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Simple summary: Epigenetic modification of histones modulates chromatin remodeling. In this re-

port, we have tested the effect of two lysine methyltransferase inhibitors, chaetocin and tazemeto-

stat, on the DNA damage response in sarcoma cells. These inhibitors facilitate chromatin relaxation 

and DNA damage, which were detected by the increase of H4K16ac levels and the labeling of free 

DNA-ends and γH2AX foci. Moreover, they block the DDR at specific repair steps, both by prevent-

ing the accumulation of H4K20me2, and the recruitment of 53BP1 to damaged DNA. These KMT 

inhibitors facilitate tumor cell death detected by the processing of caspase 3 and PARP1. Therefore, 

KMT inhibitors can be used in synthetic lethality strategies in combination with doxorubicin or ion-

izing radiation in sarcomas. 

Abstract. 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 methyl-

transferases (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 treat-

ments 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 

can function as sensitizers to DNA damage-based therapies and be used in novel synthetic lethality 

strategies for sarcoma treatment. 
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1. Introduction  

Chromatin structure is dynamically remodeled by DNA and histone epigenetic modifica-

tions to control and coordinate all DNA-based processes such as transcription, replication, 

recombination or DNA repair [1,2]. These epigenetic modifications are mediated by sev-

eral chromatin modifiers and depend on the cellular context [3-6]. 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 [6]. 

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 asso-

ciated with heterochromatin condensation [6]. This dynamic covalent modification of his-

tones occurs in N-terminal lysine or arginine residues [7,8], and several inhibitors have 

been designed against lysine methyltransferases (KMTs) and demethylases (KDMs), 

which can be used to improve current cancer treatments [9,10]. Among them is chaetocin, 

which inhibits KMTs such as SUV39H1 [11-13] or G9a [14,15]. In addition to its role as 

KMT inhibitor [11], chaetocin is also a competitive inhibitor of thioredoxin reductase, 

whose function is to compensate the deleterious effect of reactive oxygen species (ROS) 

[16]. Furthermore, other exogenous agents such as ionizing radiation also facilitate ROS 

production [17,18], causing single- and double-strand breaks (SSBs and DSBs, respec-

tively) [17], and their accumulation can lead to cell death [17]. Both effects contribute to 

chromatin relaxation and the generation of oxidative stress, which facilitate DNA damage 

[16,19-21]. In this context, chaetocin also induces cell death in different types of tumors, 

including multiple myeloma [21], leukemia [12], melanoma [22], gliomas [19,23], and gas-

tric [24], ovarian [25], and non-small cell lung cancers [26]. Another recent KMT inhibitor 

that targets EZH2 is tazemetostat, which is clinically used in sarcomas [27,28]. Further-

more, PARP1 regulates NHEJ (Non-homologous end joining) [29,30], and its inhibitors, 

such as olaparib, also cause DNA damage [31], which in combination with DNA damag-

ing agents, such as ionizing radiation (IR), is also used in sarcomas [32]. 

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 le-

sions based on their type [18,33]. Initially, all these DDR pathways require a local distor-

tion of chromatin caused by the DNA lesion [34,35], which is necessary to trigger the se-

quential 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 corre-

sponding specific DDR pathway [36,37]. These sequential processes involve changes in 

covalent modifications of histones [36], 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 re-

modelers and protein kinases implicated in specific DDR pathways [38,39]. The acetyla-

tion of histone H4 in K16 (H4K16ac) is also induced in response to DNA damage and is 

associated with chromatin relaxation [39,40]. However, other chromatin readers depend 

on specific histone methylations to be recruited to DNA damage sites, such as 53BP1 [41-
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43], a protein involved in non-homologous end joining (NHEJ) [44-46], a key DNA repair 

pathway in resting cells such as neurons or cancer stem cells. In this context, the dimethyl-

ation of histone H4 in lysine 20 (H4K20me2), mediated by SET8 [47] and MMSET [48], is 

necessary for the recruitment of 53BP1 at locations with DNA damage [41,47]. H4K20me2 

stabilizes the interaction between chromatin and 53BP1 in foci [49], and facilitate DNA 

repair by the NHEJ pathway [44,50].  

