
Sustained accumulation of prelamin a and
depletion of lamin a/c both cause oxidative stress

and mitochondrial dysfunction but induce
different cell fates

Tom Sieprath, Tobias DJ Corne, Marco Nooteboom, Charlotte Grootaert, Andreja Rajkovic, Benjamin Buysschaert, Joke
Robijns, Jos LV Broers, Frans CS Ramaekers, Werner JH Koopman, Peter HGM Willems, and Winnok H De Vos

QUERY SHEET

This page lists questions we have about your paper. The numbers displayed at left can be found in the text of the paper for reference. In
addition, please review your paper as a whole for correctness.

Q1. Au: Please confirm you have submitted your publication costs form.
Q2. Au: Please disclose any potential conflicts of interest.
Q3. Au: Please provide the complete bibliographic details for Ref. [56].

TABLE OF CONTENTS LISTING

The table of contents for the journal will list your paper exactly as it appears below:

Sustained accumulation of prelamin a and depletion of lamin a/c both cause oxidative stress and mitochondrial dysfunction but
induce different cell fates
Tom Sieprath, Tobias DJ Corne, Marco Nooteboom, Charlotte Grootaert, Andreja Rajkovic, Benjamin Buysschaert, Joke Robijns,
Jos LV Broers, Frans CS Ramaekers, Werner JH Koopman, Peter HGMWillems, and Winnok H De Vos



Sustained accumulation of prelamin a and
depletion of lamin a/c both cause oxidative stress

and mitochondrial dysfunction but induce
different cell fatesQ1

5 Tom Sieprath1,2,#, Tobias DJ Corne1,2,#, Marco Nooteboom3, Charlotte Grootaert4, Andreja Rajkovic5, Benjamin Buysschaert6,
Joke Robijns2, Jos LV Broers7, Frans CS Ramaekers7, Werner JH Koopman3, Peter HGM Willems3, and Winnok H De Vos1,2,*

1Laboratory of Cell Biology and Histology; Department of Veterinary Sciences; University of Antwerp; Antwerp, Belgium; 2Cell Systems and Imaging Research Group (CSI);

Department of Molecular Biotechnology; Ghent University; Ghent, Belgium; 3Department of Biochemistry; Radboud University Nijmegen Medical Centre; Nijmegen, The Nether-

lands; 4Laboratory of Food Chemistry and Human Nutrition; Ghent University; Ghent, Belgium; 5Laboratory of Food Microbiology and Food Preservation; Ghent University; Ghent,

10 Belgium; 6Laboratory of Microbial Ecology and Technology (LabMET); Ghent University; Ghent, Belgium; 7CARIM-School for Cardiovascular Diseases and GROW-School for Oncol-

ogy & Developmental Biology; Maastricht University Medical Center; Maastricht, The Netherlands

#Shared first authorship.

Keywords: apoptosis, high-content microscopy, lamin A/C, laminopathies, mitochondria, mitochondrial dysfunction,
oxidative stress, prelamin A, senescence, ZMPSTE24

15
Abbreviations: LA, lamin A; PLA, prelamin A; HGPS, Hutchinson-Gilford progeria syndrome; RD, restrictive dermopathy; ROS,
reactive oxygen species; Dcm, mitochondrial membrane potential; NT, non-targeting; ZMPSTE24kd, ZMPSTE24 knockdown;

LMNAkd, LMNA knockdown; PDL, population doubling level; CM-H2DCFDA, 5-(and-6)-chloromethyl-20,70-dichlorodihydro-
fluorescein diacetate; TBHP, tert-butyl hydrogen peroxide; TMRM, tetramethyl rhodamine methyl ester; OCR, oxygen consumtion

20 rate; hMSCs, human mesenchymal stem cells; MEF, mouse embryonic fibroblasts; NHDF, normal human dermal fibroblasts.

The cell nucleus is structurally and functionally organized by lamins, intermediate filament proteins that form the
nuclear lamina. Point mutations in genes that encode a specific subset of lamins, the A-type lamins, cause a spectrum
of diseases termed laminopathies. Recent evidence points to a role for A-type lamins in intracellular redox homeostasis.
To determine whether lamin A/C depletion and prelamin A accumulation differentially induce oxidative stress, we have

25 performed a quantitative microscopy-based analysis of reactive oxygen species (ROS) levels and mitochondrial
membrane potential (Dcm) in human fibroblasts subjected to sustained siRNA-mediated knockdown of LMNA and
ZMPSTE24, respectively. We measured a highly significant increase in basal ROS levels and an even more prominent rise
of induced ROS levels in lamin A/C depleted cells, eventually resulting in Dcm hyperpolarization and apoptosis.
Depletion of ZMPSTE24 on the other hand, triggered a senescence pathway that was associated with moderately

30 increased ROS levels and a transient Dcm depolarization. Both knockdowns were accompanied by an upregulation of
several ROS detoxifying enzymes. Taken together, our data suggest that both persistent prelamin A accumulation and
lamin A/C depletion elevate ROS levels, but to a different extent and with different effects on cell fate. This may
contribute to the variety of disease phenotypes witnessed in laminopathies.

