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ABSTRACT

The A-type lamins (lamin A/C), encoded by the LIINA
gene, are important structural components of the
nuclear lamina. LMNA mutations lead to degenera-
tive disorders known as laminopathies, including the
premature aging disease Hutchinson-Gilford proge-
ria syndrome. In addition, altered lamin A/C ex-
pression is found in various cancers. Reports in-
dicate that lamin A/C plays a role in DNA double
strand break repair, but a role in DNA base exci-
sion repair (BER) has not been described. We pro-
vide evidence for reduced BER efficiency in lamin
A/C-depleted cells (Lmna null MEFs and lamin A/C-
knockdown U20S). The mechanism involves impair-
ment of the APE1 and POLB BER activities, partly
effectuated by associated reduction in poly-ADP-
ribose chain formation. Also, Lmna null MEFs dis-
played reduced expression of several core BER en-
zymes (PARP1, LIG3 and POLp). Absence of Lmna
led to accumulation of 8-oxoguanine (8-0xoG) le-
sions, and to an increased frequency of substitu-
tion mutations induced by chronic oxidative stress
including GC>TA transversions (a fingerprint of 8-
oxoG:A mismatches). Collectively, our results pro-
vide novel insights into the functional interplay
between the nuclear lamina and cellular defenses
against oxidative DNA damage, with implications for
cancer and aging.

INTRODUCTION

The nuclear lamina is a dense network of fibers physically
associated with the inner nuclear membrane and peripheral
chromatin, and consists mostly of architectural proteins
called lamins, along with associated proteins (1). Lamins are
type V intermediate filament proteins that form coiled-coil
parallel dimers that assemble into higher order filamentous
structures that carry out important scaffolding roles in the
nucleus (2). In somatic cells of most vertebrates, the major
forms of lamins are expressed from three genes: the LMNA
gene codes for both lamins A and C (A-type lamins) via al-
ternative splicing; the LM NBI and LMN B2 genes code for
lamin B1 and lamin B2, respectively (B-type lamins). B-type
lamins are constitutively expressed in all cell types. How-
ever, A-type lamins are only expressed after the onset of
cell differentiation; thus, A-type lamins are not expressed
in stem cells or early embryonic cells. A-type and B-type
lamins form distinct, yet overlapping, lattices in the nuclear
lamina (2); unlike B-type lamins, A-type lamins are also
found in a mobile and dynamic pool throughout the nucleo-
plasm. In addition to providing the structural support of the
nucleus, lamins regulate a variety of nuclear processes, such
as protein transport, gene expression, DNA replication and
DNA repair (1). Thus, depletion or mutations in lamins can
impact cellular phenotypes such as cell proliferation, differ-
entiation, apoptosis and senescence (2). Regulation of these
nuclear activities occurs in part from interaction of lamins
with nuclear envelope proteins, transcription factors and
chromatin (directly or through interaction with histones or
other lamin-associated proteins). Moreover, nearly 40% of
the human genome is organized into lamina-associated do-
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mains (LADs) that help organize the genome and have been
associated with gene repression (3). Changes in chromatin
organization can modulate gene expression by altering ac-
cessibility of gene promoters to transcription factors.

Mutations in the LM NA gene have been linked to degen-
erative disorders, broadly termed laminopathies, including
Emery-Dreifuss muscular dystrophy, neuropathies, lipodys-
trophies and the premature aging syndrome Hutchinson-
Gilford progeria (HGPS) (4,5). In addition to the impact of
LMNA mutations, altered cellular levels of wild-type lamin
A/C can be deleterious. Forms of dilated cardiomyopathy
and muscular dystrophy are generally associated with re-
duced A-type lamin function and can be phenocopied by
knockout of the Lmna locus in the mouse (6). Accumulating
evidence indicates that altered expression levels of lamins
can influence cell proliferation, tumor formation and can-
cer progression (7). Several studies indicate that the levels
of A-type lamins are either absent, lower or higher in var-
ious human cancers (7-10), and that these changes have a
significant impact on the cancer severity (11).

The specific molecular mechanisms that lead to dis-
ease from defective A-type lamins are poorly under-
stood. Certainly, LMNA mutations and lamin A/C de-
pletion affect the structural integrity of the nucleus and
the nuclear—cytoskeleton interactions, resulting in abnor-
mal mechanoregulation and ultimately disease progression
(12,13). Studies have demonstrated that lamins play an im-
portant role in physically connecting the nucleus to the
cytoskeleton (via LINC complex) to enable mechanosig-
naling and cell migration, which play important roles in
laminopathies and cancer metastasis (2,14,15). Recent stud-
ies have implicated a role for lamin A/C in promoting DNA
double strand break (DSB) repair (12), thus implying a role
in carcinogenesis (16). For example, mouse embryo fibrob-
last (MEF) null for Lmna has a marked decrease in the ac-
cumulation of 53BP1 at IR-induced foci; moreover, these
Lmna~'~ MEFs displayed transcriptional repression of the
BRCA1 and RADSI1 genes, which encode proteins essen-
tial for homologous recombination repair (17). The struc-
tural defects in the nucleus of lamin A/C-defective cells
contribute to the impaired DSB repair (12,18). Similarly to
DSBEs, single strand breaks and oxidative DNA lesions, re-
paired by base excision repair (BER), are important in car-
cinogenesis (19). However, despite the links between lamin
A/C and cancer (7) and between BER and cancer (20), there
has been no reported investigation into the role of lamin
A/C in BER; thus, that is the aim of this study.

To overcome genotoxic stress, several DNA repair path-
ways have evolved, classified on the basis of the target
lesion in the DNA (21). BER is the major pathway for
removal of small, non-helix-distorting, base lesions from
the genome, predominantly oxidized, alkylated and deam-
inated bases (19). In this pathway, a damaged base is rec-
ognized and removed by a DNA glycosylase, leaving an
apurinic/apyrimidinic site (AP site). The AP site is then
cleaved (i.e. DNA incision) by AP endonuclease 1 (APE1) to
form a 3-OH end and a 5'-deoxyribose phosphate (5'-dRP)
end. DNA polymerase B (POL B) catalyzes both excision
of the 5'-dRP moiety and DNA synthesis at the 3'-hydroxyl
terminus prior to completion of BER (DNA ligation) by

DNA ligase 3 (LIG3) (22,23). If the DNA glycosylase has
both glycosylase activity and additional 3'AP lyase activ-
ity (bifunctional), it can also incise the DNA at the AP site.
8-Oxoguanine (8-0x0QG) is one of the most common DNA
lesions resulting from reactive oxygen species. This lesion
is recognized and removed by 8-oxoguanine DNA glycosy-
lase (OGG1) via its glycosylase activity. OGGl1 is a bifunc-
tional DNA glycosylase; however, its lyase activity is weak
and thus, in the presence of APEI, is not a dominant ac-
tivity (24). There is evidence that APE1 coordinates with
upstream OGG1 and downstream POLR in BER and that
these activities can be important in facilitating an optimal
rate of nuclear BER of oxidative lesions (19,24,25). The re-
pair of acute oxidative DNA damage requires many rounds
of the BER pathway, depending on the amount of available
BER enzymes and the extent of DNA damage, and thus the
repair of oxidative DNA lesions can take many hours (26).

There are many accessory proteins involved in BER, such
as PARPI1 that helps mediate BER by catalyzing the poly-
ADP-ribosylation (PARylation) of several acceptor pro-
teins (including PARPI itself) involved in chromatin archi-
tecture (19). PARylation is a widespread post-translational
modification that occurs in response to DNA damage, ap-
pearing rapidly at DNA damage sites, catalyzed by PARPs,
using donor nicotinamide adenine dinucleotide (NAD™)
molecules. This modification regulates a number of biologi-
cal processes, including chromatin structure, the DNA dam-
age response (DDR), protein turnover, transcription, apop-
tosis (27), as well as aging and metabolic regulation (28).
Interestingly, a recent report found that the NAD™ salvage
pathway was altered in the heart of mice and humans car-
rying a LM NA mutation, leading to altered PARP1 PARy-
lation (29). Another report has shown that lamin A pro-
motes SIRT6-mediated PARP1 mono-ADP ribosylation, in
response to DNA damage (30).

Relative mRNA expression data by DNA microarray
analysis of Lmna null (Lmna=/~) MEFs, compared to wild-
type (Lmna*/") MEFs, have recently been reported (31), in-
dicating associations of lamin A/C with diseases, such as
cancer, and significant alterations of several gene classes
that include the DDR. Moreover, antibody microarrays and
bioinformatics analysis on HeLa clones with reduced ex-
pression of lamin A/C revealed an association of lamin
A/C depletion with significant alterations in expression of
proteins involved in the cellular stress response (32). Based
on the above studies and our own DNA microarray data
from Lmna~/~ and Lmna*/* MEFs, reported here, we ex-
amined the effect of lamin A /C depletion (Lmna knockout
in MEFs and lamin A /C siRNA knockdown in U20S cells)
on BER rate and associated cellular and molecular activi-
ties. We report here an unprecedented role for lamin A/C
in promoting BER. We find that a contributing mechanism
to this lamin A/C function entails PARylation-augmented
APEI DNA incision and POLB nucleotide incorporation
activities. We also demonstrate that the lamin A/C knock-
out leads to mutations that are fingerprints of oxidative le-
sion accumulation, thus linking the lamin A/C-dependent
defect in BER to increased likelihood of initiation of multi-
stage carcinogenesis and as a potential contributing factor
in aging (33,34).



