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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 MREL11 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.*> 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.5 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.”8 Endogenous and exogenous DNA damage and
errors in DNA replication are major sources of genomic instability.® 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.19-13 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).1415 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.1® 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.1” 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).1%-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.2325 MRE11 contains two DNA-binding domains (DBDs), enabling
it to bind both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). After
DSBs, MREL11 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.3! 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.

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.® 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 y-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 -y-H2AX foci at
later time points (8 and 24 h), suggesting that LDHi impaired DNA damage repair (Figures
1H and 11). 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 1IM-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 SIE-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 SIH-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.

MREL1 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
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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 21 and S2F). However, treatment with an ATM (ataxia-telangiectasia
mutated) inhibitor was able to inhibit MRE11-CBP binding (Figures 21 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 S21), 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 /n 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 MREL11 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).

MREL11 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
CBPsignificantly increased lactylation of MRE11 wild type (WT) but not the MRE11
K673R mutant (Figure 20). 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 MREL1 lactylation sites, we performed an /n 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.23:35-3% 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
arole in MRE11 DNA binding, purified MRE11 WT was first utilized to perform /n vitro
lactylation assays and then /n 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 3l,

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,*%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.

MREL11 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 CBPor MRE11 (Figures S30 and S3P). In addition, the overexpression
of CBPin control cells, but not in MRE1I-depleted cells, obviously increased the levels of
phospho-RPA2 (Figure S3Q). These findings suggest that lactylation may regulate DNA end
resection via the CBP-MREL11 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 RAD5L1 foci formation (Figures 4C—4E). To further explore the role of MRE11 K673
lactylation in DNA end resection, we constructed stably expressing MRE11 WTor 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 RADS51 foci formation following DNA
damage (Figures 4G-41). We also further confirmed the role of MRE11 lactylation in DNA
end resection using a qPCR-based DNA resection measurement system.*2 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,*344 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
SAE 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 /n
vivoor 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
MREL11 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
S30 and S41-S4K, unlike CBPA, 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 SAN-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 /n 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 y-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 S51). Next, to explore whether MRE11
lactylation regulated genomic stability, we detected the ratio of chromosome breaks in
MRE11 WTand 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 /n vivo, mice
were treated with NALA, CBP inhibitor (CBPi), or LDHi with/without 10 Gy IR. As
shown in Figure 5F, increased numbers of y-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 y-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 L DHA-conditional knockout
mice to further confirm our findings. As shown in Figures 51 and 5J, knockout of LDHA
obviously increased the numbers of -y-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 /n vivo.
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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 BRCAI (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,*> 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.246:47 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 61 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-RPAZ2 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 /n 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 -y-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 S61-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 CBPor 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.4849 After analyzing the sequence around the MRE11 K673

site, we synthesized five short peptides fused with CPPs,30-52 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 STA-S7C, K673-pe, but not K673R-pe,
markedly decreased MRE11 lactylation, which in turn decreased cisplatin-induced phospho-
RPAZ2 levels (Figure 7E). Moreover, K673-pe significantly inhibited MRE11-K673la and
RPAZ2 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 RADS51 foci, which is consistent with a
sharp reduction in HR levels in K673-pe treated cells (Figures 7F, 71, 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 S7TF-S7P). As shown
in Figures 7N and 70, 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 y-H2AX staining in olaparib treatment groups (Figures S7TQ-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.>3 Despite being discovered over 90 years

ago, the role of the Warburg byproduct lactate plays in cancer cells remains largely
unknown.>3 Recently, it has been reported that lactate is a major source of histone protein
lactylation-a recently defined PTM.8 Previous studies have shown that lactate promotes
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chemoresistance.247:54.55 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.>6 However,
overactivation of HR in cancer has been implicated in chemoresistance.>” 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.>®
Next, the exonuclease EXO1/DNAZ2 is recruited to the DNA damage sites and mediates the
extensive resection, which is pivotal for the HR repair process.6%.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