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 [51]. 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, could be used as DNA damage 

sensitizers [53, 54] and become candidates for synthetic lethality strategies in sarcomas 

cells treated with either ionizing radiation (IR) [32] or doxorubicin [52,55]. 

2. Results 

2.1. Chaetocin induces DNA damage by itself and impairs the recruitment of 53BP1 at damage 

sites 

Initially, we tested whether chaetocin, a KMT inhibitor, is able to induce DNA damage, 

which was detected by the formation of γH2AX foci, a surrogate marker of DDR early 

steps [56-58]. Chaetocin significantly increased the number of γH2AX foci with respect to 

control cells (Fig. 1A, B). However, the combination of this inhibitor with different doses 

of ionizing radiation (IR), another source of oxidative stress, did not show a synergic effect 

on the assembly of these foci in U2OS osteosarcoma cells (Figure 1A, B, C) and SK-LMS-1 

leiomyosarcoma cells (Supplementary Figure S2). These data suggested that both, chae-

tocin and IR, by themselves have already reached their maximum effect. 

 After the initial phosphorylation of histone H2AX, additional repair proteins are se-

quentially recruited to DSBs. One of these proteins is 53BP1 [41,42], which determines 

DNA repair by the NHEJ pathway [43,59]. We studied whether chaetocin interferes 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 (Figure 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 en-

dogenous 53BP1 protein, as the cause of foci loss. Similar results were obtained in SK-

LMS-1 leiomyosarcoma cells (Supplementary Figure S2) Therefore, we concluded that 

chaetocin impairs the recruitment of 53BP1, but not of γH2AX, to DSBs induced by IR. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 April 2021                   



 

 

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 chae-

tocin on γH2AX and 53BP1 foci formation after inducing DNA damage with different doses of IR. C. Quanti-

fication 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, *** p < 

0.001. These images only show the detail in one cell selected for presentation. The field images are shown in 

Supplementary Figure S1. 
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2.1. Chaetocin induces DNA damage by itself and impairs the recruitment of 53BP1 at damage 

sites 

Initially, we tested whether chaetocin, a KMT inhibitor, is able to induce DNA damage, 

which was detected by the formation of γH2AX foci, a surrogate marker of DDR early 

steps [56-58]. Chaetocin significantly increased the number of γH2AX foci with respect to 

control cells (Fig. 1A, B). However, the combination of this inhibitor with different doses 

of ionizing radiation (IR), another source of oxidative stress, did not show a synergic effect 

on the assembly of these foci in U2OS osteosarcoma cells (Figure 1A, B, C) and SK-LMS-1 

leiomyosarcoma cells (Supplementary Figure S2). These data suggested that both, chae-

tocin and IR, by themselves have already reached their maximum effect. 

 After the initial phosphorylation of histone H2AX, additional repair proteins are se-

quentially recruited to DSBs. One of these proteins is 53BP1 [41,42], which determines 

DNA repair by the NHEJ pathway [43,59]. We studied whether chaetocin interferes 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 (Figure 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 en-

dogenous 53BP1 protein, as the cause of foci loss. Similar results were obtained in SK-

LMS-1 leiomyosarcoma cells (Supplementary Figure S2) Therefore, we concluded that 

chaetocin impairs the recruitment of 53BP1, but not of γH2AX, to DSBs induced by IR. 

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 (12 hours post-IR) increased 

significantly (Supplementary figure S3). These results demonstrated that DDR is not 

working efficiently in presence of chaetocin, implying that the sequential response is 

blocked. Consequently, earlier proteins participating in this process, such as γH2AX, are 

accumulated at DNA damaged sites, whose repair is stalled. 
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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 S2. Quantifications of 

these nuclear foci in response to chaetocin and/or doxorubicin are shown to the right. ns: not significant, *** p 

< 0.001. 

 

 

2.3. MDC1 and NBS1, intermediate DDR proteins between γH2AX and 53BP1 foci formation, 

are not affected by chaetocin treatment 
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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 accumula-

tion of 53BP1 at DSBs [64-66]. 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, but 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. 