MATERIALS AND METHODS
Cell culture and treatments

Spontaneously immortalized MEFs [wild-type
(Lmna*’*) and Lmna knockout (Lmna~/~)], and U20S
cells, were grown in Dulbecco’s modified Eagle medium
(DMEM), supplemented with 10% fetal bovine serum
(FBS) (Gibco BRL), 50 pg/ml streptomycin and 50
units/ml penicillin, at 37°C in 20% oxygen and 5% CO,.
The Lmna™* and Lmna=/~ MEFs were generated in the
laboratory of Colin L. Stewart (6). Retroviral vectors for
expression of lamin A and lamin C were a gift from Brian
Kennedy (National University of Singapore). Retroviral
transductions were performed as described (35). Briefly,
HEK-293T cells were transfected with viral packaging
(pUMVC3-gag-pol) and envelope (p-CMV-VSV-G) plas-
mids along with the vectors containing lamin A or lamin
C, or with empty vector (EV) as a control. After 48 h,
virus-containing media were harvested to infect target cells.
Retroviral transductions were performed as two 4—6 h
infections on sequential days. Cells were allowed to recover
for 48 h and selected with the appropriate drugs.

To inhibit PARylation, the PARP inhibitor 3-
aminobenzamide (3-AB; 10 mM) or PARP inhibitor
olaparib (2 pM) was added to the medium (DMEM
containing 10% FBS) of cultured cells, and incubation
carried out for 2 h. To activate PARylation, 2 mM NAD*
was added to the medium and incubation carried out for 2
h.

Microarray

DNA microarray experiments and analysis were carried out
at the microarray facility of the National Institute on Ag-
ing, Intramural Research Program, National Institute of
Health (NIH). A total of 2 x 10° cells were seeded in 100-
mm dishes and grown overnight. The next day, cells were
washed in cold PBS and RNA was extracted using trizol
(Invitrogen). Total RNA quantity and quality were tested
using the Agilent Bioanalyzer RNA 6000 Chip (Agilent,
Santa Clara, CA). Five hundred nanograms of total RNA
was labeled according to the manufacturer’s instructions us-
ing the Illumina™ TotalPrep™ RNA amplification kit (Il-
lumina, San Diego, CA). A total of 750 ng biotinylated
amplified RNA were hybridized to each lane of an Illu-
mina Mouse Ref-8v2 Expression BeadChip overnight. Fol-
lowing posthybridization rinses, arrays were incubated with
streptavidin-conjugated Cy3, and scanned at a resolution
of 0.53 wm using an Illumina iScan scanner. Hybridization
intensity data were extracted from the scanned images us-
ing [llumina BeadStudio GenomeStudio software, V2011.1.
Raw hybridization intensity data were log-transformed and
normalized to yield z-scores. The z-ratio was calculated as
the difference between the observed gene z-scores for the
experimental and the control comparisons, and dividing by
the standard deviation associated with the distribution of
these differences. Z-ratio values = +2.0 or = -2.0 were cho-
sen as cut-off values, defining increased and decreased ex-
pression, respectively. A complete set of 522 cellular path-
ways was obtained from the Molecular Signatures Database
(MSigDB, Broad Institute, USA). The complete set was
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tested for Geneset enrichment using Parametric Analysis of
Gene set Enrichment (PAGE). For each pathway z-score, a
P-value was computed using JMP 6.0 software to test for
the significance of the z-score obtained. Principal compo-
nent analysis was done using JMP 6.0. These tools were part
of DIANE 1.0 (see http://www.grc.nia.nih.gov/branches/
rrb/dna/diane_software.pdf for information).

Ingenuity Pathway Analysis (IPA) was performed ac-
cording to vendor’s specifications (Qiagen). The IPA “Top
Canonical Pathways’ analysis identified the pathways, from
the IPA library of canonical pathways, which were most sig-
nificant to the input data set. The significance of the associ-
ation between the data set and the canonical pathway was
determined based on two parameters: (i) A ratio of the num-
ber of genes from the data set that maps to the pathway di-
vided by the total number of genes that maps to the canon-
ical pathway and (i) a P-value calculated using Fischer’s
exact test determining the probability that the association
between the genes in the data set and the canonical path-
way is due to chance alone. The IPA “Top Upstream Reg-
ulators’ analysis is based on prior knowledge of expected
effects between transcriptional regulators and their target
genes stored in the Ingenuity Knowledge Base. The analy-
sis examines how many known targets of each transcription
regulator are present in the user’s data set, and also com-
pares their direction of change (i.e. expression in the exper-
imental sample(s) relative to control) to what is expected
from the literature in order to predict likely relevant tran-
scriptional regulators. If the observed direction of change
is mostly consistent with a particular activation state of the
transcriptional regulator (‘activated’ or ‘inhibited’), then a
prediction is made about that activation state. The ‘P-value
of overlap’ calls likely upstream regulators based on signifi-
cant overlap between data set genes and known targets reg-
ulated by a transcriptional regulator.

Transfection of APE1 expression plasmids

Lmna*/* and Lmna~/~ MEFs were transiently transfected
with the following APE1 constructs: wild-type (wt) APE1-
pAcGFP, D210N-pAcGFP (D210N is a mutant of APE1
that lacks endonuclease activity) and empty vector (EV;
pAcGFP). These constructs were provided by David Wilson
III (National Institute on Aging). For 60-mm dishes, trans-
fection was carried out as follows: 5 wg of DNA was added
to 500 wl of Opti-MEM and mixed. Then, this DNA /Opti-
MEM was added to 500 wl of OptiMEM containing 10 wl
of Lipofectamine 2000 (Thermo Fisher Scientific) and in-
cubated for 20 min at room temperature to allow the for-
mation of DNA-Lipofectamine 2000 complexes. The 1000
pl of DNA-Lipofectamine solution was then added to each
dish of cells containing 4 ml of DMEM/10% FBS medium.
The dishes were incubated for 24 h to enable significant
GFP expression.

RNA interference

U20S cells, growing in 60-mm dishes in DMEM medium
supplemented with 10% FBS, were transfected with 25 nM
siRNA oligo using DharmaFECT 1 transfection reagent
(Dharmacon, T-2001-02), according to the manufacturer’s
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protocol. The siRNAs (ON-TARGETplus) were chem-
ically synthesized by Dharmacon. The target sequence
for human lamin A/C (Dharmacon, J-004978-05) is 5'-
GAAGGAGGGUGACCUGAUA-3'. The negative con-
trol (scrambled siRNA, designed to target no known genes
in human, mouse or rat) was ON-TARGETplus non-
targeting number #1 (Dharmacon, D-001810-010). Af-
ter 24 h incubation, the transfection medium was re-
placed with fresh culture medium. The cells were har-
vested, or used for further experiments, 72 h after trans-
fection. Also, Lmna*/* MEFs were transfected with mouse
lamin A/C. The target sequence for mouse siLamin A/C
(Dharmacon ON TARGETplus, J-040758-05-0005) is 5'-
GGAAGCAGCGAGAGUUUGA-3'.

Cell proliferation and viability assays

For cell proliferation assays, cells were seeded in 6-well
plates at 25 000 cells per well and counted by hemocytome-
ter every day for 4 days (MEFs) or 5 days (U20S cells). The
cells were grown in DMEM containing 10% FBS, at 20%
oxygen and 5% CO;; MEFs were also grown in 200 pM
H,0; or 20 wM methyl methane sulfonate (MMS). Each
graph data point represents the average of three wells. For
viability assays, 20 000 cells were plated in triplicate in 96-
well plates in DMEM containing 10% FBS. After 24 h in-
cubation, the cells were washed in PBS and exposed to the
indicated stressors (in DMEM without FBS) over a range
of doses as indicated. Oxidative DNA damage was induced
and sustained by treatment for 4 h with hydrogen peroxide
(H,03,) or 2 h with menadione. Alkylation DNA damage
was induced and sustained by MMS treatment for 1 h. At
the end of treatments, the cells were washed with PBS and
then 100 pl of fresh medium was added and then immedi-
ately 10 wl of WST-1 (Roche). After 3 h of incubation in
WST-1, the absorbance (450 nm minus 630 nm) was read
to estimate the number of viable metabolically active cells.
Each graph data point represents the average of six wells.

Western blotting analysis

Proteins were separated on 12% Tris-glycine gels (Bio-
Rad) in Novex tris-glycine SDS running buffer (Life Tech-
nologies). Whole cell extracts were prepared in lysis buffer
containing 50 mM Tris-HCI, 150 mM NaCl, ] mM EDTA,
1% triton X-100, with 1x mini EDTA-free protease in-
hibitor cocktail (Sigma), and 1x PhosSTOP phosphatase
inhibitor (Sigma). Tris-glycine SDS sample buffer was then
added for loading. Transfer to PVDF membranes (Life
Technologies) was carried out by electroblotting in Novex
tris-glycine transfer buffer (Life Technologies) containing
15% methanol for 1 h at 100 V. Membranes were blocked
1 h at room temperature in 5% nonfat dry milk in TBST (20
mM Tris-HCI, pH 7.2, 137 mM NacCl, 0.1% Tween-20). All
antibodies were diluted in 3% milk in TBST. Antibodies:
anti-B actin (AMB-7229; Nordic Biosite), anti-lamin A/C
(sc-20681; Santa Cruz), anti-aOGG]1 (ab124741: Abcam),
anti-APE1 (ab97296; Abcam), anti-LIG3 (sc-135883; Santa
Cruz), anti-PARP1 (614302; Nordic Biosite), anti-PAR
(ab14460; Abcam), anti-POLB (ab26343; Abcam), anti-
NRF2 (ab62352; Abcam), anti-p53 (sc-126; Santa Cruz)

and anti-phospho(Ser15)-p53 (9284; Cell Signaling). Sec-
ondary HRP-conjugated antibodies (Jackson ImmunoRe-
search) and Pierce ECL Plus (Thermo Scientific) were used
to visualize the protein bands on high-performance chemi-
luminescence film (GE Healthcare). The films were scanned
and saved as 16-bit grayscale tiff files.

