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Introduction

A-type lamins—lamins A/C—are nuclear intermediate fila-
ments which arise from differential splicing of the LMNA gene. 
Despite being established as mere structural components of the 
nucleus, recent studies reveal involvement of A-type lamins in 
many nuclear processes, ranging from positioning of nuclear pore 
complexes, to DNA replication and repair, as well as regulation 
of gene transcription.1-3 The fact that over 300 mutations in the 
LMNA gene are associated with a wide variety of disease phe-
notypes—muscular dysthrophies, lipodystrophies, neuropathies 
and premature aging syndromes such as Hutchinson Gilford 
Progeria Syndrome (HGPS)—is a testament to the varied func-
tions of lamins A/C.4

In contrast to laminopathies, which are associated with muta-
tions in lamins or lamin-associated proteins, a number of human 
malignancies feature alterations in the expression of A-type lam-
ins.5,6 Immunohistochemical data from more than 600 patients 
with colorectal cancer showed that 70% of the tumors overex-
pressed lamins A/C and these patients were almost twice more 
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likely to die from their disease than similarly staged patients 
with low nuclear lamin expression.7 On the other hand, stud-
ies in human lung carcinoma demonstrated that A-type lamins, 
though normally expressed in non-small cell lung cancer, are 
weakly expressed or completely absent in the great majority of 
small cell lung cancers.5,8 Furthermore, silencing of the LMNA 
gene by promoter hypermethylation in nodal diffuse large B-cell 
lymphoma was shown to be a significant predictor of overall 
survival.9

To elucidate how alterations in lamins A/C contribute to 
laminopathies, researchers have investigated the relationship 
between mutations in the LMNA gene and genomic instabil-
ity. Fibroblasts from HGPS patients and from a mouse model 
of progeria exhibit increased basal DNA damage, chromosomal 
aberrations, increased sensitivity to DNA-damaging agents,10,11 
and faster telomere attrition.12,13 Furthermore, ectopic expres-
sion of mutant forms of lamin A in HeLa cells leads to deficient 
phosphorylation of H2AX (γH2AX) in response to cisplatin or 
UV irradiation and mislocalization of ATR.14 Collectively, these 
studies correlate LMNA mutations with genomic instability, 
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DSBs prevents the 5' to 3' resection of DNA ends required for 
HR.40 Thus, 53BP1 deficiency could be the mechanism linking 
loss of A-type lamins to decreased long-range NHEJ of dysfunc-
tional telomeres. It is also possible that destabilization of 53BP1 
impacts on the ability of A-type lamins-deficient cells to repair 
short-range DNA DSBs.

Here, we determine how loss of A-type lamins and the associ-
ated 53BP1 deficiency affect long-range and short-range DNA 
DSBs repair. We demonstrate that A-type lamins are required for 
the repair of IR-induced short-range DNA DSBs by both NHEJ 
and HR. Cells deficient in A-type lamins display decreased accu-
mulation of 53BP1 at IRIF, as well as defects in the fast-phase of 
DNA DSBs repair, corresponding to NHEJ. In addition, loss of 
A-type lamins inhibits HR by a mechanism that involves tran-
scriptional downregulation of BRCA1 and RAD51. This novel 
link between A-type lamins and transcriptional regulation of 
BRCA1/RAD51 is mediated by the Rb family member p130, 
which forms a transcriptionally repressive complex with E2F4. 
Consistent with deficient DNA DSBs repair, lamins A/C defi-
cient cells are significantly more sensitive to IR. Our findings 
provide two distinct mechanisms by which A-type lamins main-
tain DNA repair and the stability of the genome.

Results

A-type lamins are essential for fast-phase repair of IR-induced 
DNA double-strand breaks. Given the role of A-type lamins 
in the stabilization of 53BP1 and the processing of long-range 
NHEJ processes such as deprotected telomeres, we hypothesized 
that lamins deficiency might also hinder the ability of cells to 
repair short-range DNA DSBs, such those induced by IR. One 
of the earliest responses to IR-induced DNA DSBs is phosphory-
lation of H2AX (γH2AX) in the surrounding chromatin41 fol-
lowed by recruitment of 53BP1 to the demarcated site.42 To test 
if loss of A-type lamins alters the cellular response to IR, we 
monitored the formation of γH2AX and 53BP1 IR-induced foci 
(IRIF) in Lmna+/+ and Lmna-/- MEFs treated with 0.5 Gy of IR. 
Consistent with the decreased global levels of 53BP1 protein, we 
observed a profound and consistent decreased intensity of fluo-
rescence of 53BP1 IRIF in Lmna-/- MEFs with respect to Lmna+/+ 
controls at all times post-IR tested (Fig. 1A). Striking differences 
were observed at 30 min, 1 h and 2 h after IR. By 24 h, 53BP1 
protein was dispersed throughout the nucleus in Lmna+/+ MEFs, 
mirroring the localization of the protein in cells that were not 
irradiated. In contrast, Lmna-/- MEFs displayed decreased 53BP1 
intensity and changes in the nuclear distribution of the protein, 
which was not dispersed throughout but rather accumulated in a 
few large foci. In addition, protein gel blots performed in MEFs 
showed that the levels of 53BP1 increase upon radiation in both 
lamins-proficient and -deficient cells, however the levels of 53BP1 
in Lmna-/- cells remain much lower than in wild-type cells (Fig. 
S1A). In contrast, the intensity of labeling of γH2AX foci was 
indistinguishable between Lmna+/+ and Lmna-/- MEFs through-
out the time course (Fig. S1B). Furhermore, ATM-dependent 
phosphorylation of p53 at Ser15, a central event in DDR signal-
ing, was not affected by the loss of A-type lamins (Fig. S1C). 

characterized by defects in telomere homeostasis and the DNA 
damage response (DDR) pathway. Alterations in telomere biol-
ogy and DDR are among the leading causes of genomic insta-
bility, and are clear contributors to aging and cancer. As such, 
the molecular basis of their relationship with A-type lamins is of 
particular importance, yet remains largely unknown.

