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ABSTRACT  
Lamin A/C, a core component of the nuclear lamina, forms a mesh-like structure beneath the inner 
nuclear membrane. While its structural role is well-studied, its involvement in DNA metabolism 
remains unclear. We conducted sequential protein fractionation to determine the subcellular 
localization of early DNA damage response (DDR) proteins. Our findings indicate that most DDR 
proteins, including ATM and the MRE11-RAD50-NBS1 (MRN) complex, are present in the 
nuclease  – and high salt-resistant pellet fraction. Notably, ATM and MRN remain stably 
associated with these structures throughout the cell cycle, independent of ionizing radiation 
(IR)-induced DNA damage. Although Lamin A/C interacts with ATM and MRN, its depletion does 
not disrupt their association with nuclease-resistant structures. However, it impairs the IR- 
enhanced association of ATM with the nuclear matrix and ATM-mediated DDR signaling, as well 
as the interaction between ATM and MRN. This disruption impedes the recruitment of MRE11 to 
damaged DNA and the association of damaged DNA with the nuclear matrix. Additionally, 
Lamin A/C depletion results in reduced protein levels of CtIP and RAD51, which is mediated by 
transcriptional regulation. This, in turn, impairs the efficiency of homologous recombination 
(HR). Our findings indicate that Lamin A/C plays a pivotal role in DNA damage repair (DDR) by 
orchestrating ATM-mediated signaling, maintaining HR protein levels, and ensuring efficient 
DNA repair processes.
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Introduction

DNA double-strand breaks (DSBs) represent one of the 
most deleterious genomic lesions and improper DSB 
repair can lead to genomic instability. DSBs are detected 
by sensor proteins, which initiate the DNA damage 
response (DDR), a multi-step signal transduction 
pathway (Shiloh 2006). Ataxia-telangiectasia mutated 
(ATM), a serine-threonine kinase, is a primary DSB 
sensor. Upon detection of a DSB, ATM is autophosphory-
lated at serine 1981 (S1981), thereby activating itself 
(Bakkenist and Kastan 2003). Upon activation, ATM phos-
phorylates a number of DDR proteins, including H2AX, 
MRE11, RAD50, NBS1, BRCA1, and CHK2 (Rogakou et al. 
1998, Savic et al. 2009, Shiloh 2014, Lavin et al. 2015). 
Phosphorylation of H2AX at serine 139 (γH2AX) recruits 
the MRE11/RAD50/NBS1 (MRN) complex and MDC1 to 
the DNA damage site (Stucki et al. 2005, Lavin et al. 
2015). This process enhances further MRN recruitment 
and subsequent ATM activation, creating a positive 

feedback loop for proper DDR signaling (D’Amours and 
Jackson 2002, Lee and Paull 2005, Dupre et al. 2006).

The activation of ATM-mediated DDR signals results 
in the arrest of the cell cycle and the subsequent acti-
vation of DSB repair (DSBR) pathways (Groelly et al. 
2023). The phosphorylation of NBS1 by ATM is essential 
for the phosphorylation of a checkpoint protein, CHK2, 
and SMC1. RAD50 is phosphorylated by ATM and ATR, 
another key DDR kinase, which facilitates the phos-
phorylation of another checkpoint protein, CHK1. Cells 
utilize distinct DSBR pathways, including homologous 
recombination (HR) and non-homologous end-joining 
(NHEJ), contingent upon their respective cell cycle 
phase and the availability of a sister chromatid as a 
repair template (Shibata 2017). MDC1 recruitment to 
DNA damage sites results in RNF8 and RNF168 recruit-
ment, which in turn catalyzes protein ubiquitination at 
DSB sites and attracts resection enzymes such as EXO1, 
DNA2, and CtIP, thus facilitating efficient HR processes 
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(Fontana et al. 2018). Furthermore, it was reported that 
phosphorylation of MRE11 by ATM is essential for HR, 
as it facilitates RAD51 foci formation and EXO1 phos-
phorylation (Kijas et al. 2015).

The nuclear lamins are intermediate filaments that 
constitute the nuclear lamina, a meshwork structure 
located underneath the nuclear envelope (Aebi et al. 
1986). Mammalian cells contain two major lamins 
(Shimi et al. 2008, Gesson et al. 2016). A-type lamins 
are encoded by the LMNA gene, which undergoes 
alternative splicing to yield Lamin A and Lamin C. B- 
type lamins are encoded by two genes LMNB1 and 
LMNB2. Previous researches suggest the involvement 
of Lamin A/C in DNA replication, as disrupting lamin 
organization in the Xenopus laevis nucleus inhibits repli-
cation (Spann et al. 1997, Moir et al. 2000). A related 
study has recently reported the presence of replication 
factor complex C (RFC) and RFC-like complex proteins 
in the nuclease  – and high salt-resistant protein frac-
tions. (Lee and Park 2020, Park et al. 2021).

In addition to the discovery of the role of the nuclear 
lamina as a tether of chromosomes via lamina-associ-
ated domains (Guelen et al. 2008, Kind et al. 2013, 
Kind and van Steensel 2014, van Steensel and Belmont 
2017), the presence of a nucleoplasmic pool of Lamin 
A/C has prompted further questions about its involve-
ment in DNA replication as well as DNA damage repair 
(Bridger et al. 1993, Moir et al. 2000). Some studies 
have suggested that damaged DNA is tethered to the 
nuclear structure in order to be efficiently repaired 
(McCready and Cook 1984, Harless and Hewitt 1987, 
Koehler and Hanawalt 1996). Furthermore, the preferen-
tial repair of nuclear matrix-associated DNA has been 
reported. Accordingly, Lamin A/C maintains the pos-
itional stability of DNA damage repair sites (Mahen 
et al. 2013). Additionally, there have been reports on 
the nuclear matrix association of DDR and DSBR pro-
teins, including BRCA1, BRCA2, and RAD51 (Qiao et al. 
2001, Mladenov et al. 2006, Xia et al. 2006, Kubota 
et al. 2009). Some studies on Lamin A/C have uncov-
ered its role in HR by regulating the transcription of 
53BP1, RAD51, and BRCA1 (Gonzalez-Suarez et al. 
2009, Redwood et al. 2011, Redwood et al. 2011, 
Mayca Pozo et al. 2017, Li et al. 2018). Moreover, 
another study demonstrated that Lamin A/C interacts 
with a DDR protein, 53BP1, to maintain its protein stab-
ility (Gonzalez-Suarez et al. 2009, Gibbs-Seymour et al. 
2015). Lamin A/C also facilitates the accumulation of 
53BP1 at damage sites, the positional stability of DNA 
damage repair foci, and efficient HR following ionizing 
radiation (IR) treatment (Redwood et al. 2011). 
However, the detailed mechanisms of how the 
nuclear matrix structure and Lamin A/C are involved 

in the different steps of DNA repair processes remain 
poorly understood.

