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SUMMARY 

Every cell contains the genetic information needed to create an entire organism. This 
blueprint is stored in the cell nucleus. The nucleus continuously regulates the 
accessibility of this information based on ever-changing intra- and extracellular stimuli. 
Therefore, proper functioning of the nucleus is crucial for cellular and organismal 
survival. The nuclear lamina, a perinuclear network composed of type V intermediate 
filaments called lamins, is emerging as key regulator in nuclear organization. It 
physically shapes the nucleus, influences gene expression and modulates cell 
differentiation. As a direct reflection of this multifunctional role, mutations in LMNA, 
one of three genes encoding lamins, have been linked with more diseases than any 
other human gene. A recent addition to the expanding list of functions of the nuclear 
lamina is an apparent involvement in cellular redox homeostasis. Indeed, cells from 
patients suffering from various laminopathies display increased levels of intracellular 
reactive oxygen species (ROS) and often show a higher susceptibility towards 
induced ROS. The underlying pathways however, remain poorly understood. The goal 
of this PhD dissertation was to obtain a better insight in this novel putative pathogenic 
feature. 
Chapter 1 comprises a general introduction into lamin biology and the state of the art 
with respect to their involvement in redox biology, next to a guide into fluorescence 
microscopy of redox-related processes. 
In Chapter 2, a quantitative comparison and characterization is presented of various 
experimental perturbations to interfere with lamin A metabolism in primary fibroblast 
cells. Based on the results shown in this chapter, perturbations were selected to 
create the models that were used in the experiments in chapters 4 & 5. 
In chapter 3, the development and benchmarking of a novel high-content microscopy 
method for the simultaneous measurement of intracellular ROS levels and 
mitochondrial function is outlined, together with a complementary automated analysis 
pipeline. 
The application of the newly developed method from Chapter 3 on the selected 
models from Chapter 2 culminated in the discovery that distinct lamin variants induce 
divergent oxidative responses, eventually resulting in different cell fates (Chapter 4), 
and pointed to the involvement of perturbed protein degradation pathways as a causal 
factor for oxidative stress (Chapter 5).  
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SAMENVATTING 

Elke cel bevat in zijn DNA de volledige genetische blauwdruk om een functioneel 
organisme te maken. Op basis van extracellulaire en intracellulaire signalen bepaalt 
de celkern welke informatie op ieder moment nodig is en beschikbaar wordt gesteld. 
Het goed functioneren van de celkern is dus uiterst belangrijk voor het overleven van 
de cel, alsook het organisme waartoe de cel behoort. De nucleaire lamina is een 
perinucleair netwerk van type V intermediare filamenten, die lamines genoemd 
worden, en speelt een belangrijke rol als regulator van de celkern. Lamines geven 
mechanische ondersteuning aan de kern, ze bepalen mede welke genen er 
afgeschreven worden via interacties met transcriptie factoren en met het DNA zelf, en 
kunnen de celcyclus en differentiatie beïnvloeden. Hun multifunctionele rol wordt ook 
geïllustreerd door het feit dat mutaties in het LMNA gen, dat codeert voor een 
belangrijke subset van lamines, meer ziektes veroorzaken dan mutaties in eender 
welk ander gen. Recent onderzoek suggereert dat lamines ook betrokken zijn bij de 
cellulaire redox homeostase. Cellen van patiënten met verschillende laminopathiën 
vertonen een verhoogde concentratie schadelijke reactieve zuurstofvormen, en vaak 
ook een verhoogde gevoeligheid hiervoor. De onderliggende mechanismen zijn echter 
nog niet opgehelderd. Het doel van dit doctoraatsonderzoek was om hier een beter 
inzicht in te krijgen.  
In Hoofdstuk 1 wordt een algemene introductie gegeven over lamines en 
laminebiologie, en wordt de huidige kennis geschetst met betrekking tot de rol van 
lamines in de intracellulaire redoxhuishouding. Daarnaast wordt ook beschreven waar 
men aandacht moet aan besteden bij het meten van redox-gerelateerde processen 
door middel van fluorescentie microscopie. 
Hoofdstuk 2 bevat een kwantitatieve vergelijking en karakterisatie van verschillende 
methoden om de nucleaire lamina te verstoren en relevante cel modellen te 
genereren. Op basis hiervan werden de cel modellen geselecteerd die gebruikt 
werden in de experimenten in hoofdstukken 4 & 5. 
Hoofdstuk 3 handelt over de ontwikkeling van een nieuwe high-content microscopie 
methode voor het meten van intracellulaire reactieve zuurstofvormen samen met een 
aantal mitochondriale parameters, en over de ontwikkeling van complementaire beeld 
en data-analyse software. 
Deze methode werd toegepast op de geselecteerde modellen uit hoofdstuk 2, wat  
leidde tot de ontdekking dat specifieke lamine varianten tot een verschillende 
oxidatieve respons leiden, die uiteindelijk bepaalt welk lot een cel beschoren is 
(Hoofdstuk 4), en dat verstoorde proteineafbraak een mogelijke oorzaak is van de 
geobserveerde oxidatieve stress (Hoofdstuk 5). 
  



