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ABSTRACT 

53BP1 is primarily known as a key regulator in
DNA double-strand break (DSB) repair. Ho we ver, the
mechanism of DSB-triggered cohesin modification-
modulated chromatin structure on the recruitment
of 53BP1 remains lar gel y elusive. Here, we identi-
fied acetyltransferase ESCO2 as a regulator for DSB-
induced cohesin-dependent chromatin structure dy-
namics, which promotes 53BP1 recruitment. Mech-
anistically, in response to DNA damag e , ATM phos-
phorylates ESCO2 S196 and T233. MDC1 recognizes
phosphorylated ESCO2 and recruits ESCO2 to DSB
sites. ESCO2-mediated acetylation of SMC3 stabi-
lizes cohesin complex conformation and regulates
the chromatin structure at DSB breaks, which is es-
sential for the recruitment of 53BP1 and the forma-
tion of 53BP1 microdomains. Furthermore, deple-
tion of ESCO2 in both colorectal cancer cells and
x enografted n ude mice sensitizes cancer cells to
chemotherapeutic drugs. Collectively, our results re-
veal a molecular mechanism for the ATM–ESCO2–
SMC3 axis in DSB repair and genome integrity main-
tenance with a vital role in chemotherapy response
in colorectal cancer. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Double-strand breaks (DSBs) are known to be one of the
most serious types of DNA lesions threatening genomic
stability in mammalian cells. Failure to repair DSBs leads
to loss of genetic information by mutations and chromo-
somal rearrangement, which contributes to the pathogen-
esis of cancer and di v erse inherited diseases ( 1 , 2 ). Mam-
malian cells employ two major DSB repair pathways, non-
homologous end joining (NHEJ) and homologous recom-
bination (HR). NHEJ is a highly err or-pr one homology-
independent repair mechanism that is the predominant re-
pair pathway throughout the cell cycle, whereas HR re-
quires a homology template, such as a sister chromatid, and
occurs in the S / G2 phases of the cell cycle ( 3 ). The harmo-
nious cooperation of the different repair pathways is critical
to minimize genomic damage ( 4 ). 

A DSB is detected by sensor proteins that can trig-
ger the activation of kinases such as ATM and ATR ( 5 ).
ATM phosphorylates the histone variant H2AX to gener-
ate �H2AX ( 6 ). 53BP1 is recruited to DSB sites by binding
H4K20me2 and H2AK15ub in a manner that depends on
iaofengz@pku.edu.cn 
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he interaction of MDC1 and �H2AX ( 7 , 8 ). 53BP1 antago- 
izes the resection of DSBs in G1 by recruiting downstream 

IF1, REV7, and the shieldin complex and contributes to 

HEJ ( 8–11 ). 53BP1 undergoes liquid-liquid phase separa- 
ion in response to DN A damage, w hich integrates damage 
etection, shielding of break sites, and checkpoint activa- 
ion ( 12 ). Using 3D-SIM super-resolution microscopy, re- 
earchers have found that 53BP1 organizes DSB-flanking 

hromatin into circular microdomains ( 13 ). Howe v er, the 
egulation of 53BP1 microdomain formation and its role in 

he response of cancer cells to chemotherapy drugs is un- 
lear. 

Cohesin is a m ultiprotein, ring-sha ped complex, and its 
anonical role is to tether sister chr omatids fr om S phase 
o anaphase to pre v ent pr ematur e sister chromatid sepa- 
ation and ensure equal segregation of chromosomes ( 14 ). 
he cohesin complex can also r egulate thr ee dimensional 
hroma tin organiza tion ( 15 ) and is emerging as a key reg-
lator in DNA damage repair by promoting homology 

earch during recombination ( 16 ). Roberts syndrome (RBS; 
MIM 268300) is a rare genetic disorder characterized by 

re- and postnatal gr owth retardation, micr ocephaly, bi- 
ateral cleft lip and palate, and mesomelic symmetric limb 

eduction ( 17 ), and is caused by mutations in the ESCO2 

ene ( 18 ). ESCO2 acetylates the cohesin subunit SMC3 at 
105 / 106 ( 19–22 ) and is r equir ed for the establishment of

ister chromatid cohesion ( 23 , 24 ). Howe v er, the mechanism 

f ESCO2-mediated cohesin-dependent chromatin struc- 
ure dynamics in DSB repair especially NHEJ repair re- 
ains to be elucidated. 
In this study, we identify that acetyltr ansfer ase ESCO2 

lays a role in regulating DSB repair. We show that ESCO2 

s recruited to DSB sites in an ATM- and MDC1-dependent 
anner. Furthermore, ESCO2 promotes the formation of 

3BP1 foci to DSB sites by stabilizing cohesin complex and 

s essential for resistance to chemotherapy in colorectal can- 
er cells (CRC). 

ATERIALS AND METHODS 

ell culture and transfection 

eLa, HCT116, and RKO cells were purchased from 

TCC and HEK293T was acquired from National In- 
rastructure of Cell Line Resource. HeLa, HCT116 and 

EK293T cells were cultured in DMEM medium sup- 
lemented with 10% fetal bovine serum at 37 

◦C with 5% 

O 2 . RKO cells wer e cultur ed in RPMI 1640 medium sup- 
lemented with 10% fetal bovine serum at 37 

◦C with 5% 

O 2 . HeLa, HCT116, RKO and HEK293T cells were trans- 
ected with PEI according to the manufacturer’s instruc- 
ions (Polyscience). 

lasmids 

RK5-Flag-ESCO2 and pRK5-GFP-ESCO2 plasmids 
ere kindly provided by Huiqiang Lou at College of 
iological Sciences, China Agricultural Uni v ersity. pX332- 
MC3-EGFP plasmid was kindly provided by Xiong Ji 
t School of Life Sciences, Peking Uni v ersity. MDC1 and 

runcation mutants were cloned into the pCMV-HA vector. 
ll plasmids were verified by DNA sequencing. 
ntibodies and reagents 

he following antibodies were used in our studies: mouse 
onoclonal anti-Flag (1:10000, F3165, Sigma-Aldrich), 
ouse monoclonal anti-HA (1:10 000, H9658, Sigma- 
ldrich), rabbit polyclonal anti-53BP1 (IF 1:200, sc- 

2760, Santa Cruz Biotechnology), rabbit polyclonal anti- 
DC1 (1:1000, ab11171, Abcam), rabbit polyclonal anti- 

RCA1 (IF 1:100, BS6423, Bioworld), polyclonal anti- 
H2AX (IF 1:200, BS4760, Bioworld), rabbit polyclonal 
nti-Histone H3 (1:10 000, BE3015, EASYBIO), anti- �- 
ubulin (1:10 000, BE3212-10, EASYBIO), rabbit poly- 
lonal anti-ESCO2 (1:1000, A301-689A, Bethyl), and 

ouse monoclonal anti-acetyl-SMC3 K105 / 106, Clone 
1A7 (ChIP 2 �g, MABE1073, Millipore). The following 

 eagents wer e used in our studies: KU55933 (ATM ki- 
ase inhibitor, S1092, Selleck Chemicals), NU7441 (DNA- 
K inhibitor, S2638, Selleck Chemicals), VE821 (ATR 

nhibitor, S8007, Selleck Chemicals), DNase I (D5025, 
igma) and b leomy cin sulfate (HY-17565, MedChemEx- 
ress). 

iRNA 

he MDC1 and 53BP1 siRNA oligonucleotide se- 
uences were as follows: GUCUCCCA GAA GACA GU- 
AdTdT (siMDC1 #1), A CAGUUGUCCCCA CAGCC- 
dTdT (siMDC1 #2), and AAGAUACUCCUUGCCU- 
AUAAdTdT (si53BP1), respecti v el y. The control siRN A 

equence was CCGAGAA CA CCGAGGAGAAdTdT. 
ells were transfected with siRNA duplexes using the 
ipo8000 Transfection Reagent (Beyotime) following the 
anufacturer’s instructions. 

aser microirradiation 

aser microirradiation was carried out following proce- 
ur es described pr eviously ( 25 ). HeLa cells wer e grown on
hin glass-bottom plates and irradiated with an ultraviolet 
aser (16 Hz pulse, 60% laser output). Images were taken us- 
ng a Dragonfly (Andor) confocal imaging system e v ery 10 

 for 30 min. 

eutral comet assay 

eutral comet assays were performed using the Comet As- 
ay kit (4250-050-03, Trevigen). Images were obtained using 

 fluorescence microscope (Olympus IX73) with a 20 × ob- 
ecti v e lens. Quantification was performed using Casp Lab 

oftware v1.2.2 (Uni v ersity of Wroclaw, Wroclaw, Poland). 

mmunofluor escence microscop y 

ells wer e cultur ed on glass coverslips in six-well plates. 
wenty-four hours later, cells were washed three times 
ith pre-chilled PBS and then fixed with 1 ml of pre- 

hilled methanol for 10 min at −20 

◦C. After washing 

ith pre-chilled PBS three times, the cells were blocked 

ith 1% bovine serum albumin (BSA) for 1 h, fol- 
owed by incubation with primary antibodies that had 

een diluted in 1% BSA for 1 h at 37 

◦C. After wash- 
ng with pr e-chilled PBS thr ee times, the cells wer e in- 
ubated for 1 h at 37 

◦C with secondary antibodies that 
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had been diluted in 1% BSA and then washed with pre-
chilled PBS three times. Finally, 20 �l of mounting so-
lution was used to mount cells. Images were obtained
using a confocal microscope (Zeiss LSM-710 NLO, Du-
oScan, and Andor dragonfly microscopy) with a 63 × oil
objecti v e lens. Quantification analysis was performed us-
ing ZEN 3.1 (blue edition) (Zeiss) and ImageJ software.
Super-resolution 3D-SIM imaging was carried out using a
DeltaVision OMX SR (GE Healthcare). 3D image anal-
ysis was carried out using QUANTEX software ( https://
figshar e.com/s/46fa39d1010d77f51d9c ). The curvatur e was
defined as ‘Gaussian Curvature’ and was calculated accord-
ing to the method described here ( https://gfx.cs.princeton.
edu/pubs/Rusinkiewicz 2004 ECA/curvpaper.pdf). Curva-
ture Points TH100 refers to the objects with a very high
proportion of spiky curva ture a t a subscale > 0.75 and ≤1.0.