Here, we uncovered the critical role of Lamin A/C in 
orchestrating the damaged DNA and DDR/HR proteins. 
Utilizing a stepwise protein fractionation method, we 
discovered that the ATM and MRN complex proteins 
are found in nuclease-resistant protein fractions. This 
fractionation profile was maintained throughout the 
cell cycle or IR-induced DNA damage. Instead, Lamin 
A/C directly interacts with ATM and MRN proteins, but 
may not be required for their association with the 
nuclear matrix. Rather, Lamin A/C regulates DDR 
protein recruitment and DDR signaling by allowing 
stable interaction between ATM and MRN complex. Fur-
thermore, Lamin A/C regulates HR efficiency by main-
taining the levels of HR proteins.

Materials and methods

Cell lines and cell culture

Human embryonic kidney (HEK) 293 T, Osteosarcoma 
epithelial cells (U2OS), HeLa cells, and U2OS 2-6-5 cells 
stably expressing destabilization domain (DD)-estrogen 
receptor (ER)-FokI endonuclease-mCherry-Lac repressor 
(LacR) fusion protein (DD-ER-FokI-mCherry-LacR) 
(kindly provided by Dr. Roger Greenberg) were culture 
in Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal bovine serum (GE Healthcare), 100 U/ 
mL penicillin G (Life Technologies), and 100 μg/mL strep-
tomycin (Life Technologies) in a humidified atmosphere 
of 5% CO2 at 37°C.

Reagents and antibodies

The following drugs were used in this study: MG-132, 
cyclohexamide, RO-3306, thymidine (Sigma-Aldrich). 
The following antibodies were used in this study: anti- 
phospho ATM (S1981) antibodies (R&D Systems, Inc.), 
anti-NBS1, anti-MRE11 antibodies (Novus Biologicals), 
anti-RAD50 antibody (GeneTex), anti-RNF8, anti-PARP1, 
anti-BRCA2, anti-53BP1, anti-MDC1 antibodies (Abcam), 
anti-CtIP antibody (Active Motif, Inc.), anti-CHK1, anti- 
CHK2, anti-phospho CHK1 (S345), anti-phospho CHK2 
(T68), anti-phospho P53 (S15), anti-RAD51, anti- 
phospho NBS1 (S343) antibodies (Cell signaling Tech), 
anti-ATM, anti-Lamin A/C antibodies (Bethyl Labora-
tories), anti-GFP, anti-P53, anti-RIF1, anti-Lamin B1 anti-
bodies (Santa Cruz Biotechnology), anti-Ku80, anti- 
Histone H3 antibodies (Thermo Fisher Scientifics), anti- 
phospho H2AX (S139), anti-BRCA1 antibodies (MERCK 
millipore), anti-α-tubulin, anti-FLAG antibodies (Sigma- 
Aldrich).
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Plasmids, small interfering RNAs (siRNAs), and 
transfection

GFP-tagged Lamin cDNAs were kindly provided by Dr. 
Bum-Joon Park (Lee et al. 2016). Mre11 cDNA was 
cloned into pcDNA3.1(+) containing MYC-tag. CtIP 
cDNA was cloned into pEGFP-N1. Flag-tagged ATM 
plasmid was purchased from Addgene (31985). The fol-
lowing synthetic duplex siRNAs were purchased: LMNA 
(#SN-4001-1), CtIP (#SN-5932-1), LIG4 (#SN-3981), and 
control siRNA (#SN-1002) (Bioneer). RAD51 siRNA was 
purchased from Thermo Fiher Scientific (#130717). 
Transfection of plasmid DNA and small interfering 
RNAs (siRNA, 20nM) were performed using Transporter 
5 reagent (Polysciences Inc) and RNAiMAX (Thermo 
Fisher Scientific), respectively, according to the manufac-
turer’s instructions. Transfection reagents were removed 
6 h post-transfection, and fresh medium was added. 
Cells were analyzed at 48 h after transfection.

Cell cycle synchronization and analysis

To obtain cells at G1 and S phase, cells were first 
arrested at the G2 phase by treatment with 10 μM 
CDK1 inhibitor (RO-3306) for 16 h. Cells were then 
washed and incubated in fresh media containing 2 
mM thymidine for 17 h to arrest at the G1/S boundary. 
Cells were then released into fresh media for 3 h (S), 8 h 
(G2/M) and 13 h (G1). The cell cycle was identified 
based on DNA content assessed by propidium iodide 
staining. Data analysis was performed using FlowJo 
software.

Subcellular fractionation

Subcellular fractionation was performed as described by 
(He et al. 1990) with slight modifications. Five million 
HEK-293 T cells were incubated in 200 μL CSK buffer 
(10 mM PIPES, 100 mM NaCl, 300 mM sucrose, 2 mM 
MgCl2, 1 mM EGTA, and 0.5% Triton X-100) for 5 min 
at 4°C, followed by centrifugation. The supernatant 
was collected as the ‘soluble fraction’, while the pellet 
was washed in CSK buffer and then lysed with 70 μL 
CSK buffer supplemented with Benzonase® nuclease 
(250 U/mL) and 5 mM MgCl2 for 20 min at 37°C. A final 
concentration of 0.25 M ammonium sulfate was then 
added for 5 min at 4°C, followed by centrifugation to 
obtain the ‘chromatin fraction’. The remaining nucle-
ase-resistant pellet was washed with high salt CSK 
buffer (CSK buffer containing 2 M NaCl) for 5 min at 4° 
C, followed by centrifugation. The remaining nuclease- 
resistant and high-salt ‘pellet fraction’ was solubilized 
in 50 μL UB buffer (8 M urea, 10 mM NaCl, 5 mM 

MgCl2, 250 mM sucrose, 1 mM EGTA, 10 mM Tris-HCl, 
pH 7.6) as described by (Mladenov et al. 2006)

Whole-cell extracts preparation

Whole-cell extracts were prepared by lysing cell pellets 
with RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 
5 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl 
sulfate, 0.5% sodium deoxycholate) supplemented with 
0.1 M phenylmethylsulfonyl fluoride, PhosSTOP Phospha-
tase Inhibitors, cOmplete Protease Inhibitors (Roche), and 
Benzonase® nuclease. The mixture was incubated on ice 
for 40 min, followed by sonication and centrifugation.