 

Figure 3. Chaetocin does not interfere with MDC1 foci formation 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. 
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2.4. 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 [41,67]. Therefore, we tested the ability of chaetocin to mod-

ify 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 S4A). Fur-

thermore, this reduction in H4K20 dimethylation levels was also observed in response to 

doxorubicin and chaetocin treatments (Figure 4B, Supplementary figure S4B). This effect 

on H4K20me2 explains why this KMT inhibitor only affects the accumulation of 53BP1, 

but not of γH2AX, NBS1 or MDC1 at damaged sites. 

DNA damage causes an early local relaxation of chromatin that is associated with the 

acetylation of histone H4 in K16 (H4K16ac) [39,68]. Therefore, we also determined H4K16 

acetylation levels, which have to decrease in order to enable 53BP1 to bind to chromatin 

through H4K20me2 [45,69]. As expected, these H4K16 acetylation levels increased after 

inducing DNA damage by IR and, in a smaller degree, by chaetocin, since this modifica-

tion is a very early step in DDR, but such high levels remain high in response to the com-

bination of IR and chaetocin (Supplementary Figure S5). 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. 

 

2.5. Tazemetostat impairs H4K20me2 the DNA Damage Response induced by doxorubi-

cin 

Since tazemetostat is a KMT inhibitor currently used in clinical practice, we tested 

whether tazemetostat could also impair the H4K20me2 as part of the DDR in cells treated 

with doxorubicin. The treatment of U2OS (Figure 5A) and SK-LMS-1 (Figure 5B) cells with 

tazemetostat significantly reduced H4K20me2 levels and the formation of γH2AX and 

53BP1 foci induced by doxorubicin in both sarcoma cell lines (Supplementary Figure S6; 

Supplementary Figure S7). 
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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 (Doxo) 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). ns: not significant, 

*** p < 0.001. 
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Figure 5. Effect of tazemetostat (TZM) on H4K20me2 levels in response to DNA damage induced by doxoru-

bicin. 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 Supplementary Figure S6. 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 Fig-

ure S7. *** p < 0.001. 

2.6. 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 differ-

ent doses of IR (Supplementary Figure S8). This result confirms that the effect of chaetocin 
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and tazemetostat on 53BP1 foci formation is modulated by variations in the methylation 

pattern of histones. 

2.7. 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. Tazemetostat is a new KMT 

inhibitor that targets EZH2 and G9a [70,71] that has been approved for the treatment of 

sarcomas [72]. Therefore, we tested whether these two KMT inhibitors, chaetocin and 

tazemetostat, can really cause DNA damage by themselves or in cooperation with doxo-

rubicin. The accumulation DNA damage was detected by labelling 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 6A) and SK-LM-1 cells (Figure 6B) 

 

Figure 6. Effect of chaetocin and tazemetostat on 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 labelling free 

DNA ends. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Next, we analyzed the effect of these inhibitors, chaetocin and tazemetostat, on the induc-

tion 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 de-

termined in both sarcoma cell lines. Cleaved caspase 3 was detected after chaetocin or 

tazemetostat treatments either by themselves or in combination with doxorubicin at dif-

ferent time points in both cell lines (Figure 7A, 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 acti-

vation was similarly determined (Figure 7C, 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 cell lines (Supplementary 

Figure S9). 

 

 

Figure 7. 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 S9. 
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Genomic instability contributes to cancer development. However, the generation of ex-

cessive 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 [61] or WRN [73-75], or by phar-

macological targeting of another DDR pathway, such as olaparib, which targets PARP1 

[76-78]. An alternative is to simultaneously targeting two different DDR pathways, or as-

sociated 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 are combined with DNA-based treatments, such as IR or doxorubi-

cin, which are commonly used in sarcomas, the impact on DNA damage can be signifi-

cantly higher and thus lethal for the tumor cell.  

The recruitment of 53BP1 to chromatin in response to DSBs depends on two major com-

ponents. One is the balance of epigenetic modifications such as H4K16ac [39,40] and 

H4K20me2 [67,79]. The other is the sequential accumulation and phosphorylation of his-

tone γH2AX, MDC1 and NBS1 at DNA damaged locations [64-66,80,81] In this context, 

the inhibition of KMTs can interfere 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. Therefore, the manipulation of epigenetic modifications medi-

ated 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 have to work at 

later steps in DDR.  

