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ABSTRACT

Mutations in the lamin A/C gene (LMNA) cause
laminopathies such as the premature aging Hutchin-
son Gilford progeria syndrome (HGPS) and altered
lamin A/C levels are found in diverse malignan-
cies. The underlying lamin-associated mechanisms
remain poorly understood. Here we report that lamin
A/C-null mouse embryo fibroblasts (Lmna—/~ MEFs)
and human progerin-expressing HGPS fibroblasts
both display reduced NAD"* levels, unstable mito-
chondrial DNA and attenuated bioenergetics. This
mitochondrial dysfunction is associated with re-
duced chromatin recruitment (Lmna—/-~ MEFs) or
low levels (HGPS) of PGC1la, the key transcrip-
tion factor for mitochondrial homeostasis. Lmna=—/~
MEFs showed reduced expression of the NAD*-
biosynthesis enzyme NAMPT and attenuated activ-
ity of the NAD*-dependent deacetylase SIRT1. We
find high PARylation in lamin A/C-aberrant cells,
further decreasing the NAD* pool and consistent
with impaired DNA base excision repair in both cell
models, a condition that fuels DNA damage-induced
PARylation under oxidative stress. Further, ATAC-

sequencing revealed a substantially altered chro-
matin landscape in Lmna~/~ MEFs, including aber-
rantly reduced accessibility at the Nampt gene pro-
moter. Thus, we identified a new role of lamin A/C as
a key modulator of mitochondrial function through
impairments of PGCl1a and the NAMPT-NAD*
pathway, with broader implications for the aging
process.

INTRODUCTION

The nuclear lamina is a fibrillar network, formed by lamins
(A- and B-type) and lamin-associated proteins, that lies at
the inner periphery of the nucleus and interacts with the
chromatin and various proteins in the nucleus (1,2). In so-
matic cells of humans, mice, and most vertebrates, the ma-
jor isoforms of the A-type lamins are lamin A and C (lamin
A/C), which arise from the lamin A gene (LM NA) by alter-
native splicing. A- and B- type lamins are type V intermedi-
ate filament proteins that have important scaffolding roles
in the nucleus, providing mechanical support and regulating
cellular processes such as gene expression, cell differentia-
tion, and the DNA damage response (3-5). Importantly, the
nuclear lamina associates with many histone deacetylases,
helping to preserve their activity, thus regulating chromatin
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structure and gene expression (6,7). Many cancers show al-
tered levels of lamin A/C (8) and accumulating evidence
implicates lamin aberrations in carcinogenesis (4,9) and al-
tered cancer cell migration, a key feature of invasiveness and
metastasis (10).

Mutations in LMNA have been linked to physiolog-
ical aging, as well as degenerative disorders, broadly
termed laminopathies, including muscular dystrophy, neu-
ropathies, lipodystrophies, and the premature aging syn-
drome Hutchinson-Gilford Progeria syndrome (HGPS)
(3,11-16). HGPS is a rare genetic disorder characterized by
early onset of symptoms resembling normal aging. Most
HGPS patients die before the age of 20, primarily due to
cardiovascular problems and heart failure. Notably, there is
an absence of neuronal degeneration, and a rarity of cancer,
during the short lifespan of the HGPS patients. Most HGPS
cases carry the LMNA G608G (GGC > GGT) mutation
within exon 11 of LMNA. This mutation activates a splice
donor site that results in production of a dominant nega-
tive form of lamin A, called progerin. The aberrant splic-
ing event that leads to progerin expression also occurs, at
much lower levels, in normal aging (17). At the cellular level,
progerin forms insoluble toxic aggregates. The accumula-
tion of this mutant protein leads to a dysfunctional nuclear
membrane, premature cell senescence, apoptosis, dysregula-
tion of gene expression, and accumulation of DNA damage
(15,18). These defects appear to contribute to the clinical
features of premature aging in HGPS patients.

Nuclear and mitochondrial functions are tightly inte-
grated through several levels of signaling (19,20) and ac-
cumulating evidence suggests that proper levels of nuclear
lamins may be important in mitochondrial respiration. For
example, it has been shown that lamin A /C depletion in hu-
man fibroblasts leads to oxidative stress and impaired basal
mitochondrial respiration (21), and that adipose tissue from
mice that do not express the lamin A isoform (lamin C-only
mice) have a reduced number of mitochondria and atten-
uated mitochondrial bioenergetics (22). There are also re-
ports showing the effects of progerin on mitochondrial res-
piration. However, the results from these studies are incon-
sistent. It has been reported that basal mitochondrial res-
piration is enhanced in progerin-expressing 3T3L1 murine
preadipocytes (23), and that mitochondrial mass and respi-
ration are enhanced in cells from an HGPS mouse model
(22). However, it has also been reported that human HGPS
fibroblasts display decreased levels of electron transport
chain (ETC) components (24), and mitochondrial respira-
tion defects (21,25).

Research has shown that NAD" acts as a signaling
molecule in cellular metabolism, including regulation of
mitochondrial respiration (26). Reduced levels of NAD*
and NAMPT (rate limiting enzyme in the salvage path-
way for NAD™ biosynthesis) are found in multiple or-
gans with age (27). Also, aging-associated inflammation
and oxidative stress have been shown to result in reduced
NAMPT-mediated NAD* biosynthesis (27). NAD" is a
rate-limiting metabolite for PARP1 activation. PARP1 me-
tabolizes NAD™ to give rise to PAR chains (PARylation)
on target proteins, including PARPI itself. PARylation is
induced by DNA alterations, including breaks generated
from oxygen species (28). PARylation of PARP1 and other
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proteins is important in the regulation of DNA repair (29)
and is associated with carcinogenesis (30). NAD" is also
a substrate for the deacetylase activity of the sirtuin pro-
teins (31). Regulation of the level or activity of sirtuins
is important in maintaining optimal metabolic homeosta-
sis through a variety deacetylation targets (31-33). SIRT1
is activated in times of energy demand by high levels of
NAD®. The NAD*-dependent SIRT1-PGCla axis regu-
lates mitochondrial biogenesis (34). Dysfunction in this
pathway can play a role in diseases associated with aging
(35-37). There is recent evidence suggesting that PGCla
may promote de novo NAD™ biosynthesis under oxida-
tive stress (38,39). The reduction in NAD™ levels during
DNA damage-induced PARylation and other NAD™ con-
suming processes, or by impaired NAD™ biosynthesis, can
reduce NAD™ activation of sirtuins. Since nuclear NAD™-
dependent enzymes regulate mitochondrial function, and
lamins are nuclear scaffolding proteins, we hypothesized
that lamins may regulate mitochondrial respiration through
NAD" signaling.

Here, we show that two mammalian cell models, each
with a distinct lamin A/C aberration, namely Lmna=/~
mouse embryo fibroblasts (MEFs) and progerin-expressing
human HGPS dermal fibroblasts, share reduced levels of
NAD®, impairment of PGCla capability and mitochon-
drial dysfunction. Given the multifaceted roles of NAD*
and PGCla in regulating cellular and metabolic signaling,
including the involvement of NAD™* signaling in genome
integrity maintenance, our findings described in detail be-
low have broad implications for cellular pathophysiology
including premature aging and aging-associated patholo-
gies.

MATERIALS AND METHODS
Cell culture and treatments

MEFs (spontaneously immortalized) and HGPS dermal fi-
broblasts were grown in Dulbecco 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, 5% CO,. MEFs were incubated
under 20% oxygen. All HGPS fibroblasts and normal coun-
terpart fibroblasts were incubated under 3% oxygen to delay
the onset of oxygen-induced senescence in the HGPS cells
and to mimic physiological conditions. The Lmna~/~ and
Lmna*/* MEFs were generated in the laboratory of Colin L.
Stewart (40). Fibroblasts from HGPS patients and normal
counterparts (parents) were purchased from Coriell Insti-
tute. The three Normal/HGPS pairs used in this study have
the following catalogue numbers with indicated patient age:
Normal-1/HGPS-1 = AG03258 (36 y/o father)/AG03198
(10 y/o female), Normal-2/HGPS-2 = AG03512 (41 y/o
mother)/AG03513 (13 y/o male) and Normal-3 /HGPS-
3 = AG06299 (34 y/o mother)/AG06917 (3 y/o male). To
inhibit PARylation, the PARPI inhibitor olaparib (2 wM)
was added to the medium of cultured MEFSs, and incuba-
tion carried out for 2 h. To activate PARylation, 2 mM
NAD™" was added to the medium of cultured MEFs, and
incubation carried out for 24 h. To test for the effect of ox-
idative stress on SIRT1 activation (deacetylation of p53 vi-
sualized on western blot), MEFs were treated with 800 wM
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of H,O, for 5 h. The SIRT1 inhibitor (selisistat, also called
EX52; Selleckchem) was added to cultured MEFs at 2 puM
for 24 h.