Clonogenic survival assay 

First, 200–500 cells were seeded in six-well plates in tripli-
cate. After 48 h, cells were cultured in medium containing
a dif ferent concentra tion of b leomy cin or oxaliplatin for 24
h and washed twice with DMEM. After 12 days, cells were
washed with PBS, fixed in precooled methanol for 10 min
at –20 

◦C and stained with crystal violet (0.1% wt / vol) for
15 min. The number of clones was counted and the survival
fraction was normalized to the number of untreated cells. 

Mass spectrometry 

HEK293T cells were lysed in modified RIPA buffer, son-
icated, and pr eclear ed with protein G beads. The super-
natants were incubated with anti-Flag affinity beads at 4 

◦C
for 4 h and eluted with Flag peptide. The eluates were pre-
cipitated with TCA and subjected to mass spectrometric
analysis. The MS data were aligned with the Human Re-
viewed Swiss-Prot database by Proteome Discoverer 2.2
softwar e. Proteins wer e consider ed to be major hits (posi-
ti v e) when matching the following criteria: (i) not found in
negati v e contr ol gr oup; (ii) high Pr otein FDR Confidence
(FDR < 0.01) and (iii) peptides ≥5. 

NHEJ and HR assays 

NHEJ r epair assays wer e performed according to a proto-
col as previously described ( 26 , 27 ). WT and ESCO2 KD
HCT116 cells were co-transfected with HindIII-linearized
pEGFP-Pem1-Ad2 and dsRED plasmids. For the HR as-
say, WT and ESCO2 KD HCT116 cells were co-transfected
with I-SceI, DR-GFP, and dsRED plasmids for 36 h, and
the fluorescence was measured using CytoFLEX S (Beck-
man). The repair efficiency was determined by calculating
the percentage of EGFP and dsRED doub le-positi v e cells
in dsRED positi v e cells. The r esults wer e normalized using
the WT HCT116 cells. 

Chromatin extraction assay 

Cells were lysed in chromatin extraction buffer A (10
mmol / l PIPES, pH 6.8; 100 mmol / l NaCl; 300 mmol / l
sucrose; 3 mmol / l MgCl 2 ; 1 mmol / l EGTA; 0.2% Triton
X-100) on ice for 30 min and centrifuged at 3000 g for 5
min. The supernatant was removed, and the cell pellets were
lysed in chromatin extraction buffer B (3 mmol / l EDTA, 0.2
mmol / l EGTA, 1 mmol / l DTT) and centrifuged at 3000 g
for 5 min. The supernatant was completely removed, and
the sediment was resuspended in buffer C (50 mmol / l Tris,
pH 8.0; 150 mmol / l NaCl; 1 mmol / l EDTA; 0.1% SDS; 1%
Triton X-100) and denatured with 2 × SDS loading buffer. 

Co-immunoprecipitation 

Cells were cultured in 10-cm dishes and transfected with the
indicated plasmids. After 48 h, cells were washed with 10 ml
of pre-chilled PBS and lysed for 60 min in 1 ml NP-40 lysis
buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, pH 7.4) with 10 �l of protease inhibitor cocktail.
Next, 1 �g of antibody or IgG was used to bind to the bait
proteins for 4 h, and then incubated with 30 �l protein G for
an additional 3 h. Finally, the protein G w as w ashed with
1 ml of NP-40 lysis buffer three times and then heated for
10 min at 96 

◦C with 30 �l 2 × SDS loading buffer. Samples
were analyzed by SDS-PAGE and western blotting. 

Generation of ESCO2 knockdown HCT116 and RKO cells
by CRISPR-cas9 system 

sgRNAs targeting different regions in the mRNA of the hu-
man ESCO2 gene were designed and cloned into a lentivi-
ral sgRNA vector containing the mCherry selection marker
using the Golden Gate method ( 27 ). Next, cells were co-
transfected with the sgRNA and Cas9 vectors. After 48 h of
transfection, mCherry-positi v e cells were selected by FACS
(MOFLO, Cytomation). Single clones were obtained after
10 days of selection. The knockout efficiency was confirmed
by immunoblotting. ESCO2 gene mutations were verified
with PCR and sequencing. 

ChIP-seq and ChIP-qPCR 

HCT116 cells wer e tr eated with 4-OHT (500 nM) for 4 h.
For each precipitation, 1 × 10 

7 cells were crosslinked by the
addition of formaldehyde directly to the growth medium to
a final concentration of 1%. After 10 min, crosslinking was
quenched by the addition of glycine to a final concentra-
tion of 0.25 M at room temperature. Crosslinked cells were
washed with PBS, scraped, and washed again with PBS con-
taining 1 mM EDTA, and then lysed gently on ice for 5 min
using 0.5 ml of ice-cold NP-40 lysis buffer. Cell lysates were
added on top of a 1.25 ml sucrose cushion (24% sucrose
(wt / vol) in NP-40 lysis buffer) and centrifuged at 12 000
rpm for 10 min at 4 

◦C to isolate the nuclei pellet. The chro-
matin pellet was washed twice with 1 ml PBS / 1 mM EDTA,
followed by centrifugation at 12 000 rpm for 1 min at 4 

◦C.
The supernatant was discarded, the tube was pre-warmed at
37 

◦C for 2 min, and then 40 U MNase was added followed
by incubation at 37 

◦C for 15 min with rotation at 700 rpm.
Subsequently, the MNase was inactiv ated b y the addition of
20 �l 0.5 M EDTA (to a final concentration of 10 mM) and
40 �l 0.5 M EGTA (to a final concentration of 20 mM).
The mixture was then placed on ice, mixed thoroughly by

https://figshare.com/s/46fa39d1010d77f51d9c
https://gfx.cs.princeton.edu/pubs/Rusinkiewicz_2004_ECA/curvpaper.pdf
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ipetting, and sonicated using pre-cooled Biorupter at 15– 

0 × (30 s on / 30 s off) on high position. The sonicated chro-
atin was spun down at 12 000 rpm for 10 min at 4 

◦C to
ollect the supernatant chromatin. Next, 1–2 �g antibod- 
es against �H2AX, 53BP1, and ac-SMC3 were added to 

he soluble chromatin and incubated with rotation at 4 

◦C 

vernight. Protein G Dynabeads (Life Tech, 10004D) were 
ashed three times with sonication buffer and then added 

o the soluble chromatin and antibodies, followed by in- 
uba tion a t 4 

◦C for 2 h with rotation. The magnetic Dyn-
beads were pelleted by placing the tubes in a magnetic rack, 
ashed, and then the bound DNA fragments were eluted. 
equencing libraries were prepared using 10 ng of purified 

NA (average size 200–400 bp) using the NEBNext Ultra 

I Library Prep Kit for Illumina (E7645S, New England Bi- 
labs) and subjected to 75-bp single-end sequencing on a 

ova PE150 platform (Illumina). 
For the analysis of the ChIP-seq data, the qual- 

ty of each raw sequencing file (fastq) was verified 

ith FastQC ( https://www.bioinformatics.babraham.ac.uk/ 
rojects/fastqc/ ). All files were aligned to the reference hu- 
an genome (hg19) and processed using bowtie2 ( https: 

/bo wtie-bio.sourcefor ge.net/ ) for mapping and samtools 
 http://www.htslib.org/ ) for duplicate removal (rmdup), 
orting (sort) and indexing (index). Coverage for each 

ligned ChIP-seq dataset (.bam) were computed with 

eeptools ( https://deeptools .readthedocs .io/en/latest/index. 
tml ) and normalized using total read count for each sam- 
le. Coverage data were exported as bigwig (file format) for 
urther processing. Averaged ChIP-seq profiles were gener- 
ted using the R package ggplot2. The x axis r epr esents ge- 
omic position relati v e to DSB and the y axis r epr esents
he mean coverage at each bp. Heatmaps were generated by 

omputeMatrix tool from deepTools. 
ChIP-qPCR was performed using primers shown in 

upplementary Table S1. Data were analyzed using CFX 

anager Software (Bio-Rad). The fold change of protein- 
inding DNA was calculated by using the following steps: 
i) calculate the � Ct values from the ChIP (Ct 1 ) and input 
Ct 2 ) C t values by using the formula � Ct = Ct 1 – Ct 2 ; (ii)
alculate the fold change from the corresponding � Ct val- 
es by using the formula Fold change = 2 

−� Ct ; (iii) normal- 
ze the fold change in the ESCO2 KD cells with that of the

T cells and use Gr aphPad to gener a te the hea t map of
hese normalized fold change results and (iv) perform two- 
ay ANOVA from multiple independent biological repli- 

ates to obtain and analyze the P values. 

uolink proximity ligation assay (PLA) 

LAs were performed to examine the in situ interaction be- 
ween MDC1 and ESCO2 WT or the ESCO2-2A mutant 
n ESCO2 KD HCT116 cells transfected with Flag-ESCO2 

T and Flag-ESCO2-2A plasmids. The assay was per- 
ormed using the Duolink 

® In Situ PLA 

® kit (DUO92101, 
igma-Aldrich) as described previously ( 28 ). 

ude mice xenograft assay 

emale BALB / c nude mice at 6–8 weeks of age were pur- 
hased from Beijing Vital Ri v er Laboratory Animal Tech- 
ology. HCT116 ESCO2 WT or KD cells (5 × 10 

6 cells) 
ere injected subcutaneously into both flanks, tumor size 
as measured e v ery 3 days using a caliper, and tumor vol- 
me was calculated using the following formula: volume = 

length × width 

2 ) / 2. At 24 days post-injection, tumors were 
issected and weighed. The nude mice tumorigenesis assay 

as approved by the IACUC of the Center for Experimen- 
al Animal Research (China) and Peking Uni v ersity Labo- 
atory Animal Center (IACUC No. LSCZhengX-2–1) and 

erformed in accordance with the ‘Guide for the Care and 

se of Laboratory Animals’. 

tatistical analysis 

ll statistical r esults ar e pr esented as the mean ± SD or 
ean ± SEM, as indicated. P values (* P < 0.05, ** 

 < 0.01, *** P < 0.001, **** P < 0.0001) were obtained 

sing Student’s t test (two-tailed) or one / two-way ANOVA 

rom multiple independent biological replicates. 

