci Formation Is Independent of the Agent Used to Induce DNA Damage

Next, we ruled out that the effect of chaetocin on the assembly of 53BP1 foci was dependent on the type of agent used to cause DNA damage. For this aim, we tested the effect of chaetocin on 53BP1 foci induced by doxorubicin, which targets topoisomerase II, or olaparib, a specific PARP1 inhibitor that is used in cancer treatment by itself or in combination with other drugs as a form of synthetic lethality (Dungey et al., 2009; Tewari et al., 2015; Ramakrishnan Geethakumari et al., 2017; Robson et al., 2017; Chabanon et al., 2019). Furthermore, olaparib is also lethal in sarcomas in combination with other agents causing DNA damage (Lee et al., 2013). Therefore, the effect of chaetocin and doxorubicin or olaparib on γH2AX and 53BP1 foci induced by these drugs was determined. The KMT inhibitor chaetocin interferes with the formation of 53BP1 foci, but did not affect γH2AX foci formation, as a result of treating cells with either doxorubicin (Figure 2A) or olaparib (Figure 2B). These results indicated that chaetocin alters the DNA damage response by impairing 53BP1 foci formation independently of the agent causing DSBs. Moreover, this effect occurs after the formation of γH2AX foci and previous to 53BP1 foci assembly.
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FIGURE 2. Effect of chaetocin on the formation of γH2AX and 53BP1 foci after inducing DSBs with doxorubicin (Doxo) (A) and olaparib (Olap) (B) in U2OS cells deprived of serum mitogenic signals. The effect of chaetocin on these foci in response to IR in SK-LMS-1 cells is shown in Supplementary Figure 2. Quantifications of these nuclear foci in response to chaetocin and/or doxorubicin or olaparib are shown to the right. ns, not significant, ***p < 0.001. These images only show the detail in one cell selected for presentation. The field images are shown in Supplementary Figure 3. Ctrl, control without doxorubicin or olaparib, as appropriate.


The lack of 53BP1 foci in response to the combination of IR and chaetocin might be a consequence of a delay in the assembly of these foci caused by chaetocin, which might require longer times. Because of that, we performed a time curve after chaetocin treatment and/or IR exposure and analyzed both γH2AX and 53BP1 foci formation at different time points. We observed that 53BP1 foci did not assemble in response to chaetocin independently of the post-irradiation time, but this protein was diffusely accumulated in nuclei. However, the number and size of γH2AX residual foci (720 min post-IR) increased significantly (Supplementary Figure 4), and repair was stalled and did not progress. These results demonstrated that DDR is not working efficiently in presence of chaetocin, implying that the sequential response, which depends on 53BP1, is blocked. Consequently, earlier proteins participating in this process, such as γH2AX, are accumulated at DNA damaged sites, whose repair is stalled.



MDC1 and NBS1, Intermediate DDR Proteins Between γH2AX and 53BP1 Foci Formation, Are Not Affected by Chaetocin Treatment

The defective formation of 53BP1 foci might be a consequence of a disruption of previous steps in the sequential response to IR. Among them is the assembly of MDC1 and NBS1 foci, two proteins that are phosphorylated in response to IR and mediate the accumulation of 53BP1 at DSBs (Eliezer et al., 2009; Lavin et al., 2015; Monsalve et al., 2016). To determine whether chaetocin impairs the formation of MDC1 and NBS1 foci, cells were treated with chaetocin, DNA damage was induced by IR and the formation of MDC1 and NBS1 foci was studied. Chaetocin did not interfere with either MDC1 (Figure 3A) or NBS1 foci formation (Figure 3B) in response to IR, which are two sequential steps between γH2AX and 53BP1 foci in DDR, and their protein levels were not affected. This suggests that this DDR failure is due to the deficient recruitment of 53BP1 at locations with damaged DNA as a consequence of chaetocin treatment.
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FIGURE 3. Chaetocin does not interfere with MDC1 foci formation and NBS1 accumulation after inducing DSBs by IR in U2OS cells deprived of serum. (A) Effect of chaetocin on MDC1 foci in response to IR (3 Gy). Quantification of MDC1 foci after treating cells with chaetocin, IR and their combination (center). The immunoblot reflects that no variations in MDC1 protein levels are induced by chaetocin and/or IR (right). ns, not significant. ***p < 0.001. (B) Effect of chaetocin on NBS1 accumulation in response to IR (3 Gy) in U2OS cells. Quantification of NBS1 nuclear fluorescence after treating cells with chaetocin, IR and their combination (center). The immunoblot reflects that no variations in NBS1 protein levels were induced by chaetocin and/or IR (right). ns, not significant, *p < 0.05, ***p < 0.001. Ctrl, control without IR. These images only show the detail in one cell selected for presentation. The field images are shown in Supplementary Figure 5. Ctrl, control without chaetocin. Chaet, chaetocin (100 nM).