Microarray

The DNA microarray data reported for the Lmna—/~ MEFs
(relative to Lmna™/* MEFs) was mined from our recent
publication (4). The DNA microarray experiments and
analysis on HGPS fibroblasts and normal fibroblasts (three
pairs, which are listed above) were performed as described
previously (4). Raw hybridization intensity data were log-
transformed and normalized to yield z-scores, as an indica-
tion of the extent of elevated or inhibited (negative value)
gene expression, as a ranking of gene ontology terms. The
experiments and analysis were performed at the microarray
facility of the National Institute on Aging, Intramural Re-
search Program, National Institute of Health (NIH).

Western blotting and chromatin enriched fractionation

Proteins were separated on 12% Tris-glycine gels (Bio-Rad)
in Novex tris-glycine SDS running buffer (Life Technolo-
gies). Whole cell extracts were prepared in lysis buffer con-
taining 50 mM Tris—HCI, 150 mM NaCl, 1 mM EDTA, 1%
triton X-100, with 1x mini EDTA-free protease inhibitor
cocktail (Sigma) and 1x PhosSTOP phosphatase inhibitor
(Sigma). In the case of extracting chromatin bound enriched
fraction, ice-cold TNE buffer containing 0.1% NP40 was
added, and cells were incubated for 10 min on ice. Then,
cells were rinsed three times with PBS before proceeding
to protein extraction as followed with whole cell extracts.
Tris-glycine SDS sample buffer was then added for load-
ing. 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 tempera-
ture in 5% nonfat dry milk in TBST (20 mM Tris-HCI pH
7.2, 137 mM NaCl, 0.1% Tween-20). All antibodies were di-
luted in 3% milk in TBST. Secondary HRP-conjugated an-
tibodies (Jackson ImmunoResearch) and Pierce ECL Plus
(ThermoScientific) were used to visualize the protein bands
on high performance chemiluminescence film (GE Health-
care). The films were scanned and saved as 16-bit grayscale
tiff files.

Antibodies

For western blotting: B-actin (AMB-7229; Nordic Biosite),
a-tubulin (ab4074, Abcam), Histone H3 (ab1791, Abcam),
lamin A/C (sc-20681; Santa Cruz), progerin (ab66587,;
Abcam), PAR (ab14460; Abcam), SIRT1 (04-1557; Milli-
pore), PGCla (NBP1-04676ss; Novus), NAMPT (A0256;
ABclonal), p53 (sc-126; Santa Cruz), p53-acetyl K382
(ab75754; Abcam), Total OXPHOS (ab110413, Abcam).
For immunofluorescence: TOM20 (ab56783; Abcam), ds-
DNA (ab27156, Abcam), LC3 (ab192890; Abcam).

Analyses of mitochondrial mass, mitochondrial transmem-
brane potential and ROS

Total mitochondrial mass and mitochondrial transmem-
brane potential (Ay,) were analyzed by incubating cells

with 50 nM MitoTracker Green FM or 200 nM TMRM
(Thermo-Fisher Scientific), respectively, in DMEM with-
out serum and phenol red (Thermo-Fisher Scientific) for
30 min. Stained cells were washed twice with cold PBS,
collected and analyzed by flow cytometry (FACS Verse,
BD Biosciences). Normalized Ay, was calculated as
TMRM /MitoTracker Green FM relative fluorescence (geo-
metric mean). Reactive oxygen species (ROS) were analyzed
by incubating cells for 15 min in serum-free DMEM with
5 M of the superoxide indicator dihydroethidium (DHE,
Thermo-Fisher Scientific), or, alternatively, with 5 pwM
of 2’,7-dichlorodihydrofluorescein diacetate (HyDCFDA,
Thermo-Fisher Scientific), a chemically reduced form of
fluorescein used as a general indicator for ROS. Stained
cells were washed twice with cold PBS, collected and ana-
lyzed by flow cytometry (FACS Verse, BD-Biosciences). For
both probes, fluorescence intensity (geometric mean) was
recorded (DHE, Ex/Em: 510/580 nm; H,DCFDA Ex/Em:
495/517 nm) and values were expressed as relative fold
change with respect to normal cells.

Quantitative RT-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 containing
SYBR Green dye (Applied Biosystems). The relative quan-
tity of cDNA was estimated by the DDCT method and data
were normalized to B-actin. The primers were purchased
from Eurofins Genomics. The primers sequences used for
the mouse Nampt gene are as follows. Forward: 5-ACAGA
TACTGTGGCGGGATTG-3' and reverse: 5-TGATATC
CACGCCATCTCCTTG-3'.

Mitochondrial mass and mtDNA analysis by quantitative
image-based cytometry (QIBC)

Immunofluorescence was performed on MEFs and HGPS
cells fixed with 4% paraformaldehyde at room tempera-
ture for 30 min, and incubated with antibodies for TOM?20
to detect mitochondria, or for double stranded DNA (ds-
DNA) to detect mtDNA. The slides were mounted with
DAPI-containing Vectashield (Vector laboratories). Scan-
ning confocal microscope LSM800 (Zeiss) was used to ac-
quire the images in 63x magnification. Acquired images
were then processed by Blue ZEN software (Zeiss). Quan-
titative image-based cytometry (QIBC) was performed as
previously described (41). Non-overlapping images were ac-
quired in an unbiased and automated fashion with ScanR
acquisition software and the Olympus ScanR microscope.
Acquisition time was adjusted for each channel to avoid
saturation. For each individual condition, at least 243
images were acquired, divided equally in 3 independent
coverslips/experiments with each containing at least 1500
cells. Automated focus was performed using the DAPI
channel. Hardware autofocus, Coarse and Fine Software
autofocus were performed diagonally and in total 17 out



of 81 images for ideal calibration, while for the remaining
images Coarse and Fine was used. Images were acquired
with an Olympus UPLSAPO 40x. Automated image anal-
ysis was performed with ScanR image analysis software and
the results were exported as .txt. files and subjected to fur-
ther analysis with Spotfire analysis program.

Comet assay

The FPG-comet assay (single cell gel electrophoresis assay)
was performed as described previously (4). The cells were
treated with 100 pM H,O; for lh, then the medium re-
placed with H,O,-free medium, and cells collected at the
indicated time points for comet assay. In order to specifi-
cally determine the extent of oxidative DNA damage, the
slides were treated with 5 U of formamidopyrimidine DNA
glycosylase (FPG) (4040-500-01; Trevigen, 5 U/ul) per slide
[1 pl FPG in 99 pl FLARE buffer I (Trevigen) containing
0.1 mg/ml BSA] and incubated for 1 h at 37°C; correspond-
ing slides with buffer/BSA-only (‘no-FPG’) were included
as controls. FPG is specific for oxidized purines, includ-
ing 8-oxo-7,8-dihydroguanine (8-oxoGua), 2,6-diamino-
4-hydroxy-5-formamidopyrimidine (FaPyGua) and 4,6-
diamino-5-formamidopyrimidine (FaPyAde) and other
ring-opened purines (42). Average of FPG-sensitive sites
(estimate for the extent of oxidative lesions) was calculated
as average comet tail intensity of FPG treated cells mi-
nus average comet tail intensity of buffer/BSA treated cells.
DNA repair efficiency was expressed as percent of FPG-
sensitive sites remaining, at the indicated repair times, rela-
tive to 5 min of repair, after correction for the FPG-sensitive
sites in untreated cells (n = 100 comet tails).

NAD™ quantitation

Determination of cellular NAD™ levels was performed us-
ing the NAD/NADH Assay Kit (Colorimetric) (ab65348;
Abcam) according to the manufacturer’s instructions.
NAD™ was calculated as Total NAD minus NADH. Values
obtained were corrected for protein concentration of the ex-
tract or cell numbers.