Introduction

35 The nuclear lamina provides structural support to the nucleus
and plays a central role in nuclear organization and gene regula-
tion.1 Point mutations in the LMNA gene, which encodes its
major constituent proteins, lamin A and C, cause a broad range
of diseases termed laminopathies.1 During maturation, lamin A

40 (LA) is extensively processed, with consecutive steps of farnesyla-
tion, proteolytic cleavage of the N-terminal 3 amino acids,

carboxymethylation and removal of the N-terminal 15 amino
acids, including the farnesyl group.2 The final step is exclusively
catalyzed by the zinc-metallopeptidase ZMPSTE24. Accumula-

45tion of different prelamin A (PLA) intermediates is correlated
with disease but especially the farnesylated variants are presumed
to be cytotoxic.3 The Hutchinson-Gilford progeria syndrome
(HGPS) for example is caused by an accumulation of the mutant
farnesylated PLA intermediate progerin.4 Likewise, in restrictive

50dermopathy (RD), loss of functional ZMPSTE24 results in the
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accumulation of farnesylated PLA.5,6 The underlying disease
causing mechanisms are still largely unknown but it is becoming
increasingly more clear that next to its structural function and
role in nuclear dynamics,7 the nuclear lamina also modulates

55 intracellular redox homeostasis.8 Various studies have revealed
that reactive oxygen species (ROS) levels are increased in lamin-
opathy patient cells and during PLA accumulation.9-12 For exam-
ple, fibroblasts from various lipodystrophy patients as well as cells
treated with HIV protease inhibitors demonstrate increased ROS

60 levels.12 Proteomic and metabolic profiling suggest that this
increase may be attributed to dysfunctional mitochondria.13,14

To corroborate these findings in a standardized manner, we
developed a microscopy-based strategy for combined measure-
ment of ROS and mitochondrial membrane potential (Dcm) in

65 cellular models of PLA accumulation or LA deficiency. Using
this approach, we found that both accumulation of PLA and
reduction of mature LA increased intracellular ROS levels, albeit
not at the same rate nor to the same extent, and also caused
changes in mitochondrial potential (Dcm). These effects were

70 accompanied by reduced mitochondrial respiration and altered
gene expression of ROS detoxifying enzymes.

Results

Sustained knockdown of ZMPSTE24 and LMNA reduce
cell proliferation via different mechanisms

75 Accumulation of PLA or reduction of mature LA was achieved
in human fibroblasts by respectively silencing the expression of
ZMPSTE24 or LMNA with specific siRNAs. A pool of non-tar-
geting (NT) siRNAs was used as control. To maintain the knock-
downs for prolonged periods of time, repetitive rounds of siRNA

80 transfection were performed, separated by 72 h to 96 h. 48 h
after the first transfection there was a highly significant downre-
gulation of both genes at the RNA-level: »fold 4- (»75%) for
ZMPSTE24 knockdown (ZMPSTE24kd) and »fold17-
(»94%) for LMNA knockdown (LMNAkd). Similar levels were

85 found after 168 h (2 rounds of transfection) (Fig. 1A). At the
protein level, however, the effect became more pronounced with
time. Quantitative immunofluorescence revealed a »1.fold8-
increase in PLA levels 48 h after the initial transfection, and a
»fold4- increase after 264 h in ZMPSTE24kd cells (3 consecu-

90 tive transfections) (Fig. 1B). Similarly, the abundance of mature
LA dropped 1.fold3- after 48 h and decreased more than fold4-
after 264 h in LMNAkd cells (Fig. 1C). The effects were qualita-
tively confirmed by Western blot (Fig. 1D). Immunostaining
also revealed that knockdowns were accompanied by progressive

95 changes in nuclear morphology. Whereas LMNAkd led to
nuclear elongation and erosion of peripheral chromatin, sus-
tained ZMPSTE24kd led to a dramatic increase in nuclei with
folds and blebs (Figs. 1E, F).

Both knockdowns had an adverse impact on cell proliferation,
100 resulting in significantly increased population doubling times

(decreased population doubling level, PDL) with respect to the
NT control (Fig. 2A). The effect of LMNAkd was markedly
stronger than that of ZMPSTE24kd. Quantification of

ß-galactosidase positive cells and p21-positive cells – 2 markers
105for senescence15 – revealed that only ZMPSTE24kd triggered

cellular senescence (Figs. 2B, C, E). LMNAkd predominantly
triggered cell death, as evidenced by a marked increase in the
number of fragmented nuclei (Figs. 2D, E).

LMNAkd significantly raises basal and induced ROS levels;
110ZMPSTE24kd only causes a modest increase of the basal ROS

level
We established and validated a high-content workflow to

simultaneously measure intracellular ROS levels and Dcm, using
the fluorescent reporter molecules CM-H2DCFDA and TMRM,

115respectively (see M&M for details). Using this method, we quan-
tified ROS levels in human fibroblasts subjected to sustained
knockdown of ZMPSTE24 or LMNA under basal conditions
and after acute application of 20 mM of the oxidant tert-butyl
hydrogen peroxide (TBHP). The latter served as proxy for

120induced ROS and was expressed as the relative increase with
respect to the basal ROS levels.

LMNAkd caused a time-dependent increase in both basal and
induced ROS levels. Whereas the increase in basal ROS levels
only became significant after 168 h, the induced ROS levels were

125already significantly higher at 96 h. ZMPSTE24kd on the other
hand, only resulted in a modest, but significant increase in basal
ROS levels after 264 h. Within the experimental time frame, this
treatment did not cause a significant increase of induced ROS
(Figs. 3A, B).