H4K20me2 Induced by DNA Damage Are Impaired by Chaetocin Treatment

One of the chromatin modifications that mediates the recruitment of 53BP1 at DSBs is the dimethylation of the histone H4 at lysine 20 (H4K20me2), which is directly recognized by the TUDOR domains of 53BP1 (Pei et al., 2011; Wilson et al., 2016). Therefore, we tested the ability of chaetocin to modify H4K20me2 levels in response to IR or doxorubicin in U2OS and SK-LMS-1 sarcoma cells. The treatment of both cell lines with the combination of chaetocin and IR resulted in a significant reduction of H4K20me2 levels (Figure 4A, Supplementary Figure 7A). Furthermore, this reduction in H4K20 dimethylation levels was also observed in response to doxorubicin and chaetocin treatments (Figure 4B, Supplementary Figure 7B). This effect on H4K20me2 would explain why this KMT inhibitor only affects the accumulation of 53BP1, but not of γH2AX, NBS1 or MDC1, at damaged sites.
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FIGURE 4. Effect of chaetocin on H4K20me2 induced by IR or doxorubicin. (A) Effect of chaetocin on H4K20me2 induced by IR in SK-LMS-1 cells. (B) Effect of chaetocin on H4K20me2 induced by doxorubicin in U2OS cells. Quantification of nuclear fluorescence associated with H4K20 dimethylation in response to chaetocin, IR, doxorubicin or their combination (center). Analysis of H4K20me2 levels by western blot (right). Ctrl, control without IR or doxorubicin, as appropriate. ns, not significant, ***p < 0.001. These images only show the detail in one cell selected for presentation. The field images are shown in Supplementary Figure 6. Ctrl, control without chaetocin. Chaet, chaetocin (100 nM).


DNA damage causes an early local relaxation of chromatin that is associated with the acetylation of histone H4 in K16 (H4K16ac) (Li and Wang, 2017; Garcia-Gonzalez et al., 2020). Therefore, we also determined H4K16 acetylation levels, which would have to decrease in order to enable 53BP1 to bind to chromatin through H4K20me2 (Hsiao and Mizzen, 2013; Lottersberger et al., 2013). As expected, these H4K16 acetylation levels increased after inducing DNA damage by IR and, in a smaller degree, by chaetocin, since this modification is a very early step in DDR, but such high levels remain high in response to the combination of IR and chaetocin (Figure 5). Based on these results and taking into account that chaetocin impairs 53BP1 foci formation, we suppose that IR increases H4K16ac levels in a transient manner, which facilitate the assembly of 53BP1 foci just when such levels start to decrease, whereas chaetocin, by itself or in combination with IR, not only reduces H4K20me2 levels, but also interferes with H4K16 deacetylation. Altogether, these data reinforce the idea that KMT inhibitors like chaetocin involve changes in the histone epigenetic code that interfere with DNA repair by the NHEJ pathway.


[image: image]

FIGURE 5. Effect of chaetocin on the acetylation of histone H4 in lysine 16 (H4K16ac) in U2OS cells treated with IR. (A) Detection of H4K16ac by immunofluorescence. (B) Quantification of the increase in H4K16ac induced by IR. ns, not significant, ***p < 0.001. (C) Immunoblot to show the increase of H4K16ac levels by IR. These images only show the detail in one cell selected for presentation. The field images are shown in Supplementary Figure 8. Ctrl, control without chaetocin. Chaet, chaetocin (100 nM).