ESULTS 

SCO2 is involved in DSB repair and is essential for main- 
aining genome stability 

ells deri v ed from patients with ESCO2 mutation-induced 

BS ar e mor e sensiti v e to ionizing radiation (IR)- and mit-
mycin C-induced DNA damage ( 29 ). To confirm whether 
SCO2 is involved in the DNA damage response (DDR), 
e performed a laser microirradiation assay coupled with 

i v e imaging of protein redistribution and found that GFP- 
SCO2, but not GFP-ESCO1, was ra pidl y and robustl y 

ecruited to the micro-irradiated region (Figure 1 A and 

upplementary Figure S1A), which was detectable approx- 
mately 10–30 s after microirradiation (Figure 1 B). These 
bservations suggest that ESCO2 is involved in the DDR. 
It has been well established that overactivation of DDR 

athway proteins results in resistance to chemotherapy or 
 adiother apy cancer treatments, and loss of DDR elements 
ncreases sensitivity to DNA damage agents ( 30 ). Analy- 
es of TCGA and GTEx databases showed that the expres- 
ion le v el of ESCO2 in colorectal cancer tissues was higher 
han that in normal tissues (Supplementary Figure S1B). 

oreov er, the e xpression le v el of ESCO2 was correlated 

ith those of 53BP1 and BRCA1, which are both essential 
or DSB repair (Supplementary Figure S1C). This analy- 
is from cancer samples implies that ESCO2 is associated 

ith DSB repair in colorectal cancers. Therefore, we tested 

SCO2 e xpression le v els in thr ee color ectal cancer cell lines
HCT116, LO V O and RKO) and two normal colorectal ep- 
thelial cell lines (NCM460 and FHC). As expected, the 
bundance of ESCO2 was higher in cancer cells relati v e to 

ormal cells (Supplementary Figure S1D). To further inves- 
igate the role of ESCO2 in the DDR in colorectal cancer, 
e stably knocked down ESCO2 in HCT116 cells (ESCO2 

D HCT116) and monitored �H2AX foci, a biomarker of 
SB damage, using an immunofluorescence assay 12 h af- 

er b leomy cin trea tment. Rela ti v e to wild-type (WT) cells,
ells with depleted ESCO2 showed an increased number 
f �H2AX foci after a 12 h recovery (Figure 1 C, D); fur- 
hermore, we achie v ed similar results in RKO cells (Sup- 
lementary Figure S2A). Next, we examined the effect of 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://bowtie-bio.sourceforge.net/
http://www.htslib.org/
https://deeptools.readthedocs.io/en/latest/index.html


7380 Nucleic Acids Research, 2023, Vol. 51, No. 14 

Figure 1. ESCO2 is involved in DSB repair and genomic stability maintenance. (A, B) HeLa cells transfected with GFP-ESCO2 or GFP-ESCO1 were 
subjected to a laser microirradiation assay. GFP fluorescence was detected by fluorescence microscopy at the indicated time points. Representati v e im- 
ages are shown ( A ). Scale bar, 2 �m. Relati v e fluorescence intensity time plots showing that ESCO2 is recruited to damage site ( B ). The graphs show 

mean ± SEM; n = 10 for each group. ( C , D ) Wild-type (WT) and ESCO2 knockdown HCT116 cells treated without (–) or with (+) b leomy cin (5 �M, 2 
h) were subjected to immunofluorescence assays and �H2AX foci were detected. ESCO2 knockdown was confirmed by western b lotting. Representati v e 
images from three independent experiments are shown. Scale bar, 2 �m. The graphs show mean ± SEM; n = 100 for each group. ( E ) NHEJ efficiency was 
determined in ESCO2 WT, ESCO2 KD, siControl-transfected and si53BP1-transfected HCT116 cells. NHEJ efficiency is presented as relati v e to that of 
WT HCT116 cells. ( F ) A neutral comet assa y was perf ormed using WT and ESCO2 knockdown HCT116 cells treated with (+) or without (–) b leomy cin; 
the r epr esentati v e images are shown. The quantified tail moments are shown for each group ( n = 50). The graph shows mean ± SEM. ( G–I ) The sensitivities 
of WT and ESCO2 knockdown HCT116 or RKO cells to b leomy cin and oxaliplatin were examined by colony formation assay and plotted as the fraction 
of surviving cells relative to the number of untreated cells. Statistical analysis in (D–I) was performed using a Student’s t test. 



Nucleic Acids Research, 2023, Vol. 51, No. 14 7381 

E
i
(
p
c
c
a  

S
u
w
c
c
i
O
g
i
p
t
H
r
b
r
d

A
p

T
t
c
A
E
(
(
G
e
d
m
b
S
r
m
D
i
p
t  

a
l
t
d
p
s
c

w
i
w
t
b
c
E

a
u
i
p
l
l
c
G
v
(
f
E
t
o
t
p
i

M
E

T
m
i
e
D
i
t
b
f
h
a
D
D
f
t
t
M
F
m  

l
1
(
s
T
i

g
r
m
p
i
i
a
w
t
t
2
t
S
b

SCO2 on the DSB repair efficiency. In addition to show- 
ng that ov ere xpression of ESCO2 promoted HR efficiency 

Supplementary Figure S2C), which is consistent with a 

revious study ( 16 ), we also found that NHEJ repair effi- 
iency decreased in ESCO2-depleted HCT116 cells but in- 
reased with ESCO2 ov ere xpression using 53BP1 KD cells 
s a negati v e control (Figur e 1 E and Supplementary Figur e
2B, C). Additionally, we performed a neutral comet assay 

sing WT and ESCO2 KD HCT116 cells treated with or 
ithout b leomy cin. The results showed that ESCO2 defi- 

iency increased the length of comet tails after a 12 h re- 
overy (Figure 1 F). These results indicate that ESCO2 is 
nvolved in DSB repair and genome stability maintenance. 
xaliplatin, which can induce DNA damage, is a third- 

enera tion pla tinum drug used as a first-line chemotherapy 

n colorectal cancer. We examined the effect of ESCO2 de- 
letion on cell survival following b leomy cin or oxaliplatin 

reatment in both HCT116 and RKO cells. Relati v e to WT 

CT116 and / or WT RKO cells, knockdown of ESCO2 

 ender ed both HCT116 and RKO cells more sensiti v e to 

 leomy cin and oxaliplatin (Figure 1 G–I). Collecti v ely, these 
esults suggest that ESCO2 promotes chemotherapeutic 
rug-induced DDR in colorectal cancer cells. 

TM r egulates the r ecruitment of ESCO2 at DSB sites by 

hosphorylating ESCO2 S196 and T233 residues 

o determine the mechanism by which ESCO2 is recruited 

o DNA damage sites, we assessed whether ESCO2 re- 
ruitment is dependent on the upstream kinases, such as 
 TM, A TR or DNA-PKcs. Cells transfected with GFP- 
SCO2 wer e tr eated with specific inhibitors targeting ATM 

A TMi, KU55933), A TR (A TRi, VE821) or DNA-PKcs 
DNA-PKcsi, NU7441), and the recruitment ability of 
FP-ESCO2 to the laser tracks after microirradiation was 

xamined. Interestingly, we found that ATM inhibition re- 
uced the recruitment of ESCO2 (Figure 2 A, B and Supple- 
entary S3A); howe v er, neither ATR nor DNA-PKcs inhi- 

ition affected ESCO2 recruitment (Supplementary Figure 
3B). Consistent with this observation, the co-localization 

atio of ESCO2 and �H2AX foci after b leomy cin treat- 
ent was reduced in cells treated with ATMi (Figure 2 C, 
). Previous studies re v ealed the preference of PIKKs fam- 

ly members (including A TM, A TR and DNA-PKcs) for 
hosphorylating a serine or threonine followed by a glu- 
amine (S / TQ; ( 5 )). Here, using a phospho-specific S / TQ
ntibod y tha t specificall y reco gnizes proteins phosphory- 
ated on S / TQ motifs, we observed that the phosphoryla- 
ion of ESCO2 responding to DNA damage significantly 

ecreased when ATM was inhibited. Cells treated with �
hospha tase tha t can dephosphoryla te the phosphoryla ted 

erine, threonine and tyrosine residues were used as negati v e 
ontrols (Figure 2 E). 

To identify the phosphorylation sites of ESCO2 by ATM, 
e generated a series of mutation constructs by mutat- 

ng S / TQ motif residues S50, S196 and T233 to alanine, 
hich served to mimic the non-phosphorylation status of 

hese residues. We then tested whether these mutants could 

e recruited to DSB sites. Among the mutants examined, 
ompared with GFP-ESCO2 WT, the double mutant GFP- 
SCO2-S196-T233-2A (designated as 2A in figures) showed 
 clear reduction in its recruitment to the laser track (Fig- 
re 2 F, G and Supplementary Figure S4A, B) and had no 

mpact on the acetyltr ansfer ase activity of ESCO2 (Sup- 
lementary Figure S4C). Moreover, the phosphorylation 

e v el of the GFP-ESCO2-S196-T233-2A mutant was no 

onger detected after b leomy cin tr eatment (Figur e 2 H). The 
ell survival assay results showed that over expr ession of 
FP-ESCO2 WT, but not GFP-ESCO2-S196-T233-2A, re- 
 ersed b leomy cin-hypersensiti vity in ESCO2-depleted cells 
Figure 2 I). We also found a reduced number of �H2AX 

oci in both the ESCO2-depleted cells ov ere xpressing GFP- 
SCO2 WT and in the GFP-ESCO2-S196-T233-2D mu- 

ant, which mimicked the continuous phosphorylation state 
f ESCO2, but not in the GFP-ESCO2-S196-T233-2A mu- 
ant (Figure 2 J). These results indica te tha t ATM-media ted 

hosphorylation of ESCO2 on its S196 and T233 residues 
s essential for its recruitment to DSB sites. 