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, cells were lysed in ice-cold 
buffer X (100 mM Tris-HCl, 250 mM NaCl, 1 mM EDTA, 
1% NP-40) supplemented with 0.1 M phenylmethylsulfo-
nyl fluoride, PhosSTOP phosphatase inhibitor cocktail 
(Roche), cOmplete protease inhibitor cocktail (Roche), 
and Benzonase® nuclease for 45 min, followed by soni-
cation and centrifugation. Target proteins in the lysate 
were immunoprecipitated with the specified antibodies. 
For immunoblot analysis, proteins were separated by 
SDS-PAGE and transferred to a nitrocellulose membrane. 
Membranes were blocked in Tris-buffered saline con-
taining 0.1% Tween 20 and 5% nonfat dry milk for 30 
min and incubated with primary antibodies overnight. 
After washing, the blots were incubated with horse-
radish peroxidase-conjugated secondary antibodies 
(Enzo Life Sciences). Signals were detected using an 
enhanced chemiluminescence reagent (Thermo Fisher 
Scientific) and an automated imaging system (ChemiDoc 
MP, Bio-Rad Laboratories).

355-nm UV laser microirradiation, 
immunostaining, and image acquisition

For UV laser microirradiation, U2OS or HeLa cells were 
plated on LabTek™ Chambered Coverglasses (Thermo 
Fisher Scientific) and pre-sensitized with 10 μM BrdU for 
24 h. UV microirradiation was applied using a 355-nm 
diode laser (100% power) projected through a C-Apoc-
hromat 40×/1.2W Korr FCS M27 objective through a 
bleaching module (7 iterations) of an LSM880 confocal 
microscope (Carl Zeiss, Oberkochen, Germany). Live cell 
images were acquired after irradiation with a time-lapse 
setting using ZEN 2.6 (blue edition) software (Carl Zeiss). 
GFP signal intensity on the microirradiated strip was 
quantified using ZEN 2.6 software. Relative intensities, 
adjusted to a baseline of 100, were displayed. For staining, 
cells on the slide were fractionated as previously 
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described and fixed with 4% paraformaldehyde. After 
washing with PBS and incubation in blocking buffer 
(10% FBS in PBS) for 30 min, cells were incubated with 
primary antibodies diluted in blocking buffer overnight 
at 4°C. After three washes with 0.05% Triton X-100 in 
PBS, Alexa Fluor-conjugated secondary antibodies 
(Thermo Fisher Scientific) were added and incubated for 
30 min. After washing, cells were mounted with 
ProLong® Gold antifade reagent (Vector Laboratories, Bur-
lingame, CA, USA). Confocal images were captured using 
an LSM880 confocal microscope (Carl Zeiss) with a 40×/ 
1.2 objective. Image acquisition and analysis were per-
formed using ZEN 2.6 (blue edition) software (Carl Zeiss).

X-ray irradiation

Cells were irradiated using RS 2000 X-ray irradiator (RAD 
SOURCE) according to the manufacturer’s protocol.

FokI-induced DSB generation

U2OS-LacO reporter cells stably expressing DD-ER-FokI- 
mCherry-LacR were transfected with either siRNA or 
cDNA. After 48 h, the cells were treated with 1 μM tamox-
ifen (which binds to the ER and induces nuclear export of 
ER-fused proteins) and 1 μM Shield1 (which stabilizes DD 
domain-tagged proteins) for 5 h to induce DSBs. Cells 
were then fractionated and fixed for immunostaining.

I-SceI endonuclease-induced HR/NHEJ assay

An I-SceI-induced DSBR assay was performed using U2OS- 
based reporter cell lines (DR-GFP for HR and EJ5-GFP for 
NHEJ), according to the method described previously 
(Gunn and Stark 2012). Briefly, reporter cells were plated 
in a 12-well plate at a density of 1 × 10⁵ cells per well. 
The next day, each cell line was transfected with 20 nM 
siRNA. After 24 h, the cells were retransfected with 0.5 
µg of either pCAGGS-I-SceI or the empty pCAGGS-BSKX 
vector together with 0.1 µg of a dsRed expression 
vector. Two days after transfection with I-SceI, cells were 
analyzed using a Becton Dickinson FACSVerse flow cyt-
ometer with BD FACSuite software. Repair efficiency 
was determined by dividing the percentage of GFP-posi-
tive cells by the percentage of dsRed-positive cells. Data 
analysis was performed using FlowJo software, and exper-
iments were repeated at least three times.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted using a TRIzol® Reagent 
(Thermo Fisher Scientific) protocol. RNA (3 μg) was 
used to synthesize cDNA using the SuperScript® IV 

First-Strand Synthesis System (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. 
RT-qPCR was performed using SYBR Green Master 
Mix (Applied Biosystems, Foster City, CA, USA) in a 
QuantStudio 7 Flex system (Applied Biosystems) 
according to the manufacturer’s instructions. Gene 
expression was normalized with GAPDH expression. 
The following primers were used: MRE11-forward 
(For) (5’-AACGGGAACGTCTGGGTAAT-3’), MRE11-reverse 
(Rev) (5’-GGCTAAAGCGAAGAACACTGAA-3’), RAD51-For 
(5’-TCTCTGGCAGTGATGTCCTGGA-3’), RAD51-Rev (5’-TAA 
AGGGCGGTGGCACTGTCTA-3’), MDC1-For (5’-AGCAACC 
CCAGTTGTCATTC-3’), MDC1-Rev (5’-AGCGCTGCTGAG 
ACTTCTTC-3’), CtIP-For (5’-CAGGAACGAATCTTAGATG 
CACA-3’), CtIP-Rev (5’-GCCTGCTCTTAACCGATCTTCT-3’), 
P53-For (5’-GTGTGGAATCAACCCACAGCTGCAC-3’), P53- 
Rev (5’-CCTGTCATCTTCTGTCCCTTCCCAG-3’), LMNA-For 
and Rev (P201515 V).