130Next to the knockdowns, passage-matched fibroblasts from
specific laminopathy patients (LMNAY259X/Y259X, LMNAC608G/C,
LMNAC/C) were subjected to the same analysis. LMNAY259X/
Y259X cells are incapable of producing mature lamin A/C16 and
LMNAC608G/C cells accumulate a truncated, farnesylated prela-

135min A variant termed progerin.17 In line with the results from
the sustained knockdown, LMNAY259X/Y259X demonstrated an
increase in both basal and induced ROS, while LMNAC608G/C

cells only showed an increase in basal ROS (Figs. 3C, D).

ZMPSTE24kd and LMNAkd affect Dcm

140in a time-dependent manner
As dysfunctional mitochondria can generate increased

amounts of ROS, we estimated Dcm by quantifying the mito-
chondrial accumulation of the reporter dye TMRM using the
high-content microscopy method described above. Dynamic and

145time-dependent changes were observed for the different treat-
ments. LMNAkd induced Dcm depolarization at 96 h and 168 h
and Dcm hyperpolarization at 264 h. On the other hand,
ZMPSTE24kd resulted in a transient Dcm depolarization at
168 h (Fig. 4A). In the case of patient cells, LMNAY259X/Y259X

150fibroblasts displayed a slight Dcm hyperpolarization that was not
significantly different from LMNAC/C control cells. In contrast,
LMNAC608G/C fibroblasts displayed significant Dcm depolariza-
tion (Fig. 4B).
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ZMPSTE24kd and LMNAkd decrease basal oxygen
155 consumption rates

Since the TMRM measurements suggested a (transient) defect
in mitochondrial function, we next investigated mitochondrial
oxygen consumption (Figs. 4C–F). At the 168 h time point, we
found strong deviations between the respiration curves

160 (Figs. 4C, D). Especially, the basal oxygen consumption rate
(OCR) was significantly lower in both ZMPSTE24kd and
LMNAkd cells (Fig. 4E). This was also the case for LMNAY259X/
Y259X and LMNAC608G/C patient fibroblasts (Fig. 4F).

LMNAkd nor ZMPSTE24kd are correlated with significant
165 changes in mitochondrial superoxide

To verify whether a change in Dcm was accompanied by a
change in mitochondrial superoxide (�O2

¡) production, we mea-
sured the latter using the mitochondria-targeted �O2

¡ sensor
MitoSOX. After 168h hours, no significant change in �O2

¡ lev-
170 els was observed, despite a transient decrease in Dcm in both

knockdowns. After 264h, LMNAkd cells clearly displayed a
significant increase in Dcm as well as in �O2

¡ (Fig. S1A)

Proteasome inhibition increases intracellular ROS and Dcm

Mitochondrial dysfunction may be a cause but can also be a
175consequence of ROS increase. Another potential source of ROS

could be proteasome dysfunction due to the accumulation of
abnormal or mislocalized proteins. To verify whether proteasome
dysfunction is indeed associated with ROS induction, normal
human fibroblasts were treated with 10 mM MG132 for 16h and

180analyzed using the microscopy-based assay described earlier. We
found that MG132 treatment resulted in increased basal and
induced ROS levels, and an increased Dcm (Fig. S2A–C).

LMNAkd and ZMPSTE24kd differentially affect antioxidant
gene expression Oxidative stress arises from an imbalance between

185ROS production and removal. To find out whether the accumu-
lation of ROS correlated with a change in expression of ROS
detoxifying enzymes, we performed a qPCR analysis. In general,
LMNAkd more profoundly affected the expression of these

Figure 1. Sustained siRNA-mediated knockdown of LMNA (LMNAkd) and ZMPSTE24 (ZMPSTE24kd). (A) Gene expression levels of LMNA and ZMPSTE24
measured by real-time qPCR relative to non-targeting control (NT). (B and C) PLA and LA protein levels in ZMPSTE24kd resp LMNAkd cells versus NT con-
trol, as measured by immunofluorescence staining and quantitative image analysis. (D) Western blot with an A-type lamin antibody that recognizes
lamin A, lamin C and PLA, showing absence of lamin A/C in LMNAkd and accumulation of PLA in ZMPSTEkd cells at the 168 h time point. Nucleolin was
used as a loading control. (E) Quantification of the number of dysmorphic nuclei, expressed relative to the total number of cells. (F) Representative
images of LMNAkd, ZMPSTEkd and NT control cells at the 168 h time point, after immunofluorescence staining for LA (green), PLA (red) and counterstain-
ing with DAPI (cyan). Arrows indicate nuclear aberrations. (* D p-value< 0, 05; ** D p-value< 0, 01; *** D p-value< 0, 001).
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enzymes than ZMPSTE24kd. In both conditions, most of the
190 investigated genes were upregulated when compared to control

cells, with the strongest effect on GSTT2 transcript levels. Strik-
ingly, ZMPSTE24kd and LMNAkd oppositely affected the
expression of the mitochondrial manganese-(Mn)-superoxide dis-
mutase (SOD2). This ROS-detoxifying enzyme converts super-

195 oxide (�O2
¡) into hydrogen peroxide (H2O2). Expression of

SOD2 is regulated by the key cytokine IL6.18 Subsequent quanti-
fication of IL6 transcript levels revealed a strong upregulation in
ZMPSTE24kd and downregulation in LMNAkd cell cultures
(Fig. 5). This opposing expression pattern was also observed in