We recently showed that complete loss of A-type lamins leads 
to genomic instability in the absence of exogenous DNA damage. 
Lmna-/- mouse embryonic fibroblasts (MEFs) exhibited increased 
basal levels of γH2AX, aneuploidy, increased frequency of chro-
mosome and chromatid breaks, and defects in telomere structure, 
length and function.15,16 Interestingly, Lmna-/- MEFs were also 
characterized by defects in NHEJ of dysfunctional telomeres, 
an example of long-range DSBs processing. The role of A-type 
lamins in NHEJ of deprotected telomeres and the increased fre-
quency of chromosomal breaks in Lmna-/- MEFs suggest that 
lamins deficiency might also hinder the ability of cells to repair 
DNA DSBs that arise during normal metabolic processes—repli-
cation fork stalling and generation of reactive oxygen species—or 
due to exogenous genotoxic insult to the cells.

In mammalian cells, DNA DSBs repair occurs mainly by 
NHEJ and HR.17-20 NHEJ is the predominant repair pathway of 
IR-induced DNA DSBs. It is faster and more efficient than HR, 
but at the expense of low fidelity. Analysis of kinetics of repair 
of IR-induced DNA DSBs has revealed two types of NHEJ.21 
Classical-NHEJ represents the fast component of DSBs rejoin-
ing and relies on DNA-dependent protein kinase (DNA-PK) and 
the XRCC4/DNA Ligase IV complex.22,23 Recently, SIRT6 was 
shown to be required for mobilization of the DNA-PK catalytic 
subunit to chromatin in response to DNA damage.24,25 Although 
DNA-PK deficiency retards repair of DNA DSBs, damage is 
eventually repaired by a slower operating mechanism.26 An alter-
native-NHEJ pathway has been described in vitro and in vivo 
as a backup to classical-NHEJ that involves DNA end-resection 
and ligation of ends with microhomology.21,27,28 HR is an error-
free repair pathway that is active primarily during late S and G

2
 

phases, where sister chromatids are available for use as homol-
ogy templates.17,29 HR requires nucleolytic degradation of DNA 
ends to generate 3'-ended ssDNA, a process mediated by the 
MRN (Mre11/Rad50/Nbs1) complex, CtIP and BRCA1 pro-
teins. The ssDNA generated by end-resection is rapidly bound 
by Replication Protein A (RPA), which removes secondary struc-
tures in ssDNA and allows the formation of the RAD51 nucleo-
protein filament that drives DNA strand invasion and exchanges 
during HR.30-34

We previously found that loss of A-type lamins induced desta-
bilization of 53BP1.16 A whole body of evidence indicates that 
53BP1 participates in long-range DNA end-joining processes, 
such as class switch recombination,35,36 V(D)J recombination,37 
and chromosome end-to-end fusions.38 The role of 53BP1 in 
short-range DSBs repair is not clear, as its depletion results in 
only a minor decrease in the repair of IR-induced DNA DSBs.36 
Recent findings suggest that rather than being an essential protein 
for NHEJ of short-range DSBs, 53BP1 functions as an inhibitor 
of alternative mechanisms of DNA DSBs repair.39,40 For exam-
ple, in the context of BRCA1 deficiency, 53BP1 accumulation at 
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Repair of DSBs after IR follows bimodal kinetics with fast and 
slow repair phases.21 There is substantial evidence implicating 
classical-NHEJ as the major mechanism during the fast phase 
of repair and alternative-NHEJ and to a lesser extent HR, in the 
slow phase.26,44 This bimodal form of repair is clearly observed 
in Lmna+/+ MEFs, such that the fast phase occurred within 60 
min post-IR, followed by a relatively slow phase of DSBs repair 
onwards. However, Lmna-/- MEFs did not display the fast-phase 
of repair. Instead, a shift toward a slower mechanism of repair 
was observed in these cells (Fig. 2A). This indicates that DNA 
DSBs repair is compromised by the loss of A-type lamins.

To determine if 53BP1 could rescue the defective fast phase 
of repair in Lmna-/- MEFs, cells were retrovirally transduced with 
53BP1 or EV control and neutral comet assays were performed. 

These results indicate that the loss of A-type lamins does not 
hinder the activation of the DDR pathway. However, analysis of 
the kinetics of formation and resolution of γH2AX foci showed 
the presence of unrepaired DNA damage 24 h post-irradiation 
in Lmna-/- cells, suggesting defects in the repair of short-range 
IR-induced breaks in these cells (Fig. 1B).