RPA retention assay using flow cytometry

IR-induced chromatin RPA2 was measured using a slightly 
modified protocol based on (Shibata et al. 2011). Cells 
were irradiated with X-ray and incubated for 2 h, and 4 
μM aphidicolin (Sigma-Aldrich) was added immediately 
after irradiation to block S-G2 progression. After incu-
bation, the cells were trypsinized, washed with PBS, and 
permeabilized with 0.2% Triton X-100 in PBS for 10 min 
at 4°C. Cells were then treated with 1x perm/wash 
buffer (0.5% Tween 20 and 0.5% bovine serum albumin 
in PBS), centrifuged, and fixed with 3% PFA and 2% 
sucrose in PBS for 15 min at room temperature. After 
washing with 1x perm/wash buffer, cells were incubated 
with anti-RPA antibody (Merck) in 1x perm/wash buffer at 
37°C. After further washing with 1x perm/wash buffer, 
cells were incubated with an AlexFlor488-conjugated sec-
ondary antibody for 45 min in 1x perm/wash buffer at 37° 
C. After final washes, cells were resuspended in propidium 
iodide (Sigma-Aldrich) and 100 μg/mL RNase A (RBC) and 
analyzed using a Becton Dickinson FACSVerse flow cyt-
ometer with BD FACSuite software. G2 cells were ident-
ified based on their DNA content as assessed by 
propidium iodide staining. Data analysis was performed 
with FlowJo software.

Results

DDR proteins are present in nuclease  – and high 
salt-resistant protein fraction

It has been suggested that several DSBR proteins are 
associated with the nuclear matrix (Mladenov et al. 
2006, Xia et al. 2006). In a previous subcellular 
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fractionation study, we reported that replication pro-
teins were present in nuclease  – and high salt-resistant 
protein fractions, suggesting an association with station-
ary structures such as the nuclear matrix (Park et al. 
2021). Based on these observations, we hypothesized 
that DDR proteins may also function while being associ-
ated with the nuclear matrix. To test this hypothesis, we 
extracted proteins from HEK293 T cells in a sequential 
manner (Figure 1A). We employed a nonionic deter-
gent-based cell lysis method to meticulously isolate dis-
tinct protein fractions without disrupting their 
interactions (He et al. 1990). The first step involved 
lysing the cells with detergent to obtain the soluble frac-
tion (Sol). The pellet was then digested with nuclease 
and eluted to yield the chromatin fraction (Ch). Follow-
ing this, the pellet was washed with a high salt solution, 
after which it was solubilized with 8 M urea to obtain the 
nuclear matrix proteins and proteins associated with 
nuclease  – and high salt-resistant chromatin (pellet frac-
tion, Pe). The soluble, chromatin, and pellet fractions 
could be clearly distinguished based on the presence 
of α-tubulin, histone H3, and lamin proteins, respectively 
(Figure 1B).

We then examined the fractionation profile of DDR 
proteins (Figure 1C). The ATM protein was predomi-
nantly present in the soluble and pellet fractions. The 
MRN complex proteins were present in all three frac-
tions, although the fractional abundance of each 
protein varied. MDC1 and RNF8, which are crucial for 
histone ubiquitination in the vicinity of DSB sites 
(Smeenk and Mailand 2016), exhibited distinct 
profiles. MDC1 was present in both the chromatin and 
pellet fractions, whereas RNF8 was only present in the 
latter. Furthermore, our findings indicate that BRAC1, 
RAP80, CtIP, 53BP1, and RIF1, which regulate DSB end 
resection and determine the DSBR pathway between 
HR and NHEJ, were predominantly present in the 
pellet fraction. As previously reported (Xia et al. 2006), 
BRCA2 was present in the pellet fraction. However, 
KU80, an NHEJ factor, was present in the soluble and 
chromatin fractions but not in the pellet fraction. The 
results suggest that the majority of DDR and DSBR pro-
teins are associated with stationary structures. Further-
more, the latter has a significantly higher tendency for 
this association.

DDR proteins remain associated with stationary 
structures, regardless of DNA damage or cell 
cycle progression.

Previous studies identified an augmented association of 
DNA repair proteins, including RAD51, XRCC1, and 

PARP1, with the nuclear matrix in the context of DNA 
damage, such as X-ray irradiation or H2O2 treatment 
(Mladenov et al. 2006, Kubota et al. 2009). Given the 
presence of DDR and DSBR proteins in the pellet frac-
tion, we sought to investigate the fractionation profile 
of these proteins upon DSB induction, with a particular 
focus on changes in the ATM and MRN complexes. Fol-
lowing ionizing radiation (IR) treatment, γH2AX and 
phosphorylation of two DNA damage checkpoint pro-
teins, CHK1 at serine 345 (S345) and CHK2 at threonine 
68 (T68), was increased, confirming the proper induc-
tion of DNA damage (Figure 1D). In the context of 
this condition, the fractionation profile of ATM and 
MRN complex proteins was not significantly affected 
by IR treatment, with the exception of a slight increase 
in the levels of ATM and MRN complex proteins and a 
significant increase in phosphorylation of ATM at 
S1981 [pATM (S1981)] in the pellet fraction at the 
recovery time point (Figure 1D), which suggests an 
increase in the association of ATM and MRN complex 
with the nuclear matrix. The level of RAD51 in the 
pellet fraction exhibited a gradual increase during the 
recovery period, in accordance with a previous report 
(Mladenov et al. 2006). Additionally, an increase in 
CtIP level in the pellet fraction was observed at all 
recovery time points.