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq)

ATAC-seq was performed as described by Buenrostro et
al. (43) with a few modifications. Briefly, 50 000 cells were
washed with 50 .l ice-cold 1x PBS followed by centrifu-
gation at 500x g for 5 min. Cells were lysed using cold ly-
sis buffer (10 mM Tris—HCI pH 7.5, 10 mM NacCl, 3 mM
MgCl,, 0.1% NP40, 0.1% Tween-20 and 0.01% Digitonin)
and gently pipetted up and down 5 times followed by 3 min
incubation on ice. 500 wl of Wash buffer (10 mM Tris—-HCl
pH 7.5, 10 mM NaCl, 3 mM MgCl, and 0.1% Tween-20)
was added, followed by centrifugation at 500 x g for 10
min using a refrigerated centrifuge to collect nuclei. The
nuclei pellet was resuspended in the transposase reaction
mix containing 25 wl of 2x TD buffer, 2.5 ul transposase
(Illumina, FC-121-1031), 0.1% Tween-20 and 0.01% Digi-
tonin and nuclease-free water up to 50 pl). The nuclei were
resuspended by gently pipetting up and down 6-8 times
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and incubated at 37°C for 30 min on thermomixer at 1000
rpm. DNA was then purified using a Qiagen MinElute Kit
(Cat No./ID: 28004) in 10 wl of elution buffer. After pu-
rification, the DNA fragments were amplified using Nex-
tera PCR master mix (NPM) and 1.25 M of Nextera PCR
Index primers 1 and 2 (Illumina; FC-121-1011), using the
following PCR conditions: 72°C for 5 min; 98°C for 30 s;
and 5 cycles of 98°C for 10 s, 63°C for 30 s, and 72°C for 1
min. We performed the size selection (<600 bp) using Am-
pure XP magnetic beads (Beckman Coulter Inc.) accord-
ing to manufacturer’s protocol. To reduce GC and size bias
in our PCR, we performed a quantitative real-time PCR
(qPCR)-based library quantification. First, one fifth of the
purified PCR product was amplified using 2x KAPA SYBR
FAST qPCR Master mix (KK4932) for 20 cycles. The opti-
mal number of cycles were determined by the cycle number
that corresponds to one fourth of maximum fluorescent in-
tensity (usually around 6-7 cycles). The full libraries were
then amplified for the corresponding number of cycles (de-
termined in previous step) for each sample. The libraries
were again purified with size selection (<600 bp) using Am-
pure XP magnetic beads according to the manufacturer’s
protocol. Libraries were quantified using the Qubit DNA
HS Kit, and for quality control, 1 pl (around 5 ng) of each
sample was run on Bioanalyzer High Sensitivity DNA Chip.
In all, 2 nM of all libraries were pooled and 1.5 pM were se-
quenced on [llumina NextSeq500 (500/550 High Output v2
Kit—150 cycles) having a read length of 2 x 76 bp (paired-
end).

ATAC-seq data preprocessing. The quality of sequenced
reads was analyzed using FastQC (v. 0.10.1) (44) and
FastqScreen (v. 0.11.4) (45), and summarized using Mul-
tiQC (v. 1.7) (46). ATAC-seq data were processed and
mapped as previously described (47). Briefly, the raw paired-
end reads were first trimmed for Nextera transposase
adapter sequences using Trimmomatic (v0.32) (48) in palin-
drome mode with default settings except ILLUMINA-
CLIP:2:30:10:1:true MINLEN:25. FastQC of reads before
and after trimming confirmed the removal of any 3’ adapter
sequences, while also clearly showing the known inser-
tion Tn5 motif in the 5'-ends. The trimmed PE reads were
mapped to the hgl9 assembly (canonical chromosomes
only) using bowtie2 v.2.2.9 (49) with default settings except
-k 2 -X 2000 —no-mixed —nodiscordant. After sorting (Sort-
Sam) and labeling duplicates (MarkDuplicates) with Picard
tools (v. 2.6.0-27) (https://broadinstitute.github.io/picard)
and adding a NH tag (number of reported alignments),
reads were filtered to exclude unmapped, multimapping,
and mitochondrial reads (samtools view -f 2 -F 4 (50) and
custom filter). The filtered bam files were converted to bed
format using bedtools bamtobed (v2.26.0-92) (51), and read
start and stop coordinates were finally adjusted by +5 bp
and —4 bp, respectively, to adjust for Tn5-binding proper-
ties as previously described (52).

ATAC-seq data analysis and integration. Mapped reads
were deduplicated and imported into EaSeq v. 1.2 (53) using
default settings. ATAC-seq peaks were called using MACS?2
(54), and imported into EaSeq as regionsets. Gene anno-
tations were imported as ‘Geneset’ from RefSeq (55) using
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the integrated tool. LADs and enhancer (downloaded from
http://chromosome.sdsc.edu/mouse/download.html) coor-
dinates in MEFs were previously published (56,57) and con-
verted to mm10 coordinates using the liftover tool at UCSC
(58). Loci of interest as well as expression data were im-
ported into EaSeq as ‘Regionsets’, and when nothing else is
mentioned subsequent visualization was done using EaSeq
and integrated tools as previously described (59). Imported
peaks were all merged using the ‘Modify Regionset’-tool
in EaSeq and the ‘Merge with’ option successively until
all peaksets were merged. The number of fragments per
kilobase pair per million reads (FPKM) was quantified in
the +/-500bp area surrounding each peak center using the
‘Quantify’-tool in EaSeq with default settings. To mini-
mize global variation in ATAC-seq probe integration ef-
ficiencies, quantified values were further quantile normal-
ized using the ‘normalize’-tool in EaSeq with default set-
tings, and only peaks with an average value in all replicates
of 1 or more were used for subsequent analyses and visu-
alization. For differential enrichment analysis, unnormal-
ized read counts were obtained using the ‘Quantify’-tool
in EaSeq with all normalization settings disabled and ex-
ported for analysis in Deseq?2 (60). Output, including signif-
icance levels and fold change was reimported as a Region-
set in EaSeq and visualized in volcano plots. Localization
relative to enhancers and LADs were determined using the
‘Coloc’-tool in EaSeq set to measure distances from bor-
der to border of the regions, and peaks were further sub-
grouped using the ‘Gate’-tool in EaSeq and the derived dis-
tances. For each peak, the nearest gene was identified us-
ing the ‘Annotate’-tool in EaSeq set to calculate distances
from peak centers to TSSes. Coloured volcano plots were
generated using the ‘Zscatter’-plot tool in EaSeq with cus-
tom adjustment of scales, bin numbers and colour scales
based on colouring from http://www.ColorBrewer.org (61).
Where nothing else is mentioned plotting and data han-
dling was done using Microsoft Excel and statistical testing
and adjustments for multiple testing was performed using
R (https://www.R-project.org).

Mitophagy and autophagy evaluation by immunofluorescence
microscopy

To evaluate mitophagy and autophagy, cells were grown
for 24 h on coverslips, and 5 h before the end of the ex-
periment the cells were treated alternatively with a control
solution (PBS, CTR) or chloroquine 40 pM (CQ, Sigma-
aldrich, C6628) to block lysosomes acidification and degra-
dation of autophagy/mitophagy cargos. Staining, visualiza-
tion, and analysis was achieved as previously reported (62).
Briefly, cells were then fixed and permealized by methanol
for 10 min at -20°C. After permeabilization, cells were
blocked for 1 h with a blocking solution (PBS/normal
goat serum 5% v/v, FBA 1% v/v), and then incubated
overnight with anti-LC3 (NanoTools, 0231-100/LC3-5F10)
and anti-TOM20 (Santa Cruz Biotechnology, sc-11415).
Cells were then washed with cold PBS and incubated for
1 h with fluorophore-conjugated secondary antibodies (re-
spectively, Alexa Fluor 647 and 568). Nuclei were stained
with 10 wM Hoechst 33342 (Thermo Fisher Scientific).
Confocal microscopy experiments were performed by using

LSM700 microscope (ZEISS) equipped with ZEN imaging
software, and fluorescence images were adjusted for bright-
ness, contrast, and color balance by Fiji Image] analysis
software (63). We calculated the percentage of mitochon-
dria (TOM20 stained) within LC3-positive puncta using
the open-source plugin ComDet v. 0.3.7. Mitophagy rate
was calculated by subtracting the % of TOM?20 colocaliz-
ing with LC3 in control (PBS-treated) cells from the % of
TOM20 colocalizing with LC3 in CQ-treated cells (accumu-
lation of mitochondrial particles within autophagosomes in
the 5h of the treatment). The co-localization was considered
positive if the maximum distance between the center of two
particles was <2px. Image projection were achieved by sum-
ming the fluorescence signal of the central z-stacks (three
planes, 0.3 pwm) and adjusted for brightness and contrast
by Fiji ImageJ software. Autophagy rate was calculated by
subtracting the number of LC3 puncta of in control (PBS-
treated) cells from number of LC3 puncta of CQ-treated
cells.