To determine if loss of A-type lamins and the associated 
decreased accumulation of 53BP1 at IRIF impacts on short-
range DNA DSBs repair, we performed neutral comet assays. 
Lmna+/+ and Lmna-/- MEFs were treated with 8 Gy of IR. At dif-
ferent times post-IR, cells were collected and the extent of DNA 
DSBs repair evaluated by single-cell gel electrophoresis.43 Olive 
moment, a quantification of the amount of DNA and its distri-
bution in the comet tail, is a measure of unrepaired DNA DSBs. 

Figure 1. Spatio-temporal formation and resolution of DNA repair foci induced by ionizing radiation. (A) Lmna+/+ and Lmna-/- MEFs were irradiated with 
0.5 Gy or left untreated. Cells were fixed at different times post-IR (from 30 min to 24 h) and subjected to immunofluorescence (IF) with an antibody 
recognizing 53BP1. Pictures of fields selected randomly were taken under the same conditions of exposure. Representative images of four cells per 
condition are shown in each part. (B) Lmna+/+ and Lmna-/- MEFs were irradiated and at different times post-IR cells were fixed and subjected to IF with 
an antibody recognizing γH2AX. Cells presenting more than 5 γH2AX foci were scored as positive for responding to IR. A total of 200–300 cells were 
scored per time point and per experiment. The average ± standard deviation of three independent experiments is shown.
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of 53BP1 restores normal kinetics of repair of IR-induced DNA 
DSBs, supports a role for 53BP1 in promoting classical-NHEJ 
repair and inhibiting alternative mechanisms of DNA repair 
which become prominent upon loss of A-type lamins.

In contrast to short-range DNA DSBs repair, the essential role 
of 53BP1 in long-range NHEJ has been clearly demonstrated.35-38 
Thus, we hypothesized that the previously reported defects in 
the processing of dysfunctional telomeres upon loss of A-type 
lamins15,16 could be caused by the decrease in 53BP1 levels. To 
test this hypothesis, U2OS cells were retrovirally transduced with 
53BP1 or an empty vector (EV) control followed by lentiviral 
transduction with a shRNA specific for depletion of A-type lam-
ins (shLmna) or a shRNA control (shCtrl) (Fig. 3A). Next, we 
retrovirally transduced cells with a dominant negative form of the 
telomere binding protein TRF2 (TRF2ΔBΔM) to induce telomere 
deprotection. To quantify the resulting end-to-end fusions, we 
scored metaphases based on four different categories of increas-
ing chromosome fusions ranging from “less than five chromo-
somes fused” (category 1) to “more than half of the chromosomes 
fused” (category 4) (Fig. 3B). In cells that express A-type lam-
ins and have normal levels of endogenous 53BP1 (EV/shCtrl/
TRF2ΔBΔM), 53% of metaphases were scored in category 1 and 
31% in category 4 (Fig. 3C). In contrast, lamins A/C-depleted 
cells (EV/shLmna/TRF2ΔBΔM) exhibited an overall decrease in 
the extent of end-to-end fusions (66% category 1 and only 14% 
category 4). Most importantly, reconstitution of 53BP1 into lam-
ins A/C-depleted cells (53BP1/shLmna/TRF2ΔBΔM) resulted in a 
rescue of chromosome fusions (36% category 1 and 40% cat-
egory 4). As a control, we monitored fusions in cells transduced 
with an empty vector instead of TRF2ΔBΔM (53BP1/shLmna/
EV). As expected, 100% of metaphases belong to category 1, 
indicating that 53BP1 expression itself does not induce fusions 
(data not shown). We conclude that the effect of A-type lamins 
in NHEJ of dysfunctional telomeres is due to their ability to sta-
bilize 53BP1 protein.

All together, our results indicate the loss of A-type lamins 
hinders the repair or short-range and long-range DNA DSBs 
(IR-induced breaks and dysfunctional telomeres, respectively) by 
destabilizing 53BP1 protein.

Loss of A-type lamins downregulates RAD51 and BRCA1, 
inhibiting homologous recombination. Based on the theory 
of competition among DDR pathways and reports suggesting 
that 53BP1 is a potent HR inhibitor,39,40,45,46 we hypothesized 
that decreased 53BP1 in lamins A/C-depleted cells would lead 
to increased HR. To test this hypothesis we monitored HR pro-
ficiency by using a chromosomally integrated HR reporter sub-
strate, DR-GFP, in MCF-7 cells.47,48 In this system, expression 
of GFP is the readout of successful HR during repair of I-SceI 
induced DNA DSBs. While depletion of A-type lamins in MCF-7 
DR-GFP cells led to a substantial reduction in 53BP1 (Fig. 4A), 
contrary to our expectations, we observed a 40% reduction in 
HR in these cells when compared with their shCtrl counterparts 
(Fig. 4B). As a positive control, we found that inactivation of 
p53 by the viral oncogene E6 led to increased HR, as previously 
reported in reference 49 (Fig. S3A). Thus, the combined loss 
of A-type lamins and 53BP1 resulted in a phenotype that was 