We then proceeded to investigate the fraction profile 
of the ATM and MRN complex proteins in different cell 
cycle phases. We synchronized the cells at the G1/S 
boundary using a CDK1 inhibitor and thymidine block 
method, and released them from the block to obtain 
cells in each cell cycle phase (Figures 1E). As is well 
known, the level of PCNA in the chromatin fraction is 
high in the S phase, and histone H3 phosphorylation 
at serine 10 is only detected in G2/M phase (Figure 1F). 
We found that the fraction profile of ATM and MRN 
complex, as well as that of MDC1, was not significantly 
influenced by cell cycle phases, with the exception of a 
reduction in the levels of ATM in the pellet fraction in 
the S phase. On the other hand, the levels of RAD51 
and CtIP in the pellet fractions were found to be signifi-
cantly elevated in the S phase. When considered in con-
junction with data obtained following DSB induction, 
these data suggest that initial DSB sensors, including 
the ATM and MRN complexes, stably associate with 
stationary structures throughout the cell cycle. This 
association persists even after the generation of DSBs, 
suggesting its role in efficient DNA damage sensing 
and repair of damaged DNA. Conversely, DSBR proteins, 
such as CtIP and RAD51, appear to increase their associ-
ation with immobile structures tangled with damaged 
DNA when necessary.
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Figure 1. DDR proteins are present in nuclease  – and high salt-resistant protein fraction throughout the cell cycle. (A) The scheme for 
protein fractionation method. Detailed procedure was described in the method section. (B-E, F) HEK293 T cells were fractionated as 
the scheme in (A). Soluble (Sol), chromatin (Ch), and pellet fraction (Pe) fractions were subjected to immunoblotting as indicated. (D) 
Cells were irradiated with 10 gray (Gy) X-ray and recovered for indicated times. The number below each band represents the relative 
band intensity divided by that of Lamin A and then normalized to the non-irradiated sample. (E, F) Cells were first arrested at G2 phase 
using CDK1 inhibitor (RO-3306) and released in media containing thymidine to arrest cells at G1/S boundary. Cells were then released 
into fresh media and incubated for 3 h (S), 8 h (G2/M) and 13 h (G1). Cells at each phase and asynchronous (Asyn) were fixed for 
propidium iodide (PI) staining (E) or fractionated for immunoblotting (F). (E) DNA content was measured by flow cytometry. (F) 
The number below each band represents the relative band intensity divided by that of Lamin A and then normalized to the G1 sample.
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Lamin A/C interacts with ATM, MRE11 and RAD50

Structural proteins Lamin A/C and B are fundamental 
components of the nuclear lamina. In addition, nucleo-
plasmic Lamin A/C has long been postulated to 
compose a frame of the nuclear matrix. Previously, it 
was reported that Lamin A/C interacts with a DDR 
protein, 53BP1, which maintains the positional stability 
of DNA damage repair foci and regulates HR efficiency 
(Redwood et al. 2011, Mahen et al. 2013, Gibbs- 
Seymour et al. 2015). Consequently, we postulated 
that Lamin A/C serves as a structural platform for 
DDR proteins, including ATM and the MRN complex, 
to bind and accumulate in a highly efficient manner 
to sense damaged DNA. To test this hypothesis, we 
investigated the interaction of Lamin A/C with ATM, 
MRE11, and RAD50. Our findings revealed that immu-
noprecipitation of either green fluorescent protein 
(GFP)-fused Lamin A or GFP-fused Lamin C led to the 
pull-down of ATM, MRE11, and RAD50 (Figure 2A 
and B). Moreover, this interaction was not affected 
by IR treatment.

Lamin A/C enhances the association of ATM with 
the nuclear matrix during the DDR

We then examined the effects of Lamin A/C depletion 
on the levels of ATM and MRN complex proteins in 
the pellet fraction with or without IR treatment 
(Figure 3A). When Lamin A/C was depleted in IR- 
untreated cells using small interfering RNA (siRNA), 
the levels of ATM and MRN complex proteins in the 
pellet fraction were not reduced. Instead, those of 
RAD50 and NBS1 in the pellet fraction slightly 
increased. This pattern was consistently shown for 
MRN complex proteins even after IR treatment. 
However, the elevated levels of ATM and pATM 
(S1981) in the pellet fraction upon IR treatment were 
diminished following Lamin A/C depletion (Figure 3A). 
The results suggest that Lamin A/C may be involved 
in the increased association of ATM with the nuclear 
matrix following the DSB generation. The results also 
indicate that Lamin A/C plays a role in the initial DDR 
process, whereby it anchors ATM to the nuclear 
matrix through protein-protein interaction. Consist-
ently, the levels of CtIP and RAD51 increased in the 
pellet fraction upon IR treatment were decreased 
when Lamin A/C was depleted. It is noteworthy that 
the combined levels of MDC1, CtIP, and RAD51 in all 
fractions were reduced in Lamin A/C-depleted cells, 
even in the absence of IR treatment (Figure 3A). This 
suggests the existence of an additional regulatory 
mechanism governing DDR/DSBR by Lamin A/C.

Lamin A/C facilitates the ATM-mediated DDR 
signals

The reduction in pATM (S1981) resulting from Lamin A/C 
depletion prompted us to investigate the impact on 
downstream DDR signals following ATM activation. We 
found that Lamin A/C depletion significantly impaired 
the phosphorylation of CHK1 at S345 and CHK2 at T68, 
as well as the phosphorylation of H2AX (γH2AX) in 
response to IR (Figure 3B). This data is consistent with 
a previous report indicating a reduction in H2AX phos-
phorylation in Hutchinson-Gilford progeria syndrome 
patient cells where the LMNA gene is mutated. (Zhang 
et al. 2016). Furthermore, the phosphorylation of NBS1 
at S343 and P53 at S15, which is mediated by ATM 
kinase in the S-phase checkpoint pathway during the 
DDR (Lavin et al. 2015), was reduced when Lamin A/C 
was depleted (Figure 3C). The reduction in P53 phos-
phorylation at S15 upon Lamin A/C depletion may be 
a consequence of a general reduction in the protein 
level of P53, which was, in part, explained by a reduction 
in P53 mRNA expression (Figure 3D).

Next, we investigated the effect of Lamin A/C 
depletion on ATM-mediated DDR signals, employing a 
precisely targeted DSB induction system based on FokI 
endonuclease. In this system, a cell expresses a fusion 
protein comprising FokI and FokI fused with mCherry 
fluorescence protein-Lac repressor (LacR). Upon tamoxi-
fen treatment, the fusion protein enters the nucleus and 
binds to an array of lac operators pre-inserted in the 
genome via the Lac repressor, leading to FokI-mediated 
DSB generation (Shanbhag et al. 2010). Following the 
DSB induction, detergent-soluble and chromatin- 
bound proteins were removed using the same method 
employed for the immunoblot analysis, and the remain-
ing pATM (S1981) were examined at the DSB sites 
(Figure 3E). The results demonstrated a reduction in 
pATM (S1981) upon Lamin A/C depletion (Figure 3E 
and F). The data collectively indicate that Lamin A/C is 
a critical for regulating ATM-mediated DDR signals.