Mitochondrial flux analysis

Real time oxygen consumption rates (OCR) were mea-
sured using the XFe96 extracellular flux analyser (Seahorse
Bioscience). Cells were seeded at 20 000 cells per well in
XFe96 cell culture microplates (Seahorse Bioscience) in
DMEM medium and incubated overnight. The OCRs were
measured in Seahorse assay medium (10 mM glucose, 10
mM pyruvate, at pH 7.4) at 37°C. Different mitochon-
drial respiratory states were investigated through sequen-
tial addition of diverse compounds that modulate or in-
hibit mitochondrial respiration differently. Firstly, ‘basal
OCR’ was measured to indicate cellular respiration under
normal physiological conditions. Thereafter, oligomycin
(1 wM) [inhibitor of the mitochondrial Fy/F; ATP syn-
thase (complex V)] was added to obtain information about
mitochondrial ‘proton leak’ (i.e. OCR occurring mainly
due to proton leak across the mitochondrial inner mem-
brane) and ‘ATP-linked OCR’ (fraction of the OCR that
is directly interconnected with mitochondrial ATP produc-
tion). Following, the uncoupling agent carbonylcyanide-
p-trifluoromethoxyphenylhydrazone (FCCP; 1 pM) was
added to acquire the maximum respiratory rate (i.e. ‘maxi-
mum capacity’ of the electron transport system). The differ-
ence between maximum capacity and basal OCR indicates
the ‘reserve capacity’ of the electron transport chain (i.e. the
potential capacity of a cell to increase its OCR under energy
demanding conditions). Finally, a combination of rotenone
(2.5 nM) and antimycin-A (Anti A; 2.5 wM) was added to
inhibit the activity of complexes 111, and I respectively, in
order to obtain non-mitochondrial OCR (‘NM OCR’) (to
enable correction for non-mitochondrial sources of OCR).
Specifically, the OCR parameters are calculated as follows:
Basal OCR = OCR before drugs added - NM OCR; Pro-
tein leak = OCR after oligomycin - NM OCR; Maximum
Capacity = OCR after FCCP — NM OCR; ATP linked
OCR = OCR before drugs added — OCR after oligomycin;
reserve capacity = OCR after FCCP - OCR before drugs
added. Following the OCR measurements, the cells were
stained with Hoechst-33342 (1 pg/ml) and PI (1 pg/ml) for
15 min at 37°C in PBS; cellular viability and cell death were


http://chromosome.sdsc.edu/mouse/download.html
http://www.ColorBrewer.org
https://www.R-project.org

examined using Celigo Cell Imaging Cytometer (Nexcelom
Bioscience). Only cells that were stained with Hoechst-
33342 and without PI were defined as viable cells; this num-
ber was used to correct the OCR values. For a graphical
description of the bioenergetic parameters described above,
refer to the supplemental section of our previous publica-
tion (64).

Cell viability assay

For viability assays, 20 000 HGPS and normal fibroblasts
were plated in 96-well plates in DMEM containing 10%
FBS. After 24 h incubation, 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 6 h
with hydrogen peroxide (H,0O,) or 2 h with menadione. At
the end of the treatments, the cells were washed with PBS
and with 100 pl of fresh medium and then 10 pl of WST-
1 (Roche) was added. After 3 h of incubation in WST-1,
the absorbance (450 nm — 630 nm) was read to estimate the
number of viable cells. WST-1 is a cell proliferation and via-
bility reagent. The stable tetrazolium salt WST-1 is cleaved
to a soluble formazan by a complex cellular mechanism
that occurs primarily at the cell surface. The amount of
formazan dye formed directly correlates to the number of
metabolically active cells in the culture.

Statistical analysis

Statistical comparisons and graphing were performed us-
ing GraphPad Prism 6.03 software (La Jolla, CA, USA).
Statistical significance was determined by two tailed Stu-
dent’s z-test, or, in the case of proliferation assays, two-way
ANOVA Sidak’s multiple comparisons test. ***P < 0.001,
*¥*P < 0.01, *P < 0.05 were considered as statistically sig-
nificant.

RESULTS

Microarray analysis reveals alterations of metabolic pro-
cesses in Lmna~/~ MEFs and HGPS fibroblasts

To identify potential links between dysfunction in nu-
clear lamins and metabolic processes, we mined our previ-
ous microarray data from Lmna=/~ MEFs (NCBI’s Gene
Expression Omnibus, accession number GSE120389) (4).
We identified several GO terms with Z score below —
2 that could indicate mitochondrial dysfunction (Sup-
plementary Table S1; highlighted in grey). In addition,
we carried out microarray analysis on Normal-1/HGPS-
1, Normal-2/HGPS-2 and Normal-3/HGPS-3 fibroblasts.
We report the top 10 upregulated and downregulated GO
terms (based on the average of the three Normal/HGPS
pairs) (Supplementary Table S2). There were no GO
terms that specifically indicate mitochondrial dysfunc-
tion, however, several GO terms related to transcription
and DNA binding were identified as downregulated in
HGPS, thus directing us to examine transcriptional reg-
ulators or metabolites that link metabolic inputs to gene
regulation.
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Lamin A/C depletion leads to impaired mitochondrial bioen-
ergetics, reduced NAD™ biosynthesis, lower SIRT1 deacety-
lase activity and impaired PGC1a-chromatin interaction

Evidence suggests that lamin A/C plays a role in mitochon-
drial maintenance (21,22). An informative method to as-
sess proper mitochondrial activity is through mitochondrial
bioenergetics profiles generated from the Seahorse flux an-
alyzer. The levels of basal OCR (oxygen consumption rate),
ATP-linked OCR, maximum capacity and reserve capac-
ity were significantly reduced in the Lmna—/~ MEFs (Fig-
ure 1A and Supplementary Figure S1). Seahorse flux anal-
ysis on human U20S cells upon siRNA-mediated knock-
down of lamin A/C (siLamin A /C U20S) gave results con-
sistent with the MEFs (Supplementary Figure S2). Since
the NAD*-dependent SIRT1-PGCla pathway is important
in mitochondrial function (33,34) and we observed altered
mitochondrial respiration in the absence of lamins A/C,
we next measured the NAD™ levels in Lmna~/~ MEFs rel-
ative to control MEFs and found that the NAD™ levels
were reduced (Figure 1B). As a positive control we sup-
plemented the Lmna™* MEFs with 2 mM NAD" for 24
h; this led to a significant increase in cellular NAD™ lev-
els. Interestingly, the levels of SIRT1 and of PGCla were
not altered (Figure 1C); however, the levels of the enzyme
NAMPT (Figure 1C) and Nampt mRNA (Figure 1D) were
reduced, in accordance with impaired NAD™ biosynthesis.
NAMPT abundance was also reduced in MEFs that have
siRNA knockdown of lamin A/C (Supplementary Figure
S3); thus, a complete removal of lamin A/C is not neces-
sary to elicit reduction in NAMPT abundance. The reduc-
tion of the expression and abundance of NAMPT in the ab-
sence of lamins appears to be a conserved feature of mam-
malian cells as lamin A /C-depleted human fibroblasts (siL.-
amin A /C-BJ cells relative to siScr-BJ cells) also exhibited a
significant reduction of this protein (Supplementary Figure
S4).

SIRT1 deacetylase activity is known to promote mito-
chondrial biogenesis and respiration (32,34,65). We sought
to examine the role of SIRT1 in lamin A/C-regulated mi-
tochondrial function by measuring its activity in lamin
A/C-null cells. In Lmna=/~ MEFs, we found that SIRT1-
dependent deacetylation of p53 (Ac-p53K382) was im-
paired (Figure 2A). Since oxidative stress can cause mi-
tochondrial dysfunction (66), we examined its effect on
SIRT1 activity in a lamin A/C-null environment. After
treatment with oxidative stress (800 wM H,O;, 5 h), the
SIRT1 deacetylase activity in Lmna~/~ MEFs was further
reduced (relative to Lmna*/* MEFs) and the cells accu-
mulated acetyl-p53 (Figure 2B, compared to A), suggest-
ing regulation by oxidative stress. The effect of lamin A/C
removal on p53 acetylation was confirmed to be SIRT1-
dependent by using a SIRT1 inhibitor (selisistat) (Figure
2C).

