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SUMMARY

Lactylation is a lactate-induced post-translational modification best known for its roles in 

epigenetic regulation. Herein, we demonstrate that MRE11, a crucial homologous recombination 

(HR) protein, is lactylated at K673 by the CBP acetyltransferase in response to DNA damage 

and dependent on ATM phosphorylation of the latter. MRE11 lactylation promotes its binding 

to DNA, facilitating DNA end resection and HR. Inhibition of CBP or LDH downregulated 

MRE11 lactylation, impaired HR, and enhanced chemosensitivity of tumor cells in patient-derived 

xenograft and organoid models. A cell-penetrating peptide that specifically blocks MRE11 

lactylation inhibited HR and sensitized cancer cells to cisplatin and PARPi. These findings 

unveil lactylation as a key regulator of HR, providing fresh insights into the ways in which 

cellular metabolism is linked to DSB repair. They also imply that the Warburg effect can confer 

chemoresistance through enhancing HR and suggest a potential therapeutic strategy of targeting 

MRE11 lactylation to mitigate the effects.

In brief

Lactate-induced MRE11 lactylation in cancer cells leads to HR hyperactivation and 

chemoresistance. The findings unveil new insights into the ways in which cellular metabolism 

is tied to DSB repair and the impact of the Warburg effect on chemoresistance.

Graphical abstract
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INTRODUCTION

The Warburg effect, also known as aerobic glycolysis, is a metabolic hallmark of most 

cancers. It involves a process where large volumes of lactate are produced, despite the 

presence of oxygen in cancer cells.1–3 The intermediate metabolite lactate is derived 

from pyruvate in a reaction catalyzed by lactate dehydrogenase (LDH) in cancer cells 

and is known to play key roles in various cellular processes, which promote tumor 

cell proliferation, metastatic dissemination, and immune suppression.4,5 However, its non-

metabolic functions in cancer cells remain largely unknown. Recently, Zhang and colleagues 

reported that in addition to its metabolic functions, lactate also induces a previously 

unknown post-translational modification (PTM) called lactylation and that lactylation 

of histone lysine residues functions as an epigenetic modification that regulates gene 

transcription.6 However, it remains largely unclear what the functions of lactylation are 

in proteins.

The maintenance of genomic integrity is vital for ensuring the faithful transmission of 

genetic materials across generations.7,8 Endogenous and exogenous DNA damage and 

errors in DNA replication are major sources of genomic instability.9 Double-strand breaks 

(DSBs) are the most deleterious forms of DNA lesions and pose great threats to genome 

instability. DSB repair defects have been implicated in several diseases, including cancer, 

neurological disorders, growth retardation, and immune deficiency.10–13 The current model 

suggests that there are two main pathways responsible for repairing DSBs as follows: 
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non-homologous end-joining (NHEJ) and homologous recombination (HR).14,15 NHEJ 

directly conjugates the broken ends together, meaning it is quicker than HR but is error-

prone and may introduce a large number of mutations.16 Unlike NHEJ, which happens 

across the entire cell cycle, HR primarily occurs during S and G2 phases because of its 

requirement for a homologous template.17 As a result, HR is an error-free mechanism for 

DSBs repair. One of the key initial steps in HR is the end resection of damaged DNA, 

which generates proper single-strand DNA.18 In mammals, end resection is initiated by 

the MRE11 (meiotic recombination 11)/RAD50/NBS1 (Nijmegen breakage syndrome 1) 

(MRN) complex and then promoted by phosphorylated forms of CtIP (CtBP [C-terminal 

binding protein] interacting protein).19–21 The MRN complex is a versatile complex, playing 

a key role in the sensing, processing, and repair of DSBs.22–24

MRE11, the core component of the MRN complex, possesses both endonuclease and 3′−5′ 
exonuclease activity.23,25 MRE11 contains two DNA-binding domains (DBDs), enabling 

it to bind both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). After 

DSBs, MRE11 is loaded onto DSBs sites and cleaves DNA by cooperating with CtIP to 

initiate end resection. Long-range extensive DNA resection is subsequently completed by 

exonucleases EXO1 and DNA2. The resulting ssDNA is rapidly coated and protected by 

replication protein A (RPA), which is then replaced by the RAD51 recombinase to form a 

nucleofilament that is vital for the generation of homology and the subsequent steps of the 

HR process.26,27 Accumulating studies have indicated that overactivation of HR is a major 

driver of chemoresistance in cancers.28–30 Metabolic abnormalities are some of the most 

prominent characteristics of cancer cells. The best-known metabolic alteration in cancer 

cells is the Warburg effect, which is defined by a significant increase in glycolysis even in 

the case of sufficient oxygen.31 However, it is unknown whether HR is regulated by the 

Warburg effect.

Herein, we demonstrate that lactylation regulates HR. Mechanistically, MRE11 is lactylated 

following DNA damage. CBP catalyzes MRE11 lactylation at K673, which is located in its 

second DBD. MRE11 lactylation exerts a key function in regulating MRE11 DNA-binding 

ability and subsequent DNA end resection. High MRE11 lactylation promotes HR and 

chemoresistance in cancer cells. In addition, we designed a cell-penetrating peptide (CPP) to 

target lactylation of MRE11 K673. This peptide presents evident inhibition of MRE11 K673 

lactylation and impairs HR, which in turn promotes cancer cell sensitivity to chemotherapy. 

Taken together, our findings indicate that MRE11 lactylation promotes HR, and targeting 

MRE11 lactylation might be an effective strategy to overcome chemoresistance in cancers.

RESULTS

Lactylation promotes DNA damage repair and chemoresistance

As lactylation is a recently identified PTM, its role in cells remains largely unknown. LDHA 

is a major enzyme mediating lactate production,32 which may in turn promote protein 

lactylation.6 Intriguingly, we found that patients with low LDHA expression levels showed 

higher HR deficiency (HRD) scores (an indicator of HRD), suggesting that high levels of 

lactate or protein lactylation might exert a pivotal function in HR repair (Figure 1A). To 

test this hypothesis and separate the roles of lactate and protein lactylation, we treated cells 
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with sodium lactate (NALA), which induced a high degree of protein lactylation but did 

not affect cellular lactate levels (Figures 1B and S1A), and examined them with an HR 

reporter assay. As shown in Figures 1B and 1C, NALA treatment increased pan-lactylation 

in cells (Figure 1B) and enhanced HR repair (Figure 1C). In addition, NALA decreased 

irradiation (IR)-induced γ-H2AX foci at later time points (8 and 24 h), suggesting that 

NALA treatment facilitated DNA damage repair (Figures 1D and 1E). Therefore, an LDH 

inhibitor (LDHi) decreased lactate levels (Figure S1B) and pan-lactylation (Figure 1F) and 

inhibited HR (Figure 1G). Furthermore, LDHi treatment resulted in strong γ-H2AX foci at 

later time points (8 and 24 h), suggesting that LDHi impaired DNA damage repair (Figures 

1H and 1I). Notably, neither NALA nor LDHi treatment had obvious effects on the cell cycle 

(Figure S1C). Previous studies have suggested that HRD renders cancer cells sensitive to 

platinum or PARP (poly [ADP-ribose] polymerase) inhibitor (PARPi) treatment. Thus, we 

next examined whether manipulating lactylation in cancer cells would affect their responses 

to chemotherapy. As shown in Figures 1J–1L, NALA treatment increased protein lactylation 

and led cells to become resistant to cisplatin or olaparib treatment. By contrast, LDHi 

treatment decreased protein lactylation and sensitized cancer cells to cisplatin, olaparib, 

or etoposide (Figures 1M–1P). In addition, depletion of LDHA/B, which resulted in a 

significant reduction of lactate in cells, also markedly sensitized cancer cells to olaparib 

(Figures 1Q, 1R, and S1D).