DC1 interacts with and mediates the recruitment of 
SCO2 to DSB sites 

o further elucidate the mechanism underlying the recruit- 
ent of ESCO2 to DNA damage sites, we performed an 

mmunoprecipitation (IP) assa y f ollowed by mass spectrom- 
try to identify ESCO2-interacting proteins in response to 

N A damage. MDC1, w hich is a scaffold protein involved 

n the early steps of the DDR, was shown to be a poten- 
ial partner of ESCO2 (Figure 3 A and Supplementary Ta- 
le S2); this interaction between ESCO2 and MDC1 was 
urther confirmed by co-IP assay, which re v ealed an en- 
anced interaction in b leomy cin-treated cells (Figure 3 B 

nd Supplementary Figure S5A) that was not mediated by 

NA (Figure 3 C). To examine whether ESCO2 regulated 

SB repair through its association with MDC1, we per- 
ormed laser microirradiation assays using HCT116 cells 
ransfected with siControl or siMDC1. The results showed 

hat ESCO2 was no longer recruited to damage sites in 

DC1-depleted cells (Figure 3 D, E and Supplementary 

igure S5B). This phenomenon was confirmed by chro- 
a tin isola tion assa y, in which the f old change of ESCO2

e v el on chromatin in response to b leomy cin treatment is 
.55 in siControl cells (lane 4 versus lane 1) and are 1.07 

lane 5 versus lane 2) and 0.94 (lane 6 versus lane 3) re- 
pecti v ely in the two MDC1-depleted cell lines (Figure 3 F). 
hese results indicate that ESCO2 is recruited to DSB sites 

n an MDC1-dependent manner. 
MDC1 is composed of se v eral distinct domains and re- 

ions that can recognize and interact with its partners 
ecruited to DSB sites. We next mapped the critical do- 
ain of MDC1 interacting with ESCO2 using an in vitro 

ulldown assay (Figure 3 G) and discovered that, surpris- 
ngly, the BRCT domain of MDC1 is responsible for its 
nteraction with ESCO2. Since the BRCT domain acts as 
 phosphopeptide-binding domain, we needed to clarify 

hether ESCO2 phosphorylation is critical for its binding 

o MDC1; ther efor e, we tested the dir ect interaction be- 
ween MDC1 and ESCO2 WT or the ESCO2-S196-T233- 
A mutant. As e xpected, relati v e to ESCO2 WT, the in- 
eraction with MDC1 was largely reduced in the ESCO2- 
196-T233-2A mutant (Figure 3 H). We also found that 
 leomy cin-induced DNA damage promoted the association 
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Figure 2. ATM regulates the recruitment of ESCO2 to DSB sites by phosphorylating S196 and T233 residues. ( A , B ) HeLa cells were transfected with 
GFP-ESCO2 for 36 h, followed by treatment with 10 �M ATM inhibitor KU55933 for 2 h, after which laser microirradiation assays were performed. 
Scale bar, 2 �m. The graphs show mean ± SEM; n = 10 for each group. ( C , D ) HeLa cells transfected with GFP-ESCO2 wer e tr eated with ATM inhibitor 
KU55933 for 2 h followed by b leomy cin treatment (5 �M, 2 h), and then immunofluorescence assays were performed to examine the co-localization of 
ESCO2 and �H2AX foci. Representati v e images are shown. Scale bar, 2 �m. The co-localization ratio (Pearson’s correlation) was analyzed using ImageJ. 
The graphs show mean ± SEM; n = 20 for each group. Statistical analysis was performed using a Student’s t test. ( E ) HEK293T cells were transfected 
with the indicated plasmids. At 36 h after transfection, cells were treated with (+) or without (–) 10 �M ATM inhibitor (ATMi) for 2 h. The cells were then 
treated with (+) or without (–) b leomy cin and lysed. Ne xt, immunoprecipitation analysis was performed using anti-Fla g M2-a garose beads, eluted using 
Flag peptide, and then incubated with (+) or without (–) �-PPase at 37 ◦C for 0.5 h. ( F , G ) HeLa cells transfected with GFP-ESCO2 wild-type (WT) or 
GFP-ESCO2 S196-T233-2A plasmid were subjected to a laser microirradiation assay. GFP fluorescence was detected by fluorescence microscopy at the 
indica ted time points. Representa ti v e images are shown. Scale bar, 2 �m. The graph shows mean ± SEM; n = 10 for each group. ( H ) HEK293T cells were 
transfected with the indicated plasmids for 36 h and then treated with (+) or without (–) b leomy cin, and the effect of DNA damage on WT or mutant ESCO2 
phosphorylation was assessed by IP analysis using the indicated antibodies. ( I ) WT RKO cells, ESCO2 knockdown RKO cells, and ESCO2 knockdown 
RKO cells transfected with the indicated plasmids wer e tr eated with b leomy cin. The sensiti vities of cells are plotted as the fraction of surviving cells relati v e 
to the number of untreated cells. Statistical analysis was performed using a Student’s t test. ( J ) HCT116 cells were transfected with the indicated plasmids. 
At 36 h after transfection, the cells wer e tr eated with b leomy cin for 2 h followed by culture in fresh medium for 12 h. Immunofluorescence assays were 
performed to examine the �H2AX foci. Scale bar, 2 �m. 
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Figure 3. MDC1 interacts with ESCO2 and mediates the recruitment of ESCO2 to DSB sites. ( A ) Tandem affinity purification was performed using 
HEK293T cells transfected with Flag-ESCO2. At 36 h after transfection, the cells were treated with b leomy cin, and Flag-ESCO2 was immunopurified with 
Fla g M2-a garose beads and eluted using Flag peptide. The eluate was analyzed using mass spectrometric analysis. Major hits from the mass spectrometric 
analysis are shown in the table. ( B ) The effect of bleomycin-induced DNA damage on the MDC1-ESCO2 interaction was assessed by co-IP in HCT116 
cells with (+) or without (–) b leomy cin. ( C ) The IP assa y was perf ormed with b leomy cin-trea ted HCT116 cells to elimina te the interference of damaged 
DNA. The cell lysate was treated for 30 min at 4 ◦C with (+) or without (–) DNaseI, which nonspecifically cleaves DNA to oligonucleotides. (D, E) 
HCT116 cells co-transfected with GFP-ESCO2 and siControl / siMDC1 were subjected to a laser microirradiation assay. GFP fluorescence was detected 
by fluor escence microscop y a t the indica ted time points. Representa ti v e images are shown ( D ). Scale bar, 2 �m. Relati v e fluorescence intensity time plots 
showing that ESCO2 is recruited to damage sites ( E ). The graphs show mean ± SEM; n = 10 for each gr oup. ( F ) Contr ol and MDC1 KD HCT116 cells 
wer e tr eated with (+) or without (–) b leomy cin, after which the chroma tin was isola ted and analyzed using the indica ted antibodies. ( G ) HEK293T cells 
were transfected with the indicated plasmids for 36 h followed by in vitro pulldown. The cells used for purifying Flag-ESCO2 were treated with b leomy cin. 
The Flag-ESCO2 protein was immunoprecipitated with Flag-M2 beads and eluted using Flag peptide. The HA-MDC1 protein was immunoprecipitated 
with anti-HA antibody and Protein G beads. Next, the beads with HA-MDC1 protein were incubated with the eluted ESCO2 protein at 4 ◦C for 2 h. ( H ) 
HEK293T cells were transfected with HA-MDC1, Flag-ESCO2 WT, and S196-T233-2A followed by in vitro pulldown to examine the interaction between 
MDC1 and ESCO2 WT or mutant. The phosphorylated ESCO2 proteins were enriched from HEK293T cells treated with b leomy cin. ( I ) HEK293T cells 
transfected with HA-MDC1 and Flag-ESCO2 WT were subjected to an in vitro pulldown assay to examine the effect of ESCO2 phosphorylation on its 
interaction with MDC1. The phosphorylated and non-phosphorylated ESCO2 proteins were immunoprecipitated from HEK293T cells treated with (+) 
or without (–) b leomy cin, respecti v ely. ( J ) The effect of b leomy cin treatment and phosphorylation of ESCO2 on the interaction between MDC1 and Flag- 
ESCO2 was detected in HCT116 KD cells transfected with Flag-ESCO2 WT or Flag-ESCO2-2A by PLAs. Representati v e images are shown, and 30 cells 
were counted in each group to analyze the number of PLA dots. The graphs show mean ± SEM; statistical analysis was performed using a Student’s t test. 
The e xpression le v els of Flag-ESCO2 and Flag-ESCO2-2A in PLA was detected by immunoblotting. Cells in (A–C) and (G–I) wer e tr eated with 5 �M 

b leomy cin for 2 h. 
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between ESCO2 and MDC1 (Figure 3 I). Furthermore, the
PLA results showed that the in situ interaction between
MDC1 and ESCO2 was enhanced in response to b leomy cin
treatment and decreased when the phosphorylation sites
wer e mutated (Figur e 3 J). Collecti v ely, these results indi-
ca te tha t the BRCT domain of MDC1 recognizes phospho-
rylated ESCO2 after DNA damage and recruits ESCO2 to
the damage sites. 