Tazemetostat Impairs H4K20me2 the DNA Damage Response Induced by Doxorubicin

Tazemetostat is a KMT inhibitor targeting EZH2 (Italiano et al., 2018) and G9a (Soumyanarayanan and Dymock, 2016; Dockerill et al., 2020) that has been approved for the treatment of sarcomas (Italiano et al., 2018; Gounder et al., 2020) and sensitizes ovarian cells to DNA damage (Karakashev et al., 2020). Therefore, we tested whether tazemetostat could also impair the H4K20me2 as part of the DDR in sarcoma cells treated with doxorubicin. The treatment with tazemetostat significantly reduced the levels of H4K20me2 in response to doxorubicin in U2OS (Figure 6A) and SK-LMS-1 (Figure 6B) cells as well as inhibited the formation of 53BP1 foci induced by doxorubicin in U2OS cells (Figure 7) and SK-LMS-1 cells (Supplementary Figure 9).
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FIGURE 6. Effect of tazemetostat (TZM) on H4K20me2 levels in response to DNA damage induced by doxorubicin. (A) Effect of tazemetostat on the levels of H4K20me2 in U2OS cells deprived of serum. The tazemetostat effect on γH2AX and 53BP1 is shown in Figure 7. (B) Effect of tazemetostat on the levels of H4K20me2 in SK-LMS-1 cells. The tazemetostat effect on γH2AX and 53BP1 is shown in Supplementary Figure 9. ***p < 0.001. Ctrl, control without doxorubicin.
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FIGURE 7. Effect of tazemetostat on γH2AX and 53BP1 foci in response to doxorubicin treatment in U2OS osteosarcoma cells deprived of serum. Effect of tazemetostat on the formation of γH2AX (red) and 53BP1 (green) foci. The detail images selected indicated by boxes are shown to the right. Graphs at the bottom show the quantification of γH2AX and 53BP1 foci. ns, not significant. ***p < 0.001. Ctrl, control without doxorubicin.




JMJD2 Inhibitor Does Not Alter the Formation of 53BP1 Foci Induced by DNA Damage

53BP1 is an essential mediator protein in NHEJ pathway and its recruitment at damage sites depends on covalent modifications in specific histones residues and repair proteins. Since chaetocin or tazemetostat, KMT inhibitors, impair the accumulation of 53BP1 at damage sites in response to DNA damage, we studied the consequences of treatment with a lysine demethylase (KDM) inhibitor, JMJD2i, on 53BP1 foci formation. Our results showed that these foci were correctly formed after the combination of JMJD2i and different doses of IR (Figure 8). This result supports our hypothesis that the effect of chaetocin and tazemetostat on 53BP1 foci formation is modulated by variations of histone methylation patterns, since high methylation levels associated with the treatment with JMJD2i facilitates the recruitment of 53BP1 in response to DNA damage.
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FIGURE 8. The assembly of 53BP1 foci is not affected by JMJD2i treatment, which inhibits lysine demethylation, after inducing DSBs with IR in U2OS cells. (A) γH2AX and 53BP1 foci formation in response to JMJD2 inhibitor and/or IR. (B) Quantification of γH2AX and 53BP1 foci after JMJD2i treatment and inducing DNA damage by IR. ns, not significant, ***p < 0.001. The field images are shown in Supplementary Figure 10. Ctrl, control without IR.




Chaetocin and Tazemetostat Facilitate DNA Damage Induced by Doxorubicin

A consequence of KMT inhibition would be a facilitation of chromatin relaxation, which makes tumor cells more susceptible to undergo DNA damage. Therefore, we tested whether these two KMT inhibitors, chaetocin and tazemetostat, could really cause DNA damage by themselves or in cooperation with doxorubicin. The accumulation of DNA damage was detected by labeling nuclear free-DNA ends in a TUNEL assay. These two KMT inhibitors by themselves caused a minor, but significant increase in DNA damage, which reached their maximum effect when they were combined with doxorubicin in both U2OS (Figure 9A) and SK-LMS-1 cells (Figure 9B).
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FIGURE 9. Effect of chaetocin and tazemetostat on the induction of DNA damage detected in TUNEL assays in U2OS (A) and SK-LMS-1 (B) sarcoma cells deprived of serum. DNA damage was detected by labeling free DNA ends. *p < 0.05, **p < 0.01, and ***p < 0.001. Ctrl, control without doxorubicin.