While Lmna-/- MEFs transduced with EV still presented defects 
in fast-phase repair, reconstitution of 53BP1 restored the normal 
kinetics of DNA DSBs repair (Fig. 2A and B). Furthermore, 
overexpression of 53BP1 in Lmna+/+ MEFs did not have any 
effect on DNA repair kinetics. These results were intriguing, 
since previous reports indicated that 53BP1 is not essential for 
the repair of short-range DNA DSBs.36 Accordingly, depletion of 
53BP1 in wild-type MEFs did not inhibit the fast-phase of repair 
(Fig. S2). These results indicate that 53BP1 deficiency in lam-
ins A/C-deficient cells is not solely responsible for the observed 
defects in the fast-phase of repair. We conclude that the com-
bined deficiency of A-type lamins and 53BP1 is responsible for 
the shift in the kinetics for DNA DSBs repair toward a slower 
operating mechanism. This slower form of repair could represent 
lower efficiency of classical-NHEJ or activation of an alternative 
mechanism of repair. In either case, the fact that reconstitution 

Figure 2. Defective repair of IR-induced DNA DSBs upon loss of A-type 
lamins. (A) Asynchronously growing cells were irradiated with 8 Gy. At 
different times post-irradiation (0, 30, 60, 90, 120 and 150 min) cells were 
collected and neutral comet assays were performed. Kinetics of repair 
of IR-induced DSBs was assessed by Olive Comet Moment, a measure of 
unrepaired DNA. A total of 25 to 30 cells were analyzed per sample and 
per time-point. (B) Protein gel blot to monitor the levels of 53BP1 pro-
tein in Lmna+/+ and Lmna-/- MEFs retrovirally transduced with EV control 
or a 53BP1-expressing vector. Short and long exposures of 53BP1 are 
shown. Actin levels are used as loading control.
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inconsistent with only 53BP1 deficiency, suggesting 
that additional events during HR were affected.

To elucidate the molecular mechanisms behind 
HR defects, we monitored recruitment of RAD51, 
an essential HR protein, to IRIF. We treated lamins 
A/C proficient and deficient MCF-7 DR-GFP cells 
with 8 Gy of IR and performed immunofluorescence 
to detect RAD51 foci 6 h post-IR. We found a signif-
icant decrease in the formation of RAD51 foci, such 
that only 27% of shLmna cells scored positive for 
RAD51 IRIF, as opposed to 64% of the shCtrl cells 
(Fig. 4C and D). This decrease was consistent with 
a profound reduction in the global levels of the pro-
tein, as assessed by immunofluorescence (Fig. 4D) 
and by protein gel blot (Fig. 4E). To ensure that our 
results were not cell type- or shRNA sequence-spe-
cific, we performed acute depletion of A-type lamins 
in wild-type MEFs, using a mouse-specific shRNA. 
Consistently, loss of A-type lamins led to a decrease 
in the levels of RAD51 protein and in the forma-
tion of RAD51 IRIF (Fig. 4F and G). These results 
demonstrate that A-type lamins are important regu-
lators of RAD51 levels. Furthermore, neutral comet 
assays performed in MCF7 DR-GFP cells depleted of 
A-type lamins showed that these cells are also defec-
tive in NHEJ (Fig. S3B). Overall, our results indicate 
that A-type lamins are required for the maintenance 
of factors—53BP1 and RAD51—with key roles in 
the repair of DSBs by NHEJ and HR.

To determine if steps upstream from RAD51 
recruitment to DSBs were affected by the loss of 
A-type lamins, we monitored the levels of two pro-
teins with an essential role in HR-BRCA1 and RPA. 
As shown in Figure 5A, acute depletion of A-type 
lamins in MCF-7 DR-GFP cells led to a marked 
decrease in BRCA1 protein levels, but did not affect 
global RPA levels. However, the recruitment of RPA 
to DNA repair foci was inhibited in lamins-deficient 
cells. Furthermore, qRT-PCR on MCF-7 DR-GFP 
cells showed a significant decrease in transcripts of 
RAD51 and BRCA1 but not of RPA2 or 53BP1 (Fig. 
5C). A similar decrease in RAD51 transcript levels 
was also observed in MEFs depleted of A-type lam-
ins (Fig. S3C). Altogether, these data demonstrate an 
unprecedented role for A-type lamins in the transcrip-
tional regulation of two key factors in HR, BRCA1 
and RAD51, in both mouse and human cells.

Downregulation of BRCA1 and RAD51 is medi-
ated by p130/E2F4 repressor complexes. Previous 
studies revealed that transcription of RAD51 and 
BRCA1 genes can be repressed by E2F4/p130 com-
plexes that bind to E2F sites in their promoters.50,51 
The co-regulation of BRCA1 and RAD51 observed 
upon loss of A-type lamins (Fig. 5C), together with 
the fact that lamins deficiency induces profound 
decreases in pRb and p107 levels with only minor 

Figure 3. Defects in NHEJ of dysfunctional telomeres are rescued by reconstitution of 
53BP1. (A) Levels of 53BP1 and A-type lamins in U2OS cells after ectopic expression of 
53BP1 (EV, empty vector control), followed by lentiviral transduction with shLmna or 
shCtrl. β-tubulin was used as loading control. Note how ectopic expression of 53BP1 
prevents the decrease in protein levels upon depletion of A-type lamins. (B) Key of 
the different categories of metaphases based on the extent of chromosome end-to-
end fusions induced by expression of TRF2ΔBΔM. Representative images of the differ-
ent categories are shown. (C) Histograms showing the percentage of metaphases be-
longing to each category from the different cell lines. Top part: cells transduced with 
EV, shCtrl and TRF2ΔBΔM. Middle part: cells transduced with EV, shLmna and TRF2ΔBΔM. 
Bottom part: cells transduced with 53BP1, shLmna and TRF2ΔBΔM. 79–88 metaphases 
were analyzed per condition.
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levels (Fig. 6A). In contrast, depletion of A-type lamins in TKO 
cells did not result in downregulation of RAD51 levels, indicat-
ing that p130 is required for downregulation of RAD51 upon 
loss of A-type lamins. Consistent with a role for p130 in the regu-
lation of RAD51 expression, TKO cells exhibit higher levels of 
RAD51 than wild-type or DKO MEFs.