ESCO2 promotes the formation of 53BP1 foci 

Since a previous study re v ealed the role of ESCO2 in
HR repair ( 16 ), we then primarily investigated the mech-
anism by which ESCO2 promoted NHEJ repair and main-
tained genome stability. The immunofluorescence assay in
cells treated with b leomy cin showed that ESCO2 formed
damage-induced foci (Supplementary Figure S6A); addi-
tionally, the localization of ESCO2 at DSBs was devoid of
53BP1 foci, and analysis of protein intensities re v ealed that
ESCO2 and 53BP1 displayed m utuall y e xclusi v e but adja-
cent localiza tion pa tterns (Figure 4 A). According to this ob-
serva tion, we specula ted tha t ESCO2 might regula te the for-
mation of 53BP1 f oci; theref ore, we measured the number of
53BP1 foci in ESCO2 KD HCT116 cells. Surprisingly, rela-
ti v e to WT cells, the number of 53BP1 foci decreased signif-
icantly in ESCO2-depleted cells –– regardless of bleomycin
treatment –– with similar results in RKO cells (Figure 4 B,
C and Supplementary Figure S6B). Furthermore, depletion
of ESCO2 did not reduce the number of RNF8, RNF168,
H4K20me2 / 3, and FK2 foci (Supplementary Figure S6C).
These results suggest that ESCO2 is important for the for-
mation of 53BP1 foci. 

A previous study has shown that 53BP1 foci consist of
four to se v en nano-domains (53BP1-NDs), which assem-
ble to form microdomains (53BP1-MDs) ( 13 ). We used 3D-
SIM super-r esolution microscop y to observe the effect of
ESCO2 on the formation of 53BP1-MDs and found that
ESCO2 deficiency disrupted the formation of 53BP1-MDs
into disordered shapes (Figure 4 D–F). QUANTEX three-
dimensional structure analysis of 53BP1-MDs deri v ed from
ESCO2 KD HCT116 and RKO cells re v ealed an increase in
mean breadth and a reduction in Curvature point TH100
(Figure 4 E, F and Supplementary Figure S6D, E), which
indicated a collapse of the circularization of 53BP1-MDs.
In ESCO2 KD cells, reintroduction of WT ESCO2, but
not the ESCO2-S196-T233-2A mutant that could not be re-
cruited to damage sites, could reshape the high-order orga-
nization of 53BP1-MDs (Figure 4 E, F). Moreover, Imaris
image analysis was used to reconstruct the super-resolution
fluorescence images of 53BP1 and GFP-ESCO2 and calcu-
late the distance of either GFP-ESCO2 WT or 2A to the
53BP1-MDs. This analysis re v ealed that, in WT cells with-
out ATM inhibitor treatment, GFP-ESCO2 was located ei-
ther inside or at the periphery of 53BP1-MDs, but in cells
treated with ATM inhibitor, it was far away from 53BP1-
MDs. Additionally, GFP-ESCO2 2A showed the same pat-
tern as that of GFP-ESCO2 in ATM inhibitor-treated cells
(Supplementary Figure S6F). These results explain the ex-
clusi v e localiza tion pa tterns seen in confocal imaging (Fig-
ure 4 A) and why ESCO2 WT, but not the ESCO2-S196-
T233-2A mutant, could remold the high-order organiza-
tion of 53BP1-MDs (Figure 4 E, F). In line with these ob-
servations, 53BP1 could not form repair foci in ESCO2-
depleted cells transfected with the ESCO2-S196-T233-2A
mutant (Figures 4 G and Supplementary Figure S6G). Be-
cause 53BP1 recruits RIF1 to damage sites to pre v ent re-
section and channels DSB repair to the NHEJ pathway
( 9 , 11 ), we examined the number of RIF1 foci and found that
the recruitment of RIF1 was restrained in ESCO2 knock-
down cells (Figures 4 H and Supplementary Figure S6H).
These results indicate that ESCO2 regulates the formation
of 53BP1 foci and promotes NHEJ repair. 

ESCO2 regulates the chromatin structure around DSB sites
by acetylating SMC3 K105 / 106 

The acetylation of SMC3 by ESCO2 is related to the es-
tablishment of cohesion and the increased stability of the
cohesin-chroma tin associa tion ( 23 , 24 , 31 ). Furthermore, the
cohesin-mediated DNA loop extrusion is involved in DSB
repair ( 32 ). Our IP-MS assay that identified the ESCO2-
SMC3 interaction (Figure 3 A) led us to speculate that
ESCO2 promoted DSB repair by acetylating SMC3 and
stabilizing cohesin structure. An ESCO2 W539G muta-
tion has been identified in RBS patients, which results in
a loss of acetyltr ansfer ase activity ( 33 ). Consistent with this
study, the immunofluor escence r esults also showed that the
W539G mutant could not rescue the formation of 53BP1
foci and DSB repair capability in ESCO2-depleted cells
(Figure 5 A, B). Based on the abov e e xperimental results,
we speculated that the ESCO2-mediated stabilization of the
cohesin complex was involved in 53BP1 foci formation. To
test this hypothesis, we used 3D reconstruction to mon-
itor the high-order organization of 53BP1 and SMC3 at
DSB sites. The results re v ealed that in WT cells, SMC3
localized at DSB breaks partially occupied by 53BP1,
where they formed similar circular three dimensional struc-
tures; conversely, ESCO2 knockdown disrupted the three-
dimensional organization of SMC3 and 53BP1 (Figure 5 C,
D). We mutated SMC3 K105 / 106 to glutamine (K2Q),
which mimicked the hyper-acetylated state of SMC3, or
to arginine (K2R), which mimicked the unacetylated state;
we then analyzed the mean breadth of the 53BP1-MDs.
Onl y the SMC3-K2Q m utant r escued the thr ee-dimensional
organization of the 53BP1-MDs (Figure 5 D), and an in-
creased number of 53BP1 foci was detected in ESCO2-
depleted cells r e-expr essed with SMC3-K2Q (Figur e 5 E,
F). In keeping with this data, we observed a decrease in
the number of �H2AX foci after 12 h recovery in ESCO2
knockdown cells r e-expr essed with SMC3-K2Q (Figure 5 G,
H), suggesting that ESCO2-catalyzed SMC3 acetylation
promoted the repair efficiency of b leomy cin-induced DSBs.

To investigate the recruitment of 53BP1 and cohesin
around DSBs, we de v eloped stab le WT and ESCO2-
depleted HCT116 cell lines expressing AsiSI, which is a re-
striction enzyme that targets an 8-bp recognition sequence,
fused with estrogen receptor (ER) and HA tag (HA-ER-
AsiSI cells). Since treatment with 4-hydro xytamo xifen (4-
OHT) triggers the nuclear translocation of HA-ER-AsiSI
and generates DSBs ( 34 ), we performed chromatin im-
munoprecipitation with sequencing (ChIP-seq) in 4-OHT-
treated ESCO2 WT and ESCO2-depleted HCT116 cells
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Figure 4. ESCO2 promotes the formation of 53BP1 foci and NHEJ efficiency. ( A ) Colocalization of ESCO2 and 53BP1 in HCT116 cells after b leomy cin 
treatment was monitored by confocal microscopy. Representati v e images are shown. Scale bar, 2 �m. Quantification of co-localized foci is shown as 
mean ± SD from n = 21 cells. ( B , C ) Wild-type (WT) and ESCO2 knockdown HCT116 cells treated with (+) or without (–) b leomy cin (5 �M, 2 h) were 
subjected to immunofluorescence assays at the indicated time points after DNA damage, and the effect of ESCO2 depletion on 53BP1 foci formation 
was e xamined. Representati v e images from three independent experiments are shown. Scale bar, 2 �m. The graphs show mean ± SEM; n = 100 for each 
group. ( D ) 3D-SIM of 53BP1 foci in WT and ESCO2 knockdown HCT116 cells treated with b leomy cin (5 �M, 2 h). Scale bar, 1 �m. (E, F) QUANTEX 

analysis of mean-breadth ( E ) and Curvature points TH100 ( F ) of 53BP1 in WT, ESCO2 knockdown HCT116 cells, and ESCO2 knockdown HCT116 
cells transfected with GFP-ESCO2 WT or GFP-ESCO2 S196-T233-2A plasmid. The graphs show mean ± SEM; n = 50 for each group. ( G ) HCT116 cells 
transfected with the indicated plasmid were treated with b leomy cin for 2 h. Immunofluorescence assays were then performed to examine the 53BP1 foci. 
Scale bar, 2 �m. The graph shows mean ± SEM; n = 30 for each group. ( H ) WT and ESCO2 knockdown HCT116 cells were treated with b leomy cin for 2 
h, and then the RIF1 foci were examined by immunofluorescence assays. Scale bar, 2 �m. The graph shows mean ± SEM; n = 90 for each group. Statistical 
analysis in panels (B), (E), (F), (G) and (H) was performed using a Student’s t test. 
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Figure 5. ESCO2 regulates the chromatin structure around DSB sites by acetylating SMC3 K105 / 106. (A, B) ESCO2 WT, ESCO2 knockdown HCT116 
cells, and ESCO2 knockdown HCT116 cells transfected with GFP-ESCO2 WT or GFP-ESCO2-W539G were treated with b leomy cin for 2 h. To examine 
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sing antibodies against �H2AX, 53BP1, and ac-SMC3 

acetylated SMC3 K105 / 106). ChIP-seq results showed 

hat depletion of ESCO2 resulted in reduced recruitment 
f 53BP1 and ac-SMC3 to the DSBs and an increased le v el
f �H2AX (Figure 5 I and Supplementary Figure S7A, B). 
hIP-qPCR analysis of pulled down DNA using primers 
roximal to a set of six AsiSI sites also showed that ESCO2 

eficiency led to reductions of �H2AX, 53BP1, and ac- 
MC3 around these damage sites (Figure 5 J and Supple- 
entary Table S3). Consistently, SMC3 was not recruited 

o DSB sites in ESCO2 deficient cells (Supplementary Fig- 
re S7C), indicating that ESCO2 stabilizes cohesin around 

SB sites by acetylating SMC3. In summary, these results 
ndica te tha t ESCO2 shapes the high-order chroma tin struc- 
ure at DSB breaks by acetylating SMC3 K105 / 106, which 

s indispensable to the assembly of 53BP1. 