200 LMNAY259X/Y259X and LMNAC608G/C patient fibroblasts
(Fig. 5).

Discussion

With this work we set out to enhance our understanding of
whether and how PLA accumulation and LA deficiency affect cel-

205 lular redox homeostasis at the cellular level. Since mature LA is
firmly integrated within the nuclear lamina, it is characterized by
low turnover rates.19 This makes studying LA biology by acute
siRNA-mediated knockdown strategies unreliable. We therefore

induced sustained knockdown in human fibroblasts by repetitive
210siRNA transfection. After the initial transfection, gene expression

levels dropped relatively quickly to a minimum (within 72 h),
but the actual protein levels progressively changed over a time
span of 264 h (LA declined, PLA increased). In LMNAkd cells,
and especially in ZMPSTE24kd cells, this was accompanied by

215overt changes in nuclear morphology in a large fraction
(60–70%) of cells. Similar levels of nuclear dysmorphy have been
quantified in human mesenchymal stem cells (hMSCs) after
siRNA-mediated knockdown of ZMPSTE2420 and the observed
morphological changes were analogous to those witnessed in

220Zmpste24¡/¡ mouse embryonic fibroblasts (MEF)21 and HGPS
patient fibroblasts.22 As a rough validation, we extended our
experiments with measurements of cells from LMNAY259X/Y259X

and LMNAG608G/C patients, although it should be noted that the
patient’s genetic background might play a role in the outcome of

225the experiments. In addition, knockdown of ZMPSTE24 causes
accumulation of a farnesylated full-length PLA, whereas HGPS
cells (LMNAG608G/C) produce a different farnesylated PLA vari-
ant lacking 50 amino acids.

To measure ROS levels and mitochondrial function in a
230robust and reliable manner at the single cell level, we established

and benchmarked a high-content microscopy workflow in

Figure 2. Sustained siRNA-mediated knockdown of LMNA and ZMPSTE24 affects cell proliferation. (A) The relative population doubling speed compared
to the NT-control expressed as population doubling level (PDL) at different time points. (B) Quantification of the number of b-galactosidase positive cells
at 168 h, relative to the total number of cells. (C) Quantification of the number of p21 positive cells at 168 h, relative to the total number of cells. (D)
Quantification of apoptosis, expressed by the number of fragmented nuclei relative to the total number of cells. (E) Representative images of
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which we measured both intracellular ROS levels and mito-
chondrial membrane potential (Dcm). Using this approach, we
observed that both accumulation of farnesylated PLA and reduc-

235 tion of mature LA increased intracellular ROS levels, albeit at
different rates. Compared to ZMPSTE24kd, LMNAkd induced
a progressive increase in basal ROS that was much more pro-
nounced and started much earlier in the experimental time
frame. And whereas ZMPSTE24kd cells showed no significant

240 alteration in their response to the exogenous oxidant TBHP,
LMNAkd cells proved to be hypersensitive. These observations
correlate well with those obtained by Pekovic et al.23 and sup-
port the hypothesis that the nuclear lamina acts as an intracellu-
lar ROS-sink via conserved redox-reactive cysteine residues

245 within the lamin tail.23 When A-type lamins (and their cysteine
residues) are depleted, the ability of the lamina to act as a ROS
buffering system is abrogated, rendering the cell more sensitive
against (potentially dangerous) increases of the intracellular
ROS levels. PLA accumulation however does not decrease the

250 concentration of these cysteine residues, plausibly leaving the
ROS-sink intact. It has been shown that fibroblasts from cente-
narians accumulate moderate levels of PLA due to downregula-
tion of ZMPSTE24, and that this primes the cells for a prompt
response to DNA damage and oxidative stress, arguing for a

255 physiological role of PLA.24 Above a certain threshold, however,

PLA becomes toxic and ROS levels increase, as witnessed in
ZMPSTE24kd cells at 264 h.

To determine whether elevated ROS levels correlated with
mitochondrial dysfunction, we also quantified Dcm. Our results

260revealed that LMNAkd induces Dcm depolarization at early time
points, followed by Dcm hyperpolarization at 264 h. In contrast,
ZMPSTE24kd induced a transient Dcm depolarization. In accor-
dance with the increase in Dcm, we also observed a significant
increase in mitochondrial �O2 levels in LMNAkd cells after

265264h, as reported by the MitoSOX sensor dye. Indeed, it has
been demonstrated before that mitochondria produce more ROS
at high membrane potential.25,26 In line with a defect in mito-
chondrial function, and consistent with observations in
Zmpste24¡/¡ mouse adult fibroblasts,14 the basal mitochondrial

270respiration rate in both LMNAkd and ZMPSTE24kd cells as
well as in LMNAY259X/Y259X and LMNAG608G/C patient cells was
lowered.