To further investigate the role of E2F4/p130 in RAD51 repres-
sion in lamins A/C deficient cells, we determined if depletion 
of A-type lamins would promote formation of the p130/E2F4 

effects in p130,16,52 (Fig. S3D) led us to hypothesize that this 
E2F4/p130 repressive complex might participate in the repression 
of RAD51 and BRCA1 genes.

To test directly whether p130 was required for the transcrip-
tional downregulation of RAD51 upon loss of A-type lamins, we 
depleted lamins in cells double null for pRb and p107 (DKO: 
Rb-/-;p107-/-) and in cells null for all 3 Rb family members (TKO: 
Rb-/-;p107-/-;p130-/-). Depletion of A-type lamins in DKO cells—
proficient in p130—led to a marked decrease in RAD51 protein 

Figure 4. A-type lamins promote HR by maintaining RAD51 levels and recruitment to DSBs. (A) Protein gel blots showing decreased 53BP1 protein 
upon depletion of A-type lamins in MCF-7 cells carrying an HR reporter construct (DR-GFP). (B) Percent of GFP-positive MCF7-DR-GFP cells resulting 
from HR of I-SceI-induced DSBs. Depletion of A-type lamins leads to a 40% reduction in HR. (C) Percentage of MCF7-DR-GFP cells positive for RAD51 
foci (more than 10 foci throughout the nucleus) 6 h after treatment with 8 Gy. A total of 200 cells per condition were analyzed per experiment. The 
average ± standard deviation of three independent experiments is shown. (D) Representative images of RAD51 foci. Blue images show DAPI stained 
nuclei, green shows RAD51 IF. (E) Protein gel blots showing the decrease in global levels of RAD51 upon depletion of A-type lamins in MCF-7 DR-GFP 
cells. β-tubulin was used as loading control. (F) Protein gel blots showing lower RAD51 upon depletion of A-type lamins in MEFs. (G) Percentage of 
MEFs positive for RAD51 foci 6 h after treatment with 8 Gy. A total of 290-10 cells per condition were analyzed.
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involved in maintaining genomic integrity is of utmost impor-
tance. DNA DSBs repair, which occurs mainly by NHEJ and 
HR, is critical for maintaining genomic stability.17,19,53-57 Here, we 
demonstrate that the structural nuclear proteins A-type lamins 
preserve the integrity of the genome in part by maintaining the 
ability of cells to repair DNA DSBs by NHEJ and HR. We pro-
vide evidence that the mechanism which allows A-type lamins 
to promote long-range (dysfunctional telomeres) and short-range 
(IR-induced DNA DSBs) classical-NHEJ is the stabilization of 
53BP1. In addition, we show that loss of A-type lamins leads to a 
severe compromise in HR. The mechanism behind this finding 
is the unprecedented role for A-type lamins in the transcriptional 
co-regulation of two key factors in HR, RAD51 and BRCA1, by 
means of formation of p130/E2F4 repressor complexes. Finally, 
we demonstrate that compromised DSBs repair in lamins A/C-
deficient cells leads to increased sensitivity to IR. Overall, our 
study indicates that the main function of A-type lamins in DNA 
repair relies on their ability to stabilize 53BP1 and maintain tran-
scription of BRCA1/RAD51 (Fig. 7B).

repressive complex by performing co-immunoprecipi-
tation studies. Total cell lysates from wild-type MEFs 
were subjected to immunoprecipitation with E2F4 
antibody, and the presence of p130 monitored by pro-
tein gel blot. While depletion of A-type lamins did not 
affect the global levels of E2F4 (Fig. 6B and inputs), it 
promoted the formation of p130/E2F4 complexes, as 
shown by the increase in p130 co-immunoprecipitated 
with the E2F4 antibody (Fig. 6B and IPs). The same 
results were obtained upon depletion of A-type lamins 
in DKO cells, proficient in p130. Thus, we conclude 
that depletion of A-type lamins promotes the ability of 
p130 to form repressor complexes with E2F4, which in 
turn leads to downregulation of RAD51 and BRCA1, 
and results in defective repair of DNA DSBs by HR.

The p130/E2F4 repressor complex is active primar-
ily during G

0
/G

1
 phases of the cell cycle. In addition, 

the levels of RAD51 and BRCA1 have been shown to 
fluctuate during the cell cycle, being reduced during 
G

1
 and upregulated at late G

1
, S, and G

2
 phases of the 

cycle. Here, we determined if depletion of A-type lam-
ins induces a growth arrest in G

1
, which in turn would 

increase p130/E2F4 repressor complex activity and 
repression of RAD51 and BRCA1 genes. Monitoring 
the cell cycle profile, we found that depletion of A-type 
lamins does not lead to an accumulation of cells in G

1
 

phase of the cell cycle, as assessed by FACS analysis 
(Fig. S4). These results indicate that the effect of deple-
tion of A-type lamins on components of HR-mediated 
repair is not linked to cell cycle arrest.