Cyclohexamide chase assay

Cyclohexamide (Sigma-Aldrich) was added to MEFs (100-
mm dishes, ~70% confluent) at a concentration of 50 pg/ml
and cells collected at the various time points of incubation
(untreated, 4, 8, 12 and 24 h). Lysates were prepared from
the cells as described for western blotting.

Quantitative real-time PCR

Total RNA samples were isolated using RNeasy Mini Kit
(Qiagen Sciences) according to the manufacturer’s protocol.
First strand cDNA was synthesized from 2 pg of total RNA
with random hexamer primers using High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). qRT-PCR
was performed using the ABI Prism 7300 system (Ap-
plied Biosystems) and SYBR Select Master Mix contain-
ing SYBR Green dye (Applied Biosystems). The relative
quantity of cDNA was estimated by the Delta-Delta-Ct
(ddCt) algorithm and data were normalized to B-actin. The
primers were purchased from Eurofins Genomics (the se-
quences are shown in Supplementary Table S1).

Comet assay

The comet assay (single cell gel electrophoresis assay) was
performed as described previously (36). Cells were grown in
60-mm dishes and treated with 100 puM H,O; for 30 min
at 37°C, and then the medium was changed to complete
medium (DMEM with 10% FBS) and allowed to repair for
5 min and 8 h; an untreated (UT) condition was also in-
cluded. Harvested cells were collected and suspended in 200
wl PBS, of which 5-10 pl was mixed with 75 pl 0.5% low-
melting-point agarose in PBS, and spread on a microscope
slide (precoated with 1% agarose in PBS) and allowed to
cool for 5 min. The slides were then incubated overnight in
lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1%
Triton X-100, pH 10). Cells were rinsed three times, 5 min
each, in neutralization buffer (0.4 M Tris-HCI, pH 7.4). In
order to specifically determine the extent of oxidative DNA
damage, the slides were then treated with 5 U of formami-
dopyrimidine DNA glycosylase (FPG) (4040-500-01; Tre-
vigen, 5 U/pl) perslide [1 pl FPG in 99 w1l FLARE buffer I
(Trevigen) containing 0.1 mg/ml BSA] and incubated for 1
h at 37°C; corresponding slides with buffer/BSA-only (‘no-
FPG’) were included as controls. Slides were then washed
in PBS three times before incubation in cold unwinding so-
lution (300 mM NaOH, 1 mM EDTA, pH > 13) at 4°C for
1 h. Electrophoresis was carried out in the unwinding solu-
tion at 25 'V, 300 mA, for 30 min. Slides washed for 5 min
in neutralization buffer, then in 95% ethanol for 5 min. The
slides were stained with SYBR Gold nucleic acid dye (Life
Technologies) at 1/10 000 dilution in Tris-EDTA buffer,



pH 7.5. Assay results were visualized using fluorescence mi-
croscopy (Axiovert 200M, Carl Zeiss) and analyzed using
Comet Assay 1V v4.2 software (Perceptive Instruments). A
larger and more intense comet tail intensity indicates more
DNA damage. The intensity of each comet was represented
as ‘Tail Intensity’ (i.e. % DNA in tail) = total intensity of
tail/total intensity of comet x 100. For estimation of ox-
idative damage (FPG-sensitive sites), the tail intensity for
buffer treated cells (‘no FPG’) was subtracted from the tail
intensity for FPG-treated cells. This was done for all time
points (including untreated cells) in order to calculate per-
cent DNA repair: the calculated FPG-sensitive sites for the
untreated condition were subtracted from the calculated
FPG-sensitive sites for the 5 min and 8 h time points and
then the resultant value for 8 h was compared to that for 5
min as a percent.

APEI1 DNA incision activity assay

Preparation of cell extracts and performance of the assay
for APEI incision activity were performed based on our
previously described method (37). Specifically, the cultured
cells (100-mm dishes) were washed with PBS, scraped into
1 ml of PBS and pelleted by centrifugation. Cells pellets
were then stored at —80°C until extraction. Cells were ex-
tracted by resuspending in 100 wl of extraction buffer [100
mM KCI, 2 mM EDTA, 40% (v/v) glycerol, 0.2% (v/v)
Nonidet P-40, 2 mM dithiothreitol (DTT). 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF) and 1 x protease inhibitor
mixture (Roche Applied Science; pH 7.8)]. The lysate was
briefly sonicated to disrupt cell and nuclear membranes.
A 16 000 x g centrifugation at 4°C for 10 min was per-
formed to remove cellular debris and DNA. The cell extract
were dialyzed overnight in dialysis buffer (25 mM HEPES-
KOH, 100 mM KCl, 12 mM MgCl,, | mM EDTA, 17%
glycerol, 1 mM DTT, pH 8.0) at 4°C. The amount of total
protein used for incision activity assays was 2.5 ng. 5'-End
labeling was carried out using T4 polynucleotides kinase
(New England BioLabs) and [y-*>P] ATP. Unincorporated
[*2P] ATP was removed with a Sephadex G25 spin column
(GE Healthcare). The incision reaction was performed in
10 pl of reaction buffer (25 mM HEPES-KOH (pH 7.4),
25 mM KCI, 0.1 mg/ml BSA, 5 mM MgCl,, 10% glycerol
and 0.05% Triton X-100) containing 95 fmol of radiola-
beled **P THF28/0G 28-comp oligo (substrate) (Supple-
mentary Table S2A). The THF substrate is an abasic site
(AP site) analog. The reaction was incubated for 10 min
at 37°C and terminated by the addition of 3x loading dye
(90% formamide, 10 mmol/l EDTA, 1 mg/ml xylene cyanol
FF and 1 mg/ml bromophenol blue) and heat inactivated
at 80°C for 10 min. The reaction products were resolved in
20% acrylamide containing 7 M urea, visualized by phos-
phorimaging (Typhoon 9410, Amersham Biosciences) and
analyzed using ImageQuant 5.2 (Molecular Dynamics). In-
cision activity was determined as the intensity of product
band relative to the combined intensities of substrate and
product bands. ‘Activity’ determined from this assay is a
measure of effectiveness of the extract at producing an in-
cision product from the substrate and may represent enzy-
matic activity on the substrate and/or ability of the enzyme
to get to the DNA damage site.
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POL nucleotide incorporation assay

The assay for POL activity (nucleotide incorporation as-
say) was performed as described below and verified in ex-
tracts of MEFs subjected to POLB siRNA knockdown
(Supplementary Figure S11). Whole cell extracts (WCEs)
were prepared in 20 mM HEPES-KOH, pH 7.5, 200 mM
KCl, 10% glycerol, 1% Triton X-100, 1% IGEPAL, 1 mM
EDTA, 1 mM DTT, 1x complete-ULTRA protease in-
hibitor (Sigma) and 1x PhosSTOP phosphatase inhibitor
(Sigma) and left on ice for 60 min. The supernatant from
the WCEs was separated by centrifugation at 15 000 x
g for 10 min and used in the experiments. The substrate
oligonucleotides (TAG Copenhagen A/S) (Supplementary
Table S2B) were annealed by heating at 90°C for 5 min and
slowly cooling to room temperature in 100 mM NaCl and 20
mM HEPES-NaOH, pH 8. Oligonucleotide labeling was by
way of the fluorescent dye carboxy tetramethylrhodamine
(TAMRA). The extracts were diluted in reaction buffer (50
mM HEPES-KOH, pH 7.5, 5 mM MgCl,, 70 mM KClI, 1
mM DTT, 50 wM of each dNTPs, 0.36 mg/ml BSA and 0.6
mM N-ethylmaleimide) to inhibit DNA ligases and non-3
polymerases (38)) to 1 mg/ml to reduce sample-to-sample
variation. The extracts (5 pg) were incubated on ice for 5
min in the reaction buffer before adding DNA substrate (1
pmol per reaction) and initiation of repair in final 25 .l re-
action volume. The repair was carried out at 37°C for 10
min. The repair reaction was stopped by adding EDTA (10
mM), then SDS (0.5%) and proteinase K (0.2 mg/ml) to
the samples and incubating at 55°C for 30 min. About 20
w1 of loading buffer (10 mM EDTA, 95% formamide, 0.01%
bromophenol blue, 0.01% xylene cyanol) was added to each
sample, which was then heated at 90°C for 5 min and DNA
was separated in 15% denaturing acrylamide gel (19:1), 300
V, 2 h. The reaction products were visualized by Typhoon
9410 (Amersham Biosciences) and analyzed using Imagel.
Incorporation activity was determined as the combined in-
tensity of the three incorporation bands (one, two and three
nucleotide incorporation) relative to the combined intensity
of the three incorporation bands plus the intensity of the
substrate (i.e. “‘unrepaired’) band. The property of POL to
enable detection of one, two and three nucleotide incorpo-
rations in the nucleotide incorporation assay has been de-
scribed previously (39,40). ‘Activity’ determined from this
assay is a measure of effectiveness of the extract at produc-
ing an elongated product from the substrate and may rep-
resent enzymatic activity on the substrate and/or ability of
the enzyme to get to the DNA damage site.