Lamin A/C facilitates a constant interaction 
between ATM and MRN proteins

The phosphorylation of ATM at S1981 at the damaged 
site is partly regulated by its interaction with the MRN 
complex (Shiloh 2014). Defects in the phosphorylation 
of ATM at S1981 and its downstream DDR signals in 
Lamin A/C-depleted cells led us to investigate the inter-
action between ATM and the MRN complex. As pre-
viously reported (Shiloh 2014), FLAG-tagged ATM was 
shown to interact with MRE11 and RAD50 (Figure 4A). 
This interaction was reduced by Lamin A/C depletion, 
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regardless of whether IR treatment was applied. These 
findings suggest that Lamin A/C may facilitate the inter-
action between ATM and the MRN complex.

Lamin A/C ensures efficient recruitment of MRE11 
to the damaged DNA

The interaction between ATM and MRN represents one 
of the earliest DNA damage responses, which allows 
for the further recruitment of the MRN complex to the 
damaged DNA. Given that this interaction was hindered 
by Lamin A/C depletion, we examined the recruitment of 
MRE11 to the damaged DNA. Firstly, following the DSB 
induction at lac operators in the genome by FokI-LacR, 
MRE11 signals at the DSB sites were diminished in the 
Lamin A/C-depleted cells (Figure 4B and C), after deter-
gent-soluble and chromatin-bound proteins were 
removed. This was also demonstrated when 355-nan-
ometer ultraviolet (UV) microirradiation was applied, 
which revealed a reduction in MRE11 signals on the 
microirradiated strip (Figure 4D and E).

Previous reports have suggested that damaged DNA 
subjected to UV irradiation is tethered to the nuclear 
matrix (McCready and Cook 1984, Harless and Hewitt 
1987, Koehler and Hanawalt 1996). Additionally, 

nuclear matrix-associated DNA is preferentially 
repaired (Mullenders et al. 1988). Consequently, we 
investigated the effect of Lamin A/C depletion on the 
association of damaged DNA with the nuclear matrix. 
The induction of DNA damage was achieved through 
the 355-nanometre UV microirradiation, with sub-
sequent visualization of the DNA conducted through 
the application of DAPI staining (Figure 4F). The extrac-
tion of detergent-soluble and chromatin-bound frac-
tions resulted in the removal of the majority of the 
DNA, as evidenced by a reduction in the overall DAPI 
signal. However, fragments of DNA that were bound 
to the nucleolus or nuclear envelope were resistant to 
nuclease and high-salt wash. As anticipated, the DAPI 
signal along the microirradiated strip was most promi-
nent, indicating that damaged DNA is predominantly 
resistant to the nuclease and high-salt condition. We 
found that the DNA remaining on the microirradiated 
strip was significantly diminished, particularly when 
Lamin A/C was depleted (Figure 4F and G). In conjunc-
tion with a reduction in MRE11 at DNA damage sites 
following Lamin A/C depletion, these results suggest 
that the sustained association of the damaged DNA 
and DDR proteins with the nuclear matrix is facilitated 
by Lamin A/C.

Figure 2. Lamin A/C interact with ATM, MRE11, and RAD50. (A, B) HEK293 T cells were transfected with control GFP vector or GFP- 
tagged Lamin A cDNA (A) or Lamin C cDNA (B). Forty-eight hours after transfection, cells were irradiated with 10 Gy X-ray and recov-
ered for 30 min. Whole-cell extracts were immunoprecipitated with anti-GFP antibody followed by immunoblotting.
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Lamin A/C facilitates HR by maintaining 
transcript levels of CtIP and RAD51

DDR signals modulate downstream DSBR processes 
depending on the cell cycle and the availability of 

proteins responsible for each DSBR pathway. Since 
Lamin A/C depletion impairs DDR signaling, we exam-
ined the effects of Lamin A/C depletion on HR and 
NHEJ, the two main DSBR pathways, using I-SceI-based 

Figure 3. Lamin A/C depletion impedes the ATM-mediated DDR signals. (A-D) HEK293 T cells were transfected with LMNA siRNA. 
Forty-eight hours after transfection, cells were irradiated with 10 Gy X-ray and recovered for 30 min. Cells were fractionated (A, B) 
or whole-cell extracts was prepared (C) for immunoblotting. (D) RNA was isolated for qPCR. Error bars represent SEM (n = 3). (E, F) 
U2OS-LacO reporter cells stably expressing DD-ER-FokI-mCherry-LacR cells were transfected with LMNA siRNA, and after 48 h, DSB 
was induced by treatment with tamoxifen. Cells were fractionated, fixed, and stained for pATM (S1981). (E) Representative 
images. (F) Quantification of colocalization between pATM (S1981) and FokI. Scale bar, 5 μm. Error bars represent SEM (n = 3). (D, 
F) Statistical analysis: two-tailed unpaired student’s t-test, *P < 0.05.
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Figure 4. Lamin A/C depletion reduces the interaction between ATM and MRE11 (A) HEK293 T cells were co-transfected with Flag- 
ATM and Myc-MRE11 and either control or LMNA siRNA. Forty-eight hours after transfection, cells were irradiated with 10 Gy X-ray and 
recovered for 30 min. Whole-cell extracts were immunoprecipitated with anti-FLAG antibody followed by immunoblotting. (B, C) 
U2OS-LacO reporter cells stably expressing DD-ER-FokI-mCherry-LacR cells were transfected with LMNA siRNA, and after 48 h, DSB 
was induced by treatment with tamoxifen. Cells were fractionated, fixed, and stained for MRE11. (B) Representative images. (C) 
Quantification of colocalization between MRE11 and FokI. Error bars represent SEM (n = 6). (D-G) U2OS cells were transfected with 
LMNA siRNA for 48 h, UV-microirradiated, fractionated, fixed, and stained for MRE11. (D, F) Representative images. (E, G) Quantification 
of MRE11 signal intensity (E) or DAPI signal intensity (G) on microirradiated strips. Error bars represent SEM (n = 3). Scale bar, 5 μm. (A, 
C, E, G) Statistical analysis: two-tailed unpaired student’s t-test, **P < 0.005, *P < 0.05.
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reporter assays, scoring for the restoration of GFP 
expression (Gunn and Stark 2012). Lamin A/C depletion 
reduced the frequency of HR (Figure 5A), as reported 
(Redwood et al. 2011) while NHEJ remained intact 
(Figure 5B). Depletion of RAD51 and LIG4, which play 
key roles in HR and NHEH, reduced the frequency of 
HR and NHEJ, respectively (Figure 5A and B),

The observation of HR-specific defects following 
Lamin A/C depletion prompted us to investigate the 
modulation of proteins in HR in Lamin A/C-depleted 
cells. Given that the combined levels of CtIP and 
RAD51, the two principal HR factors, were reduced in 
all fractions following Lamin A/C depletion (Figure 3A), 
we wanted to confirm this result with the whole cell 
extracts. Consequently, the total protein levels of CtIP 
and RAD51, as well as MDC1, were reduced upon 
Lamin A/C depletion, while those of ATM and MRN pro-
teins were not affected (Figure 5C).