Chaetocin and Tazemetostat Promote Cell Death in Response to DNA Damage Induction

Next, we analyzed the effect of these inhibitors, chaetocin and tazemetostat, on the induction of apoptosis by detection of the cleavage of caspase 3 and PARP1. PARP1 is cleaved by activated caspase 3 and can be detected as a smaller protein with a specific antibody for this cleaved fragment. Because of that, the cleavage of caspase-3 and PARP1 was determined in both sarcoma cell lines. Cleaved caspase 3 was detected after chaetocin or tazemetostat treatments either by themselves or in combination with doxorubicin at different time points in both cell lines (Figures 10A,B). Chaetocin by itself was able to induce caspase activation at shorter times than tazemetostat, whose effect required a longer time and the cooperation of doxorubicin. The processing of PARP1 as a result of caspase activation was similarly determined (Figures 10C,D). Chaetocin was also more effective at a shorter time than tazemetostat and PARP1 processing that was induced by these drugs in cooperation with doxorubicin. This effect of chaetocin on PARP1 processing induced by ionizing radiation was further confirmed in U2OS and SK-LMS-1 cell lines (Supplementary Figure 11).
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FIGURE 10. Chaetocin and tazemetostat cause an activation of caspases detected by the processed caspase 3 and PARP1 in doxorubicin treated cells. Effect of chaetocin and tazemetostat on processed caspase 3 after treatment with doxorubicin in U2OS (A) and SK-LMS-1 (B) cells deprived of serum. Effect of chaetocin and tazemetostat on PARP1 cleavage after treatment with doxorubicin in U2OS (C) and SK-LMS-1 (D) cells deprived of serum. The cleavage of PARP1 in response to chaetocin is shown in Supplementary Figure 11.




DISCUSSION

Genomic instability contributes to cancer development. However, the generation of excessive DNA damage by treatment combinations can lead to a loss of tumor cell viability. In this context, approaches promoting DNA damage accumulation in tumor cells can be exploited in novel cancer therapeutic strategies of synthetic lethality. Among potential targets are those proteins involved in different DDR pathways either by combining them in tumors with mutations in a DDR gene, such as BRCA1 (Fong et al., 2010) or WRN (Chan et al., 2019; Kategaya et al., 2019; Lieb et al., 2019), or by pharmacological targeting of another DDR pathway, such as olaparib, which targets PARP1 (Tewari et al., 2015; Leichman et al., 2016; Srinivasan et al., 2017). An alternative is to simultaneously target two different DDR pathways or associated processes, such as chromatin remodeling, with drugs to promote tumor cell death. Based on that, KMTs are good candidates, since they regulate chromatin compaction. If these KMT inhibitors were combined with DNA-based treatments, such as IR or doxorubicin, which are commonly used in sarcomas, the impact on DNA damage could be significantly higher and thus lethal for the tumor cell.

The recruitment of 53BP1 to chromatin in response to DSBs depends on two major components. One is the balance of epigenetic modifications such as H4K16ac (Murr et al., 2006; Garcia-Gonzalez et al., 2020), H2AK15ub (Fradet-Turcotte et al., 2013) and H4K20me2 (Jacquet et al., 2016; Wilson et al., 2016). The other is the sequential accumulation and phosphorylation of histone γH2AX, MDC1, and NBS1 at DNA damaged locations (Lou et al., 2006; Eliezer et al., 2009; Liu et al., 2012; Lavin et al., 2015; Monsalve et al., 2016). In this context, we have demonstrated that the inhibition of KMTs interfered with DDR and the NHEJ pathway, which require the spatial and temporal coordination of different DNA repair factors and a local dynamic remodeling of chromatin. Furthermore, the manipulation of epigenetic modifications mediated by the KMT inhibitors chaetocin and tazemetostat did not alter earlier steps in DDR, such as γH2AX, MDC1 and NBS1 foci, suggesting that KMT inhibitors work at later steps in DDR.