Given that lactate could promote DNA repair by inducing expression (or transcriptional 

expression) of DNA damage-related genes,33 we wondered whether NALA also controlled 

DNA repair in a transcription-dependent manner. As shown in Figures S1E–S1G, unlike 

lactate treatment, NALA treatment did not affect the levels of acetylated histone H3 and 

H4 (acetyl-H3 and acetyl-H4), which were reported to regulate DSB repair,33 and did not 

affect the transcription of several key DNA repair genes, especially those involved in DSB 

repair. Additionally, although both NALA and lactate promoted DNA end resection, HR 

repair efficiency, and cancer cell survival after chemotherapy, lactate had a relatively greater 

effect (Figures S1H–S1K). All these data indicated that NALA might regulate DNA repair 

in a transcription-independent manner. Taken together, these results suggest that protein 

lactylation may play a key role in DNA damage repair.

MRE11 is lactylated by CBP acetyltransferase

After screening several key HR proteins, we found that MRE11 was strongly lactylated 

in cells (Figure 2A). NALA treatment enhanced the MRE11 lactylation, and LDHi 

treatment had the opposite effect (Figure 2B). Depletion of LDHA/B remarkedly decreased 

MRE11 lactylation (Figure 2C). Additionally, MCT1/4 inhibitor (MCT1/4i) treatment, 

which elevated cellular lactate levels, also remarkedly increased the MRE11 lactylation 

(Figures S2A and S2B). Interestingly, MRE11 lactylation was also increased by several 

DNA-damaging agents (Figure 2D).

Since previous studies have reported that lactylation occurs in both enzymatic- and non-

enzymatic-dependent manners,6,34 we next examined the underlying mechanism of MRE11 

lactylation. As shown in Figures S2C and S2D, inhibition or depletion of GLO1, a key 

regulator of non-enzymatic lactylation, did not affect MRE11 lactylation. However, after 

Chen et al. Page 5

Cell. Author manuscript; available in PMC 2025 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



screening multiple acetyltransferases, we found that CBP primarily mediated MRE11 

lactylation (Figure 2E). Depletion of CBP or CBP inhibition sharply decreased MRE11 

lactylation (Figures 2F and 2G). We also found that CBP bound to MRE11 (Figures 2H and 

S2E). The interaction between MRE11 and CBP was obviously increased following cisplatin 

treatment (Figures 2I and S2F). However, treatment with an ATM (ataxia-telangiectasia 

mutated) inhibitor was able to inhibit MRE11-CBP binding (Figures 2I and S2F) and DNA 

damage-induced MRE11 lactylation (Figure 2G). Meanwhile, we also found that CBP was 

phosphorylated by ATM after DNA damage using a p-SQ/TQ(ATM/ATR phosphorylate 

serine [S] or threonine [T] residues with glutamine [Q] at the +1 position [the so-called 

SQ/TQ motif]) substrate antibody, and this phosphorylation was abolished by ATM inhibitor 

treatment (Figure S2G). In addition, we found that CBP S124 was the major site of ATM-

mediated phosphorylation following DNA damage (Figure S2H). Mutating this site in CBP 
(S124A) decreased the interaction between CBP and MRE11 (Figure S2I), suggesting that 

the ATM-mediated phosphorylation of CBP was important for its binding to MRE11. Hence, 

our findings suggest that ATM may promote the interaction between CBP and MRE11 by 

mediating CBP phosphorylation, which then enhances CBP-mediated MRE11 lactylation. 

Furthermore, CBP-mediated MRE11 lactylation was confirmed with an in vitro lactylation 

assay (Figures 2J and S2J). Since nicotinamide (NAM), a sirtuin family inhibitor, markedly 

increased MRE11 lactylation (Figures S2K and S2L), we also explored potential “eraser(s)” 

of MRE11 lactylation by screening sirtuin family members. Our results suggested that 

SIRT1 (sirtuin 1) and SIRT2 (sirtuin 2) were two major regulators of MRE11 delactylation 

(Figure S2M).

MRE11 is lactylated at K673

MRE11 is an evolutionarily conserved protein that mainly consists of a nuclease domain, 

two DBDs, and a GAR (glycine arginine rich) domain (Figure 2K). To identify potential 

MRE11 lactylation sites, we performed mass spectrometry (MS). As shown in Figures 2K, 

2L, and S2N–S2P, four sites (K510, K609, K625, and K673) were identified as possible 

MRE11 lactylation sites. However, K673, which is located in the second DBD, was found to 

be the main lactylation site in response to DNA damage (Figures 2M and S2Q). The MRE11 

K673 site is highly conserved across different species (Figure S2R). To facilitate the specific 

recognition of MRE11 K673 lactylation, an antibody was generated (hereafter referred to 

as MRE11-K673la). We found that lactylation at MRE11 K673 was significantly increased 

in response to DNA damage and that the MRE11 K673R mutant abolished the signal 

detected by the MRE11-K673la antibody (Figure 2N). MCT1/4i treatment also remarkedly 

enhanced the lactylation of MRE11 K673 (Figure S2S). Additionally, overexpression of 

CBP significantly increased lactylation of MRE11 wild type (WT) but not the MRE11 

K673R mutant (Figure 2O). By contrast, depletion of CBP sharply decreased K673 

lactylation of MRE11 WT but not of the MRE11 K673R mutant (Figure S2T). To further 

confirm the MRE11 lactylation sites, we performed an in vitro lactylation assay using 

purified GST (glutathione S-transferase) fusion MRE11 WT and K673R mutant proteins. As 

shown in Figures 2P and S2U, GST-MRE11 WT, but not the K673R mutant, was lactylated 

in vitro. Taken together, our results suggest that K673 is the main site of CBP-meditated 

MRE11 lactylation in response to DNA damage.
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MRE11 lactylation enhances its DNA-binding ability

MRE11 has two DBDs and has been reported to bind DNA in RAD50-dependent and 

-independent manners.23,35–39 However, the mechanism underlying MRE11 DNA binding 

is still very unclear. Thus, we examined whether MRE11 lactylation affected its binding to 

DNA. First, we found that MRE11 lactylation did not affect complex formation between 

MRE11, RAD50, and NBS (Figures 3A and S3A). To examine whether lactylation played 

a role in MRE11 DNA binding, purified MRE11 WT was first utilized to perform in vitro 
lactylation assays and then in vitro DNA-binding assays. As shown in Figures 3B–3D, 

S3B, and S3C, electrophoretic mobility shift assay (EMSA) results suggested that MRE11 

lactylation facilitated MRE11 or MR (RAD50 and MRE11 complex) binding to dsDNA 

and overhang DNA. Additionally, compared with the MRE11 K673R mutant, MRE11 WT 

had a higher affinity for binding DNA (Figures 3E, 3F, and S3D). Furthermore, NALA 

treatment enhanced MRE11 and MRE11-K673la foci formation and MRE11 chromatin 

loading (Figures 3G–3J and S3E–S3G). Additionally, MRE11 foci formation and chromatin 

recruitment were decreased by the inhibition or depletion of CBP or LDHi treatment 

(Figures 3G–3L and S3E–S3H). Furthermore, protein retention of MRE11 K673R in the 

chromatin fraction was dramatically decreased compared with MRE11 WT (Figures 3I, 

3J, and S3E–S3G). Similarly, MRE11 K673R showed decreased foci formation following 

DNA damage (Figures 3M and S3I). In addition, we found that, compared with the soluble 

fractions, lactylated MRE11 was enriched in chromatin-bound fractions after DNA damage 

(Figure S3J). Meanwhile, we conducted a semi-quantification analysis based on the MS 

extracted ion chromatogram (XIC) and found that the lactylation percentage of K673 was 

calculated to be about 0.50% based on total MRE11 levels (Figure S3K). As previous 

studies have shown that the phosphorylation status of MRE11 S676 and S678 is important 

for MRE11 DNA binding and repair,40,41 we next determined whether lactylation of MRE11 

K673 regulated MRE11 DNA binding by affecting the phosphorylation of MRE11 S676 

and S678. As shown in Figures S3L and S3M, there was no mutual impact between the 

lactylation of MRE11 K673 and the phosphorylation of MRE11 S676/S678. Taken together, 

our findings suggest that lactylation of MRE11 is important for its DNA-binding ability and 

foci formation.