The dimethylation of histone H4 in lysine 20 (H4K20me2) stabilizes the interaction be-

tween chromatin and 53BP1 in foci [49]. Our study shows that chaetocin and tazemetostat 

strongly reduce H4K20me2 levels, and thus would interfere with DDR due to the impair-

ment of 53BP1 recruitment to damage locations. Chaetocin is more efficient than taze-

metostat in impairing H4K20me2, which is necessary for DDR by the NHEJ pathway. This 

effectiveness of chaetocin is likely to be a consequence of it less specific inhibition of 

KMTs, while tazemetostat has a more specific target, EZH2 [27,82,83]. Furthermore, the 

acetylation of H4K16 has to be removed in order to facilitate the dimethylation of H4K20 

after the generation of DNA damage [69,84]. 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. 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 chae-

tocin, which is a competitive substrate, and inhibitor, of the thioredoxin reductase [16] 

leading to an increase of reactive oxygen species (ROS) that has been related to cell death, 

taking into account that oxidative stress is directly related to DNA damage [12,20-

23,25,85-88]. This effect of on ROS and its lower KMT specificity make chaetocin more 

toxic than tazemetostat. 
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Due to the DDR impairment caused by KMT inhibitors, chaetocin or tazemetostat, DNA 

damage is accumulated and lead to tumor death. The treatment with these two KMT in-

hibitors 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 acti-

vated in tumor cells. All these results are consistent with the role of these KMT inhibitors 

in facilitating cell death [89,90].  

Therefore, the combination of a KMT inhibitor with current treatments based on DNA 

damage in sarcomas, such as ionizing radiation or doxorubicin, can be useful to develop 

novel strategies that sensitize tumor cells 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 can lead to an improvement in patient quality of life and life expectancy. 

4. Materials and methods 

4.1. Reagents and Inhibitors 

Doxorubicin (Ref. 16416646, Thermo-Fisher Scientific); olaparib (Ref. O-9201, LC Labora-

tories, Woburn, MA, USA), chaetocin (Ref. C9492, Sigma-Aldrich Merck), Tazemetostat 

(Ref. S7128, Selleckchem) and JMJD2 inhibitor (Ref. 420201, Calbiochem, Merck-Milli-

pore). All other reagents were from Sigma-Aldrich-Merck (Darmstadt, Germany) (Sup-

plementary Table S1). 

4.2. 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 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 inhibi-

tors were performed in serum deprived cells for 48 hours to eliminate mitogenic signals. 

4.3. DNA damage 

DNA damage was induced by treatment with different doses (0.5, 1 or 3 Gy) of ionizing 

radiation using a Gammacell 1000 Elite irradiator (Theratronics, Ottawa, Canada) with a 

137Cs source. Alternatively DNA damage was also induced by treatment with doxorubicin 

or olaparib (PARP1 inhibitor) [91,92]. These measurements were performed in serum de-

prived cells (0.5%) for 48 hours to remove mitogenic signaling and promote DNA repair 

by the NHEJ pathway. Chaetocin (100 nM) or tazemetostat (80 nM) were added at 24 

hours after serum withdrawal. DNA damage was induced by addition of either olaparib 

(10 µM) at 27 hours, doxorubicin (3 µM) at 46 hours, or ionizing radiation (IR) treatments 

at 48 hours.  

4.4. Cell lysates and histone extraction  
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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 [93]. All protein extracts were quantified 

using the Bradford protein assay (Bio-Rad; Hercules, CA). Lysates were boiled at 100ºC in 

Laemmli buffer for 5 min for gel loading. 

4.5. 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. 

4.6. SDS-Page electrophoresis and western blot analysis 

Proteins were fractionated by SDS-Page vertical electrophoresis and transferred to Immo-

bilon-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% nonfat dry milk, or 5% 

BSA (bovine serum albumin), for one hour at room temperature. Next, membranes were 

incubated with the primary antibody overnight at 4 °C, followed by three washes of 10 

minutes in TBS-T buffer. Afterwards, membranes were incubated with the corresponding 

secondary antibodies for 1 hour 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, USA) [66,91,92]. 