The dimethylation of histone H4 in lysine 20 (H4K20me2) stabilizes the interaction between chromatin and 53BP1 in foci (Li et al., 2020). Our study shows that chaetocin and tazemetostat strongly reduce H4K20me2 levels and consequently interfere with DDR due to the impairment of 53BP1 recruitment to damage locations. Chaetocin is more efficient than tazemetostat in impairing H4K20me2, which is necessary for DDR by the NHEJ pathway. This effectiveness of chaetocin is likely to be a consequence of its less specific inhibition of KMTs, while tazemetostat has a more specific target, EZH2 (Brach et al., 2017; Italiano et al., 2018; Rothbart and Baylin, 2020). Furthermore, the acetylation of H4K16 has to be removed in order to facilitate the dimethylation of H4K20 after the generation of DNA damage (Hsiao and Mizzen, 2013; Tang et al., 2013). However, H4K16ac levels were still high in response to IR and chaetocin, making more difficult that H4K20 can be methylated and impairing 53BP1 recruitment to DNA damage locations. Apart from the modulation of these epigenetic modifications, the disruption of H2AK15 ubiquitination and its writer, the RNF168 ubiquitin ligase, could also indirectly contribute to the impairment of 53BP1 foci formation. However, further studies should be performed in order to confirm this hypothesis.

Along with their effect on H4K20me2, both chaetocin and tazemetostat cause DNA damage by themselves, but this effect is particularly higher in the case of chaetocin. This effect is a likely consequence of the generation of oxidative stress by chaetocin, which is a competitive substrate, and inhibitor, of the thioredoxin reductase (Tibodeau et al., 2009) leading to an increase of reactive oxygen species (ROS), which are directly related to DNA damage and promote cell death (Bruner et al., 2000; Hoeijmakers, 2001; van Gent et al., 2001; Isham et al., 2007; Chaib et al., 2012; Han et al., 2017; He et al., 2017; Li et al., 2019; Ozyerli-Goknar et al., 2019; Wen et al., 2019). This effect of chaetocin on ROS production and its lower KMT specificity make it more toxic than tazemetostat.

Due to the DDR impairment caused by KMT inhibitors, chaetocin or tazemetostat, DNA damage is accumulated and leads to tumor death. The treatment with these two KMT inhibitors caused an increase in DNA damage, higher when cells were treated with IR or doxorubicin, which was detected by labelling of free DNA-ends in TUNEL assays, and an increase in processed PARP1 and caspase-3, which indicates that apoptosis has been activated in tumor cells. All these results are consistent with the role of these KMT inhibitors in facilitating cell death (Duriez and Shah, 1997; Soldani and Scovassi, 2002).

Therefore, the combination of a KMT inhibitor with current treatments based on DNA damage in sarcomas, such as ionizing radiation or doxorubicin, could be useful to develop novel strategies that sensitize tumor cells (Figure 11) and, at the same time, might contribute to reduce the dose of these toxic treatments. The consequence would be a reduction of treatment side effects that would lead to an improvement in patient quality of life and life expectancy.
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FIGURE 11. Diagram showing the induction of DNA damage by radiation or doxorubicin, and the effect of KMT inhibitors on DDR. Both inhibitors promote the generation of DNA damage, impair its repair and thus contribute to facilitate tumor cell death. The SUV39H1, EZH2, SETD8, and NSD2, which mediate H4 lysine methylation, would be the most probable candidate enzymes inhibited by chaetocin and/or tazemetostat and explain why H4K20me2 levels decrease in presence of both KMT inhibitors.




CONCLUSION

The inhibition of KMTs by chaetocin or tazemetostat causes a significant reduction of H4K20me2 levels, which impairs the recruitment and formation of 53BP1 foci induced by DNA damage. As a consequence of this defective DDR, there is an accumulation of DNA damage that promotes tumor cell death. Based on these effects, we propose that new therapeutic approaches against tumor cells could be based on the use of these KMT inhibitors in synthetic lethality strategies to treat cancer.
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