The SIRT1 target PGCla is an important co-activator
of key transcription factors in mitochondrial biogenesis.
Thus, interaction with gene promoters and co-activating
proteins within the chromatin landscape is an important de-
terminant of PGCla activity. Moreover, PGCla subcellu-
lar distribution is regulated, and its transcriptional activ-
ity is promoted, through SIRT1-dependent nuclear accu-
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Figure 1. Lamin A/C knockout MEFs exhibit impaired mitochondrial respiration and reduced NAD" biosynthesis. All measurements were performed
on Lmna~'~ MEFs and control (Lmna™/*) MEFs. (A) Seahorse mitochondrial flux analysis. The measurements were used to generate the OCR profile
(left) and to calculate OCR parameters (right). (B) NAD™ levels were measured using an NAD* /NADH Assay Kit (Colorimetric). As a positive control,
NAD™" was added into the medium of the Lmna*/* MEFs at 2 mM for 24 h (labeled as Lmna*/* NAD"). (C) Western blotting using antibodies against
SIRT1, PGCla and the NAD™ salvage pathway enzyme NAMPT. The NAMPT levels were significantly reduced and band quantification of its abundance
is shown. (D) Nampt mRNA levels, determined by quantitative RT-PCR. Data are presented as mean + SD (n = 3). All P values were calculated using
two-sided, unpaired Student’s z-test; ***P < 0.001, **P < 0.01, *P < 0.05; ns, non-significant; cap., capacity.

mulation (67). To investigate the regulation of PGCla by
lamin A/C, we assessed the effect of lamin A/C removal on
PGCla-chromatin interaction by examining PGCla lev-
els in chromatin-enriched (nuclear) fractions. Compared
to normal MEFs, there was a much lower, barely de-
tectable, level of PGCla in chromatin fractions of Lmna ™/~
MEFs (Figure 2D), signifying impaired PGCla-mediated
transcription activity. However, chromatin-associated lev-
els were not affected by SIRT1 inhibition, suggesting
that lamin A/C-dependent PGCla-chromatin interaction
is SIRT1-independent.

Mitochondrial defects and enhanced mitophagy in Lmna=/~
MEFs

To assess lamin A/C-mediated perturbations in mitochon-
dria, we measured the effect of the lamin A/C deletion
on ROS, mitochondrial mass and mitochondrial membrane
potential (Ays,), using flow cytometry (Figure 3A). The mi-
tochondrial mass-dependent signal of MitoTracker green
(MTG) was reduced in Lmna~/~ MEFs, which is con-
sistent with the less active NAD"-SIRT1 signaling. The

membrane potential (normalized for mitochondrial mass;
TMRM/MTG) was unchanged. Mitochondrial ROS (esti-
mated by quantifying the superoxide-dependent signal of
DHE) and whole cell ROS (estimated by the DCF sig-
nal) were reduced, consistent with lower mitochondrial
mass.

Defects during mitochondrial biogenesis will likely be re-
flected in perturbations of OXPHOS complexes (68). Thus,
the levels of specific subunits in the five mitochondrial mem-
brane complexes were measured, as representatives of each
associated complex. This was done by western blotting us-
ing a ‘“Total OXPHOS’ antibody. We found reduced abun-
dance of CIII, CIV, and CV in Lmna~/~ MEFs (Figure 3B).
We performed the same experiment on siLamin A/C U20S
cells and found that only subunit IV was reduced in this cell
model (Supplementary Figure S5), likely due to differences
in the internal cellular environment (human versus mouse
cells) or the extent of lamin A/C depletion. Notably, this
method detects only some specific subunits and so it is pos-
sible that other subunits of the five complexes are also al-
tered by lamin A /C depletion.
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Figure 2. Lamin A/C knockout results in reduced SIRT1 deacetylase activity (higher p53-lysine382 acetylation) and impaired PGCla-chromatin interac-
tion. (A) Western blotting for p53 acetylation in lysates prepared from Lmna~/~ MEFs and control (Lmna*/*) MEFs. (B) Western blotting to assess the
effect of oxidative stress (H,O; at 800 M for 5 h) on p53 acetylation. The relative abundance of acetyl (K382) pS3/p53 corrected for actin is written below
the image. (C) MEFs were treated with the SIRT inhibitor selisistat (2 wM for 24 h) and then lysates prepared and immunoblotted for p53 acetylation.
The relative p53 acetylation was determined as a ratio of acetylated p53 to normal p53. (D) Immunoblotting of whole cell extracts and chromatin-enriched
fractions of Lmna~/~ and Lmna*/* MEFs to assess levels of PGCla in these fractions. The SIRT1 inhibitor was included to enable assessment of SIRT1
dependence. Data are presented as mean + SD (n = 3). Replicates refer to lysates prepared from three separate experiments. All P values were calculated
using two-sided, unpaired Student’s ¢-test; **P < 0.01, *P < 0.05; ns, non-significant.

To support the above flow cytometry data on mitochon-
drial mass, we performed confocal microscopy and high
content imaging to stain for mitochondrial components.
We stained the Lmna~/~ and control MEFs using fluores-
cent antibodies for the mitochondrial membrane (TOM?20;
green signal) as an indicator of mitochondrial mass, and si-
multaneously for double-stranded DNA (dsDNA; red sig-
nal) to enable quantification of nucleoid area and numbers
(Figure 3C). Interestingly, in the magnified image regions of
the Lmna~'~ MEFs (green signal) one can clearly see much
enhanced perinuclear mitochondrial localization, an indi-
cation of mislocalized mitochondria. Quantification of all
signal intensities showed that TOM?20, nucleoid area and
nucleoid numbers were all reduced in the Lmna~/~ MEFs.
PCR analysis indicated a reduced abundance of mtDNA
(relative to nuclear DNA) (Supplementary Figure S6), thus
validating the nucleoid data.

Mitochondrial biogenesis is balanced with mitophagy,
together defining mitochondrial turnover (69,70). To our
knowledge there is no data linking lamin A/C depletion
with altered mitophagy. Using confocal fluorescence mi-
croscopy with anti-TOM20 to visualize mitochondria, anti-
LC3 to identify autophagosomes, and lysosome inhibitor
chloroquine (CQ) (Supplementary Figure S7A), we de-
termined that mitophagy flux was enhanced in Lmna=/~
MEFs (Figure 3D), whereas autophagy flux was unchanged
(Supplementary Figure S7B and C). Since mitophagy is

commonly triggered by disrupted membrane potential,
which we found to be unchanged by lamin A/C knockout,
we speculated that there might be other defects that trig-
ger mitophagy. A recent study showed that casein kinase 2
(CK2) phosphorylates the receptor FUNCI to inhibit mi-
tophagy in mammalian cells (71). We found that the level
of CK2 was reduced in Lmna=/~ MEFs and siLamin A/C
U20S cells, relative to control cells (Supplementary Figure
S7D and E), thus implicating impaired CK2 in promoting
receptor-mediated mitophagy in Lmna~/~ MEFs.