MRE11 lactylation enhances end resection

To further explore whether lactylation affected DNA end resection, cells treated with 

NALA or LDHi were employed to examine phospho-RPA2 (replication protein A2) and 

5-bromo-2′-deoxyuridine (BrdU) foci formation. Both LDHi treatment and depletion of 

LDHA/B markedly decreased cisplatin-induced phospho-RPA2 levels (Figures 4A, 4B, and 

S3N). However, NALA treatment was able to rescue the phospho-RPA2 levels impaired by 

the depletion of LDHA/B or LDHi treatment (Figures 4A and 4B), but not those impaired 

by the depletion of CBP or MRE11 (Figures S3O and S3P). In addition, the overexpression 

of CBP in control cells, but not in MRE11-depleted cells, obviously increased the levels of 

phospho-RPA2 (Figure S3Q). These findings suggest that lactylation may regulate DNA end 

resection via the CBP-MRE11 axis.

Next, we found that NALA treatment markedly increased RPA2, BrdU, and RAD51 foci 

formation after DNA damage (Figures 4C–4E). However, LDHi inhibited RPA2, BrdU, 
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and RAD51 foci formation (Figures 4C–4E). To further explore the role of MRE11 K673 

lactylation in DNA end resection, we constructed stably expressing MRE11 WT or MRE11 
K673R cancer cells where endogenous MRE11 was depleted (Figure S3R). We found 

that MRE11 K673R cells inhibited phospho-RPA2 levels after DNA lesions (Figure 4F). 

In addition, NALA increased phospho-RPA2 levels in cells expressing MRE11 WT but 

not in MRE11 K673R mutant cells, following DNA damage (Figure 4F). Furthermore, 

MRE11 K673R mutants impaired RPA2, BrdU, and RAD51 foci formation following DNA 

damage (Figures 4G–4I). We also further confirmed the role of MRE11 lactylation in DNA 

end resection using a qPCR-based DNA resection measurement system.42 We found that 

MRE11 K673R mutant cells markedly reduced ssDNA formation compared with MRE11 
WT cells (Figures 4J and 4K). Next, as it has been reported that MRE11 K673 may be 

able to be ubiquitinylated,43,44 we wondered whether mutating MRE11 K673 affected its 

ubiquitination or stability. As shown in Figures S3S and S3T, the K673R mutation did 

not affect MRE11 ubiquitination or stability. Taken together, our findings suggest that 

CBP-mediated MRE11 lactylation may be vital for DNA resection following DSBs.

Next, to rule out the possibility that K673 was also a CBP-mediated acetylation site 

at MRE11, which in turn regulates DNA end resection and HR repair, we performed 

a series of experiments to clarify the roles of lactylation and acetylation in MRE11 

functional regulation. As shown in Figure S4A, we found that MRE11 was acetylated 

by a pan-acetylation antibody. However, the mutation of MRE11 K673R did not affect 

MRE11 pan-acetylation levels (Figure S4A). Next, we screened the writer(s) for MRE11 

acetylation. Unlike the writer for lactylation of MRE11, the major writer for acetylation 

of MRE11 is GCN5 (general control non-depressible 5) (Figure S4B). Overexpression of 

GCN5 markedly increased MRE11 acetylation levels, and depletion of GCN5 markedly 

decreased MRE11 acetylation levels (Figures S4C and S4D). However, overexpression or 

knockdown of GCN5 did not affect MRE11 lactylation (Figures S4C and S4D). In addition, 

overexpression or depletion of CBP affected MRE11 lactylation but not acetylation (Figures 

S4E and S4F). Moreover, our findings indicated that CBP only catalyzed lactylation but 

not MRE11 acetylation, and GCN5 only catalyzed acetylation but not MRE11 lactylation in 
vitro (Figures S4G and S4H).

To further detect whether K673 was an acetylation site on MRE11, we also generated an 

anti-MRE11-K673 acetylation-specific antibody (termed as MRE11-K673ac). As shown in 

Figures S4A and S4C–S4H, we did not detect any signal of MRE11 K673 acetylation in 
vivo or in vitro by using this antibody, although the antibody had good specificity and 

showed a strong signal in dot blot assays (Figure S4A). Thus, these results suggest that 

MRE11 is acetylated and that the acetyltransferase is GCN5, but that K673 is not a site of 

MRE11 acetylation.

Next, we determined whether GCN5 regulated DNA end resection. As shown in Figures 

S3O and S4I–S4K, unlike CBP, overexpression or depletion of GCN5 had no effect on the 

levels of phospho-RPA2. Additionally, we found that NALA could induce MRE11 K673 

lactylation and DNA end resection (Figures S4L and S4M). However, NAAC (sodium 

acetate) was able to induce MRE11 acetylation but had no obvious effects on DNA end 

resection (Figures S4L and S4M).
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To further identify MRE11 acetylation sites, we performed MS using purified MRE11 

proteins. From the MS results, we found several possible sites of MRE11 acetylation 

(Figures S4N–S4S). Further assays determined that K609 was the major site of MRE11 

acetylation in response to DNA damage (Figure S5A). In addition, our results indicated that 

K609 was the major site of GCN5-mediated MRE11 acetylation in vitro (Figure S5B). Next, 

we confirmed that MRE11 K673 lactylation, but not K609 acetylation, was important for 

DNA end resection and HR repair (Figures S5C and S5D).

In summary, our findings demonstrate different roles for MRE11 lactylation and acetylation. 

These two modifications appear to be functionally discrete, with separate modification sites 

and writers, and have no crosstalk on MRE11 activity. Only K673 lactylation, but not K609 

acetylation, was found to facilitate DNA end resection and HR repair. Thus, our findings 

suggest that lactylation, but not MRE11 acetylation, facilitates DNA end resection and HR 

repair.

Lactylation of MRE11 promotes HR

Since lactylation of MRE11 enhanced DNA resection, which is a key step in HR repair, we 

next tested whether the MRE11 lactylation regulated HR repair and/or genomic stability. As 

shown in Figures 5A, S5E, and S5F, MRE11 K673R mutants decreased HR repair but did 

not clearly affect the transcriptional expression of several key DNA repair, particularly DSB 

repair, related genes (Figure S5G). Furthermore, the MRE11 K673R mutant impaired DNA 

damage repair, which was identified by examining γ-H2AX levels following DNA damage 

(Figure 5B) and confirmed by examining the average tail moments of cells following 

cisplatin treatment (Figures 5C, 5D, S5H, and S5I). Next, to explore whether MRE11 

lactylation regulated genomic stability, we detected the ratio of chromosome breaks in 

MRE11 WT and MRE11 K673R cells and found that cells expressing MRE11 K673R 
showed increased chromosome/chromatid breaks following DNA damage (Figure 5E).

To determine whether lactylation played a key role in DNA damage repair in vivo, mice 

were treated with NALA, CBP inhibitor (CBPi), or LDHi with/without 10 Gy IR. As 

shown in Figure 5F, increased numbers of γ-H2AX-positive cells were observed in the lung 

tissue of mice treated with LDHi following IR treatment. Additionally, LDHi treatment 

significantly decreased phospho-RPA2 levels in lung tissues (Figure S5J). Conversely, 

NALA treatment markedly decreased the numbers of γ-H2AX-positive cells in lung tissue 

and increased the intestinal villi length in mice post-IR treatment, but these phenotypes 

could be reversed by treating mice with CBPi (Figures 5G and 5H). Phospho-RPA2 levels 

in lung and small intestine tissues were also examined and shown to be consistent with 

the above results (Figures S5K and S5L). We also constructed LDHA-conditional knockout 

mice to further confirm our findings. As shown in Figures 5I and 5J, knockout of LDHA 
obviously increased the numbers of γ-H2AX-positive cells and decreased the length of 

intestinal villi in mice post-IR treatment. However, these phenotypes could be rescued by 

NALA treatment. LDHA knockout also obviously decreased IR-induced phospho-RPA2 

levels in both lung and intestinal tissues, and these changes were rescued by NALA 

treatment (Figures 5K, 5L, S5M, and S5N). Taken together, these results suggest that sodium 

lactylation manipulated by NALA or CBPi regulates DSB repair in vivo.