To determine whether the reduction in protein levels 
of CtIP, RAD51, and MDC1 is mediated by a proteasome- 
dependent degradation pathway, cells were treated 
with a proteasome inhibitor, MG132, while new 
protein synthesis was blocked by the simultaneous 
treatment of cycloheximide. In control cells, cyclohexi-
mide treatment resulted in a reduction in the protein 
levels of CtIP and RAD51, which was restored by 
MG132 treatment (Figure 5C). This result suggests that 
CtIP and RAD51 undergo rapid protein turnover via a 
proteasomal degradation pathway. In Lamin A/C- 
depleted cells, the reduced protein level of CtIP was par-
tially restored by MG-132 treatment, whereas the levels 
of RAD51 and MDC1 remained unaltered (Figure 5C). 
This suggests that a reduction in the protein levels of 
CtIP, RAD51, and MDC1 may result from other main 
regulatory processes in Lamin A/C-depleted cells. Conse-
quently, we found that mRNA transcript levels of CtIP, 
RAD51, and MDC1 were significantly reduced in Lamin 
A/C-depleted cells (Figure 5D), which suggests that 
Lamin A/C plays a regulatory role in the transcription 
of CtIP and RAD51.

CtIP is a resection enzyme that carries out DNA end 
resection, a critical step of HR (Sartori et al. 2007). In 
accordance with the reduction in CtIP protein level fol-
lowing Lamin A/C depletion, the recruitment of GFP- 
fused CtIP to the UV microirradiated strips was dimin-
ished in Lamin A/C-depleted cells (Figure 5E). Replication 
protein A 2 (RPA2) binds to the single-strand DNA 
exposed after DNA end resection. Flow cytometry analy-
sis was employed to measure the loading of replication 
protein A 2 (RPA2) on resected DNA in G2 cells after IR 
treatment. The results showed that the intensity of 
RPA2 was reduced by CtIP depletion, as previously 
reported (Sartori et al. 2007), and moderately by Lamin 

A/C depletion as well (Figure 5F). Collectively, the data 
indicate that Lamin A/C plays a role in maintaining the 
level of HR factors, which is crucial for the efficacy of 
HR repair.

Discussion

In this report, we identified the subcellular localization of 
DDR proteins. Our findings indicate that a significant 
portion of DDR proteins associated with the nuclease 
– and high salt-resistant stationary structures, which 
are postulated to consist of nuclear matrix and nucle-
ase-resistant chromatin. In particular, some DDR pro-
teins, including ATM, RNF8, and BRCA2, were not 
observed to associate with nuclease-sensitive chromatin 
(Figure 1C). The high abundance of MRN complex pro-
teins and MDC1 in chromatin fractions, in contrast to 
ATM, may be related to their association with actively 
transcribed regions for scanning transcription-associ-
ated DNA damage and initiating repair (Salifou et al. 
2021). The overall fractionation profile of ATM and 
MRN was not significantly altered in response to the 
DSB induced by IR treatment (Figure 1D). However, the 
increase in the level of RAD51 and CtIP in the pellet frac-
tion following IR treatment was observed with different 
kinetics. This indicates that proteins involved in the 
initial stages of the DDR, such as DSB sensors or 
mediators, may maintain an association with the 
nuclear matrix. This association may facilitate the 
efficient sensing of DNA damage and the subsequent 
relay of initial DDR signals to effector proteins. Accord-
ingly, DSBR proteins such as CtIP and RAD51 appear to 
actively associate with the nuclear matrix and adjacent 
damaged DNA when necessary.

While the level of ATM in the pellet fraction exhibited 
a transient increase following DSB formation, the level of 
MRN proteins in the pellet fraction was not affected 
(Figure 1D). Previous reports have indicated that 
damaged DNA is tethered to the nuclear structure for 
efficient repair (McCready and Cook 1984, Harless and 
Hewitt 1987, Koehler and Hanawalt 1996, Belin et al. 
2015). Additionally, our observations revealed an associ-
ation between damaged DNA and the nuclear matrix 
(Figure 4F). Therefore, it can be assumed that the 
increase in the association of the MRN complex with 
the damaged DNA tethered to the nuclear matrix was 
not visible in the protein fractionation method due to 
its already high association with the nuclear matrix. In 
accordance with the aforementioned assumption, 
when DSBs were induced at specific sites of genomic 
DNA and detergent-soluble and chromatin-bound pro-
teins were removed, MRE11 signals were observed at 
the DSB sites, similar to that observed for pATM (S1981).
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Figure 5. Lamin A depletion reduces the transcript levels of CtIP and RAD51 (A, B) DSBR frequency was measured 48 h after transfec-
tion with the I-SceI endonuclease using U2OS reporter cells transfected with LMNA, RAD51, or LIG4 siRNA. Error bars represent SEM (n  
= 3). (C) HEK293 T cells transfected with LMNA siRNA were incubated with 10 mM cyclohexamide (CHX) or 10 μM MG132 for 12 
h. Whole-cell extracts was prepared for immunoblotting. (D) HEK293 T cells were transfected with siRNA as indicated, and after 48 
h, RNA was isolated for qPCR. Error bars represent SEM (n = 3). (E) HeLa cells were co-transfected with GFP-CtIP cDNA and either 
control or LMNA siRNA, and after 48 h, cells were subjected to UV microirradiation. Relative intensities, adjusted to the baseline of 
100 are displayed. (F) HEK293 T cells transfected with LMNA or CtIP siRNA were subjected to mock treatment or X-ray (10 Gy), incu-
bated for 2 h, and chromatin-bound RPA was detected in G2 cells by flow cytometry. Numbers in the graph indicate geometric mean. 
Error bars represent SEM (n = 3). (A, B, D, F) Statistical analysis: two-tailed unpaired student’s t-test, ***P < 0.0005, **P < 0.005, *P <  
0.05.
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In Lamin A/C-depleted cells, the elevated levels of 
ATM and pATM (S1981) in the pellet fraction upon IR 
treatment, as well as pATM (S1981) and MRE11 signals 
at the DSB sites, were found to be diminished (Figures 
3 and 4). Our findings indicate that Lamin A/C interacts 
with ATM and MRN complex proteins (Figure 2). 
However, this does not appear to be the regulatory 
mechanism underlying the augmented association of 
ATM and MRN with the nuclear matrix, as the interaction 
remained unchanged upon DSB. The interaction 
between the ATM and MRN complexes is essential for 
the initial activation of ATM as well as for the recruitment 
of further ATM molecules and the amplification of the 
ATM-mediated DNA damage response (DDR) signal 
(Shiloh 2014, Lavin et al. 2015). The results of our inves-
tigation indicate that the interaction between the ATM 
and MRN complexes was diminished in the context of 
Lamin A/C depletion (Figure 4A). We postulate that 
this might explain the reduced pATM (S1981) and 
MRE11 signals at the DSB sites and subsequent defects 
in checkpoint activation. The interaction of Lamin A/C 
with the ATM and MRN complex proteins may result in 
an increased probability of an interaction between the 
ATM and MRN complex. It has been reported that 
nuclear matrix-associated DNA is preferentially repaired 
(Mullenders et al. 1988). Therefore, it is also possible that 
the tethering of damaged DNA to the nuclear matrix 
may be regulated by Lamin A/C, as shown by the 
reduced level of damaged DNA at DSB sites in Lamin 
A/C-depleted cells (Figure 4G), which can increase the 
probability of an interaction between the ATM and 
MRN complex. Further studies are required to elucidate 
the precise mechanisms by which Lamin A/C regulates 
the interaction between the ATM and MRN complex, 
thereby facilitating efficient DDR signaling.