Loss of A-type lamins increases radiosensitivity. 
Radiation therapy is a common modality in the treat-
ment of cancer. IR preferentially kills repair-compro-
mised cells, which are unable to deal with the extensive 
DNA damage generated. To determine if loss of A-type 
lamins and the associated deficiency in 53BP1 and 
RAD51/BRCA1 affect sensitivity to IR, we performed 
colony formation assays. Lmna+/+ and Lmna-/- MEFs were treated 
with increasing doses of IR up to 6 Gy, and their clonogenic 
capability assessed after 10 d in culture. The cell survival curves 
shown in Figure 7A describe the relationship between the radia-
tion dose and the proportion of cells that retain reproductive 
integrity. In line with severely compromised DNA repair, Lmna-

/- MEFs were significantly more sensitive to IR than wild-type 
controls. Overall, our studies demonstrate that loss of A-type 
lamins hinders the repair of IR-induced DNA DSBs by NHEJ 
and HR promoting radiosensitivity. A-type lamins affect NHEJ 
and HR via distinct mechanisms. NHEJ is maintained through 
post-translational stabilization of the 53BP1 protein while HR 
is regulated through p130-mediated transcriptional regulation of 
RAD51 and BRCA1 (Fig. 7B).

Discussion

Given the well established contribution of genomic instabil-
ity to aging and cancer, identifying the molecular mechanisms 

Figure 5. Loss of A-type lamins significantly affects transcriptional regulation of 
RAD51 and BRCA1. (A) Protein gel blots showing lower levels of BRCA1, but not 
RPA2 in cells depleted of A-type lamins. β-tubulin was used as loading control.  
(B) Percent of cells positive for formation of RPA2 foci 6 h after treatment with 8 Gy 
IR. (C) qRT-PCR to determine transcript levels of RAD51, BRCA1 and RPA2. Shown 
are the averages and standard deviations from three independent experiments.
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the proteasome.16,52 We also found that loss of A-type lamins 
promotes degradation of 53BP1 by lysosomal proteases of the 
Cathepsin family (unpublished results). It is tempting to specu-
late that A-type lamins serve as a platform for retention of nuclear 
proteins 53BP1, pRb and p107, preventing their proteasomal or 
lysosomal degradation. Alternatively or concomitantly, A-type 
lamins could play an active role in maintaining the stability of 
these proteins. For instance, 53BP1, pRb and p107 undergo a 
number of posttranslational modifications, which could poten-
tially regulate the stability of the proteins and in turn be modu-
lated by A-type lamins.

Previously, we provided evidence for the importance of 
A-type lamins in NHEJ of dysfunctional telomeres.16 Recent 
studies have shown that 53BP1 plays an essential role in the end-
to-end fusion of dysfunctional telomeres resulting from deple-
tion of the shelterin complex component TRF2.38,59 This process 
is mediated by the classical-NHEJ mechanism of DNA repair. 
In contrast, 53BP1 was dispensable for the chromosome end-to-
end fusions that result from removal of Tpp1-Pot1a/b, which are 
mediated by alternative-NHEJ.59 Our reconstitution experiments 
clearly demonstrate that the destabilization of 53BP1 upon loss 
of A-type lamins is responsible for the defects in the process-
ing of dysfunctional telomeres by classical-NHEJ. Importantly, 
in addition to the role of A-type lamins in long-range NHEJ, 
our studies demonstrate their participation in short-range 
DSBs repair, as exemplified by the defects in the fast-phase of 
repair of IR-induced DSBs, corresponding to classical-NHEJ. 
Interestingly, these defects were also rescued by overexpression 
of 53BP1, suggesting that 53BP1 deficiency contributes to this 
phenotype. However, the fact that depletion of 53BP1 did not 
alter the kinetics of DSBs repair in wild-type cells (Fig. S2) indi-
cates that the combined deficiency in A-type lamins and 53BP1 
is responsible for the defects in short-range DSBs repair reported 
here. Altogether, our data suggest that the role of 53BP1 in wild-
type cells is masked by a functional redundancy that is lost in 
A-type lamins-deficient cells. A-type lamins or mechanisms 
regulated by them overcome the necessity for 53BP1 in short-
range DNA DSBs repair. We speculate that loss of A-type lam-
ins allows enacting compensatory mechanisms that repair DSBs 
with slower kinetics. Restoration of 53BP1 in this context would 
then alter the balance between different DSBs repair pathways; 
tilting it in favor of the fast-phase classical-NHEJ.39 Future stud-
ies will address whether loss of A-type lamins is associated with 
upregulation of other repair pathways, such as alternative-NHEJ.