Since mitochondria are the initial sites of oxidative damage
and the instigators of oxidative stress in the cytosol upon protea-

275some dysfunction,27 a possible connection with the knockdowns
may lie in their potential to cause proteasome dysfunction.
Indeed, overexpression of LA mutants and depletion of LA has
been linked to the accumulation of nuclear envelope proteins
(SUN2, Emerin and Nesprin-1) in the endoplasmic reticulum

Figure 3. Both, LMNAkd and ZMPSTE24kd cells have increased basal ROS levels. LMNAkd are more susceptible toward induced ROS. (A and B) Normal-
ized basal levels of intracellular ROS measured by CM-H2DCFDA high content microscopy analysis and response toward induced ROS, measured as rela-
tive gain in intensity after 20 mM TBHP addition at different time points in LMNAkd and ZMPSTE24kd cells. (C and D) Normalized basal levels of
intracellular ROS and response toward induced ROS in LMNAY259X/Y259X and LMNAG608G/C cells. (* D p-value < 0,05; ** D p-value < 0,01; *** D p-value <

0,001; the range of the y-axes has been adjusted to optimally display the differences).
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280 and upregulation of various ubiquitin ligases, resulting in protea-
some overload.28-31 Supporting this hypothesis, treatment of
fibroblasts with MG132, a potent proteasome inhibitor, also
resulted in a significant increase of basal and induced ROS levels,
as well as increased Dcm.

285 Parallel to the increase in intracellular ROS, both knock-
downs showed increased expression of ROS detoxifying
enzymes. Although the number of upregulated genes was
higher in LMNAkd with respect to ZMPSTE24kd cells, their
failure to suppress ROS increase could be explained by the

290 absence of the aforementioned ROS sink. In both conditions
the general trend was preserved, except for a differential
expression of GPX1 and SOD2. SOD2 is a mitochondrial
superoxide converting enzyme, the expression of which is reg-
ulated by IL6, a senescence associated cytokine.32-34 We found

295 that both IL6 and SOD2 were upregulated in ZMPSTE24kd
and downregulated in LMNAkd cells. The same opposite
expression was observed in LMNAG608G/C and LMNAY259X/

Y259X fibroblasts, respectively, even with a much stronger (~78
fold) downregulation of IL6 in LMNAY259X/Y259X cells. The

300 upregulation of SOD2 in ZMPSTE24kd cells might explain
why these cells display no significant increase in mitochondrial
superoxide.27 When following this reasoning, downregulation

of SOD2 should then trigger a rise in mitochondrial ROS lev-
els, which we indeed observed in LMNAkd cells after 264 h.

305Previously, we have shown that repetitive ruptures of the
nuclear envelope in lamin A/C deficient cells temporarily relocate
various transcription factors, several of which controlling oxida-
tive stress response.35 In addition, we found that lamin A/C defi-
ciency caused cytoplasmic translocation of nuclear PML

310bodies,36 known sensors of oxidative stress and regulators of
redox homeostasis.37,38 It is conceivable that these phenomena
contribute to the oxidative stress phenotype witnessed in
LMNAkd cells as well.

Irrespective of the ROS source, we witnessed a decreased cell
315proliferation in both ZMPSTE24kd and LMNAkd cells. How-

ever, the actual cell fate between both knockdowns differed.
Whereas ZMPSTE24kd cells resorted to a senescence pathway
(shown by ß-galactosidase and p21 staining as well as upregula-
tion of IL6), LMNAkd cells rather experienced increased apopto-

320sis (evidenced by an increased number of cells with fragmented
nuclei and Dcm hyperpolarization, which is known to precede
apoptosis39,40). These results align well with earlier findings.
Indeed, premature senescence was observed in Zmpste24¡/¡

MEFs, LmnaG609G/G609G MEFs, ZMPSTE24 depleted hMSCs
325and HGPS fibroblasts,32,41-43 and apoptosis was increased in

Figure 4. Sustained siRNA-mediated knockdown of LMNA and ZMPSTE24 induces time-dependent alterations in mitochondrial membrane potential
(Dcm / and decreased basal mitochondrial respiration. (A) Normalized Dcm as measured by TMRM at different time points in LMNAkd and
ZMPSTE24kd cells. (B) Normalized Dcm in LMNAY259X/Y259X and LMNAG608G/C cells. (C and D) Normalized respiration profiles of LMNAkd, ZMPSTE24kd,
LMNAY259X/Y259X and LMNAG608G/C cells. The shaded region represents the standard error on the measurements. See the materials and methods section
for more information about the different chemical components that were added. (E and F) Normalized basal respiration of LMNAkd, ZMPSTE24kd,
LMNAY259X/Y259X and LMNAG608G/C cells. (* D p-value < 0,05; ** D p-value < 0,01; *** D p-value < 0,001; the range of the y-axes has been adjusted to
optimally display the differences).
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Lmna¡/¡MEFs, especially when sub-
jected to mechanical stress,30,44 in
myocytes from LmnaE82K/C transgenic
mice45 and in LmnaC/¡ atrioventricu-

330 lar nodal mouse myocytes.46 This
bifurcation in cell fate might be trig-
gered by the extent of mature lamin A
reduction, which translates into a
ROS dosage effect. It has been shown

335 that modestly increased levels of intra-
cellular ROS induce and maintain cel-
lular senescence, as observed in
ZMPSTE24kd cells, while higher
doses provoke apoptosis, i.e. LMNAkd

340 cells.47-50

In conclusion, we demonstrated
that sustained knockdown of LMNA
or ZMPSTE24 resulted in increased
basal ROS levels, which were

345 accompanied by changes in mito-
chondrial function and altered gene
expression of ROS detoxifying
enzymes. Reduction of LA caused a
dramatic increase in basal and, espe-

350 cially, induced ROS levels ultimately
leading to Dcm hyperpolarization
and apoptosis. Depletion of
ZMPSTE24 on the other hand, trig-
gered a senescence pathway, associ-

355 ated with moderately increased ROS
levels and transient Dcm depolarization. Thus, LA and PLA
differentially regulate cell fate, in part via a redox-dependent
pathway. Uncovering the pathways that lead to increased
ROS production will help understanding laminopathy diver-

360 sity and disease progression.