Immunofluorescence

For 8-0xoG detection, Lmna*/* and Lmna~/~ MEFs were
seeded into 4-chamber covered slides at 200 000 cells/well
and incubated for 24 h. Exponentially growing cells were
treated with 100 M H,0O, in DMEM for 30 min and al-
lowed to repair in complete media (DMEM with 10% FBS)
for 5 min and 8 h; an untreated (UT) condition was also in-
cluded. Preparation of stained slides was then carried out as
described previously (41), including fixation with ice-cold
1:1 methanol-acetone for 20 min, and using anti-8-oxoG
antibody (clone 2E2) (4354-MC; Trevigen). This technique
involved denaturing with HCI that results in good nuclear
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Table 1. Gene ontology (GO) terms that suggest enhanced DNA damage and DNA damage responses in Lmna null MEFs, including responses to DNA

damage repaired by BER

GO accession number GO term Z-score P-value
GO0008152 Metabolic process -4.215669497 0.00052508
GO00004030 Aldehyde dehydrogenase NAD(P)+ activity -3.387727434 0.0046726
GO00006281 DNA repair 2.362503986 0.0011468
GO0000002 Mitochondrial Genome Maintenance* 2.054294833 0.0024042

Microarray analyses were performed on control and Lmna knockout MEFs, followed by Gene Ontology (GO) analysis of the downregulated and upregulated genes. For each
pathway z-score, a P-value was computed using JMP 6.0 software to test for the significance of the z-score obtained.
“This GO term points to BER since mitochondria are exposed to persistent oxidative stress, and BER has a key role in counteracting mitochondrial oxidative DNA damage.

Table 2A. Ingenuity Top Canonical Pathways

Name P-value Ratio

Pancreatic adenocarcinoma signaling 1.01E-08 23/106 (= 0.217)
Hepatic fibrosis / Hepatic stellate cell activation 2.79E-08 32/197 (=0.162)
Aryl hydrocarbon receptor signaling 1.40E-07 25/140 (= 0.179)
Molecular mechanisms of cancer 1.68E-06 43/365(=0.118)
NRF2-mediated oxidative stress response” 5.26E-06 26/180 (= 0.144)

IPA to determine top canonical pathways associated with Lmna knockout in MEFs. Statistical significance and the ratio of genes included in the pathway are shown. Target
gene prediction and pathway enrichment analysis were performed using IPA; NRF2, nuclear factor erythroid 2-related factor 2.

"This pathway points to altered oxidative DNA damage (repaired by BER).

staining but not staining mitochondrial DNA (42). The neg-
ative control was normal mouse IgG in place of the pri-
mary antibody (which is also mouse IgG). The slides were
mounted with DAPI-containing vectashield (Vector labo-
ratories) and analyzed using a Zeiss Axiovert 200M micro-
scope. Signal intensity was determined using ImagelJ soft-
ware and displayed as the average intensity from 25 cells.

Genome-wide analysis of point mutation rates

Whole genomic DNA sequencing was performed by BGI
(Copenhagen, Denmark). The strategy entailed short insert
size library preparation, PE150 sequencing with 30X cov-
erage (96 Gb clean data) per sample on BGISEQ (DNB-
seq tech). We isolated substitution mutations by select-
ing loci homozygous for reference A, C, G or T alle-
les (mm10, Genome Reference Consortium Mouse Build
38 (GCA_000001635.2)) in untreated Lmna—/~ MEF and
Lmna*/* MEFs. To enhance sensitivity, we included loci
with a sequencing depth of at least 40 reads in both the
H,0; and untreated samples. We also discarded base reads
and alignments with Phred quality scores <30 (99.9% ac-
curacy). We calculated the allele frequency of each base at
each homozygous A, C, G or T locus in the Lmna—/~ MEF
and Lmna*/* MEFs after a 3-week treatment with 50 wM
H, O, (relative to the allele frequencies in the untreated con-
dition). To account for sequencing and alignment errors,
we weighted base reads according to their associated base
and alignment Phred quality scores. All source code used
in the analysis is available at github.com/scheibye-knudsen-
lab/genome-wide-point-mutation-rates.

Statistics

Graphs: statistical comparisons and graphing were per-
formed using GraphPad Prism 5.04 software (La Jolla, CA,
USA). Statistical significance was determined by two-tailed
Student’s z-test, or, in the case of proliferation and sur-
vival assays, two-way ANOVA Sidak’s multiple compar-
isons test. ¥**P < (0.0001, **P <0.005, *P < 0.05 were

considered as statistically significant. Genome-wide analy-
sis of point mutation rates: unpaired #-test was used to com-
pare the genome-wide allele frequencies of the H,O,-treated
Lmna*/* MEFs and the H,O,-treated Lmna~/~ MEFs (rel-
ative to the mutation frequencies in the untreated condi-
tion).

RESULTS
Microarray analysis

We performed microarray gene expression analysis on
Lmna~/~ and wild-type (Lmna*/*) MEFs (Supplementary
Figure S1). We found gene ontology (GO) terms that sup-
ported the premise that lamin A/C has effects on DNA
repair processes, and that lamin A/C activities likely span
a wider array of DNA repair processes than the already
characterized role in double strand break repair (Table 1).
The GO term ‘Metabolic Processes’ (the chemical reac-
tions and pathways, including anabolism and catabolism,
by which living organisms transform chemical substances)
was highly downregulated. These include macromolecular
processes such as DNA repair and replication, and pro-
tein synthesis and degradation. GO terms ‘DNA Repair’
and ‘Mitochondrial Genome Maintenance’ (notably, BER
is a robust DNA repair pathway in mitochondria due to
constant oxidative stress on mitochondrial DNA) were up-
regulated. This potentially indicates higher DNA damage
accumulation and consequent DDR. Also, the GO term
‘Aldehyde Dehydrogenase (ALDH) NAD(P)* activity’ was
downregulated; ALDH activity consumes NAD™ and thus
other NAD*-dependent enzymes may be affected by or af-
fect ALDH activity, such as PARylation by PARP1. PARP1
activation (PAR chain formation, i.e. PARylation) requires
and depletes intracellular NAD™. A recent study has shown
that PARP1 activation plays a role the ROS-induced inhi-
bition of mitochondrial ALDH?2 dehydrogenase (43).

The Ingenuity Pathway Analysis (IPA) identified Top
Canonical Pathways (Table 2A), which is expanded in
Supplementary Table S3 to show the IPA ‘molecules’ of
each pathway. One of the pathways identified was ‘NRF2-



Table 2B. Ingenuity top upstream regulators

Upstream P-value of

regulator overlap Predicted activation state
TP53* 7.05E-35 Inhibited

TGFBI1 8.04E-33 Inhibited

TNF 2.44E-26

ERBB2 1.70E-25

HRAS 5.35E-25

IPA to determine top upstream transcriptional regulators associated with Lmna
knockout in MEFs. The overlap P-value measures whether there is a statistically sig-
nificant overlap between the data set genes and the genes that are regulated by an
upstream transcriptional regulator. It was calculated using Fisher’s Exact Test, and
significance is attributed to P-values < 0.01. If the observed direction of change is
mostly consistent with a particular activation state of the transcriptional regulator
(‘activated’ or ‘inhibited’), then a prediction is made about that activation state, as
shown; TP53, tumor protein p53; TGFBI, transforming growth factor 81; TNF, tu-
mor necrosis factor; ERBB2, erb-b2 receptor tyrosine kinase 2; HRAS, HRas proto-
oncogene, GTPase.

“Important tumor suppressor and upstream regulator of several DNA repair path-
ways, including BER.

mediated Oxidative Stress Response’. NRF2 is an impor-
tant transcription factor that plays a significant role in pro-
tecting cells from endogenous and exogenous stresses and
helps control ROS levels. Supplementary Table S4 shows
that 17 out of 28 genes of the NRF2 IPA pathway are down-
regulated in the Lmna—/~ MEFs. ‘Molecular Mechanisms
of Cancer’ was also identified as a top canonical pathway,
thus indicating that Lmna knockout has a strong relevance
in cancer. IPA analysis also identified Top Upstream Regu-
lators (Table 2B). The top five regulators are shown, all of
which are known to be associated with tumor cells. TP53
(i.e. p53) was the highest on the list and predicted to be in-
hibited, thus suggesting that Lmna knockout negatively im-
pacts expression of many genes downstream of this tumor
suppressor protein.