Decreased levels of RAD51 and BRCA1 are behind HR 
deficiency upon loss of A-type lamins. Since BRCA1 associates 
with the MRN complex,33 which displays nucleolytic activity, it 
is possible that HR-dependent end-resection itself is afflicted in 
these cells. This notion is consistent with the defective recruit-
ment of RPA to DNA DSBs upon loss of A-type lamins in the 
absence of detectable changes in the global levels of the pro-
tein. BRCA1 also interacts with phosphorylated CtIP, a protein 
that is involved in DNA end-resection and known to function 
in both HR and alternative-NHEJ.32,33 Disrupting the interac-
tion of BRCA1 with CtIP is detrimental to HR, but does not 
affect alternative-NHEJ.32 Thus, consistent with our discussion 

The function of A-type lamins in the localization and sta-
bilization of different proteins, including Rb family members, 
ING1 and ATR was previously established in references 14, 
52 and 58. In the case of Rb family members and 53BP1, loss 
of A-type lamins is associated with increased degradation by 

Figure 6. Decreased RAD51 in lamins A/C-deficient cells requires p130, 
a member of the pocket family of proteins. (A) Protein gel blot show-
ing depletion of A-type lamins from MEFs that are null for two (DKO: 
Rb-/-; p107-/-) or all three (TKO: Rb-/-; p107-/-; p130-/-) of the pocket family 
proteins. Note how loss of lamins leads to a dramatic decrease of RAD51 
only in the cells that are p130 proficient (DKO). (B) Co-immunoprecipita-
tion of p130 with E2F4. Lystates from lamins A/C-proficient or -deficient 
cells were subjected to immunoprecipitation with an E2F4 antibody. 
Protein gel blots (left) shows successful immunoprecipitation of E2F4 
and co-precipitation of p130. Inputs are shown on the right part.
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levels of these proteins could bring about new therapeutic strate-
gies for laminopathies as well as to enhance the killing of tumor 
cells by ionizing radiation.

Materials and Methods

Cell culture. Lmna+/+ and Lmna-/- MEFs were generated in the 
laboratory of Colin L. Stewart as described in reference 64. 
DKO (Rb-/-;p107-/-) and TKO (Rb-/-;p107-/-;p130-/-) MEFs were 
provided by Julien Sage. MCF-7 and U2OS cells were obtained 
from ATCC (Manassas, VA). The MCF-7 DR-GFP cell line was 
previously described.65 All cells were maintained in DMEM-
Glutamax (Invitrogen) supplemented with 10% BGS, antibiotics 
and antimycotics.

of classic- vs. alternative-NHEJ in lamins 
A/C deficient cells, it is possible that loss 
of BRCA1 and RAD51 inhibits HR, but 
does not affect the ability of cells to enact 
alternative-NHEJ.

Our findings are important in the 
context of cancer, as alterations in the 
expression of A-type lamins have signifi-
cant effects on genome stability. Several 
lines of evidence indicate that not only 
are A-type lamins either silenced or 
upregulated in a variety of human can-
cers, but that these changes significantly 
impact patient outcome.6,9 This study 
provides a link between A-type lamins 
depletion and defects in mechanisms of 
DNA repair, suggesting that the silenc-
ing of the LMNA gene observed in some 
tumors contributes to the genomic insta-
bility that drives malignancy. Increased 
genomic instability has also been 
reported in diseases caused by expres-
sion of mutant forms of lamins A/C. The 
best example is the genomic instability 
observed in progeria patients and mouse 
models.10,60,61 In particular, progeria cells 
are defective in RAD51 recruitment to 
IRIF, although they do not exhibit low-
ered protein levels. Interestingly, pro-
geria cells were not deficient in NHEJ. 
Rather, an increase in NHEJ was 
reported inn reference 10, and associated 
with increased accumulation of XPA at 
DSBs.62,63 These differences are remind-
ers of the fact that depletion of A-type 
lamins can cause significantly different 
effects from specific mutations in A-type 
lamins. Unravelling which mutations 
in A-type lamins destabilize 53BP1 and 
Rb family members and/or transcrip-
tionally regulate RAD51/BRCA1 will 
allow us to predict which lamins-related 
diseases present with defects in specific mechanisms of DNA  
repair.

In summary, this study shows that A-type lamins play a role 
in the two main pathways of repair of IR-induced DNA DSBs: 
NHEJ and HR. Our finding that depletion of A-type lamins 
impairs DNA repair and induces radiosensitivity, along with 
clinical data indicating that lamins expression can affect prog-
nosis in certain malignancies, introduces the possibility of using 
these proteins as targets for cancer therapeutics. In addition, 
identification of 53BP1, RAD51 and BRCA1 as molecular tar-
gets of A-type lamins provides new tools to screen disease-associ-
ated mutations in the LMNA gene for defects in DNA repair and 
genomic instability, which could contribute to their pathophysi-
ology. Understanding the molecular mechanisms regulating the 

Figure 7. Radiosensitivity and model of the dual role of A-type lamins in DNA DSBs repair.  
(A) Clonogenic survival in Lmna+/+ and Lmna-/- MEFs in response to increasing doses of radiation  
(0 to 6 Gy). Shown are the surviving fractions and standard deviation of the mean from three inde-
pendent experiments. (B) A-type lamins play a role in the stabilization of the pocket family proteins 
pRb and p107, as well as 53BP1, in part by preventing their degradation by the proteasome. By 
stabilizing 53BP1, A-type lamins promote classical-NHEJ. In addition, A-type lamins regulate 
transcriptionally two key factors in HR, RAD51 and BRCA1. Loss of A-type lamins leads to increased 
formation of p130/E2F4 complexes, which in turn can bind the RAD51 and BRCA1 gene promoters 
and inhibit their transcription. Loss of A-type lamins leads to defects in the two major mechanisms 
of DNA DSBs repair (NHEJ and HR), increased genomic instability and radiation sensitivity.
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Fluorescence in situ hybridization. FISH on metaphase 
spreads was performed as described in reference 68. In brief, 
cells were arrested in mitosis by treating with colcemid for 4 h 
and prepared for FISH by hypotonic swelling in 0.56% KCl, 
followed by fixation in 3:1 methanol:acetic acid. Cell suspen-
sions were dropped onto slides and FISH was performed using a 
Cy3-telomeric PNA probe and DNA counterstained using DAPI. 
Images were taken using a Nikon 90i upright microscope.