Chen et al. Page 9

Cell. Author manuscript; available in PMC 2025 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MRE11 lactylation promotes chemoresistance in cancer cells

By analyzing the HRD scores in basal-like breast cancer samples, we found that high 

LDHA expression was associated with lower HRD scores in tumors expressing high levels 

of BRCA1 (breast cancer gene 1), implying that high levels of lactate or lactylation could 

be related to enhanced HR in BRCA1 WT cancers (Figure 6A). In addition, given that the 

high efficacy of DNA damage repair usually leads to chemoresistance,45 we next examined 

whether MRE11 lactylation affected chemo-responses in cancer cells. As shown in Figure 

6B, NALA treatment led cancer cells to be resistant to olaparib, but CBPi treatment reversed 

this effect. Furthermore, MRE11 K673R cells showed hypersensitivity to olaparib compared 

with MRE11 WT cells (Figures 6C and 6D). Additionally, manipulating lactylation using 

CBPi or NALA affected chemo-responses in MRE11 WT cells but not in MRE11 K673R 
mutant cells (Figures 6C and 6D). These results suggested that MRE11 lactylation regulated 

chemo-responses in cell-based models.

Previous studies have reported that colon cancer is highly associated with the Warburg 

effect and generates abundant lactate. This might be a major reason behind chemotherapy 

resistance in colon cancer.2,46,47 However, the mechanism underlying these changes remains 

poorly understood. To examine whether MRE11 lactylation affected colon cancer chemo-

responses, we first performed colony formation assays using HCT116 and RKO colon 

cancer cells. As shown in Figures 6E–6H, LDHi and CBPi treatment both sensitized 

cancer cells to cisplatin and olaparib. Conversely, NALA treatment led cancer cells to 

become resistant to cisplatin and olaparib (Figures 6E–6H). Moreover, NALA-mediated 

chemoresistance was reversed by CBPi treatment (Figures 6G and 6H).

To further confirm the role of MRE11 lactylation in chemoresponse, we performed cancer-

killing assays using colon cancer patient-derived organoid (PDO) and patient-derived 

xenograft (PDX) models. We detected the MRE11 K673 lactylation levels in four different 

colon cancer PDOs, which were classified into the following two groups: high MRE11 

K673 lactylation and low MRE11 K673 lactylation (Figures 6I and S6A–S6D). We found 

that LDHi and CBPi enhanced cisplatin-killing effects in high lactylation PDOs (220 #, 

231 #) (Figures 6J, 6K, and S6E) and that phospho-RPA2 levels were markedly inhibited 

by LDHi or CBPi treatment in high MRE11 K673 lactylation PDO 220 # after DNA 

damage (Figure S6F). In PDOs with low MRE11 K673 lactylation (223 #), both NALA and 

lactic acid treatment promoted resistance to cisplatin (Figures 6L and S6G). Additionally, 

phospho-RPA2 levels were significantly increased by NALA or lactic acid treatment in low 

MRE11 K673 lactylation PDOs (Figure S6H).

Next, we screened three colon cancer PDXs by examining their MRE11 K673 lactylation 

levels and then selected the highest lactylated PDX to perform cancer-killing assays in vivo 
(Figure 6M). As shown in Figures 6N–6P, both CBPi and LDHi significantly enhanced 

the killing effects of olaparib on the high K673 lactylation colon PDX. In addition, CBPi 

and LDHi also markedly decreased phospho-RPA2, Ki67, and MRE11-K673la staining but 

increased γ-H2AX staining in olaparib treatment groups, suggesting that CBPi and LDHi 

inhibited DNA end resection and impaired DNA damage repair in vivo, which in turn led to 

cancer sensitivity to chemotherapy (Figures S6I–S6M). Taken together, these results suggest 
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that combining CBPi or LDHi with chemotherapy might be a potentially effective strategy to 

treat cancer with high levels of MRE11 K673 lactylation.

Inhibiting MRE11 K673 lactylation with a peptidic inhibitor enhances chemotherapy 
sensitivity

Since targeting CBP or LDH affects multiple signaling pathways, a strategy that specifically 

targets MRE11 K673 lactylation is also needed. Based on motifs involved in protein PTMs, 

specifically generated peptides have been shown to be a promising and effective strategy 

to inhibit protein’s PTMs.48,49 After analyzing the sequence around the MRE11 K673 

site, we synthesized five short peptides fused with CPPs,50–52 which have become one of 

the most popular and effective tools for the intracellular delivery of biomolecules (Figure 

7A). K673-peptide-3# (termed as K673-pe) presented the strongest inhibitory effect on 

MRE11 lactylation (Figure 7B). Thus, based on the K673-pe peptide, we synthesized a 

scrambled peptide (termed as K673R-pe), where the K673 residue was substituted with 

an R residue. As shown in Figures 7C, 7D, and S7A–S7C, K673-pe, but not K673R-pe, 

markedly decreased MRE11 lactylation, which in turn decreased cisplatin-induced phospho-

RPA2 levels (Figure 7E). Moreover, K673-pe significantly inhibited MRE11-K673la and 

RPA2 foci formation in response to DNA damage (Figures 7F–7H), implying that K673-pe 

inhibits MRE11 K673 lactylation and results in significant decreases in DNA end resection. 

Furthermore, K673-pe treatment also decreased RAD51 foci, which is consistent with a 

sharp reduction in HR levels in K673-pe treated cells (Figures 7F, 7I, and 7J). These results 

suggested that peptide K673-pe could downregulate HR by inhibiting MRE11 lactylation.

We next asked whether K673-pe treatment could sensitize cancer cells to chemotherapy. 

As shown in Figures 7K, 7L, S7D, and S7E, K673-pe, but not K673R-pe, significantly 

enhanced cancer cell sensitivity to olaparib and cisplatin. Additionally, K673-pe led MRE11 
WT cells, but not MRE11 K673R cells, to become further sensitive to cisplatin (Figure 7M), 

suggesting that K673-pe regulates chemo-responses by inhibiting MRE11 lactylation.

To further confirm the synergistic killing effect of combination K673-pe and chemotherapy 

in vivo, the highest MRE11K673 lactylation colon cancer PDX model was used for further 

cancer-killing assays. The peptide K673-pe did not have obvious toxic effects in mice, as 

indicated by the survival rate and normal renal/liver function (Figures S7F–S7P). As shown 

in Figures 7N and 7O, K673-pe, but not K673R-pe, significantly sensitized colon PDX 

to olaparib. Additionally, K673-pe sharply decreased phospho-RPA2, Ki67, and MRE11-

K673la but increased γ-H2AX staining in olaparib treatment groups (Figures S7Q–S7U). 

Taken together, these results suggest that targeting MRE11 K673 lactylation with K673-pe 

may enhance chemotherapy effects in cancer with high MRE11 K673 lactylation levels.

DISCUSSION

The Warburg effect is a common phenomenon in most cancers and is associated with 

the production of large amounts of lactate.53 Despite being discovered over 90 years 

ago, the role of the Warburg byproduct lactate plays in cancer cells remains largely 

unknown.53 Recently, it has been reported that lactate is a major source of histone protein 

lactylation-a recently defined PTM.6 Previous studies have shown that lactate promotes 
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chemoresistance.2,47,54,55 However, the precise mechanism of this phenotype remains to be 

explored.

HR, one of the most important DNA damage repair pathways, is error-free and plays 

a key role in maintaining genomic stability and inhibiting tumorigenesis.56 However, 

overactivation of HR in cancer has been implicated in chemoresistance.57 MRE11, the core 

component of the MRN complex, is responsible for DNA binding and cutting.23,25,38,58 

After DSBs occur, MRE11 is recruited to damage sites to initiate DNA end resection.59 

Next, the exonuclease EXO1/DNA2 is recruited to the DNA damage sites and mediates the 

extensive resection, which is pivotal for the HR repair process.60,61 Thus, the recruitment of 

MRE11 to DNA is a vital step for the MRE11-mediated initiation of DNA resection and HR 

repair.