Effects of PARP1 inhibition and oxidative stress on mito-
chondrial bioenergetic parameters in Lmna~/~ MEFs

NAD™ has emerged as a key regulator of metabolism, stress
resistance and longevity. To gain insight into the role of
lamin A/C in NAD™ signaling under genotoxic stress, we
examined the effect of adding an inhibitor (olaparib) of
the NAD*-consumer (and DNA-damage response protein)
PARPI1. We chose a treatment condition of 2 wM olaparib
for two hours since we found that this inhibits PARylation
(PAR formation) in MEFs (Supplementary Figure S8). We
observed a significant reversal in all four bioenergetics pa-
rameters that were reduced by lamin A/C knockout (basal
OCR, maximum cap., ATP-linked OCR and reserve cap.);
however, two of those parameters (maximum cap. and re-
serve cap.) were also enhanced in normal MEFs (Figure
4A). Thus, only basal OCR and ATP-linked OCR were in-
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Figure 3. The effect of lamin A/C knockout on ROS levels, mitochondrial mass, OXPHOS components, mtDNA stability and mitophagy. (A) Flow
cytometry analysis was performed on MEFs (Lmna*/*, Lmna~/~). Mitochondrial ROS was estimated from the DHE signal (superoxide indicator). Cellular
ROS was estimated from the DCF signal (H,DCFDA, indicator of total cellular ROS). Total mitochondria mass was determined using MitoTracker green
(MTG), and membrane potential was determined using TMRM. Membrane potential was calculated as TMRM/MTG. Data are presented as mean = SD
(n = 3). (B) Western blotting was performed using total OXPHOS antibody cocktail to determine the levels of subunits of each of the five OXPHOS
complexes (CI-CV). Identity of subunits of each complex: CI = NDUFB8 (NADH dehydrogenase [ubiquinone] I beta subcomplex subunit 8), CII = SDHB
(Succinate dehydrogenase [ubiquinone] iron-sulfur subunit), CIII = UQCRC2 (Cytochrome b-cl complex subunit 2), CIV = MTCOI (mitochondrially
encoded cytochrome c oxidase I), CV = vVATP5A (ATP synthase, H + transporting, mitochondrial F1 complex, alpha 1). Data are presented as mean + SD
(n = 3). Replicates refer to lysates prepared from three separate experiments. (C) High content imaging was performed to determine mitochondrial mass,
nucleoid area, and nucleoid counts in Lmna*/* MEFs (n = 6263 cells) and Lmna~/~ MEFs (n = 10418 cells); mean + SEM. Cells were fixed and stained
with an antibody for mitochondrial outer membrane marker TOM20 for mitochondrial mass estimate, and with anti-dsDNA antibody for detection of
nucleoid area and nucleoid counts. (D) Mitophagy rate was calculated by subtracting the % of TOM20 co-localizing with LC3 in control (PBS-treated)
cells from % of TOM20 co-localizing with LC3 in chloroquine (CQ)-treated cells. Results are shown as the averages + SEM of 3 independent experiments.
All P values were calculated using two-sided, unpaired Student’s 7-test; *** P < 0.001, **P < 0.01, *P < 0.05; ns, non-significant.

creased selectively in Lmna—/~ MEFs by olaparib, suggest- progresses (Figure 4B). The same gffect of H,O, stress on
ing an important role for NAD* consumption by PARyla- PARylation was observed in siLamin A /C U20S cells (Sup-

tion in the impairment of these two parameters in a lamin plementary Figure S10). We then assessed the effect of the
A/C-null cellular environment. We also tested for a po- same concentration of PAR-inducing H,O, stress (treat-
tential rescue of impaired bioenergetics in lamin A/C null ~ ment for period of 2 h) on lamin A/C-dependent bioener-
MEFs by NAD* supplementation (2 mM NAD* for 24 getics. The H,O, treatment led to a significant additional
hours). This treatment condition was chosen based on our reduction in the four parameters already reduced in the
existing data showing that it is effective at increasing NAD* ~ Lmna~/~ MEFs; this oxidative stress had no effect on the
in the MEFs (Figure 1B). This treatment resulted in a sig- levels of the bioenergetic parameters in normal Lmna*/*
nificant increase in the levels of the maximum capacity and MEFs (Figure 4C). This data suggests that lamin A/C de-
reserve capacity in both normal and Lmna=/~ MEFs (Sup- pletion leads to accumulation of DNA damage-induced
plementary Figure S9); thus, the positive effects of NAD* PARylation (and thus presumably increased NAD™ con-
supplementation on bioenergetics was not restricted to a sumption), which in turn worsens bioenergetics.

lamin A/C-null environment.

It is known that NAD*-consuming PARylation is trig-
gered by DNA damage (72), and we recently demonstrated
that Lmna—/~ MEFs accumulate oxidative lesions due to Nuclear lamins have important roles in epigenetics, chro-
less efficient base excision repair (4). Thus, we subjected the matin organization, DNA replication and transcription (6).
normal and lamin A/C-null MEFs to oxidative stress (100 A recent study revealed that skin fibroblasts from HGPS
wM H,0, treatment) and found that this leads to increas- patients exhibit chromatin accessibility changes that are en-
ingly pronounced PAR formation (PARylation) in Lmna =/~ riched in lamina-associated domains (LADs) and specif-
MEFs, and to a lesser degree in normal MEFs, as time ically that the chromatin associated with LADs have a

Chromatin accessibility is altered in Lmna=/~ MEFs
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propensity to undergo relaxation in HGPS cells (73). They
also found that the epigenetic deregulation of LADs is asso-
ciated with HGPS-specific gene expression changes. Thus,
we decided to pursue a complementary analysis with the
Lmna~/~ and Lmna®™/* MEFs. Further rationale for such
analysis comes from our data in this current study showing
that SIRT1 deacetylase activity is impaired by Lmna dele-
tion in MEFs, combined with the fact that SIRT1 can mod-
ulate chromatin compaction and transcription through di-
rect deacetylation of histones, as well as by promoting al-
terations in the methylation of histones and DNA (74).

We started by mining the microarray data for Lmna=/~
compared to Lmna®™* MEFs that was performed in our
previous study (4) and testing the reported gene expression
levels for correlation with chromatin accessibility. To do
this, we performed ATAC-seq, identified peaks with differ-
ential accessibility, annotated ATAC-seq peaks to the near-
est transcription start site (TSS), and counted the number
of TSSes from significantly altered genes revealed by the
microarray analysis. This analysis revealed a strongly sig-
nificant association between up-regulated ATAC-seq peaks
(enhanced accessibility) and induced expression of the near-
est gene, as well between down-regulated ATAC-seq peaks
(decreased accessibility) and reduced gene expression (Fig-
ure S5A).

Next, we examined changes in chromatin accessibility
due to Lmna deletion by measuring ATAC-seq peaks in
Lmna~/~ MEFs relative to Lmna™* MEFs (Figure 5B).

Volcano plots of these differences show that the Lmna=/~
MEFs display a striking number of ATAC-seq signal
changes (peak signals that are either up or down), both
within and outside LADs. Moreover, there was a clear
overrepresentation of peaks with increased ATAC-seq sig-
nal (within and outside the LADs) in the Lmna~/~ MEFs
(see the left and middle plots) and within LADs compared
to outside LADs (as summarized in the right plot).

Analysis of genome-wide localization of ATAC-seq
peaks (Figure 5C) indicated that chromatin accessibility at
gene regulatory elements (promoters and enhancers) was
strikingly altered (higher or lower) both within and out-
side of LADs. In fact, lamin A/C knockout resulted in sig-
nificantly up or down ATAC-seq signals, many occurring
within LADs with 34% of the ‘significantly up’ and 39% of
the ‘significantly down’ signals occurring within enhancers.
Outside of LADs, the percent up (30%) or down (30%) were
slightly lower. In the case of promoters, the percent up or
down were slightly higher outside LADs.

Since mRNA expression from the Nampt gene was re-
duced in Lmna~/~ MEFs, we made genome-browser tracks
of ATAC-seq signal at the Nampt locus to see if promoter
accessibility was altered. This revealed that the transcrip-
tion start site (TSS) and a putative upstream enhancer, in
the non-coding RNA GM40376 upstream of the Nampt
gene, had a reduced ATAC-seq signal in Lmna—/~ MEFs
(Figure 5D). This suggests that there is higher chromatin
compaction within the promoter and enhancer regions of
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the Nampt gene, which may contribute to the reduced
gene expression observed. Interestingly, this potential en-
hancer region of the Nampt gene lies within a LAD (Fig-
ure 5D, green demarcation). Taken together, our ATAC-seq
data provide evidence that the chromatin accessibility land-
scape is substantially altered in Lmna=/~ MEFs and that
these changes are enriched in LADs (with a significant pre-
dominance for chromatin relaxation), consistent with chro-
matin landscape alteration reported in HGPS cells (73). The
Nampt gene expression appears to be hindered by chro-
matin compaction; this is important because the gene prod-
uct NAMPT is the rate-limiting step in the salvage pathway
for NAD™ biosynthesis.