eficiency of ESCO2 leads to chemother ap y sensitivity in 

olorectal cancer 

o further elucidate the effect of ESCO2 on genome sta- 
ility in vivo , we performed a xenograft nude mouse ex- 
eriment by subcutaneously injecting WT or ESCO2 KD 

CT116 cells into 6-week-old female BALB / c mice. From 

ay 14 to day 35 after inocula tion, oxalipla tin was adminis- 
ered intravenously at a dose of 10 mg / kg every 3 days, and
he tumor volume was measur ed (Figur e 6 A). As expected, 
elati v e to the WT control group, ESCO2 depletion resulted 

n a significant decrease in tumor volume and weight in the 
bsence of drug and r ender ed cells hypersensiti v e to oxali- 
latin (Figure 6 B–D). To determine the le v els of �H2AX 

nd Ki67 –– a marker of cell proliferation –– in tumor speci- 
ens, tumors from mice in each group were collected and 

mmunohistochemical assays (IHC) were performed. Con- 
istently, ESCO2-depleted tumors treated with oxaliplatin 

howed that �H2AX was significantly increased and Ki67 

as substantially r educed (Figur e 6 E and Supplementary 

igure S8). Based on TUNEL staining results, cell apop- 
osis also increased in ESCO2-depleted tumors after ox- 
lipla tin trea tment (Figure 6 F). To explore the physiolog- 
cal function of ESCO2 phosphorylation in DSB repair in 

ice, we injected HCT116 WT cells, ESCO2 KD cells, and 

SCO2 KD cells stably expressing either ESCO2-WT or - 
A into the armpits of 6-week-old female BALB / c nude 
ice. Starting at day 12, we administered oxaliplatin at a 

ose of 10 mg / kg e v ery 3 days (Figure 6 G) and measured
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
he 53BP1 foci, immunofluorescence assays were performed immediately after 
he cells were cultured in fresh medium for 12 h after b leomy cin treatment (5 �
ar, 2 �m. ( C ) 3D-SIM of 53BP1 and GFP-SMC3 foci in wild-type (WT) and
m. 3D reconstruction using Imaris. ( D ) Q UANTEX anal ysis of mean-breadth
SCO2 knockdown HCT116 cells transfected with GFP-SMC3-WT, GFP-SMC
ells transfected with the indicated plasmids and WT HCT116 cells were treate
xamine the 53BP1 foci. Representative images from three independent experim
or each group. ( G , H ) ESCO2 knockdown HCT116 cells transfected with the i
hen cultured in fresh medium for 12 h. Immunofluorescence assays were then p
ndependent experiments are shown. Scale bar, 2 �m. The graphs show mean ± S
SCO2 WT and ESCO2-depleted HCT116 cells. ChIP-seq analyses of WT and E
nti-53BP1 and anti-ac-SMC3 antibodies. Averaged 53BP1 and ac-SMC3 signa
nalysis was performed in AsiSI–ER-HCT116 cells after 4 h 4-OHT treatment, u
3BP1 enrichment was assessed by qPCR amplification using proximal primers 
tatistical analysis in panels (D), (F) and (H) was performed using a Student’s t 
he tumor volumes. The results showed that re-introduction 

f ESCO2-WT, but not the ESCO2-2A mutant, in ESCO2 

D cells reduced the chemosensitivity to oxaliplatin. Ad- 
itionally, larger tumors were observed in the ESCO2-WT- 
xpressing group relati v e to the ESCO2 KD and ESCO2- 
A groups (Figure 6 H, I). Taken together, these results sug- 
est that ESCO2 increases the resistance of colorectal can- 
er cells to oxaliplatin by promoting DSB repair efficiency. 

ISCUSSION 

ur study demonstrates that ESCO2 facilitates the recruit- 
ent of 53BP1 to DSB sites and promotes the efficiency of 

3BP1-dir ected NHEJ r epair. In r esponse to DNA damage, 
SCO2 is phosphorylated by ATM kinase and recognized 

y MDC1, which recruits ESCO2 to DSB sites. ESCO2 

cetylates SMC3 and mediates stabilization of the cohesin 

omplex, which is essential for genome stability. Depletion 

f ESCO2 renders colorectal cancer cells hypersensiti v e to 

hemotherapeutic drugs (Figure 7 ). 
A range of e xperimental e vidence supports the model 

hat the cohesin complex and CCCTC-binding factor 
CTCF) mediate DNA loop extrusion, which organizes 
he chromosome ( 35 ). The three-dimensional structure of 
he eukaryotic genome impacts and is regulated by DNA 

etabolism pathways such as the DNA damage response 
 36 ); for instance, chroma tin a t DSB sites compacts in a
nique manner that is distinguishable from undamaged 

hromatin in living cells ( 37 ). Piazza et al . showed that 
ohesin promotes HR repair by regulating the HR path- 
ay ( 16 ). Consistently, we also found that ov ere xpression of 
SCO2 promoted HR repair and BRCA1 could not form 

amage-induced foci in ESCO2 KD cells (Supplementary 

igure S2C, D). This finding suggests that the ESCO2- 
tabilized cohesin complex plays an important role in the 
R repair pathway. Strikingly, our results showed that 
SCO2 played an indispensable role in NHEJ repair, since 
SCO2 ov ere xpression increased NHEJ efficiency while 
SCO2 depletion decreased NHEJ efficiency (Supplemen- 

ary Figure S2C, Figure 1 E). Previous work showed that 
3BP1 forms microdomains that stabilize chromatin topol- 
gy at DSB sites ( 13 ). DSBs induce a genome-wide increase 

n cohesin to isolate damaged regions from adjacent chro- 
atin ( 32 ). Consistently, we also found that SMC3, a ma- 

or subunit of cohesin, could be recruited to the DSB site 
Figure 5 I and Supplementary Figure S7C). Furthermore, 
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
b leomy cin treatment ( A ). Scale bar, 2 �m. To examine the �H2AX foci, 
M, 2 h) and immunofluorescence assays were then performed ( B ). Scale 
 ESCO2 knockdown HCT116 cells treated with b leomy cin. Scale bar, 1 
 of 53BP1 in WT HCT116 cells, ESCO2 knockdown HCT116 cells, and 
3-K2Q or GFP-SMC3-K2R plasmid. ( E , F ) ESCO2 knockdown HCT116 
d with b leomy cin for 2 h. Immunofluorescence assays were performed to 
ents are shown. Scale bar, 2 �m. The graphs show mean ± SEM; n = 30 
ndicated plasmids wer e tr eated with b leomy cin for 2 h, and the cells were 
erformed to examine the �H2AX foci. Representati v e images from three 
EM; n = 30 for each group. ( I ) Average profile for 53BP1 and ac-SMC3 in 
SCO2-depleted HCT116 cells after 4-OHT treatment (500 nM, 4 h), using 
ls over a 10-kb region flanking annotated AsiSI sites are shown. ( J ) ChIP 

sing anti-ac-SMC3 and anti-53BP1 antibodies as indicated. ac-SMC3 and 
of AsiSI sites. Statistical analysis was performed using two-way ANOVA. 
test. 
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Figure 6. ESCO2 deficiency leads to chemotherapy sensitivity in colorectal cancer. ( A ) Schematic diagram of the human colorectal cancer nude mouse 
xenograft model. From day 14 to day 35 after inocula tion, oxalipla tin was administered intravenously at a dose of 10 mg / kg e v ery 3 days. ( B ) Tumors from 

mice of each experimental group were excised and photo gra phed. ( C ) Colorectal tumor xenograft volumes were recorded after excision. The graph shows 
mean ± SEM; n = 4 for each group. ( D ) Tumors from each group were removed and weighed. The graph shows mean ± SEM. ( E ) The levels of �H2AX 

in the xenograft tumors were imm unohistochemicall y evaluated. Scale bar, 20 �m. The graphs show mean ± SEM. ( F ) TUNEL staining of the xenograft 
tumors. Scale bar, 20 �m. ( G ) Schematic diagram of the human colorectal cancer nude mouse xenograft model. From day 12 to day 18 after inoculation, 
oxaliplatin was administered intravenously at a dose of 10 mg / kg e v ery 3 days. The red arrow indicates the time point at which the dose was administered. 
n = 5 for each group. ( H ) Tumors from mice of each experimental group were excised and photo gra phed. ( I ) Colorectal tumor xenograft volumes from (G) 
wer e r ecor ded e v ery 3 days. The graph shows mean ± SEM; n = 5 for each group. Statistical analysis in panels (C), (D), (E) and (I) was performed using a 
Student’s t test. 
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Figure 7. Model for the role of the ATM–ESCO2–SMC3 axis in the DNA damage response. When cells suffer from DSBs, ESCO2 S196 and T233 residues 
are phosphorylated by ATM. The phosphorylated ESCO2 is then recognized by MDC1 and recruited to DSB sites. ESCO2-mediated acetylation of SMC3 
(a major subunit of cohesin) regulates the chromatin structure around DSB breaks and facilitates the formation of 53BP1 microdomains, which is important 
for NHEJ repair and genome stability. ESCO2-depleted colorectal cancer cells are more sensiti v e to chemotherapeutic drugs. The model was created with 
BioRender.com. 
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e identified ESCO2 as a regulator for cohesin-dependent 
SB-induced chromatin structure dynamics, which is im- 

ortant for the recruitment of cohesin and 53BP1 to DSB 

ites and the formation of 53BP1-MDs. Moreover, our re- 
ults suggest that DN A damage-stim ulated ESCO2 phos- 
horyla tion a t residues S196 and T233 by ATM is essen- 
ial for the recruitment of ESCO2 to DSB sites, which is 
onsistent with the model indicating that ATM activity is 
 equir ed for loop extrusion at DSBs ( 32 ). Additionally, we 
howed tha t phosphoryla ted ESCO2 is recognized by the 
hosphopeptide-binding BRCT domain of MDC1 and re- 
ruited to the damage sites in an MDC1-dependent manner. 
urthermore, a previous study re v ealed that the BRCT do- 
ain of MDC1 is critical for its binding to �H2AX ( 38 ). 
hese data suggest that the BRCT domain of MDC1 pro- 