Materials and Methods

Cell culture
Normal human dermal fibroblasts (NHDF, LMNAC/C, Pro-

mocell, C-12300), fibroblasts from a patient with a lethal lamin-
365 opathy phenotype due to a nonsense Y259X homozygous

mutation in the LMNA gene (LMNAY259X/Y259X)16 and fibro-
blasts from a patient suffering from HGPS (LMNAG608G/C)17

were cultured in T25 or T75 culture flasks in DMEM high glu-
cose with L-glutamine medium (Lonza, BE12–604F) supple-

370 mented with 10% fetal bovine serum (Gibco, 10500–064) and
1% penicillin/streptomycin/L-glutamine (Gibco, 10378–016), at
37�C and 5% CO2, according to standard procedures. All
experiments were performed with cells in between passage 9 and
20. In case of direct comparison, passage-matched cells were

375 used. At set time points, viable cells were counted using Trypan
blue and a B€urker chamber. Proliferative capacity was expressed
in terms of population doubling level (PDL), the base 2

logarithm of the number of cells at the current time point divided
by the number of cells that was seeded.

380siRNA-mediated knockdown
Expression of ZMPSTE24 and LMNA was silenced with

siGENOME Lamin A/C siRNA (Thermo Scientific, D-001050–
01–20) and siGENOME Human ZMPSTE24 siRNA (Thermo
Scientific, M-006104–02–0020), respectively. Stealth RNAi

385siRNA Negative Control, Med GC (Life Technologies, 12935–
300) was used as a negative non-targeting control (NT). siRNA
transfections were performed using Lipofectamine� RNAi-MAX
Transfection Reagent (life technologies, 13778–075), according
to manufacturer’s instructions following the scheme outlined in

390Figs. 6A, B.

Quantitative PCR
RNA was extracted from cells using the RNAeasy mini kit

(Qiagen, 74104), with on-column DNAse digestion. Concentra-
tions of purified RNA were measured with the NanoDrop 2000

395(Thermoscientific). Per sample, 1 mg of RNA was converted to
cDNA using SuperScript� III Reverse Transcriptase (RT) (Life
Technologies, 18080–044). All qPCR reactions were performed
on a RotorGene 3000 (Qiagen/Corbett) using the SensiMixTM

SYBR� No-ROX Kit (Bioline, QT650) according to the man-
400ufacturer’s instructions. Relative abundance of LMNA transcripts

(forward: TGGACGAGTACCAGGAGCTT; reverse:

Figure 5. LMNAkd and ZMPSTE24kd cells show altered gene expression of ROS defusing enzymes. (A)
Gene expression levels of GPX1, GPX5, GSTT2, PRDX1, PRDX2, PRDX3, SOD1, SOD2, SOD3 and IL6 were
measured in LMNAkd and ZMPSTEkd cells by real-time qPCR relative to NT control at 168 h. (B) Gene
expression levels of IL6 and SOD2 were measured in LMNAY259X/Y259X and LMNAG608G/C fibroblasts by
real-time qPCR relative to untreated passage matched control fibroblasts. The values in this plot repre-
sent the average of 3 technical replicates, but only one biological replicate because we only have one
cell line for each mutation. Therefore we cannot provide biologically relevant errorbars. (* D p-value <

0,05; ** D p-value< 0,01; *** D p-value < 0,001).
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ACTCCAGTTTGCGCTTTTTG), ZMPSTE24 transcripts
(forward: CGAGAAGCGTATCTTCGGG; reverse: TGTGCT-
AGGAAGGTCTCCCA), SOD1 transcripts (forward: GACCT-

405 GCACTGGTACAGCCT; reverse: GCATCATCAATTTCG
A-GCAG), SOD2 transcripts (forward: GGAGAAGTACCAG-
GAGGCGT; reverse: TAGGGCTGAGGTTTGTCCAG),
SOD3 transcripts (forward: TCTCTTGGAGGAGCTGGAAA;
reverse: CGAGTCAGAGTTGGGCTCC), IL6 transcripts (for-

410 ward: AGTGAGGAACAAGCCAGAGC; reverse: GTCAGGG-
GTGGTTATTGCAT), GSTT2 transcripts (forward: ACGC
TCAAGGATGGTGATTT; reverse: AGGTACTCATGAA-
CAC-GGGC), GPX1 transcripts (forward: CCGAGAAGGCA-
TACACCGAC; reverse: GCCGGCCAGTTAAAAGGAGG),

415 GPX5 transcripts (forward: ACAAGTCCCAAGCAGGAGAA;
reverse: TGACGAAGAGGATGTGCTTG), PRDX1 transcripts
(forward: GCTGTTATGCCAGATGGTCAG; reverse: GGG-
CACACAAAGGTGAAGTC), PRDX2 transcripts (forward:
GTCCTTCGCCAGATCACTGT; reverse: TGGGCTTAATC-