Dysregulation of MRE11 results in immunodeficiency, radiation sensitivity, defective cell-

cycle checkpoints, and an increased predisposition to the development of cancer.59,62 

Thus, the precise regulation of MRE11 is vital for safeguarding genome stability and cell 

viability.63 PTMs of MRE11 play an important role in regulating its functions. Ubiquilin 4 

(UBQLN4, a key member of the ubiquitin-like protein family)-mediated ubiquitination of 

MRE11 leads to its degradation and thus affects DSB repair pathway choice.44 UFMylation 

of MRE11 on K282 by UFL1 (UFM1 specific ligase 1) is essential for optimal ATM 

activation, HR-mediated DSB repair, and genome integrity.64 PLK1-mediated MRE11 

phosphorylation decreases its ability to bind to DNA, resulting in the inhibition of HR 

repair.65 Arginine methylation of MRE11 by protein arginine methyltransferase 1 (PRMT1, 

a conserved enzyme in the evolution of the arginine methyltransferase family) at its GAR 

domain regulates its exonuclease activity.66 Additionally, C1QBP promotes MRE11 stability 

but inhibits its exonuclease activity by impeding its DNA binding through interactions 

with MRE11.67 dynein light chain LC8-type 1 (DYNLL1) and Nej1, the yeast homolog 

of XLF (non-homologous end joining factor 1), have also been reported to directly bind 

with MRE11 and then inhibit MRE11 resection activity.68,69 Current models suggest that 

MRE11 binds to DNA in RAD50-dependent and -independent manners.23,35–39 However, 

the regulation and mechanism underlying MRE11 recruitment to DNA after DNA damage 

remain largely unknown.

In this study, we found that MRE11 was lactylated by CBP. After DNA damage, interactions 

between MRE11 and CBP were increased, and MRE11 lactylation was increased. MRE11 

was specifically lactylated at its second DBD, K673. Interestingly, our findings suggested 

that MRE11 K673 lactylation enhanced its DNA-binding ability and then promoted end 

resection and HR repair. High MRE11 K673 lactylation resulted in high efficacy of 

HR repair and chemoresistance. However, the combination of a CBPi or LDHi (which 

inhibits MRE11 lactylation) and chemotherapy significantly attenuated HR repair and 

increased cancer-killing effects. We also performed cancer-killing assays using a high 

lactylation colon cancer PDX model in vivo and found that inhibition of MRE11 K673 

lactylation significantly enhanced PARPi-mediated cancer-killing effects. We also designed 

and generated CPPs that could specifically inhibit MRE11 K673 lactylation. These 

peptides could inhibit DNA end resection and impair DNA damage repair. Additionally, a 
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combination of the peptide and chemotherapy (cisplatin or olaparib) significantly promoted 

chemotherapy-mediated cancer cell-killing effects in vitro and in vivo.

Collectively, our findings implicate a player in HR repair: MRE11 lactylation. MRE11 

lactylation also connects cancer metabolism with DSB repair. Considering that the Warburg 

effect is a common phenomenon in most cancers that produce large amounts of lactate, 

protein lactylation may enhance HR repair in cancer and lead to chemoresistance. DNA 

damage also enhances MRE11 lactylation by activating CBP. Thus, the internal driver 

(the Warburg effect-induced lactate formation) and external driver (chemotherapy-induced 

hyperlactylation-MRE11) may synergistically drive the overactivation of HR in cancer 

development and therapeutic processes, leading to chemoresistance. Our findings imply 

that lactylation may serve as a biomarker for PARPi treatment to supplement BRCA status. 

Additionally, for cancers with high MRE11 K673 lactylation levels, combining a CBPi, 

LDHi, or K673-pe with platinum or PARPi may help overcome chemoresistance.

Limitations of the study

Although we found that MRE11 lactylated at K673 by CBP is important for DNA end 

resection and MRE11 is acetylated at K609 by GCN5, the functional significance of MRE11 

acetylation remains to be further studied. Second, although our findings determined that 

MRE11 lactylation promotes its binding to DNA, the precise mechanism and structure 

information of MRE11 lactylation remain to be further explored. Unlike acetylation of 

lysine (K), which could be mimicked by K to Q (glutamine) mutation, there is no effective 

mutation of lysine (K) to mimic lactylation to date. Hence, we cannot genetically generate 

MRE11 K673 lactylation mimicking mice to study the roles of MRE11 K673 lactylation in 

HR repair in vivo.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Jian Yuan (yuanjian229@hotmail.com).

Materials availability—All primary cells, plasmids, and mouse strains generated in this 

study are available from the lead contact with a completed materials transfer agreement.

Data and code availability

• The original western-blot images, mass spectrometry data, and microscopy data 

reported in this paper will be shared by the lead contact upon request.

• No original code was used in this study.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The sequences of qPCR assay primer, the target sequences for Knockdown of MRE11, CBP, 

GCN5, and the sequences of 70bp-dsDNA and 55bp-Overhang DNA for electrophoretic 

mobility shift assay (EMSA) are provided (Table S1).

Animal—All animal experiments and procedures were carried out in strict accordance 

with the Guidelines for the Care and Use of Laboratory Animals set by the U.S. National 

Institutes of Health (National Academies Press; 2011) and and were performed following the 

ethical guidelines protocols approved by Tongji University school of medicine.

Generation of LDHA Knockout Mice model—LDHAfl/fl mice were generated based 

on the C57BL/6N strain using CRISPR/Cas9 by Shanghai Model Organisms. Subsequently, 

LDHAfl/fl mice and UBC-CreERT were utilized to generate UBC-Cre +/− LDHAfl/fl mice. 

To achieve Cre mediated recombination, mice were treated with tamoxifen (T5648, Sigma) 

dissolved in corn oil via intraperitoneal injection (80 mg/kg, once a day for 7 consecutive 

days).

Sodium Lactate treatment in vivo—For in vivo animal experiments, sodium lactate 

(120 mg.kg-1) was intraperitoneally injected mice once a day.

Intestinal villi regeneration assay—For normal C57BL6 mice, 8–12-week-old mice 

(5 mice per group) were intraperitoneally pre-treated with LDHi (Sodium oxamate) (1000 

mg.kg-1, once/two days), CBPi (15 mg.kg-1, once/two days) or sodium lactate (120 

mg.kg-1, once a day) alone or combined as indicate 5 day before 10 Gy whole-body 

irradiation and housed in a specific pathogen-free environment. After irradiation, mice were 

continuously treated as mentioned above for another 5 days before being sacrificed. The 

small intestines were used for histological analyses.

For LDHA knockout mice, 8–12-week-old mice (5 mice per group) were pre-treated with/

without sodium lactate (120 mg.kg-1, once a day) for 5 days before 6 Gy whole-body 

irradiation and housed in a specific pathogen-free environment. After irradiation, mice were 

treated with/without sodium lactate for another 5 days before sacrificed. The small intestines 

were used for histological analyses.

Patient-derived xenograft models—Colon cancer patient-derived xenografts (PDXs) 

were subcutaneously transplanted into 6-week-old female nu/nu mice. Mice bearing tumors 

of 150–200 mm3 were randomly assigned into six groups: vehicle control group (saline), 

sodium oxamate group (1000 mg.kg-1), CBPi group (15 mg.kg-1), olaparib group (50 

mg.kg-1), olaparib (50 mg.kg-1)+sodium oxamate (1000 mg.kg-1) group and Olaparib (50 

mg.kg-1)+ CBPi (15 mg.kg-1) group. The treated mice were intraperitoneally injected three 

times/week. Tumor volume was measured and measured as mentioned in tumor xenograft 

assay.