Lamin A /C promotes base excision repair of oxidative lesions

Studies suggest that lamins have a role in regulating cell
proliferation (44), including as a component of the oxida-
tive DDR (45). Thus, our early investigations into the role
of lamin A/C in genome maintenance involved compar-
ing cellular proliferation of Lmna=/~ MEFs with Lmna™/*
MEFs. The Lmna~/~ MEFs displayed reduced cellular pro-
liferation, and this effect was enhanced when the cells were
grown in low dose genotoxic stressors known to produce
DNA damage that is repaired by BER (oxidative damage
by H,0; and alkylation damage by methyl methane sul-
fonate, (MMYS)) (Figure 1A). It has been shown that MEFs
accumulate more DNA damage when grown in 20% oxy-
gen compared to the much lower oxygen tension of 3%,
contributing to slower proliferation and earlier senescence
(46,47). Thus, to verify our premise that Lmna~/~ MEFs
are more sensitive to genotoxic stress than Lmna™/* MEFs
and that this contributes to slower proliferation, we per-
formed the growth curve in a 3% oxygen incubator, and
found that the negative effect of lamin A/C removal on
proliferation no longer occurs (Supplementary Figure S2).
Since BER deficiency is also often reflected by poor cell sur-
vival after oxidative or alkylation DNA damage (41,48), we
performed cell survival assays (colorimetric, using WST-1
reagent), and found that Lmna—/~ MEFs were more sensi-
tive to both oxidative and alkylation DNA damage, com-
pared to Lmna*/* MEFs (Figure 1B). Using an alternative
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approach for the oxidative (H,O,) damage survival analysis,
based on propidium iodide staining to monitor cell viabil-
ity, we obtained the same conclusion (Supplementary Fig-
ure S3).

To examine directly the effect of Lmna knockout on DNA
repair of oxidative DNA lesions, we performed the FPG-
comet assay. This is a variant of the comet assay that in-
corporates the FPG enzyme to convert oxidative lesions
(primarily 8-0xoG and the less abundant FapyG; i.e. FPG-
sensitive sites) to DNA breaks (36). We measured the comet
tail intensities (i.e. broken DNA) before and after (5 min,
8 h) exposure to H,O,. To determine comet tail intensi-
ties that estimate the amount of oxidative lesions, the mean
comet tail DNA intensity generated from the non-FPG
treated cells is subtracted from the mean comet tail inten-
sity of the FPG-treated cells. The Lmna—/~ MEFs had sig-
nificantly less efficient DNA repair of FPG-sensitive sites,
relative to Lmna*/* MEFs, during the 8 h repair time (Fig-
ure 2A). Notably, the FPG-sensitive sites accumulate in the
Lmna~'~ MEFs even before the H,O,-treatment (Supple-
mentary Figure S4A), presumably due to the oxygen stress
that exists at standard 20% oxygen incubation. The mean
comet tail intensities at each time point are shown in Sup-
plementary Figure S4B. To support the comet assay data,
we carried out immunofluorescence to monitor the level
of the 8-0xoG lesions in nuclear DNA of Lmna~/~ and
Lmna*/* MEFs, under the same conditions (using an anti-
body against the 8-0xoG DNA lesion). The Lmna~/~ MEFs
had significantly less efficient repair of 8-0x0G lesions, rel-
ative to Lmna*/* MEFs (Figure 2B). The average 8-oxoG
intensities at each time point are shown in Supplementary
Figure S5. The staining from DAPI and negative control
(normal mouse IgGG) are shown in Supplementary Figure
S6A. High magnification images, including brightfield (to
show that the cytoplasm is not stained) are shown in Sup-
plementary Figure S6B. In order to determine if both lamin
A and C are promoting BER, we performed the FPG-comet
assay (as usual comparing 5 min to 8 h repair after expo-
sure to H,O,), this time using Lmna~/~ MEFs stably ex-
pressing (via retroviral vector transfection) either lamin A
or lamin C or empty vector. Both lamin A and lamin C
significantly corrected the BER defect of the empty vector
(EV)-Lmna~'/~ MEFs (Figure 2C; Supplementary Figure
S7A and B). In conclusion, lamin A/C loss hinders the re-
pair of oxidative DNA lesions, increasing cellular sensitivity
to oxidative stress.

Several BER genes display reduced protein and mRNA levels
in Lmna~/~ MEFs

We next compared the levels of several core BER pro-
teins in Lmna—/~ MEFs relative to Lmna*/* MEFs, via
western blotting analysis of triplicate lysates (Figure 3A).
Given the above data from IPA, we also examined the lev-
els of the p53 and serine 15 phosphorylated (activated) p53,
herein referred to as p-p53 (serl5), as well as transcrip-
tion factor NRF2 (a master regulator of antioxidant re-
sponse). Also, studies suggest that the accumulation of PAR
chains (PARylation), especially on PARP1 itself, may pro-
mote BER (27) and therefore we also examined PAR levels.
We found that the Lmna—/~ MEFs displayed lower levels
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Figure 1. Loss of lamin A/C in MEFs results in slower cell proliferation and reduced cell survival. (A) Cell proliferation assays were performed by seeding
25 000 cells per well in 6-well plates, with our without a stressor that causes DNA damage known to be repaired by BER (hydrogen peroxide or MMS).
The cells were incubated at standard 37°C/20% oxygen/5% CO,, and counted each day on a hemocytometer (» = 3, mean £ SD). (B) Cell survival was
assessed by the WST-1 assay to estimate the relative number of viable cells at the indicated stressor concentrations. All data points are the mean WST-1
absorbance (as percent of the value from untreated cells) from six wells (in 96-well plates) + SD. Cells were seeded at 20 000 cells per well, 24 h prior to
treatment. Treatment durations for the stressors were as follows: H,O», 4 h; Menadione, 2 h; MMS; 1 h. P values for were determined by two-way ANOVA

Sidak’s multiple comparisons test; ***P < 0.0001; **P < 0.005; *P < 0.05
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Figure 2. Loss of lamin A/C in MEFs significantly impairs BER. (A) FPG-comet assay. The MEFs were treated with oxidative stress (100 uM H,O, for
30 min) and then allowed to repair in fresh medium for 8 h. DNA repair efficiency was expressed as percent of FPG-sensitive sites remaining, after 8 h of
repair, relative to 5 min of repair, after correction for the FPG-sensitive sites in untreated cells (z = 100 comet tails, mean & SEM). (B) Immunofluorescence,
using the 8-0x0G antibody, was used to monitor the removal of 8-0x0G lesions after 8 h of repair from H,O, treatment (100 wM H;O; for 30 min), relative
to 5 min repair, after correction for 8-0xoG accumulation in untreated cells; images from staining with DAPI (to reveal nuclei) and with normal mouse
IgG (negative control) are shown in Supplementary Figure S6A. Bar represents 10 wm. Data are expressed as mean fluorescence of 25 cells + SEM. (C)
FPG-comet assays on Lmna~/~ MEFs with forced expression of empty vector (Lmna~/~ EV), lamin A (Lmna~/~ lamin A), or lamin C (Lmna~/~ lamin
C); n =100 comet tails, mean = SEM. P values were determined by Student’s z-test; **P < 0.005; *P < 0.05.

of PAR, PARPI, LIG3, POLB and NRF2 proteins, and en-
hanced p53 and p-p53 (serl5) levels. Since lamins are ma-
jor factors in the structural organization and function of
the chromatin (49), it is likely that the altered protein levels
are due to modified gene expression. Indeed, qPCR analy-
sis (Figure 3B) revealed that Parpl, Lig3 and Pol mRNA
expression are reduced, and p53 mRNA expression is en-
hanced, in Lmna=/~ MEFs, thus showing that regulation of
the levels of these proteins by lamin A/C occurs at the level
of transcription. Unlike its protein level, the Nrf2 mRNA
expression was not significantly altered. This is likely be-
cause NRF2 level is largely regulated by proteasomal degra-
dation (50). Protein and mRNA levels from the Ogg/ and
Apel genes were not significantly affected by Lmna knock-
out.

Since there was only a small decrease in Parpl and Lig3
mRNA expression (compared to Polf) due to the Lmna

knockout, we tested for reduced protein stability as a po-
tential contributing factor in the observed reduction of pro-
tein levels, using the protein synthesis inhibitor cyclohex-
imide (CHX) (Figure 3C). We found that PARP1 and LIG3
have reduced protein stability in the Lmna~/~ MEFs; the
PolB protein stability was not changed. Interestingly, one
can clearly see on the western blot that the PARP1 protein
level was markedly elevated at the first time point (4-h CHX
treatment; relative to the untreated condition). This may
be a cellular stress response to the CHX, perhaps via tran-
sient blocking of ubiquitin/proteasomal degradation, early
in CHX treatment (51). To circumvent this issue, the plots
all began at the 4-h time point. This experiment suggests
that altered protein stability of PARP1 and LIG3 may con-
tribute to the reduced BER efficiency in Lmna~/~ MEFs.
We then examined the effect of H,O, treatment on the
levels of the BER-associated proteins in Lmna~/~ relative
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Figure 3. The expression and stability of specific BER-associated proteins are reduced in Lmna~/~ MEFs, relative to Lmna*/* MEFs. (A) Western blotting
was performed on MEF lysates prepared in three separate experiments. Band intensities were quantitated using ImagelJ. Bars represent the mean intensity
of the proteins bands displayed as fold change in Lmna~/~ MEFs (relative to Lmna*/* MEFs) (n = 3, mean + SEM). Band intensities of p53 and p-
P53 (serlS) from Lmna*/* MEF lysates were too low for quantification. (B) Real-time qPCR was performed on the indicated genes, in three separate
experiments, displayed as fold change in Lmna~/~ MEFs (relative to Lmna*/* MEFs) & SEM. (C) Cycloheximide chase assay. Cycloheximide (CHX)
was added to the MEFs at a concentration of 50 wg/ml and cells collected for lysate preparation (and western blotting) at the indicated time points. (D)
Western blotting was performed on lysates prepared from the Lmna*/* and Lmna=/~ MEFs that were either untreated (UT) or exposed to 100 wM H>0»
for 30 min, and left to repair for the indicated times in fresh medium. P values were determined by Student’s #-test; *** P < 0.0001; **P < 0.005; *P < 0.05;
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to Lmna™/™ MEFs (Figure 3D and Supplementary Figure
S8). Consistent with above data, PARP1, LIG3, POLB and
NRF2 showed lower levels in Lmna~/~ MEFs in all con-
ditions tested; the relative levels of each of these proteins,
as well as OGG1 and p53, did not change in any consis-
tent manner during the repair period. There was a robust
increase in p-p53 (serl5) levels in the Lmna=—/~ MEFs dur-
ing the DNA repair period that became most intense at 4 h,
thus suggesting a strong genotoxic stress response, consis-
tent with the DDR function of p-p53 (ser15) (52). There was
a slight increase in APE1 in the Lmna*/* MEFs (such that
the level was now higher than in Lmna=/~ MEFs) starting
immediately after treatment that was maintained but not
enhanced further during the repair period; this would be
predicted to benefit BER in Lmna*/* MEFs.