HGPS fibroblasts display impaired bioenergetics, reduced
NAD? levels and defects in mitochondrial biogenesis

We hypothesized that the Lmna mutation that leads to
HGPS, and the ensuing accumulation of the toxic lamin A
mutant protein (progerin), will have similar effects on mi-
tochondrial respiration signaling as the lamin A/C deple-
tion. Thus, we performed mitochondrial flux analysis on

fibroblasts from HGPS patients and the normal counter-
parts. As we saw in Lmna~/~ MEFs, the HGPS cells exhib-
ited attenuated bioenergetic parameters; however, there was
some variability among the three sets of Normal/HGPS fi-
broblasts (Figure 6A). HGPS-1 had reduced levels of all five
parameters; HGPS-2 had reductions in basal OCR, proton
leak and maximum capacity; HGPS-3 had reduced levels
of basal OCR, proton leak and ATP-linked OCR. Thus,
the data indicates consistent attenuation in basal OCR and
proton leak in dermal fibroblasts from all three different
HGPS individuals. NAD™ supplementation resulted in sig-
nificant reversal of the impaired maximum capacity, ATP-
linked OCR and reserve capacity in HGPS-1 fibroblasts,
and not in the Normal-1 fibroblasts; however, in HGPS-2
none of the impaired parameters were corrected by NAD*,
and in HGPS-3 the basal OCR and ATP-linked OCR were
corrected by NAD™ (and not in the Normal-3) (Supplemen-
tary Figure S11). Thus, no parameter was corrected in the
fibroblasts from all three patients by NAD™ supplementa-
tion.

Importantly, as with the Lmna~/~ MEFs, the NAD" lev-
els in the fibroblasts from all three HGPS individuals were
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Student’s #-test (unpaired except for part C which used paired analysis); ***P < 0.001, **P < 0.01, *P < 0.05; ns, non-significant; cap., capacity.

significantly reduced (Figure 6B). Thus, it was unexpected
to find that NAMPT abundance was enhanced in HGPS
cells (Figure 6C). Also, in contrast to the Lmna~/~ MEF
data, the PGCla protein abundance was altered (reduced)
in the HGPS cells (consistently in all 3 patients). As with the
Lmna~/~ MEFs, the SIRT1 level was unchanged in HGPS
cells. It is likely that lower PGCla abundance results in at-
tenuated PGCla transcription factor co-activation activity
on downstream gene targets associated with mitochondrial
biogenesis; this could contribute to the observed attenua-
tion in OXPHOS components CIII and CIV (Figure 6D)
and nucleoid numbers (Figure 6E) seen in fibroblast from
the HGPS individuals. Notably, the mitochondrial network
appears hyperfused in the HGPS cells, a manifestation of
mitochondrial dysfunction. Interestingly, the nucleoids area
was enhanced in the HGPS fibroblasts (Figure 6E). The ob-
served alterations in nucleoids suggest mtDNA stress and
potential mtDNA instability that could contribute to mito-
chondrial dysfunction (75).

HGPS fibroblasts display reduced efficiency of DNA base ex-
cision repair

We previously reported that Lmna—/~— MEFs have impaired
DNA base excision repair (BER) of oxidative lesions (4).
DNA damage and DNA repair defects are associated with

aging, cancer and other diseases (76-78). DNA damage ac-
cumulation, as would occur to a greater extent in cells with
deficient DNA repair, causes PARP1 activation (PARyla-
tion), which consumes NAD*. Also, PARP1 activation is
known to promote BER (79). Since progerin impairs many
activities carried out by lamin A/C, we postulated that
BER would also be impaired in HGPS cells. FPG-comet as-
says were performed on fibroblasts from Normal-1/HGPS-
1 and Normal-2/HGPS-2; the extent of FPG-sensitive sites
is an estimate for the abundance of oxidative lesions. HGPS
cells were significantly less efficient at BER of oxidative le-
sions generated by H,O,, for both pairs (Figure 7A). We
then tested PAR formation as a marker of DNA damage ac-
cumulation. As we saw with the Lmna—/~ MEFs, the PAR
formation was higher in the HGPS cells (relative to their
normal counterpart cells) after addition of H,O,, (Figure
7B). Interestingly, the PAR response in the normal cells was
strikingly reduced after addition of H,O,. It is plausible
that this is due to a robust enhancement of BER enzyme
levels in normal human dermal fibroblasts immediately af-
ter the addition of H,O,. In fact, we do observe that core
BER enzymes LIG3 and OGG1 quickly become elevated
in abundance within five min after the addition of H,O» in
the normal cells (and not in the HGPS cells) (Supplemen-
tary Figure S12); the muted elevation of core BER enzymes
in HGPS in response to oxidative stress provides prelim-
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inary mechanistic insight for the impaired BER. We then
performed cell survival assays since cells that are defective
in BER commonly display increased sensitivity to oxida-
tive stress (4). Indeed, HGPS fibroblasts were more sensi-
tive (reduced cell viability) to oxidative stress from H,O,
and menadione compared to normal cells (Figure 7C). In
sum, we used different approaches to provide strong evi-
dence that HGPS are defective in BER and accumulate ox-
idative DNA damage. This has important implications in
the context of PAR formation and NAD™ signaling.

DISCUSSION

In this study, we made use of two lamin A /C-aberrant cell
models to examine the role of lamin A/C in mitochon-
drial respiration. These two models are quite different in
the way that lamin A/C is impaired and they each give in-
sight into the associated diseases. In the case the Lmna~/~
MEFs, there is no lamin A/C present. The data from this
model is particularly important in cancer since many can-
cer cells have either enhanced or reduced levels of lamins
(8). The HGPS cells have a mutation in the LMNA gene
that leads to expression of the mutant dominant-negative
form of the lamin A protein called progerin; there is no
change in the levels of normal lamin A or C. The accu-
mulation of progerin leads to deformations of the nuclear
membrane, dysregulation of gene expression (18,80), and
ultimately to the premature aging characteristics seen in the

HGPS children. Thus, the data from the HGPS model is
relevant to premature and normal aging. Our study shows
that these two types of lamin A/C impairments both lead
to reduced NAD" levels and mitochondrial respiratory dys-
function, but apparently by mechanisms that do not wholly
overlap, as illustrated in our model (Figure §). Data suggests
that the deleterious effects of progerin are due to the reten-
tion of the farnesyl group causing it to become permanently
anchored in the nuclear membrane, disrupting proper nu-
clear scaffolding (18); this implies that progerin is not only
directly damaging nuclear and chromatin structures, but
also dominantly interfering with the important activities of
normal lamin A/C. Mitochondrial dysfunctions, including
changes in mtDNA stability, bioenergetics and mitochon-
drial turnover, all of which we report here, are implicated
in cancer and aging (81-83). Insight from out data could
help in the development of strategies for treatment of cancer
(84,85), aging-associated pathologies (86,87), and progeroid
syndromes including HGPS (88). For example, there is ev-
idence that alleviation of HGPS phenotypes can be medi-
ated by promoting recovery of mitochondrial function via
combating mitochondrial ROS damage (89-91). Future re-
search directions toward therapeutics should include the use
of lamin A-related mouse models, which are categorized as
null mutants, point mutants and progeroid mutants (92).
Dysregulation of mitochondrial biogenesis signaling is
known to impair the assembly of OXPHOS subunits and
mitochondrial bioenergetics (93). Moreover, lower levels of
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the reduced form of NAD™ (i.e. NADH) lead to lower res-
piratory flux since NADH serves as the primary electron
donor in the ETC (94). Four fundamental bioenergetic pa-
rameters, namely basal OCR, maximum capacity, reserve
capacity and ATP-linked OCR were reduced in Lmna=/~
MEFs. Basal OCR and proton leak were reduced in HGPS
cells. This is consistent with our data that indicated defects
in aspects of mitochondrial biogenesis, and with the known
regulation of mitochondrial quality control and bioenerget-
ics crosstalk described in Hill ez al. (93). In brief, the atten-
uated basal OCR we saw for Lmna~/~ MEFs and HGPS
cells may have been due to the observed reduction in sub-
strate supply (reduced NAD" levels) or the impairments in
OXPHOS components; low substrate availability can also
impair maximum capacity, reserve capacity and ATP-linked
OCR. In the case of Lmna—/~ MEFs, we saw reduced mi-
tochondrial mass; this may lead to the lower basal OCR,
as well as the lower maximum and reserve capacity. The re-
duced proton leak in HGPS cells is consistent with the low
basal OCR. The fact that neither of the two lamin A/C-
impaired models exhibited enhanced proton leak implies
that the mitochondria are not severely damaged by the re-
duced lamin A/C levels or the toxic progerin lamin A vari-
ant.