420 GTGTCACTG) and PRDX3 transcripts (forward: CCACA
TGAACATCGCACTCT; reverse: TTGACGCTCAAATGCTT
GAT) were measured relative to ACTB (forward: CCTT-GCA-
CATGCCGGAG; reverse: GCACAGAGCCTCGCCTT)
and GAPDH (forward: TGCACCACCAACTGCTTAGC;

425 reverse: GGCATGGACTGTGGTCATGAG) reference tran-
scripts. Ct-values were calculated using the ‘comparative
quantification’ (CQ) method supplied as part of the Rotor Gene
3.0 software (Corbett Research). Analysis was done using
the DDCt-method.51

430Immunofluorescence staining
NHDF cells were grown on glass

coverslips and fixed in 4% paraformal-
dehyde for 15 minutes at room tem-
perature and washed (3x, 5 minutes)

435with PBS. Subsequently, cells were
permeabilized with 0.5% Triton
X-100 (5 minutes), after which they
incubated with primary antibody
diluted in 50% fetal bovine serum

440(FBS) for 60 minutes. After mini-
mally 3 PBS wash steps, slides were
incubated with secondary antibody
diluted in 50% FBS for 30 minutes,
washed again, and mounted with

445VECTASHIELDTM Mounting
Medium (VWR, 101098–042) con-
taining 1 mg/ml 40,6- diamino-2-phe-
nylindole (DAPI). Primary antibodies
were directed against lamin A

450(Abcam, ab26300) and prelamin A
(Santa Cruz Biotechnology Inc.., SC-
6214). As secondary antibodies
DyLight 488 conjugated donkey anti-
rabbit (Jackson ImmunoResearch Lab-

455oratories Inc.., JAC-705606147), and
DyLight 649 conjugated donkey anti-
goat (Jackson ImmunoResearch Labo-

ratories Inc.., JAC-705496147) were used. Immunofluorescent
stained cells were visualized using a Nikon Ti Eclipse inverted

460widefield fluorescence microscope (Nikon Instruments) with
40x Plan Apo oil (NA D 1.3) and 60x Plan Apo VC (NA D
1.4) objectives.

ß-galactosidase staining
NHDF cells were grown on glass coverslips and fixed in 4%

465paraformaldehyde for 15 minutes at room temperature and
washed (2x, 5 min) with PBS. Fixed cells were incubated over-
night at 37�C in 1 mg/ml X-Gal, 40 mM citric acid/phosphate
buffer (pH 6), 5 mM ferricyanide, 5 mM ferrocyanide, 2 mM
MgCl2 and 150 mM NaCl. After incubation the cells were

470washed (3x, 5 min) with PBS and permeabilized with 0.5% Tri-
ton X-100 (5 minutes). The cells were washed (3x, 5 min) with
PBS and mounted with VECTASHIELDTM Mounting Medium
(VWR, Belgium, 101098–042) containing 1 mg/ml 40,6- dia-
mino-2-phenylindole (DAPI). Cells were visualized using a

475Nikon Ti Eclipse inverted widefield fluorescence microscope
(Nikon Instruments, Paris, France) with a 40x Plan Apo oil (NA
D 1.3) objective.

Western blot
Cells were grown in T75 culture flasks and lysed using the

480whole-cell extraction protocol of the Nuclear Extract Kit (Active
Motif, 40010). Protein concentration was measured with the
Pierce 660 nm assay (Thermo Scientific, 22662). Cell lysates
were subjected to SDS-PAGE (8% bis-tris with MOPS running

Figure 6. (A) Schematic overview of the maturation process of prelamin A to mature lamin A and inter-
ference by siRNA-mediated knockdown. (B) Experimental design of the sustained siRNA-mediated
knockdown by repetitive transfections (TFs).
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buffer) and transferred to BioTrace PVDF membranes (Pall Cor-
485 poration, 66542). Primary antibodies were directed against lamin

A/C (Santa Cruz Biotechnology Inc.., sc-56139) and nucleolin
(control) (Novus Biologicals, NB600–241). HRP conjugated
goat anti-mouse (Sigma-Aldrich, A4416) and HRP conjugated
goat anti-rabbit (Sigma-Aldrich, A6154) were used as secondary

490 antibodies. Proteins were detected by chemiluminescence with
Immobilon Western chemiluminescent HRP substrate (Milli-
pore, WBKLS0100).

High content live cell imaging of intracellular ROS and Dcm

Intracellular ROS and Dcm were measured after dual
495 staining with the fluorescent cell-permeable probes 5-(and-6)-

chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-
H2DCFDA) (Life Technologies, C6827) and tetramethyl
rhodamine methyl ester (TMRM, Invitrogen, T-668). Measure-
ments were done 96 h, 168 h and 264 h after initiation of the

500 knockdown (Fig. 6B). Twenty-four h before measurement, cells
were transferred to 96-well plates at 2500 cells per well. Right
before measurement they were washed in HBSS C Hepes
(HH) (pH 7.2), incubated for 25 minutes in the dark at room
temperature in HH-buffer containing 2 mM CM-H2DCFDA

505 and 20 nM TMRM, washed again in HH-buffer and then
imaged (also in HH-buffer) on a Nikon Ti Eclipse inverted
widefield fluorescence microscope with a 20x air Plan Apo
objective (NA 0.75) using a 480/40 nm excitation, 520/35 nm
emission filter combination for the CM-H2DCFDA signal and