Our findings indicate that the frequency of HR is 
reduced in Lamin A/C-depleted cells (Figure 5A and B). 
This reduction in HR following Lamin A/C depletion 
has also been previously reported (Redwood et al., 
2011b). The observed reduction in HR may be attributed 
to defects in ATM-mediated DDR signals resulting from 
Lamin A/C depletion, as we have demonstrated. Further-
more, we observed a reduction in mRNA transcript levels 
of a DDR protein, MDC1, and critical HR proteins, RAD51 
and CtIP, in Lamin A/C-depleted cells (Figure 5D), which 
may be another contributing factor to HR defects. Lamin 
A/C has previously been reported to regulate the tran-
scription of RAD51 (Redwood, Perkins, et al. 2011). 
Additionally, it has been reported that Lamin A/C 
depletion results in the degradation of pRb and p107, 
which, in conjunction with E2F4, enhances RAD51 
mRNA transcription (Redwood, Gonzalez-Suarez, et al. 
2011, Mayca Pozo et al. 2017). It remains to be 

determined whether MDC1 and CtIP are regulated in a 
similar manner by Lamin A/C. In conclusion, Lamin A/C 
plays a critical role in HR regulation by facilitating the 
initial ATM-mediated DDR signals and maintaining the 
level of HR proteins.

Mutations in the LMNA gene are associated with 
several degenerative diseases collectively known as 
laminopathies (Worman and Bonne 2007). In addition, 
alterations in A-type lamins have been associated with 
physiological aging, most notably in Hutchinson- 
Gilford Progeria Syndrome (HGPS), where a mutant pre-
lamin A isoform called progerin is expressed (Liu et al. 
2011). Although the exact etiology of diseases caused 
by to LMNA mutations remains unclear, DNA damage 
and genomic instability are being investigated as poten-
tial causes. Inflammation may be triggered when the 
pattern recognition receptors of innate immune cells 
mistake self-DNA for foreign DNA (Roers et al. 2016). 
Since LMNA deficiency is associated with genomic 
instability and premature aging (Liu et al. 2005, Graziano 
et al. 2018), self-DNA leaking into the cytoplasm due to 
genomic instability may activate innate immune 
responses and contribute to tumorigenesis and aging. 
Accordingly, HGPS cell and mouse models were 
reported to exhibit inflammatory markers, particularly 
an elevated NF-kB profile, which is associated with 
ATM activation (Osorio et al. 2012, Rouhi et al. 2022). A 
recent paper showed that high extracellular stiffness 
combined with Lamin A deficiency leads to nuclear 
rupture, causing mislocalization of DNA repair factors 
and consequent DNA damage (Cho et al. 2019), 
suggesting multiple pathways for the involvement of 
genomic instability in the etiology of LMNA mutations.

Our studies and others have shown that Lamin A/C 
regulates DDR signaling. However, there are also 
studies suggesting the opposite regulatory process. 
Regulation of Lamin A/C by the ATM and ATR has 
been reported to be critical for maintaining nuclear 
envelope (NE) integrity. A recent study shows that the 
inhibition or deletion of ATM reduces LMNA expression, 
resulting in increased nuclear deformability and 
enhanced cell migration through confined spaces due 
to substantial nuclear deformation (Shah et al. 2022). 
ATR has been reported to control chromosome integrity 
and chromatin dynamics, responding to mechanical 
stress by associating with the NE (Kumar et al. 
2014).This modulation of NE plasticity and chromatin 
association by ATR activity is independent of DDR signal-
ing. However, ATR plays a role in NE rupture upon DNA 
damage. ATR-dependent phosphorylation of Lamin A/C 
leads to changes in lamina assembly that cause NE 
rupture, particularly in cancer cells with DNA repair 
defects (Kovacs et al. 2023). Furthermore, the 
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involvement of ATR in embryonic stem cell differen-
tiation under mechanical stress highlights its role in 
modulating Lamin A/C expression and nuclear compac-
tion-mediated DDR (Roy et al. 2024). These findings 
underscore the critical functions of ATM and ATR in reg-
ulating Lamin A/C, thereby preserving NE integrity and 
facilitating cellular adaptation to mechanical and geno-
toxic stress.

In this report, we demonstrate that Lamin A/C is 
essential for the proper functioning of the DDR by facil-
itating the stable interaction between ATM and the MRN 
complex, which is critical for ATM activation and sub-
sequent DDR signaling. We also show that Lamin A/C 
plays a critical role in ensuring efficient DSB resection 
and HR. Our research provides important insights into 
the mechanisms by which Lamin A/C modulates DDR 
and HR pathways, with potential implications for under-
standing the cellular responses to DNA damage and the 
maintenance of genomic integrity.
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