Lamin A/C promotes BER by enhancing APE1 DNA inci-
sion and POL nucleotide incorporation in a PARylation-
associated manner

To understand in depth how lamin A/C regulates the re-
sponse to oxidative DNA damage, we investigated the ef-

fect of Lmna knockout on the DNA AP-site incision activ-
ity of APE1 and the nucleotide incorporation (DNA poly-
merization) activity of POLB. ‘Activity’ determined from
these assay is a measure of the effectiveness of the extracts
at producing an incision product (by APE1) or an elon-
gated product (by POLB) on the substrate, and may rep-
resent enzymatic activity (quality or activation state of the
enzyme) on the substrate and/or the ability of the enzymes
to get to the DNA damage site. Previous research suggests
that APE1 DNA incision activity coordinates with POL
nucleotide incorporation activity in sequential reactions in
BER to facilitate an optimal rate of DNA repair (24,53,54).
Moreover, examining the repair of AP sites is particularly
important due to their potential cytotoxicity and muta-
genicity (55). We also looked for potential regulation of
these two BER activities by PARylation, since previous data
suggest that this post-translational process may promote
BER at the level of the APE1-mediated DNA incision step
(27,56) and the POLB-mediated DNA polymerization step
(27,54,56,57). We first verified that media supplementation
with the PARylation substrate NAD™* enhances PAR for-
mation, as previous studies have shown (58,59). We did this
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by showing that the NAD"-induced PAR band on a west-
ern blot is reduced by inclusion of a PARP inhibitor [either
3-aminobenzamide (3-AB) or olaparib] together with the
NAD™ (Supplementary Figure S9A and B). Our data (Fig-
ure 4A and B) showed that Lmna—/~ MEFs have reduced
APEI] incision activity and that this defect is corrected by
addition of NAD™ into the culture medium (i.e. by boost-
ing PAR formation). We also found that addition of 3-AB
to the Lmna=/~ MEFs (i.e. reducing PAR formation) re-
duced the APE1 DNA incision activity. To verify that the
positive effects of NAD* on DNA incision was at least in
part due to its enhancement of PARylation (and not solely
due to PARylation-independent effects of NAD™* on BER),

we incubated the NAD*-supplemented Lmna—/~ MEFs to-
gether with 3-AB and found that the 3-AB significantly re-
duced the APE]1 incision activity (to the same level as the
Lmna~'~ 3-AB condition) despite the presence of NAD*
(compare bars 3, 4 and 5, right panel).

We then tested if overexpression of wild-type APEI in
Lmna~/~ MEFs has a better effect at correcting the BER
defect than does overexpression of a DNA incision defec-
tive APEl mutant (D210N), using the FPG-comet assay
(Figure 4C and Supplementary Figure S10). The wild-type
APEI reversed the defect to near normal levels of DNA
repair efficiency; the D201N APE1 DNA incision mutant
caused some reversal of the BER defect (perhaps due to the
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Figure 5. DNA nucleotide incorporation activity of POL is reduced by Lmna knockout in MEFs, in a PARylation-dependent manner. (A) POLB nu-
cleotide incorporation product formation from extracts of Lmna™/* and Lmna=/~ MEFs and the effects of NAD* (2 mM, 2 h) or PARPI1 inhibitor
olaparib (2 uM, 2 h) media supplementation on product formation. The gel image is shown, as well as quantitation of POLB nucleotide incorporation
activity based on three separate experiments (mean + SD). Incorporation activity was determined as the combined intensity of the three incorporation
bands (one, two and three nucleotide incorporation) relative to the combined intensity of the three incorporation bands plus the intensity of the substrate
(i.e. ‘unrepaired’) band (n = 3, mean + SD). (B) A representative western blot showing the PAR bands (PARylation) from lysates that were made at the
same time as the extracts used for the POL nucleotide incorporation assay. (C) FPG-comet assay in which the MEFs were treated with oxidative stress
(100 wM H,05) for 30 min and then allowed to repair for 8 h in either normal medium or medium supplemented with NAD* (2 mM) or NAD™ plus
PARPI inhibitor olaparib (2 wM); treatment duration for NAD™ and olaparib was 2 h and continued for the duration of the repair period. DNA repair
efficiency was expressed as percent of FPG-sensitive sites remaining, after 8 h of repair, relative to 5 min of repair, after correction for the FPG-sensitive
sites in untreated cells (z = 100 comet tails, mean £+ SEM). (D) Western blotting shows the PAR levels under each condition in the FPG-comet assay, at 1
h into the repair period. Pos, positive control (purified POLR instead of lysate); n.s, not significant. P values were determined by Student’s z-test; ***P <

0.0001; **P < 0.005; *P < 0.05.

redox activity of APE1 (60)), but to a significantly lesser
extent than wild-type APE1. This demonstrates that the
DNA-incising enzymatic activity, which was defective in the
APEIl mutant, is an important component in BER rate.
Notably, overexpression of wild-type APE1 in the Lmna™/*
MEFs did not enhance the DNA repair efficiency.

We also observed that POLB BER activity (nucleotide in-
corporation effectiveness) was impaired in Lmna—/~ MEFs
and that PAR activation, by NAD* supplementation, sig-
nificantly reversed this defect (Figure 5A and B); as posi-
tive controls, olaparib-mediated inhibition of PARPI and
siRNA depletion of POLB (Supplementary Figure S11) led
to reduced POL nucleotide incorporation activity. We then
performed the FPG-comet assay to test for the effect of
NAD* media supplementation (i.e. PARylation enhance-
ment) on BER at the cell culture level. We found that NAD™
supplementation significantly corrected the impaired BER
rate in the Lmna~/~ MEFs and that inhibiting PAR for-
mation (using PARP inhibitor olaparib), while maintain-
ing NAD* addition, significantly reversed the correction ef-
fect of NAD* on BER efficiency (Figure 5C and D) thus
confirming that PAR formation had a significant role in
the correction of the BER defect in Lmna~/~ MEFs. This

comet assay experiment was repeated a second time, but us-
ing a different PARP inhibitor (3-AB); the same conclusion
can be reached from that data (Supplementary Figure S12).
In sum, these data suggest lamin A/C promotes BER effi-
ciency by enhancing the DNA incision and nucleotide in-
corporation steps of BER, assisted by lamin A/C-boosted
PARylation.

Lmna='~ MEFs accumulate enhanced levels of transition
mutations from chronic oxidative stress

Defective DNA repair of lesions can lead to mutations in
the genome that can be inherited to daughter cells. When
defective DNA repair leads to mutations or chromoso-
mal aberrations affecting oncogenes and tumor suppressor
genes, cells undergo malignant transformation resulting in
cancerous growth. The GC>TA transversion mutation (i.e.
C>A) is a marker of defective BER since it arises from 8-
0x0G:A mismatches (61). Also, the GC>AT transition mu-
tation (i.e. C>T) is an abundant genetic change induced as a
consequence of chronic oxidative damage; this substitution
commonly results from spontaneously hydrolytic deamina-
tion of oxidized cytosines (62-64). Both of these substitu-



Table 3. Effect of Lmna deletion on known base substitution fingerprints
of persistent oxidative damage

Base substitution Frequency (per 10* bases) Fold change
MEF
MEF Lmna*/*  Lmna=/~
C>A" 0.58 0.63 1.07
T 0.78 0.91 1.16

Mutational analysis of genomic DNA isolated from Lmna™/* and
Lmna~/~ MEFs that were treated with 50 pM H,O, for 3 weeks. Frequen-
cies represent the extent of substitution mutations at each locus in MEFs
treated with H,O», relative to the untreated condition. Fold change repre-
sents the effect of Lmna deletion on mutation frequency in the treated cells.
The substitution mutation frequencies in HyO»-treated Lmna~/~ were sig-
nificantly higher than the frequencies in H,O»-treated Lmna*/* MEFs
(P < 0.001, unpaired z-test).

“Base substitution that reflects the GC>TA transversion mutations that
result from 8-0xoG:A mismatches.