For assays testing the combination of K673-pe or K673R-pe and olaparib to kill colon 

cancer PDXs, mice bearing tumors of 150–200 mm3 as mentioned above were also 

randomly assigned into six groups: vehicle control group (saline), K673R-pe (5 mg.kg-1) 
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group, K673-pe (5 mg.kg-1) group, olaparib group (50 mg.kg-1), olaparib (50 mg.kg-1) + 

K673R-pe (5 mg.kg-1) group and olaparib (50 mg.kg-1) + K673-pe (5 mg.kg-1) group. 

K673-pe or K673R-pe were intraperitoneally injected once a day and olaparib were 

intraperitoneally injected three times/week.

Patient-derived organoid models—Four colon cancer organoids were first used to 

measure MRE11 K673 lactylation levels by western blot. Furthermore, these organoids 

were divided into two groups, high MRE11 K673 lactylation and low MRE11 K673 

lactylation, according to their MRE11 K673 lactylation levels. Organoids in good condition 

were passaged and seeded in standard 96-well cell culture plates (Corning). The organoids 

with high MRE11 K673 lactylation levels were treated by cisplatin (65μM) alone or 

in combination with LDHi (30mM, 40mM) or CBPi (50μM, 60μM) as indicated. The 

organoids with low MRE11 K673 lactylation levels were treated with cisplatin (65μM) alone 

or in combination with L-lactate (15mM, 20mM) or sodium lactate (60mM, 80mM) as 

indicated. After 72h, the organoids growth was examined by CCK8.

Cell culture and treatment—HEK293T, U2OS, the breast cancer cell line MDA-

MB-231 and the colon cancer cell lines HCT116 and RKO were purchased from ATCC. 

Unless otherwise stated, cells were cultured in DMEM supplemented with 10% fetal bovine 

serum (FBS) at 37°C in 5% (v/v) CO2. For western blot assays, cells were usually treated 

with cisplatin at a concentration of 20 μM, bleomycin at a concentration of 20 μM, CBPi at a 

concentration of 10 μM, MCT1/4i at a concentration of 10 μM or 20 μM, target Mre11K673 

lactylation peptides at a concentration of 20 μM, LDHi (sodium oxamate) at a concentration 

of 10 mM or 20 mM, NALA (Sodium lactate) at a concentration of 10 mM, 25 mM or 

50 mM, NAAC (Sodium acetate) at a concentration of 25 mM or 50 mM, L-lactate at a 

concentration of 10 mM or 20 mM for 24 h. For immunofluorescence assays, cells were 

usually treated with cisplatin at a concentration of 10 μM, bleomycin at a concentration of 

10 μM, CBPi at a concentration of 10 μM, targeted Mre11K673 lactylation peptides at a 

concentration of 20 μM, LDHi at a concentration of 10 mM, NALA at a concentration of 

25 mM. For qPCR assays, cells were usually treated with NALA at a concentration of 20 

mM, L-lactate at a concentration of 20 mM for 24 h. For colony formation assays, cells were 

usually treated with CBPi at a concentration of 5 μM, LDHi at a concentration of 10 mM, 

NALA at a concentration of 10 mM or 25 mM, L-lactate at a concentration of 10 mM. For 

CCK-8 assays, cells were usually treated with targeted Mre11 K673 lactylation peptides at a 

concentration of 20 μM.

METHOD DETAILS

DNA transfection, virus packaging and lentiviral infection—Cells were transfected 

with Polyetherimide (PEI) or Lipofectamine 2000/3000 (Thermo Fisher Scientific). Viral 

supernatant was collected two times (24 h and 48 h) after the co-transfection of lentiviral 

vectors and packaging plasmids (pMD2G and psPAX2). Harvested lentiviruses were added 

to the cells for further experiments with 8 μg/ml polybrene which enhances infection 

efficiency. Stable cells were selected with media containing 2 μg/mL puromycin. The stable 

cells were detected by immunoblotting.
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HR report assay—DR-GFP reporter systems were employed to examine DSB repair 

efficiency. Briefly, HEK293T cells stably expressing the indicated shRNA or normal 

HEK293T cells were seeded into six-well plates in triplicate. 24 h later, cells in each well 

were transfected with a complex that contained 3μl Polyetherimide (PEI), 500 ng DR-GFP, 

100 ng mCherry, and 500 ng I-SceI plasmids which were employed to generated DNA 

double strands breaks(DSBs). After transfection 24 h, cells were treated with indicated 

reagents. After transfection 48 h, cells were harvested and analyzed by flow cytometric 

analysis (FACS), sorting by RFP-positive cells or RFP/GFP both positive cells. The ratio of 

repair efficiency was calculated as described previously.42

Immunofluorescence—Cells were seeded into six-well plates with coverslips 24 h 

before treatment. For RRA2 foci staining, cells were fixed with methanol: acetone (1:1) 

at −20°C for 20 min. Cells were washed two times using PBS and fixed again with 4% 

PFA at room temperature for 15 min. For RAD51 staining, cells were pre-extracted 10 min 

on ice with pre-extraction buffer (20 mM HEPES, pH 7.4, 20 mM NaCl, 5 mM MgCl2, 

0.5% NP-40, 1 mM DTT and protease inhibitor cocktails) followed by 10 min 4% PFA 

fixation. Before staining, cells were blocked with 2% goat serum for 1 h at RT. Next, cells 

were incubated with primary antibodies overnight at 4°C. After washing 3 times with PBS, 

cells were incubated with secondary antibodies at room temperature for 1 h. After washing 

3 times with PBS, cells were incubated with DAPI at room temperature for about 2 min. 

After washing, cells were mounted with anti-fade solution and visualized using Fluorescence 

microscope.

End resection detection with BrdU staining—U2OS cells seeded on cover slides 

were pre-incubated with 10 μg/ml BrdU for 16 h and then were treated with cisplatin for 12 

h. cells were washed with PBS and then released with buffer 1 (10 mM PIPES, pH 7.0, 100 

mM NaCl, 300 mM Sucrose, 3 mM MgCl2, 0.5% Triton X-100) on ice for 10 min. Next, 

cells were washed using PBS and re-released with buffer 2 (10 mM Tris-HCl, pH 7.5; 10 

mM NaCl; 3 mM MgCl2, 1% Tween-40, 0.5% sodium deoxycholate) on ice for another 10 

min. After wash, cells were fixed with 4% PFA at room temperature for 30 min. The slides 

were blocked 5% BSA and then incubated with anti-BrdU (1:100) primary antibody at 4°C 

overnight. Secondary antibody and DAPI staining were performed as mentioned above.

Detection of end resection using qPCR—Stably expressing MRE11 WT or K673R 
mutant AsiSI-ER U2OS cells70 which endogenous MRE11 were depleted were treated with 

300 nM 4-OHT for 4 h or mock-treated. Genomic DNA was extracted. The genomic DNA 

sample (~500 ng) was digested or mock-digested with the restriction enzyme BamH1 (New 

England Biolabs) at 37°C overnight. The digested or mock-digested samples (~50 ng) were 

used as templates in 20 μl of qPCR reaction containing 10 μl of 2 * Taqman Universal 

PCR Master Mix (Applied Biosystems), 0.5 μM of each primer and 0.2 μM probe using the 

StepOne Plus Real-Time PCR System (Applied Biosystems). The primer sequences were 

described in previous publications.71 The percentage of single-stranded DNA (ssDNA%) 

generated by resection at selected sites was calculated as: ssDNA% = 1/(2(ΔCt — 1) + 0.5) 

*100.
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Mass spectrometry analysis—To identify MRE11 lactylation sites, 293T cells stably 

expressing HA-tagged MRE11 were treated with 50 mM NALA for 24 h before harvest 

and then lysed. The lysates were purified using anti-HA-agarose beads. The pellet was then 

resolved on SDS–PAGE and stained with Coomassie blue staining. The band corresponding 

to HA-MRE11 was excised and sent for mass spectrometry analysis.

Measurement of Lactate levels—Intracellular lactate level was measured by using 

lactate Colorimetric/Fluorometric assay kit (Abcam ab65331) according to manufacturer’s 

protocol.