510 a 540/25 nm excitation, 605/55 nm emission filter combina-
tion for the TMRM signal. Since fluorescence excitation indu-
ces the formation of ROS,52 the CM-H2DCFDA signal
increases during microscopic observation. To avoid this effect
from biasing the results, we used diffuse transmitted illumina-

515 tion to initialize an infrared-led based autofocus (Perfect Focus
System, Nikon), after which images were acquired automatically
across the plate (4 images per well and per channel), the CM-
H2DCFDA channel first, thereby assuring equal exposure for
all wells. After the complete plate was imaged, 20 mM tert-butyl

520 peroxide (Sigma-Aldrich, 458139–100 mL) was added to all
wells and after a 3-minute interval the acquisition was repeated.
The method was benchmarked with different doses of TBPH
and validated with flow cytometry (supplementary methods,
Fig. S3A, E). TMRM reporter potential was validated with vali-

525 nomycin (Sigma) and oligomycin (Sigma), known inducers of
Dcm depolarization, resp. hyperpolarization (supplementary
methods, Fig. S3B, C).

An analogous experimental setup was used for measuring
mitochondrial superoxide levels with MitoSOX Red Reagent

530 (Life technologies – M36008). This dye was combined with the
pan-cellular, viability dye Calcein Green (Life Technologies –
C34852) to simplify cell segmentation in downstream image
analysis and exclude dead cells from the analysis.53 In brief, cells
were grown in 96-well plates, washed in HH-buffer, incubated in

535 HH-buffer with 5 mM MitoSOX Red Reagent and 0.930 mM
Calcein for 10 minutes at 37�C in the dark, washed again and
imaged 1x with the same 4 images/well acquisition protocol. The

dynamic range of MitoSOX was determined via TBPH addition
(supplementary methods, Fig. S1B).

540All experiments were performed with at least 8 replicates per
treatment per plate (depending on the experiment), on at least 3
different plates.

For MG132 treatment, 2000 cells were seeded in 96-well
plates 2 d before measurement, 16h prior to staining, cells

545were treated with 10 mM MG132 (Santa Cruz – SC-
201270).

Image analysis
All image processing was performed in FIJI (http://fiji.sc), a

packaged version of ImageJ freeware (W.S. Rasband, USA.
550National Institutes of Health, Bethesda, Maryland, USA, http://

rsb.info.nih.gov/ij/, 1997–2014). Quantification of nuclear sig-
nal intensities of immunostained cell cultures using INSCYDE.
ijm, a script for high content analysis.54 Additionally, a new
script was written for automated analysis of intracellular ROS

555and mitochondrial characteristics (RedoxMetrics.ijm). In brief,
the image analysis pipeline consists of a flatfield correction to
correct for illumination heterogeneity, noise reduction by
Gaussian filtering and cell or mitochondrial segmentation and
subsequent feature analysis of regions of interest. For CM-

560H2DCFDA or Calcein counterstained images, cells were seg-
mented by autothresholding according to Huang’s algorithm
and average intensities were measured within the segmented
regions. For measurement of mitochondrial signals, mitochon-
dria were first selectively enhanced by local contrast enhance-

565ment and multi-scale Laplacian filtering54 after which
binarization was performed using Huang’s algorithm. The
resulting mask was used for analyzing shape metrics of objects
larger than a predefined size (>3 pixels) on the original image.
All scripts are available upon request.

570Respirometry
The Seahorse Extracellular Flux XF24 analyzer (Seahorse

Bioscience) was used to provide a comprehensive assessment
of the relative state of aerobic metabolism in live cells in
assessing mitochondrial function. Seeding density and concen-

575tration of Mitostress kit (Seahorse Bioscience, 101848–400)
components were optimized according to the manufacturers
guidelines. Fibroblasts were seeded at a concentration of
20000 cells per well the day prior to the experiment. OCR
was measured before addition of any compound (basal

580OCR), after addition of oligomycin (0.5 mM final concentra-
tion), carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP, 0.5 mM) and rotenone/antimycin (0.5 and 0.05
mM). The OCR linked to coupled respiration was obtained
by subtracting OCR after the addition of oligomycin from

585basal OCR. OCR after addition of the mitochondrial uncou-
pler FCCP reflected the maximal respiratory rate (spare respi-
ratory capacity). Non-mitochondrial respiration was defined
as the rate after rotenone/antimycin A application and was
subtracted from the basal OCR to determine the mitochon-

590drial OCR.
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Statistical analyses
Data analysis and visualization was performed in R statistical

freeware (http://www.r-project.org). Standard statistical methods
were employed, including the Shapiro-Wilk Normality Test to

595 assess normality of the data, Levene’s test to assess homoscedastic-
ity, student’s t-test, ANOVA and the Kruskal-Wallis rank sum
test to assess differences between the group means and Tukey
(after ANOVA) and Dunnett type (After Kruskal-Wallis) post-
hoc tests to assess significance for each group. We also used

600 non-parametric contrast-based multiple comparison tests.55

Significance levels were indicated as follows: p <0.05 (*), p
<0.01 (**), and p <0.001 (***). For graphics and annotation,
we made use of the ggplot2 package.56
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