**Base substitution that reflects GC>AT transition mutations that often
result from oxidative deamination of cytosines.

tions are known signatures of oxidative damage persistence
(65,66). Thus, to support our findings that BER is defective
in lamin A/C-depleted cells leading to enhanced oxidative
damage, we isolated genomic DNA from the Lmna*/* and
Lmna~/~ MEFs for whole genome deep sequencing and ex-
amined the frequency of these substitution markers. Our
analysis of the sequenced data showed the enhanced accu-
mulation of C>A transversions and C>T transitions un-
der chronic oxidative stress in Lmna~/~ MEFs, relative to
Lmna*’* MEFs treated in the same way (Table 3). These
data support or finding in this report that lamin A/C pro-
motes BER. The data also implicate lamin A/C in help-
ing to suppress potentially carcinogenic mutations that arise
from chronic oxidative stress.

Lamin A/C depletion leads to impaired BER in U20S cells

To assess if the BER defects we observed in Lmna~/~ MEFs
can be recapitulated in human cells, we repeated the above
assays on lamin A/C siRNA-depleted (i.e. siLamin A/C)
U20S cells (Figures 6 and 7). The extent of knockdown in
siLamin A /C cells compared to control cells (U20S trans-
fected with scrambled siRNA; i.e. siScr) at day 2 and day 6
post-transfection is shown in a representative western blot
(Figure 6A). Like the MEFs, we found that, relative to siScr,
the siLamin A/C U20S cells displayed reduced cell prolif-
eration (Figure 6B), enhanced sensitivity to oxidative and
alkylation stress (Figure 6C), impaired BER efficiency (Fig-
ure 6D), lower PAR formation (Figure 6E), higher p53 and
p-pS3 (serl5) protein levels before and after H,O, addition
(Figure 6E and F), high activation of p-p53 (ser15) in siL-
amin A/C at 4h of repair (Figure 6F), reduced APE1 activ-
ity (Figure 7A), reduced POLR activity (Figure 7B) and less
efficient BER that is significantly corrected by PARylation
(Figure 7C and Supplementary Figure S13). However, un-
like the Lmna knockout in MEFs, the lamin A/C depletion
in U20S cells resulted in no change (instead of a reduction)
in PARP1, LIG3 or POLB protein levels, and a higher (in-
stead of lower) level of NRF2 (Figure 6E). We have also
demonstrated that lamin A/C depletion in another human
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cell line (HeLa) leads to less efficient BER (Supplementary
Figure S14).

To assess if the reduced levels of PARPI, LIGS3,
POLB and NRF2 that we see in Lmna~/~ MEFs, but do
not see in siLamin A/C U20S cells, is due to the complete
removal of lamin A/C (i.e. Lmna deletion), we carried out
western blotting on triplicate lysates made from Lmna*/*-
siLamin A/C MEFs (Figure 7D). We found that the lev-
els of PARP1, LIG3 and NRF2 were reduced (as we saw
in Lmna~/~ MEFs); however, POLB was unchanged. Thus,
the reduced levels of PARP1, LIG3 and NRF2 that we see
in Lmna~/~ MEFs are not because of the complete removal
of lamin A/C. A lamin A/C-dependent reduction of POLR
appears to require a more extensive reduction, or complete
removal, of lamin A/C. Note that PAR was also reduced in
the Lmna*/*-siLamin A/C MEFs, thus demonstrating that,
like in the case of U20S cells, complete removal of lamin
A/C is not necessary to have a noticeable reduction in PAR
formation.

DISCUSSION

Here we present evidence that lamin A /C depletion leads to
deficient BER in MEFs and U20S cells, effectuated, in part,
by impaired APEI and POLB BER activities and reduced
PARylation. Moreover, in the Lmna~/~ MEFs (but not in
the siLamin A/C U20S cells) there was a reduction in the
expression (mMRNA and protein levels) of several core BER
proteins (PARP1, LIG3 and POLB) and the protein level
of the redox-sensitive transcription factor NRF2. Notably,
our IPA data identified ‘NRF-2 mediated oxidative stress
response’ as a top canonical pathway in Lmna—/~ MEFs.
Our data also revealed that the lamin A/C-depleted MEFs
and U20S cells attempt to compensate for their DNA re-
pair defects (i.e. respond to excessive DNA damage) via ac-
tivation of p53 (in the form of phospho-p53 (serl?)), be-
fore, and to a larger degree after, H,O; insult. In contrast
to Lmna~'~ MEFs, the NRF2 level in siLamin A/C U20S
cells is higher than in control U20S cells, even before the
addition of H;0O,. Since the cells are growing at standard
20% oxygen, which is considered high oxygen tension, the
higher levels of NRF2 in the siLamin A/C U20S cells may
be an oxidative stress response that entails enhanced NRF2
expression (and/or decreased NRF2 protein degradation)
(67). In fact, a recent study used 20% oxygen as the high
oxygen tension condition (relative to more biologically rel-
evant 5% oxygen) to show that cultured bovine embryo sur-
vival under oxidative-stress conditions is associated with
activation of the NRF2-mediated oxidative stress response
pathway; specifically the expression levels of NRF2 and its
downstream antioxidant genes were higher, whereas the ex-
pression of KEAP1 (which promotes proteasomal degrada-
tion of NRF2) was down-regulated, under 20% oxygen ten-
sion (68). In sum, there are differences in the levels of some
DNA repair-associated proteins in our two lamin-depletion
models; however, the common defects are impaired enzyme
activity (of APE1 and POLB) and reduced PARylation,
which exist prior to the H,O, treatment, thus rendering
these cells not properly prepared for optimal BER. Future
studies dealing with the impact of lamin A/C alterations
on DNA repair could involve measuring another important
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Figure 6. BER is also impaired in U20S cells that are siRNA-depleted of lamin A/C. (A) A representative western blot showing effective siRINA knock-
down of lamin A/C in U20S cells at the indicated days after transfection. (B) Cell proliferation assays were performed by seeding 25 000 cells per well in
6-well plates and counting the cells each day on a hemocytometer (7 = 3, mean + SD). (C) Cell survival was assessed by the WST-1 assay at the indicated
stressor concentrations. All data points are the mean WST-1 absorbance (as percent of the value from untreated cells) from six wells (in 96-well plates) &
SD. Cells were seeded at 20 000 cells per well, 24 h prior to treatment. Treatment durations for the stressors were as follows: H,O3, 4 h; Menadione, 2 h;
MMS; 1| h. (D) FPG-comet assay. DNA repair efficiency was expressed as percent of FPG-sensitive sites remaining after 8 h of repair, relative to 5 min of
repair, after correction for the FPG-sensitive sites in untreated cells (n = 100 comet tails, mean + SEM). (E) Western blotting was performed on lysates
prepared from untreated siScr and siLamin A/C U2OS cells in triplicate. Fold change in protein levels from siLamin A/C cells relative to siScr cells was
quantitated using ImageJ (n = 3, mean + SD). (F) Western blotting was also performed at the indicated time points, pre- and post- treatment (100 uM

H,O0; for 30 min). P values from the growth curves and survival assays were determined by two-way ANOVA Sidak’s multiple comparisons test. The other
P values were determined by Student’s z-test. ***P < 0.0001; **P < 0.005; *P < 0.05.
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BER activity of POLB, namely its lyase activity for the re-
moval of the 5'-dRP moiety (23).

Our data illustrate that the measured BER enzymatic ac-
tivities can be impaired even without reduced levels of the
respective protein (recall that APEl in MEFs, and both
APE1 and POLB in U20S cells, showed no reduction in
protein level from lamin A/C depletion, despite having
reduced BER enzymatic activities). An obvious potential
mechanism by which lamin A/C can impact the APEI

and POLB BER activities (under the in vitro assay con-
ditions used in this study) is post-translational modifica-
tion via interaction with lamin A/C or with other proteins
whose expression or activity are modified by lamin A/C.
Studies seeking to identify lamin A interactors in a hu-
man ORF library (69), and in a ‘One-STrEP-tag’ precipi-
tation in MEFs (70), revealed no evidence for binding of
lamin A to any of the core BER proteins. We performed co-
immunoprecipitation analysis to test for physical interac-
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tion of lamin A/C with APE1, OGG1 or PARPI, in MEFs
and U20S cells; no such interactions were found (Supple-
mentary Figure S15).

PARylation has been shown to occur on several DNA re-
pair proteins and alter their functions (71,72). A recent re-
port identifying PARylated proteins did not identify APEI
as a target of PAR. However, POL was identified as a PAR
target (only under unstressed conditions: there was no sig-
nificant increase in PAR binding after oxidative or alky-
lation stress) (72). Thus, it is possible that direct PAR co-
valent interaction with POLB may contribute to the reg-
ulation of POLP in vitro nucleotide incorporation activ-
ity. Other repair proteins associated with BER that were
identified to be PARylated (and the PARylation was signif-
icantly increased after both oxidative and alkylation stress)
were PARPI (as expected, being the primary PAR target),
XRCCI and LIG3. Further research will be needed to de-
termine to what extent and what direction (positive or neg-
ative), the PARylation of these BER-associated enzymes
modulate their function, and if the identified PAR-BER
protein regulations are effected by lamin A/C level.