Homologous recombination assays. Proficiency of HR is 
monitored by using a chromosomally integrated HR reporter 
substrate, DR-GFP, in MCF-7 cells.65 The DR-GFP substrate 
consists of two tandem GFP sequences that have been mutated to 
abrogate expression of GFP and an I-SceI recognition site in one 
sequence. Transient expression of the I-SceI produces a DSB at 
the recognition site. Repair of this break by intragenic HR with 
the downstream GFP sequence as the homology substrate results 
in restoration of a functional GFP gene. Thus, expression of GFP 
is a readout of successful HR.65 MCF-7 DR-GFP cells were trans-
fected with an I-SceI expressing plasmid. After 48 h, flow cytom-
etry was used to determine the percent of cells expressing GFP as 
an indication of successful HR.

Colony formation assays. Clonogenic analysis was performed 
as described in reference 69. Briefly, cells were plated in p60 cul-
ture dishes to facilitate formation of 30–40 colonies per plate and 
allowed to become adherent by incubating at 37°C for 2–3 h.  
Cells were immediately treated with 0, 2, 4 or 6 Gy of ionizing 
radiation and allowed to grow undisturbed for 7–10 d. Colonies 
were then counted and the surviving fractions calculated. Colony 
formation experiments were done three times, with triplicate 
samples within each experiment.

Quantitative real time PCR. qRT-PCR was performed using 
the 7900HT Fast Real-Time PCR system (Applied Biosystems) 
with the Taqman® Universal PCR Master Mix (Applied 
Biosystems, California). Generation of cDNA was performed by 
reverse transcription of 1 μg total RNA using the GeneAmp® 
RNA PCR kit, also from Applied Biosystems. RAD51, BRCA1 
and RPA2 transcripts were detected by TaqMan® Gene 
Expression Assays (Hs00153418_m1, Hs01556193_m1 and 
Hs00358315_m1 respectively). All PCR reactions were done 
in triplicate (within experiments) to amplify endogenous target 
genes, with 18S controls in the same plate. Data was analyzed by 
relative quantitation.
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University). shRNAs were obtained from Sigma-Aldrich  
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Immunofluorescence analysis. Immunofluorescence was per-
formed with antibodies: γH2AX (1:600, Upstate Biotechnology), 
53BP1 (1:600, Novus Biologicals NB100-304) or RAD51 (1:100, 
Santa Cruz sc-8349). Cells were grown on coverslips until 70–80% 
confluent and irradiated with a dose of either 0.5 Gy (53BP1 and 
γH2AX) or 8 Gy (RAD51). At different times post-IR, cells 
were fixed with 3.7% formaldehyde and 0.2% Triton-X100 for 
10 min at RT. Cells were blocked for 1 h at 37°C with 1% goat 
serum or BSA in PBS and incubated with primary antibodies for 
1 h at 37°C. Secondary antibody incubations were performed for  
1 h at 37°C using Alexa- and Cy3-labeled antibodies. Slides were 
counterstained using DAPI in Vectashield (Vector). Fluorescent 
images were taken using a Nikon 90i upright microscope or a 
confocal microscope Zeiss L510.

Protein gel blotting. Cells were lysed in RIPA buffer  
(0.15 M NaCl, 0.05 M TRIS-HCl pH 7.2, 1% Triton-X100,  
1% DOC, 0.1% SDS) and subjected to gel electrophoresis. 
Proteins were detected using the following antibodies: Lamins 
A/C (Santa Cruz-20681), RPA2 (Calbiochem, NA18), actin 
(Clone C4, MPB), β-tubulin (Sigma), γH2AX (Upstate, 07-164) 
and BRCA1 (Santa Cruz-6954).

Radiation treatment. Irradiation was performed using a 
PANTAK pmc1000 X-ray machine with a 0.1 Cu+ 2.5 AL filter 
at a dose rate of 1.1 Gy/min. For immunofluorescence studies 
cells were irradiated with 0.5 Gy or 8 Gy, and for comet assays 
cells were given 8 Gy.

Comet assays. Neutral comet assays were performed using 
CometSlide assay kits (Trevigen). Cells were irradiated with 8 
Gy and incubated at 37°C for different periods of time (0, 30, 
60, 90, 120 and 150 min) to allow for DNA damage repair. Cells 
were embedded in agarose, lysed and subjected to neutral elec-
trophoresis. Before image analysis, cells were stained with ethid-
ium bromide and visualized under a fluorescence microscope. 
Single-cell electrophoresis results in a comet-shaped distribution 
of DNA. The comet head contains high molecular weight and 
intact DNA, and the tail contains the leading ends of migrating 
fragments. Olive comet moment was calculated by multiplying 
the percentage of DNA in the tail by the displacement between 
the means of the head and tail distributions, as described in ref-
erence 67. We utilized the program CometScoreTM Version 1.5 
(TriTek) to calculate Olive Comet Moment. A total of 25 to 30 
comets were analyzed per sample in each experiment.
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