Our flow cytometry MitoTracker green measurements
revealed that mitochondrial mass is reduced in Lmna=/~
MEFs. This data is supported by our high-content imaging
results. Specifically, the reduction in TOM20 mitochondrial
membrane marker and in the nucleoid area and counts indi-
cate a reduction in mitochondrial mass. However, reduced
nucleoid area and numbers may also reflect improperly as-
sembled nucleoids or reduced mtDNA replication (95). Im-
portantly, reduction in the number of nucleoids signifies
reduced mtDNA polyploidy. Reduced area and numbers
of nucleoids can lead to mtDNA instability, since proper
packaging and high polyploidy of mtDNA provides pro-
tection against deleterious mutations (75,96,97). In the case
of HGPS cells, the nucleoid numbers were reduced, and

nucleoid area enhanced, suggesting mDNA stress, which
can lead to mtDNA instability (75). Studies suggest that
mtDNA mutations are associated with premature aging;
specifically, it has been reported that mice created to have
a mitochondrial DNA polymerase proof-reading deficiency
display both elevated mtDNA mutation rate and prema-
ture aging phenotypes (98,99). The reduced mitochondrial
mass in Lmna~/~ MEFs plausibly contributes to the re-
duced ROS levels.

Mitophagy was enhanced in Lmna~/~ MEFs, which may
contribute to the reduced mitochondrial mass. Accumulat-
ing evidence suggests that mitophagy is important in lim-
iting ROS damage to OXPHOS components and the as-
sociated mtDNA mutations. The processes underlying the
regulation of mitophagy depend on several factors, includ-
ing the integrity of mtDNA, OXPHOS chain activity, and
the interaction and regulation of the autophagic machin-
ery (93). It is typically triggered by disrupted mitochondria
membrane potential; however, this was not altered in the
Lmna~/~ MEFs. Our data suggests that the mitophagy was
possibly triggered by the low CK2 levels in these cells. This
kinase also promotes DNA BER (100,101), and thus its
reduced abundance might also contribute to the impaired
BER efficiency.

Importantly, both lamin A/C-impaired cellular systems
showed reduced NAD™ levels. Interestingly, a study re-
ported that metabolism of NAD" is altered in Lmna car-
diomyopathy: the Nampt mRNA expression, NAMPT pro-
tein expression and NAD™ levels were all reduced in the
hearts of mice with cardiomyopathy caused by a Lmna mu-
tation (102). Our data links lamin A/C levels and progerin
to the known cellular regulatory activities of NAD™. An al-
teration in the NAD™ pool size can influence diverse cellular
functions, including metabolic pathways, DNA repair, cell
cycle control, chromatin remodeling, cellular senescence
and immune cell function (103,104), and contribute to var-
ious neurodegenerative disorders, aging, and tumorigenesis
(103,105,106).
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The mechanism for reduced NAD" level in Lmna=/~
MEFs appears to be reduced transcription of the Nampt
gene; our ATAC-seq data suggests that reduced access to
transcription factors at the Nampt promoter may contribute
to the lower Nampt mRNA and thus the lower levels of the
NAMPT enzyme. NAD™ levels are determined by the bal-
ance between NAD™ biosynthesis and consumption (26).
The salvage pathway for NAD™ biosynthesis uses NAMPT
as a key enzyme. Surprisingly, NAMPT abundance was en-
hanced in HGPS cells, possibly as a compensatory adap-
tion to low NAD™. A recent study showed that, following
renal ischaemia, PGCla™/~ mice develop local deficiency
of the NAD" precursor nicotinamide (NAM) (39). Since
NAMPT converts NAM to nicotinamide mononucleotide
(NMN) in the NAD + salvage pathway, reduced NAM in
the HGPS cells could lead to a compensatory increase in
NAMPT. It is possible that the reduced NAD* we observe
in the Lmna=/~ MEFs and HGPS cells may reflect high
NAD™ consumption, possibly accompanied by attenuation
of one of the other two NAD™ biosynthesis pathways. In
fact, data suggests that impaired PGCla (which we ob-
served in both lamin A /C-aberrant cell models) may attenu-
ate the enzymes that synthesize NAD™ de novo from amino
acids under oxidative stress (38,39).

The mitochondrial membrane OXPHOS complexes
connect bioenergetics to mitochondrial biogenesis and
turnover processes (107). Defects in assembly of the com-
plexes can arise from mutations in individual subunits,
mutations in assembly factors for the complexes, mtDNA
depletion, or as a result of physiological or pathological
changes. The observed reduction in levels of the designated
subunits suggests that there are defects in complex III, IV
and V in Lmna=/~ MEFs, complex IV in siLamin A/C
U20S cells and complex III and IV in HGPS cells. Thus,
complex IV (subunit COX1), which is a proton pump driven
my electron transport, was the only complex impaired in
all three of these lamin A /C-impaired cellular systems. Our
HGPS results are consistent with data from a recent study
(24) in which HGPS skin fibroblasts were shown to display
reduced levels of COX1. In that study, it was also reported
that cytochrome ¢ and the complex V protein B-ATPase
were reduced in the HGPS fibroblasts. In sum, these data
indicate that lamin A /C-depletion and progerin expression
lead to impaired proton pumping across the inner mito-
chondrial membrane, in agreement with our mitochondrial
flux bioenergetics data.

Our ATAC-seq data demonstrate that MEFs with dele-
tion of the Lmna gene exhibit considerable changes in chro-
matin accessibility (both higher and lower chromatin com-
paction), with a tendency for reduced compaction. More-
over, changes in accessibility were significantly associated
with the aberrant gene expression patterns in Lmna ™/~
MEFs. Importantly, the alterations in the chromatin ac-
cessibility landscape within LADs were clearly inclined to-
wards gain of accessibility compared to regions outside
LAD:s. This is consistent with data reported for skin fibrob-
lasts from HGPS patients (73). We speculate that the mech-
anism for the above chromatin compaction changes in a
lamin A/C-depleted environment involves the reduction in
SIRT1 deacetylase activity (since this will diminish histone

deacetylation), combined with altered lamina-chromatin in-
teractions.

There were variable results in measurements obtained us-
ing fibroblasts from the three different HGPS patients, a
phenomenon that somewhat limited the general conclusions
regarding mitochondrial flux and mitochondrial mass. The
observed differences in progerin expression levels might
have an impact on these measurements. Our western blot-
ting data showed that HGPS-2 had high progerin expres-
sion compared to HGPS-1 and HGPS-3. The patients also
vary in age (from age three to 13), and there will be accom-
panying changes in hormones of these children and in the
epigenetic and signaling milieu of their cells.

The insights gained in this study are summarized as a
schematic model (Figure 8). In sum, both lamin A/C dele-
tion and progerin expression lead to a decrease in NAD™
levels. In Lmna=/~ MEFs, a contributing mechanism ap-
pears to be reduced NAMPT enzyme expression. Both
lamin A /C-defective models exhibited reduced capability of
PGCla: in Lmna—/~ MEFs the important regulatory activ-
ity of PGCla interaction with chromatin is impaired, and
in HGPS cells the abundance of PGCla in reduced. Fur-
ther studies are needed to assess how removal of lamin A /C,
or progerin expression, leads to these effects on PGCla;
however, it is plausible that the altered chromatin acces-
sibility landscape plays a role. In addition, the Lmna=/~
MEFs exhibited a reduction in SIRT1 deacetylase activity,
in line with reduced levels of SIRT1 substrate NAD*. In-
terestingly, lamin A has been shown to interact with SIRT1
and activate its deacetylase activity (108), which is consis-
tent with our findings. We also showed that BER of DNA
is less efficient in HGPS cells, consistent with our previous
study showing that Lmna~/~ MEFs are defective in BER
(4). Impaired BER and the ensuing DNA damage accumu-
lation may contribute to the higher levels of PARPI1 acti-
vation (PARylation) relative to control cells, and thereby
enhance relative PARylation-dependent NAD™ consump-
tion. In this model, all disrupted pathways lead to mito-
chondrial dysfunction that encompass nucleoid perturba-
tions, impairments in specific OXPHOS components, and
ultimately to attenuated bioenergetics. The novel data from
this study add to accumulating evidence that lamins are im-
portant in cancer and aging. Thus, our study could help in-
spire future strategies that would promote healthier aging,
combat cancer, and mitigate age-associated processes that
are displayed by HGPS patients.
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