4.7. Immunofluorescence and confocal microscopy 

Cells were plated on 60 mm dishes which included coverslips to be used for immunoflu-

orescence experiments [58,66,92,94,95]. Cells on coverslips were fixed with 3% paraform-

aldehyde for 30 minutes and treated with 200 mM glycine solution for 15 min at room 

temperature to eliminate the paraformaldehyde. Cells were permeabilized with 0.2 % Tri-

ton X-100 solution in PBS for 30 minutes and blocked with 1% BSA in PBS for 30 minutes 

at room temperature or overnight at 4ºC. For the simultaneous detection of two proteins, 

coverslips were sequentially incubated with the two primary antibodies, followed by 

three washes for 10 minutes in PBS after each one. The incubation with the corresponding 

secondary antibodies (Table 1), was performed for 1 hour at room temperature in dark-

ness, and finally washed three times for 10 min in PBS. Nuclei were stained with DAPI 

(4′, 6′-diamidino-2-phenylindole) (Sigma), diluted 1:1000 in PBS for 15 min at room tem-

perature, and washed three times for 10 minutes 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 63.0x lens 

zoomed in 1.5–3× with a 1024×1024 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 software 

(https://imagej.nih.gov/ij/). 
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Table 1. List of antibodies and applications. 

Primary antibodies 
Dilution 

(WB/IF) 

Clone and/or  

reference code 
Supplier 

53BP1 Rabbit polyclonal -; 1/200 H300, sc-22760 Santa Cruz Biotechnology 

53BP1 Rabbit polyclonal 1/500;  1/200 NB100-304 Novus Biologicals 

γH2AX 
Mouse monoclo-

nal 
-; 1/200 Clone JBW301; 05-636 Millipore 

MDC1 Rabbit polyclonal 1/500; 1/200 ab11169 Abcam 

NBS1 
Mouse monoclo-

nal 
-; 1/200 611871 BD Biosciences 

NBS1 (Nibrin) Rabbit polyclonal 1/1000; - N 3162 Sigma-Aldrich 

PARP1 
Mouse monoclo-

nal 
1/1000; - sc-8007 Santa Cruz Biotechnology 

β-actin 
Mouse monoclo-

nal 
1/2000; - AC15 / A5441 Sigma-Aldrich 

Histone  

H4-K16ac 

Rabbit monoclo-

nal 
1/500; 1/400 ab109463 Abcam 

Histone 

H4-K20me2 
Rabbit polyclonal 1/500; 1/100 9759 Cell Signaling 

Cleaved 

caspase 3 

Rabbit monoclo-

nal 
1/1000; - 5A1E / 9664 Cell Signaling 

 

Secondary antibodies 
Dilution 

(WB/IF) 
Reference code Supplier 

Anti-mouse 

IgG (WB) 

Goat Anti-Mouse 

IgG, DyLight 680 

(red)  

1/10000; - 35518 Thermo Scientific 

Anti-rabbit 

IgG (WB) 

Goat Anti-Rabbit 

IgG, DyLight 800 

(green) 

1/10000; - 35571 Thermo Scientific 

Goat anti-

Mouse IgG 

(IF) 

Goat anti-Mouse 

IgG linked to Cy3 

(red) 

-; 1/1000 115-165-146 Jackson ImmunoResearch 

Goat anti-rab-

bit IgG (IF) 

Goat anti-rabbit 

IgG linked to Cy2 

(green) 

-; 1/1000 111-225-144 Jackson ImmunoResearch 

4.8. Statistical analysis 

The IBM SPSS 25 statistics package was used for analysis. Statistical significance was cal-

culated 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 [96]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 April 2021                   



 

5. 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 increase in DNA dam-

age that promotes tumor cell death. Based on these effects, we propose that new thera-

peutic approaches against tumor cells can be based on the use of  these KMT inhibitors 

in synthetic lethality strategies to treat cancer. 
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