Our comet assay using the D201N APE1 DNA incision
mutant clearly showed that a contributing factor to the re-
duced BER rate in the Lmna~/~ MEFs is impaired intrin-
sic enzymatic activity of the APEl protein to incise the
DNA. There are likely modifications (as discussed above)
to APE1 and POLR that affect their intrinsic enzymatic ac-
tivity in lamin A /C-depleted cells that we have not charac-
terized here. However, aside from impaired intrinsic enzy-
matic activity, the hindrance of these enzymes to properly
reach and interact with their target sites may also contribute
to the observed impairment of the in vitro activity (product
formation) and BER rate. It is known that non-PARylated
PARPI physically hinders the ability of BER enzymes to
their target sites and that PARP1-PARylation reduces this
physical hindrance: specifically, the consensus from several
studies is that PARP1 effectuates recruitment of BER pro-
teins via physical association (including binding to XRCCl,
DNA ligase III, DNA POLB and OGG1) and that PARy-
lation of PARP1 at DNA repair sites enhances BER by al-
lowing PARP1 to dissociate from the repair site, to allow ac-
cess of BER proteins (54,56,73-76). For example, Parsons
et al. (56) demonstrated that inhibition of PARylation (by
3-AB) blocks dissociation of PARP1 from damaged DNA
(specifically at AP sites) and prevents further DNA repair.
We found here that PARylation promotes the in vitro BER
activities of APE1 and POLR (and the BER rate in cell cul-
ture) and that lamin A /C-depleted cells have reduced PARy-
lation; this suggests a model in which the higher ratio of
non-PARylated/PARylated PARP1 in lamin A/C-depleted
cells impairs the recruitment and proper access of APEI and
POLRB BER enzymes to their repair sites.

Nuclear lamins play an important role in the control of
gene expression, chromatin access to regulatory proteins
(such as DNA repair proteins) and other nuclear functions
through effects on the organization and regulation of chro-
matin (49,77). These regulations may occur via direct inter-
action of lamin A/C with chromatin or by interacting with
factors that epigenetically modify the chromatin or that di-
rectly regulate replication or transcription (2,77). Lamin
A/C regulation of chromatin may impact cell differentia-

tion, cellular response to mechanical and genotoxic stresses,
cell cycle progression and DNA repair (77-80). There is
accumulating evidence that lamin A promotes chromatin
decompaction (chromatin accessibility) (77), which can al-
low better access to repair proteins or transcription fac-
tors. PARylation of nucleosomes also causes relaxation of
chromatin structure (81). The synthesis of PAR can be con-
sidered a marker of chromatin accessibility (82). Thus, the
reduced levels of PAR that we observed in both Lmna=/~
MEFs and siLamin A/C U20S cells suggests a more com-
pact chromatin in these cells compared to their control
cells.

Our approach for activating PARylation by NAD™ sup-
plementation into the medium of the lamin A/C-depleted
cells is not a common approach, but we found it be very
effective. Typically, researchers use a DNA damage agent,
such as alkylating agent MNNG (83), to induce PARyla-
tion via DDR; however, that approach can activate multiple
potentially confounding DDR pathways including DNA
repair. Cell culture supplementation with NAD™ (84) or
NAD™ precursor nicotinamide riboside (NR) (85), or feed-
ing an Alzheimer’s mouse model with NR (86), has been
used to show benefits of NAD™ in neurons. Previous work
has shown that addition of the NAD™ precursor nicotinic
acid into the medium of human peripheral blood mononu-
clear cells (87), and NAD™ supplementation to hepatocytes
(59), can drive PARylation. Moreover, it has been demon-
strated that NAD™ can penetrate into mouse fibroblasts to
increase intracellular NAD™ levels (58). It is likely that some
of the effects of NAD™ supplementation are unrelated to
PARylation. For example, Wang er al. showed that NAD™*
supplementation restores BER in oxygen-glucose deprived
rat primary neurons by inhibiting serine-specific phospho-
rylation of APEI and POLB (84). However, our strategy
of reversing the NAD"-mediated BER enhancement by in-
cluding PARPI inhibitor with the NAD* showed that the
stimulating effect of NAD™ on APEI activity in vitro and
overall BER (using comet assay) was at least in part due to
PARylation.

Studies indicate that alterations in the levels of A-type
lamins impact cancer progression (88), such as by associated
alterations in mechanosensitivity (§9-91) and nuclear rigid-
ity (90,92) that affects cell migration and tumor growth.
Lamin A/C had been implicated in DDR pathways (93,94);
optimal DDR guards against genomic instability, activated
oncogenes, and tumor progression (95). Cancer cells often
have abnormalities in the DDR, including defects in cell cy-
cle checkpoints and/or DNA repair, rendering them partic-
ularly sensitive to the induction of DSBs (96). Moreover,
it is well established that the genotoxic DNA lesions that
are repaired by BER contribute to the etiology of cancer
(97,98). Studies have revealed that reduced BER rate is as-
sociated with cancer risk (20). Interestingly, BER enzymes
are being pursued as potential biomarkers of cancer (99),
and as targets (via pharmacological inhibition) to enhance
chemosensitivity in cancer cells (97). Studies indicate that
low APEI level or enzymatic activity, and germline muta-
tions in the APEI1 gene, are associated with increased can-
cer risk, in accordance with a role in preventing genomic in-
stability and mutations (100-102). Recent small-scale stud-
ies have shown that about one third of all human tumors



express POLP variant proteins; in fact, the POLB colon
cancer-associated mutants, K289M, has been shown to have
impaired DNA synthesis (103). The above studies, com-
bined with our findings in this study that lamin A/C de-
pletion impairs APE1 DNA incision and POLB DNA syn-
thesis, points to lamin A/C as an upstream modulator of
cancer via regulation of these APE1 and POLB BER activ-
ities.

We also reported the novel finding that Lmna=/~
MEFs accumulate transversions (GC>TA) and transitions
(GC>AT) under chronic oxidative stress that are signa-
tures of accumulated oxidative DNA damage that would
result from defective BER. The studies that have shown
these substitutions to be oxidative damage signature in-
clude Viel et al. (66), who used whole exome sequencing
to identify a strongly conserved signature (C>A and C>T
base substation) associated with 8-0xoG persistence in col-
orectal cancer tumor samples (CRCs) from several patients
with MUTYH-Associated Polyposis (MAP) syndrome. An-
other study showed that accumulated 8-0xoG lesions lead
to mainly GC>TA transversion (and to a lesser degree
GC=>AT transitions) in the inactive transgenic gpt gene in
the kidney of Oggl™/* and Oggl~/~ mice that were admin-
istered a known oxidative agent (KBrOs) for 12 weeks (65).
These reports, and our current mutational data, demon-
strate the importance of mutational signatures as guides
to determine the presence of altered DNA repair processes
that can lead to genomic instability and eventually can-
cer. Several studies have used mutational signatures in this
way to identify potential alterations in specific DNA repair
pathway (104-106). Further research on the roles of lamins
in cancer and DNA damage may lead to new therapies or
identification of cancer biomarkers.

Previous studies have established a role for BER in neu-
rodegenerative disease (107). BER dysfunction is a general
feature of Alzheimer’s disease brains (108). However, lamin
A levels are low in brain, and yet BER is quite proficient
in normal brains. This might be explained by recent data
showing that lamin C transcripts are present at relatively
high levels in the brain (109,110). This suggests that lamin
C is compensating for low lamin A in BER in normal brain.
It has been demonstrated that gene targeted mice contain-
ing only lamin C, but no lamin A or pre-lamin A, are phe-
notypically indistinguishable from wild-type mice; the mice
are healthy and the cells from the mice exhibited only min-
imal alterations in nuclear shape and deformability (111).
This is consistent with our data in this report, in which we
demonstrate that either lamin A or C can correct BER de-
fect in the Lmna~/~ MEFs; this finding is potentially impor-
tant in better understanding brain BER, and the associated
diseases that occur when brain BER is defective. The down-
regulation of pre-lamin A expression in the brain could ex-
plain why children with Hutchinson Gilford Progeria syn-
drome (a premature aging disease caused by the toxic effects
of a mutant form of lamin A) have a lack of neurological
deficit, in contrast to the premature aging features that ap-
pear in many other tissues and organs.

As mentioned, other studies have shown that lamin A
depletion lead to impaired DSB repair; defects in DSB re-
pair have also been linked to cancer and aging (112) (Figure
7E). There is no reported defect in nucleotide excision repair
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(NER) or mismatch repair by lamin A depletion; however,
a report has demonstrated that both global-and transcrip-
tion coupled—NER are impaired in knockdown of lamin B1
in U20S cells. The mechanism appears to involve down-
regulation of several NER proteins including DDB1, CSB,
and PCNA (113).

As schematically summarized in Figure 7E, data are pre-
sented showing that lamin A/C depletion leads to impaired
BER, mediated in part by defective APEI and POLB BER
activities, leading to the accumulation of oxidized bases
and eventually to an increased frequency of base substitu-
tions that are fingerprints of accumulated oxidative dam-
age. These data add to previous data showing that lamin
A/C depletion leads to defective DSB repair and genomic
instability (114,115). Genomic instability can lead to can-
cer and aging (33,34). In this report, we uncovered addi-
tional influences that A-type lamins have on the preserva-
tion of genomic integrity, with implications for associated
diseases. As the roles of lamins become increasingly char-
acterized, including roles in DNA instability, opportunities
develop to harness this knowledge for cancer therapeutics
and biomarker development.
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