eins serves as a key functional domain to recognize dif- 
erent proteins; howe v er, the detailed mechanism underly- 
ng the simultaneous binding of phosphorylated ESCO2 

nd �H2AX to the BRCT domain of MDC1 remains to 

e elucidated by structural biology. Taken together, our 
tudy added an additional layer of DSB-induced chromatin 

ynamics through the ATM–ESCO2–SMC3 axis. Collec- 
i v ely, our results combined with previous studies indicate 
hat damage-induced changes in chromatin structur e ar e es- 
ential for the cellular response to DNA damage and the 
 ecruitment of r epair factors like 53BP1, and in turn the 
 ecruitment of r epair proteins at DSBs r egulates the chro- 
atin structure around break sites and safeguards genome 

ntegrity. 
Pr evious r esear ch has r e v ealed that cancer cells produce

le vated le v els of ROS ( 39 ), which has been reported to
irectly induce oxidati v e DNA damage, and the failure 
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of base excision repair leads to the generation of DSBs
( 40 , 41 ). Moreover, dysfunction of Eco1 and cohesin in Sac-
char om y ces cer evisiae leads to ROS overproduction ( 42 ).
Here, w e show ed that depletion of ESCO2 reduced tu-
mor growth and increased the �H2AX le v el in the absence
of chemotherap y r eagents, suggesting that the endogenous
ROS-induced DSB damage cannot be properly r epair ed
in ESCO2-depleted cells. Moreover, ESCO2-depleted cells
have been reported to accumulate in S-phase ( 43 ), which
at least partially contributes to a reduced prolifer ation r ate.
Consistentl y, our imm unohistochemical results also showed
a lower le v el of Ki67 in ESCO2-depleted tumors relati v e
to WT tumors. Collecti v ely, these da ta suggest tha t deple-
tion of ESCO2 inhibits tumor growth in the absence of
chemotherapy agents by affecting endogenous DNA dam-
age repair and cell cycle arrest. 

The role of ESCO2 in colorectal cancer cells identified
in this study provides a novel molecular explanation for
CRC chemoresistance. As the main approach for the treat-
ment of CRC, chemotherapy, including oxaliplatin, plays an
important role in preoperati v e treatment and in reducing
cancer relapse after surgery ( 44 ). Howe v er, cancer cells de-
v elop se v eral mechanisms to e vade oxaliplatin-induced cell
a poptosis, one of w hich is the damage-induced ov ere xpres-
sion of NHEJ repair factors and improvement of NHEJ
r epair efficiency, ther eby r esulting in drug r esistance ( 45 ).
The upregulation of the 53BP1 expression le v el promotes
NHEJ repair efficiency and leads to r adiother ap y r esis-
tance in colorectal cancer cells ( 46 ). Our results suggest that
ESCO2 regulates the formation of 53BP1 foci. Depletion
of ESCO2 in CRC cells leads to the disruption of 53BP1-
MDs ring-like structure and causes cancer cells to become
hypersensiti v e to chemotherapeutic drugs. TCGA analysis
showed that the expression level of ESCO2 positi v ely corre-
lated with 53BP1 and BRCA1 in colorectal cancer samples
(Supplementary Figure S1C). We propose that 53BP1-MDs
mediated by cohesin-dependent chromatin dynamics con-
tributes to CRC chemoresistance, and the strategies that in-
hibit the recruitment of ESCO2 to DBSs and / or reduce its
acetyltr ansfer ase activity to disrupt the ring-like structure
of 53BP1 may have therapeutic value in CRC r adiother apy
and chemotherapy. 

Overall, our data identify that ESCO2 plays a vital role
in the DDR by regulating chromatin structure and promot-
ing the recruitment of 53BP1. Our findings provide mecha-
nistic insight into the relationship between the 3D genome
structure and DSB repair and its role in colorectal cancer
therapy. 

DA T A A V AILABILITY 

All data generated are included in this article and its sup-
plementary data files. 

ChIP-seq data from this study is available at the Gene Ex-
pression Omnibus ( http://www.ncbi.nlm.nih.gov/projects/
geo/ , GSE221266). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE [1] partner repository with the dataset iden-
tifier PXD039072 and 10.6019 / PXD039072. Western blot
gel images can be available at https://zenodo.org/record/
7903677#.ZFcyhi-9GTc . 
SUPPLEMENT ARY DA T A 

Supplementary Data are available at NAR Online. 

ACKNOWLEDGEMENTS 

We sincerely thank Prof. Huiqiang Lou from China Agri-
cultural Uni v ersity for providing pRK5-GFP-ESCO2 and
pRK5-Flag-ESCO2 plasmids, and Prof. Xiong Ji from
Peking Uni v ersity for providing pX332-SMC3-EGFP plas-
mid. We thank the National Center for Protein Sciences and
the Core Facilities of Life Sciences at Peking Uni v ersity,
particularly Chunyan Shan, Siying Qin, Liying Du, Huan
Yang, Jia Luo, Xuefang Zhang, Ye Liang, Liqin Fu, Jun
Ren, Yinghua Guo, Guilan Li, Qi Zhang and Dong Liu for
technical help. 
Author contributions : J. Fu and X. Zheng designed this
study. J. Fu performed the experiments. J. Fu analyzed the
data and wrote the manuscript. S. Zhou and H. Xu helped
with the data analyses. L. Liao performed the nude mice
xenograft assay. H. Shen and P. Du helped with the ChIP-
seq analyses. X. Zheng supervised this study and wrote the
manuscript. 

FUNDING 

National K ey R&D Pr ogram of China [2022YFA1302803];
Na tional Na tural Science Founda tion of China [82130081,
32270756, 81730080]; Na tural Science Founda tion of
Beijing Municipality [5212008]. Funding for open ac-
cess charge: National K ey R&D Pr ogram of China
[2022YFA1302803]; Na tional Na tural Science Foundation
of China [82130081, 32270756, 81730080]; Natural Science
Foundation of Beijing Municipality [5212008]. 
Conflict of interest statement. None declared. 

REFERENCES 

1. Tubbs,A. and Nussenzweig,A. (2017) Endogenous DNA damage as a 
source of genomic instability in cancer. Cell , 168 , 644–656. 

2. Zhao,B., Rothenberg,E., Ramsden,D.A. and Lieber,M.R. (2020) The 
molecular basis and disease relevance of non-homologous DNA end 
joining. Nat. Rev. Mol. Cell Biol. , 21 , 765–781. 

3. Ceccaldi,R., Rondinelli,B. and D’Andrea,A.D. (2016) Repair 
pathway choices and consequences at the double-strand break. 
T r ends Cell Biol. , 26 , 52–64. 

4. Chapman,J.R., Taylor,M.R. and Boulton,S.J. (2012) Playing the end 
game: DNA double-strand break repair pathway choice. Mol. Cell , 
47 , 497–510. 

5. Blackford,A.N. and Jackson,S.P. (2017) ATM, ATR, and DNA-PK: 
the trinity at the heart of the DNA damage response. Mol. Cell , 66 , 
801–817. 

6. Shiloh,Y. and Ziv,Y. (2013) The ATM protein kinase: regulating the 
cellular response to genotoxic stress, and more. Nat. Rev. Mol. Cell 
Biol. , 14 , 197–210. 

7. Stewart,G.S., Wang,B., Bignell,C.R., Taylor,A.M. and Elledge,S.J. 
(2003) MDC1 is a mediator of the mammalian DNA damage 
checkpoint. Nature , 421 , 961–966. 

8. Panier,S. and Boulton,S.J. (2014) Double-strand break repair: 53BP1 
comes into focus. Nat. Rev. Mol. Cell Biol. , 15 , 7–18. 

9. Chapman,J.R., Barral,P., Vannier,J.B., Borel,V., Steger,M., 
Tomas-Loba,A., Sartori,A.A., Adams,I.R., Batista,F.D. and 
Boulton,S.J. (2013) RIF1 Is essential for 53BP1-dependent 
nonhomologous end joining and suppression of DNA double-strand 
br eak r esection. Mol. Cell , 49 , 858–871. 

10. Ghezraoui,H., Oli v eira,C., Becker,J.R., Bilham,K., Moralli,D., 
Anzilotti,C., Fischer,R., Deobagkar-Lele,M., Sanchiz-Calvo,M., 

http://www.ncbi.nlm.nih.gov/projects/geo/
https://zenodo.org/record/7903677#.ZFcyhi-9GTc
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad533#supplementary-data


Nucleic Acids Research, 2023, Vol. 51, No. 14 7391 

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

©
T
p

Fueyo-Marcos,E. et al. (2018) 53BP1 cooperation with the 
REV7-shieldin complex underpins DNA structure-specific NHEJ. 
Nature , 560 , 122–127. 

1. Zimmermann,M., Lottersberger,F., Buonomo,S.B., Sfeir,A. and de 
Lange,T. (2013) 53BP1 regulates DSB repair using Rif1 to control 5’ 
end resection. Science , 339 , 700–704. 

2. Kilic,S., Lezaja,A., Gatti,M., Bianco,E., Michelena,J., Imhof,R. and 
Altmeyer,M. (2019) Phase separation of 53BP1 determines liquid-like 
behavior of DNA repair compartments. EMBO J. , 38 , e101379. 

3. Ochs,F., Kar emor e,G., Mir on,E., Br own,J., Sedlackova,H., 
Rask,M.B., Lampe,M., Buckle,V., Schermelleh,L., Lukas,J. et al. 
(2019) Stabilization of chromatin topology safeguards genome 
integrity. Nature , 574 , 571–574. 

4. Marston,A.L. (2014) Chromosome segregation in budding yeast: 
sister chromatid cohesion and related mechanisms. Genetics , 196 , 
31–63. 