Co-immunoprecipitation and Western blotting—For transient transfection and co-

immunoprecipitation assays, constructs encoding HA-tagged MRE11 or HA-tagged CBP 
constructs were transiently co-transfected into HEK293T cells. The transfected cells were 

lysed with NETN buffer (20 mM Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5% 

Nonidet P-40) containing 1 × protease inhibitors on ice for 25 min. After removal of cell 

debris by centrifugation at 12000rpm for 10 minutes, the soluble fractions were collected 

and incubated with HA beads for 2h at 4°C. Beads were washed three times with NETN 

buffer, boiled in 1 × SDS loading buffer for 5 min, and resolved on SDS–PAGE. Membranes 

were blocked using 5% milk in TBST buffer and then probed with antibodies as indicated.

Metaphase spreads—For metaphase spreads, MDA-MB-231 cells were treated with or 

without olaparib (1 μM) overnight and arrested with colcemid (0.1 μg/mL) at 37 C° for 

6–8 h and then harvested, resuspended in prewarmed hypotonic solution (75 mM KCl) 

at 37 C° for about 20 min. After the samples were centrifuged (1000 RPM, 5 min) and 

supernatant discarded, cells were fixed twice using carnoy’s buffer (methanol-acetic acid 

(3:1 (v/v)) at RT for 10 min each time. The cells were centrifuged (1000 RPM, 5 min) 

and then the supernatant was discarded. Next, the cells were re-suspended with carnoy’s 

buffer and then dropped onto slides, dried for about 30 min at RT. Slides were stained using 

5% Giemsa (Sigma) for 5 min. Genomic instability was analyzed by counting cells which 

showed chromosome breaks or loss.

HRD score analysis—TCGA breast cancer cohort HRD scores were published earlier 

and downloaded from the Genomic Data Commons (GDC).72,73 Expression data as log 

transformed TPM was downloaded from UCSC xenabrowser.74 HRD scores analysis was 

performed on basal subtype (n=140) as defined by PAM50 signature as previously defined. 

Samples were subgrouped by median expression levels of BRCA1 and LDHA. Statistical 

significance was tested by two-sided Mann-whitney-Wilcoxon test.

Expression and purification of recombinant proteins—Bacterial expression 

constructs (pGEX-4T-2) containing the indicated genes were transformed into Escherichia 

coli BL-21. Cells were induced to express protein using 0.5mM IPTG (isopropyl-β-D-

thiogalactopyranoside) at 18 °C with 180 RPM rotation overnight. Cells were re-suspended 

in PBS containing 0.5% Triton X-100 and 2 mM β-mercaptoethanol, followed by 

ultrasonication. The proteins were purified using glutathione beads according to the 

manufacturer’s protocol (Amersham Bioscience).
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Soluble Fractions Extraction and Chromatin Fractions Extraction—First, cells 

were lysed with NETN buffer (20 mM Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 

and 0.5% Nonidet P-40) containing 1× protease inhibitors on ice for 10 min. After the 

centrifugation (12,000 RPM for 10 min at 4°C), the supernatant was collected as the whole 

cell extract. The remaining pellet were washed at least 3 times using PBS buffer and further 

lysed with cold EBC2 buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5mM CaCl2, and 10 

U microcal nuclease). After sonication and centrifugation (12,000 RPM for 10 min at 4 °C), 

the supernatants were collected as chromatin fractions.

Colony formation assay—The indicated cells (500–2000) were seeded in triplicate in 

each well of six-well plates. For chemotherapy sensitivity assay, after 1 day, cells were 

exposed to indicated drug at the indicated doses, and left for 10–14 days in the incubator to 

allow colony formation. Colonies were stained with GIEMSA and quantified. Results were 

normalized to plating efficiencies.

Electrophoretic Mobility Shift Assay—The indicated concentrations of MRE11 

proteins were incubated with dsDNA or overhang DNA substrate in reaction buffer (25 

mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1 mM DTT, 100 mg/ml BSA, 2 mM ATP) containing 

100 mM KCl at 37°C for 15 min. After incubation, the reactions were mixed with loading 

buffer (20 mM Tris-HCl, pH 7.5, 40% glycerol, 2 mM EDTA, 0.2% orange G) and then 

separated by electrophoresis using a 0.5% agarose gel in SB buffer (10 mM NaOH, 40 mM 

boric acid, pH 8.0), as previously published.67

Comet assay—Stably expressing MRE11 WT or MRE11 K673R MDA-MB-231 cells 

with endogenous MRE11 depleted were seeded into 6-well plates with a density of 1 

× 105 cells per well. After treatment with cisplatin as indicated, cells were harvested at 

the indicated time and then utilized for Comet assays according to the manufacturer’s 

instructions. Briefly, cells were embedded in low melting agarose on a glass slide and then 

immersed in lysis buffer for 1 h at 4 °C. Slides were then incubated with 1 × electrophoresis 

buffer for about 40 min to unwind DNA. Subsequently, electrophoresis was performed for 

25 min at 25 V. Next, the slide was stained with PI and then covered by cover-glass. For 

quantification, comets on each gel were observed using a fluorescence microscope. Tail 

length and tail moment were measured to evaluate the degree of DNA damage.

In vitro lactylation assay—The GST fusion MRE11 proteins were incubated with HA-

tagged CBP proteins which were purified from HEK293T cells in reaction buffer (50 mM 

HEPES, pH7.8, 30 mM KCl, 0.25 mM EDTA, 5.0 mM MgCl2, 5.0 mM sodium butyrate, 2.5 

mM DTT) with 20 μM lactyl-CoA. Reactions were incubated at 30°C for 30 min. Next, 5 × 

SDS loading buffer was added to the reaction and boiled for 5 min at 100°C. Samples were 

separated by SDS-PAGE and immunoblotted with indicated antibodies.

Peptide synthesis—All peptides were synthetized by Guoping Pharmaceutic Inc 

(Hefei, China). Synthetic peptides were purified to >98% purity by high-pressure liquid 

chromatography for both in vitro and in vivo use. The amino acids of peptides used in 
vivo use were all D isoforms. For in vitro experiments, peptides were dissolved in PBS to 

generate a 10 mM stock solution. For in vivo use, K673-pe and K673R-pe were dissolved 
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in PBS and kept on ice until injection. Before injection, the solution was brought to room 

temperature.

QUANTIFICATION AND STATISTICAL ANALYSIS

For cell survival, PDOs, PDXs xenograft and RPA2, MRE11, RDA51, BrdU and MRE11-

K673la foci assay, data are represented as the mean ± S.E.M of three independent 

experiments. For the animal study, data are represented as the mean ± S.E.M of 5 mice. 

Statistical analyses were performed in GraphPad Prism with the Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MRE11 is lactylated by CBP in response to DNA damage and dependent on 

ATM

• Lactylation of MRE11 promotes DNA end resection and HR repair

• High-lactate levels in cancer cells lead to MRE11 lactylation and 

chemoresistance

• Inhibiting MRE11 lactylation sensitizes cancer cells to chemotherapy
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Figure 1. Lactylation plays a key role in DNA repair
(A) Analysis of HRD score in basal-like breast cancer samples. Statistical significance was 

tested using two-sided Mann-Whitney-Wilcoxon tests.

(B) Western blots of HEK293T cells as indicated.

(C) The HR levels of the indicated HEK293T cells were detected by fluorescence-activated 

cell sorting (FACS).

(D) Representative picture of γ-H2AX foci in U2OS cells treated with as indicated. Scale 

bars, 10 μm.
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(E) Quantification of the data in (D).

(F) Western blots of samples as indicated.

(G) The HR levels of the indicated HEK293T cells were detected by FACS.

(H) Representative picture of γ-H2AX foci in U2OS cells treated with as indicated. Scale 

bars, 10 μm.

(I) Quantification of the data in (H).

(J) Western blots of OVCAR-8 cells treated with sodium lactate (NALA) for 24 h.