5. Zuin,J ., Dixon,J .R., van der Reijden,M.I., Ye,Z., Kolovos,P., 
Brouwer,R.W., van de Corput,M.P., van de Werken,H.J., 
Knoch,T.A., van,I.W.F. et al. (2014) Cohesin and CTCF differentially 
af fect chroma tin ar chitectur e and gene expr ession in human cells. 
Proc. Natl. Acad. Sci. U.S.A. , 111 , 996–1001. 

6. Piazza,A., Bordelet,H., Dumont,A., Thierry,A., Savocco,J., Girard,F. 
and Koszul,R. (2021) Cohesin regulates homology search during 
recombinational DNA repair. Nat. Cell Biol. , 23 , 1176–1186. 

7. Van Den Berg,D.J. and Francke,U. (1993) Roberts syndrome: a 
re vie w of 100 cases and a new rating system for severity. Am J Med 
Genet , 47 , 1104–1123. 

8. Vega,H., Waisfisz,Q., Gordillo,M., Sakai,N., Yanagihara,I., 
Yamada,M., van Gosliga,D., Kayserili,H., Xu,C., Ozono,K. et al. 
(2005) Roberts syndrome is caused by mutations in ESCO2, a human 
homolog of yeast ECO1 that is essential for the establishment of sister 
chromatid cohesion. Nat. Genet. , 37 , 468–470. 

9. Ben-Shahar,R., Heeger,S., Lehane,C., East,P., Flynn,H., Skehel,M. 
and Uhlmann,F. (2008) Eco1-dependent cohesin acetylation during 
establishment of sister chromatid cohesion. Science , 321 , 563–566. 

0. Unal,E., Heidinger-Pauli,J.M., Kim,W., Guacci,V., Onn,I., Gygi,S.P. 
and Koshland,D.E. (2008) A molecular determinant for the 
establishment of sister chromatid cohesion. Science , 321 , 566–569. 

1. R owland,B.D., R oig,M.B., Nishino,T., Kurze,A., Uluocak,P., 
Mishra,A., Beckouet,F., Underwood,P., Metson,J., Imre,R. et al. 
(2009) Building sister chromatid cohesion: smc3 acetylation 
counteracts an antiestablishment activity. Mol. Cell , 33 , 763–774. 

2. Sutani,T ., Kawaguchi,T ., Kanno,R., Itoh,T . and Shirahige,K. (2009) 
Budding yeast Wpl1(Rad61)-Pds5 complex counteracts sister 
chromatid cohesion-establishing reaction. Curr. Biol. , 19 , 492–497. 

3. Skibbens,R.V., Corson,L.B., Koshland,D. and Hieter,P. (1999) Ctf7p 
is essential for sister chromatid cohesion and links mitotic 
chromosome structure to the DNA replication machinery. Genes 
Dev. , 13 , 307–319. 

4. Toth,A., Ciosk,R., Uhlmann,F., Galova,M., Schleiffer,A. and 
Nasmyth,K. (1999) Yeast cohesin complex r equir es a conserved 
protein, Eco1p(Ctf7), to establish cohesion between sister chromatids 
during DNA replication. Genes Dev. , 13 , 320–333. 

5. Peng,B., Wang,J., Hu,Y., Zhao,H., Hou,W., Zhao,H., Wang,H., 
Liao,J. and Xu,X. (2015) Modulation of LSD1 phosphorylation by 
CK2 / WIP1 regulates RNF168-dependent 53BP1 recruitment in 
response to DNA damage. Nucleic Acids Res. , 43 , 5936–5947. 

6. Fattah,F., Lee,E.H., Weisensel,N., Wang,Y., Lichter,N. and 
Hendrickson,E.A. (2010) Ku regulates the non-homologous end 
joining pathway choice of DNA double-strand break repair in human 
somatic cells. PLoS Genet. , 6 , e1000855. 

7. Yang,C., Zang,W., Tang,Z., Ji,Y., Xu,R., Yang,Y., Luo,A., Hu,B., 
Zhang,Z., Liu,Z. et al. (2018) A20 / TNFAIP3 Regulates the DNA 

damage response and mediates tumor cell resistance to 
DN A-damaging thera py. Cancer Res. , 78 , 1069–1082. 

8. Zhu,D., Xu,R., Huang,X., Tang,Z., Tian,Y., Zhang,J. and Zheng,X. 
(2021) Deubiquitinating enzyme OTUB1 promotes cancer cell 
immunosuppression via pre v enting ER-associated degradation of 
immune checkpoint protein PD-L1. Cell Death Differ , 28 , 1773–1789. 
C The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Ac
his is an Open Access article distributed under the terms of the Creati v e Common
ermits unrestricted reuse, distribution, and reproduction in any medium, provided th
9. McKay,M.J ., Craig,J ., Kalitsis,P., Kozlov,S ., Verschoor,S ., Chen,P., 
Lobachevsky,P., Vasireddy,R., Yan,Y., Ryan,J. et al. (2019) A Roberts 
Syndrome individual with differential genotoxin sensitivity and a 
DNA damage response defect. Int. J. Radiat. Oncol. Biol. Phys. , 103 , 
1194–1202. 

0. Samadder,P., Aithal,R., Belan,O. and Krejci,L. (2016) Cancer 
targetases: DSB repair as a pharmacological target. Pharmacol. Ther. , 
161 , 111–131. 

1. Schmitz,J., Watrin,E., Lenart,P., Mechtler,K. and Peters,J.M. (2007) 
Sororin is r equir ed for stable binding of cohesin to chromatin and for 
sister chromatid cohesion in interphase. Curr. Biol. , 17 , 630–636. 

2. Arnould,C., Rocher,V., Finoux,A.L., Clouaire,T., Li,K., Zhou,F., 
Caron,P ., Mangeot,P .E., Ricci,E.P ., Mourad,R. et al. (2021) Loop 
extrusion as a mechanism for formation of DNA damage repair foci. 
Nature , 590 , 660–665. 

3. Gordillo,M., Vega,H., Trainer,A.H., Hou,F., Sakai,N., Luque,R., 
Kayserili,H., Basaran,S., Skovby,F., Hennekam,R.C. et al. (2008) The 
molecular mechanism underlying Roberts syndrome involves loss of 
ESCO2 acetyltr ansfer ase activity. Hum. Mol. Genet. , 17 , 2172–2180. 

4. Iacovoni,J.S., Caron,P., Lassadi,I., Nicolas,E., Massip,L., Trouche,D. 
and Legube,G. (2010) High-resolution profiling of gammaH2AX 

around DNA double strand breaks in the mammalian genome. 
EMBO J. , 29 , 1446–1457. 

5. Fudenberg,G., Abdennur,N., Imakaev,M., Goloborodko,A. and 
Mirny,L.A. (2017) Emerging evidence of chromosome folding by 
loop extrusion. Cold Sh. Q. B , 82 , 45–55. 

6. Stanic,M. and Mekhail,K. (2022) Integration of DNA damage 
responses with dynamic spatial genome organization. Trends Genet. , 
38 , 290–304. 

7. Eaton,J.A. and Zidovska,A. (2020) Structural and dynamical 
signatures of local DNA damage in li v e cells. Biophys. J. , 118 , 
2168–2180. 

8. Stucki,M., Clapperton,J.A., Mohammad,D., Yaffe,M.B., 
Smerdon,S.J. and Jackson,S.P. (2005) MDC1 directly binds 
phosphorylated histone H2AX to regulate cellular responses to DNA 

double-strand breaks. Cell , 123 , 1213–1226. 
9. Panieri,E. and Santoro,M.M. (2016) ROS homeostasis and 

metabolism: a dangerous liason in cancer cells. Cell Death Dis. , 7 , 
e2253. 

0. Cannan,W.J., Tsang,B.P., Wallace,S .S . and Pederson,D.S. (2014) 
Nucleosomes suppress the formation of double-strand DNA breaks 
during attempted base excision repair of clustered oxidati v e damages. 
J. Biol. Chem. , 289 , 19881–19893. 

1. Srinivas,U.S., Tan,B.W.Q., Vellayappan,B.A. and Jeyasekharan,A.D. 
(2019) ROS and the DNA damage response in cancer. Redox Biol. , 
25 , 101084. 

2. Mfarej,M.G. and Skibbens,R.V. (2022) Genetically induced redox 
stress occurs in a yeast model for Roberts syndrome. G3 (Bethesda) , 
12 , 1–12 

3. Alomer,R.M., da Silva,E.M.L., Chen,J., Piekarz,K.M., 
McDonald,K., Sansam,C.G., Sansam,C.L. and Rankin,S. (2017) 
Esco1 and Esco2 regulate distinct cohesin functions during cell cycle 
progression. Proc. Natl. Acad. Sci. U.S.A. , 114 , 9906–9911. 

4. Nordlinger,B., Sorbye,H., Glimelius,B., Poston,G.J., Schlag,P.M., 
Rougier,P., Bechstein,W.O., Primrose,J.N., Euan,T.W., 
Finch-Jones,M. et al. (2008) Perioperati v e chemotherapy with 
FOLFOX4 and surgery versus surgery alone for resectable liver 
metastases from colorectal cancer (EORTC Intergroup trial 40983): a 
randomised controlled trial. Lancet , 371 , 1007–1016. 

5. Yang,S.T. and Wang,X.Q. (2017) XLF-mediated NHEJ activity in 
hepatocellular carcinoma therapy resistance. BMC Cancer , 17 , 
344–354 

6. Yang,L.L., Shen,C.X., Estrada-Bernal,A., Robb,R., Chatterjee,M., 
Se bastian,N., We bb,A., Mo,X.K., Chen,W., Krishnan,S. et al. (2021) 
Oncogenic KRAS dri v es radioresistance through upregulation of 
NRF2-53BP1-mediated non-homologous end-joining repair. Nucleic 
Acids Res. , 49 , 11067–11082. 
ids Research. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 


	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