(K and L) OVCAR-8 (K) or MDA-MB-231 cells (L) were utilized for colony formation 

assays as indicated.

(M) Western blots of OVCAR-8 cells treated with LDHi (10 or 20 mM) for 24 h.

(N–P) OVCAR-8 (N and O) or MDA-MB-231 cells (P) were utilized for colony formation 

assays as indicated.

(Q) Western blots of MDA-MB-231 cells as indicated.

(R) Cells from (Q) were utilized to perform colony formation as indicated. Statistical 

analyses were performed with the Student’s t test. *p < 0.05; **p < 0.01, NS stands for no 

significant change.

See also Figure S1.
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Figure 2. MRE11 K673 is lactylated by CBP
(A) Detecting lactylation of several proteins by western blots using co-immunoprecipitation 

(coIP) sample as indicated.

(B–D) Detecting lactylation of MRE11 in cells treated with NALA or LDHi (B), depleted 

LDHA/B (C), or treated with several inducing DNA damage chemicals (D) as indicated by 

western blot.

(E) Screening the “writer(s)” of MRE11 lactylation by transfecting combined MRE11 and 

acetyltransferase as indicated.
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(F and G) Detecting lactylation of MRE11 in cells depleted CBP (F) or treated with 

chemicals as indicated by western blot. Plko.1 is a lentivirus plasmid empty vector.

(H and I) CoIP showing interactions between CBP and MRE11.

(J) Detecting MRE11 lactylation using an in vitro lactylation assay on the indicated samples.

(K) Schematic depicting MRE11 key domains and several lysine sites which were identified 

to be possibly lactylated by MS were pointed out.

(L) Illustration of MRE11 K673 lactylation identified by MS.

(M–O) Detecting lactylation of MRE11 by western blots as indicated.

(P) Detecting MRE11 lactylation using as indicated an in vitro lactylation assay on the 

indicated. Quantifications of western blots in (B), (D), and (I) using Image J software.

See also Figure S2.
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Figure 3. Lactylation of MRE11 enhances its DNA binding
(A) Western blots of as indicated coIP and input samples.

(B) MRE11 proteins were lactylated in vitro.

(C and D) Lactylated MRE11 proteins or unlactylated MRE11 proteins from (B) were used 

to perform an EMSA as indicated.

(E and F) MRE11 WT and MRE11 K673R proteins were used to perform an EMSA as 

indicated.
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(G and H) Representative picture of MRE11(G) or MRE11-K673la (H) foci in U2OS cells 

as indicated treatment in upper panel. Scale bars, 10 μm. The lower panel is quantification.

(I and J) Western blots of chromatin fraction from the indicated cells.

(K) Representative picture of MRE11 foci in U2OS cells as indicated treatment in upper 

panel. Scale bars, 10 μm. The lower panel is quantification.

(L) Western blots of chromatin fraction from the indicated cells.

(M) Representative pictures of MRE11 foci were shown in left panel. Scale bars, 10 μm. The 

right panel is quantification. Quantifications of western blot or gels in (C)–(F), (I), (J), and 

(L) by Image J software. Statistical analyses were performed with the Student’s t test. *p < 

0.05; **p < 0.01; ***p < 0.001; NS stands for no significant change.

See also Figure S3.
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Figure 4. MRE11 lactylation promotes DNA resection
(A and B) Western blots of samples from cells treated with NALA, LDHi, and/or cisplatin 

for 24 h (A) or, depleted LDHA/B and/or cisplatin for 24 h (B) as indicated.

(C–E) Representative pictures of RPA2 (C), BrdU (D), and RAD51 (E) foci in U2OS cells 

with the indicated treatment are shown in upper panel. Scale bars, 10 μm. The lower panel is 

quantification.

(F) Western blots of the carried MRE11 WT or MRE11 K673R OVCAR-8 cells treated with 

NALA and/or bleomycin for 24 h as indicated.
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(G–I) Representative picture of RPA2 (G), BrdU (H), and RAD51 (I) foci in as indicated 

U2OS cells in upper panel. Scale bars, 10 μm. The lower panel is quantification.

(J) The diagram of AsiSI-ER U2OS system for detecting single-strand DNA generated by 

DNA end resection.

(K) Detecting DNA end resection by qPCR using AsiSI-ER U2OS system. Statistical 

analyses were performed with the Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; 

NS stands for no significant change.

See also Figures S3 and S4.
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Figure 5. Inhibition of MRE11 lactylation impairs DNA damage repair
(A) The HR levels of the carried MRE11 WT or MRE11 K673R HEK293T cells treated 

with/without NALA for 24 h as indicated were detected by FACS.

(B) Western blots of the carried MRE11 WT or MRE11 K673R HEK293T cells treated with 

as indicated.

(C) Representative pictures of comet assays as indicated. Scale bars, 10 μm.

(D) Quantification of the data in (C).

(E) Genomic instability was examined by metaphase spread assays as indicated.
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(F and G) Representative pictures of γ-H2AX staining in as indicated lung sections of mice 

(5 mice/group). Scale bars, 100 μm.

(H) Representative pictures of intestinal regenerating villi of the indicated mice. Scale bars, 

50 μm.

(I) Representative pictures of γ-H2AX staining in as indicated lung sections of the indicated 

mice (5 mice/group). Scale bars, 100 μm.

(J) Representative pictures of intestinal regenerating villi of as indicated mice. Scale bars, 50 

μm.

(K and L) Western blots of samples the indicated. Statistical analyses were performed with 

the Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; NS stands for no significant 

change.

See also Figure S5.
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Figure 6. Inhibition of MRE11 lactylation sensitizes cancer cell to chemotherapy
(A) Analysis of HRD score in basal-like breast cancer samples. n = 140 samples. Statistical 

significance was tested using two-sided Mann-Whitney-Wilcoxon tests.

(B–H) Colony formation assays were performed as indicated.

(I) Western blots of four colon cancer patient-derived organoids (PDOs) as indicated.

(J and K) As indicated, two PDOs with high lactylation of MRE11 K673 were employed to 

perform growth assays with CCK-8 (cell counting kit-8) assays.
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(L) PDO 223 with low lactylation of MRE11 K673 was employed to perform growth assays 

with CCK-8.

(M) Western blots of three colon cancer patients derived xenografts (PDXs), as indicated.

(N–P) Nu/Nu mice were transplanted subcutaneously with PDX from (M) and treated as 

indicated. Tumor images were acquired as shown in (N); tumor volumes were calculated 

(O); and weights (P) were measured. n = 5; data points in (O) and (P) represent mean tumor 

weight ± SD. Statistical analyses were performed with the Student’s t test. *p < 0.05; **p < 

0.01; ***p < 0.001; NS stands for no significant change.

See also Figure S6.
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Figure 7. Targeting lactylation of MRE11 K673 via a peptidic inhibitor enhances chemotherapy 
sensitivity
(A) Schematic illustration of designed peptides. Green: cell-penetrating peptide (CPP). Red: 

site for MRE11 lactylation.

(B–E) Western blots of samples as indicated.

(F) Representative picture of MRE11 K673la, RPA2, and RAD51 foci in U2OS cells with 

the indicated treatment. Scale bars, 10 μm.

(G–I) Quantification of K673la (G), RPA2 (H), and RAD51 (I) foci from the data in (F).

(J) The HR levels of as indicated HEK293T cells were detected by FACS.
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(K) HCT116 cells were utilized to perform CCK-8 assays as indicated.

(L) MDA-MB-231 cells were utilized to perform CCK-8 assays as indicated.

(M) As indicated MDA-MB-231 cells were utilized to perform CCK-8 assays.

(N and O) Nu/Nu mice were transplanted subcutaneously with PDX from Figure 6M and 

treated as indicated. Tumor images were acquired as shown in (N) and weights (O) were 

measured. n = 5; data points in (O) represent mean tumor weight ± SD. Statistical analyses 

were performed with the Student’s t test. *p < 0.05;**p < 0.01; ***p < 0.001; NS stands for 

no significant change.

See also Figure S7.
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