 

 x 

 
  



 

 xi 

LIST OF ABBREVIATIONS 

PLA:   prelamin A 
PLB:   prelamin B 
NLS:   nuclear localization signal 
NES:   nuclear export signal 
NE:   nuclear envelope 
FT:   farnesyl transferase 
RCE1:   Ras-converting enzyme 1 
ICTM:   isoprenylcysteine carboxyl methyltransferase 
ZMPSTE24:  zinc metalloprotease related to the STE24 homolog in yeast 
HGPS:   Hutchinson-Gilford progeria syndrome 
RD:    restrictive dermopathy 
ROS:   reactive oxygen species 
RNS:   reactive nitrogen species 
Δψm:   mitochondrial membrane potential 
NTkd:   non-targeting knockdown 
ZMPSTE24kd:   ZMPSTE24 knockdown 
LMNAkd:   LMNA knockdown 
PDL:    population doubling level 
NA:   numerical aperture 
CM-H2DCFDA:   5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate 
DCF:   2,7-dichlorofluorescein 
TBHP:    tert-butyl hydrogen peroxide 
TMRM:    tetramethyl rhodamine methyl ester 
DAPI:    4′,6-diamino-2-phenylindole 
OCR:    oxygen consumtion rate 
hMSC:    human mesenchymal stem cells 
iPSC:   induced pluripotent stem cells 
MEF:    mouse embryonic fibroblast 
NHDF:    normal human dermal fibroblast 
LINC:   trans-envelope linker of nucleus and cytoskeleton 
NOX:   NADPH oxidase 
GSSG:   glutathione disulfide 
SOD:   superoxide dismutase 
HT-LKO:  HT1080 LMNA knockout 
HT-ZKO:  HT1080 ZMPSTE24 knockout 
HT-WT:   HT1080 wild-type 
SQV:   saquinavir 
FTI:   farnesyl transferase inhibitor 
AFCMe:  N-acetyl-S-farnesyl-L-cysteine methylester 
gRNA:   guide RNA 
IL6:   interleukin 6 
  



 

 xii 

 
 
 



 

 1 

I 
INTRODUCTION 
 
Parts of this chapter are published in Sieprath et al. 20121 and Sieprath et al 20162. 
 
1. Sieprath, T., Darwiche, R. & De Vos, W. H. Lamins as mediators of oxidative stress. Biochem Biophys 

Res Commun 421, 635–639 (2012). 
2. Sieprath, T., Corne, T. D. J., Willems, P. H. G. M., Koopman, W. J. H. & De Vos, W. H. Integrated 

High-Content Quantification of Intracellular ROS Levels and Mitochondrial Morphofunction. Adv Anat 
Embryol Cell Biol 219, 149–177 (2016). 

 
  



 

 2 

1 Nuclear lamins 

1.1 Structure of the nuclear lamina 
Fibers composed of nuclear lamins are the main components of the nuclear lamina, 
a dense network, roughly 10~80 nm thick, that is located just below, and is directly 
connected with, the inner nuclear membrane (Fig. 1.1).3-6 Together with the nuclear 
membranes, the nuclear lamina is an integral part of the nuclear envelope (NE), a 
structure that physically separates and protects the nuclear contents from the 
cytoplasm, and that only allows unrestricted bidirectional transport of 
macromolecules with a size up to the equivalent of small globular proteins of ~40 
kDa, through the nuclear pore complexes.4 Larger molecules are conditionally 
transported through NPC, provided they carry the correct localization signals 
(Nuclear Localization Signal or NLS, Nuclear Export Signal or NES). 
 
 

 
 
Figure 1.1: localization of the nuclear lamina. 
The nuclear lamina (green line) is composed of various lamin proteins and is located just below the inner 
nuclear membrane. It provides support to the nucleus but also interacts with many different partners, some of 
which are shown (Lamina associated polypeptides 1 and 2 (LAP1/2), Emerin, Lamin B receptor (LBR) and 
SUN1/2), LBR contains a binding site for HP1 (heterochromatin protein 1), and emerin contains a binding site for 
BAF (barrier to autointegration factor). Both HP1 and BAF link INM proteins to chromatin. Through a linker 
between nucleskeleton and cytoskeleton complex (LINC), between SUN1/2 and KASH-domain proteins, the 
nuclear lamina is connected with the cytoskeleton. Abbreviations: ONM: Outer Nuclear Membrane, INM: Inner 
Nuclear Membrane, NPC: Nuclear Pore Complex, PNC: Perinuclear Space.  
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The fibers making up the nuclear lamina are type V intermediate filaments, 
composed of lamins. Lamins are subdivided into two classes, A-type lamins (lamin 
A, C, A∆10 and C2) and B-type lamins (lamin B1, B2 and B3), based on their 
biochemical properties, expression profile and their behaviour during mitosis.7,8 A-
type lamins have a neutral isoelectric point, while B-type lamins are more acidic and 
during mitosis when the nuclear lamina transiently disassembles, A-type lamins are 
completely solubilized and dispersed, whereas B-type lamins remain associated 
with nuclear membranes structures.9,10 All A-type lamins are alternative splice-
products of the LMNA gene, which is located on chromosome 1 and consist of 12 
exons.9 Lamin A and C are the major A-type lamins, they are expressed in somatic 
cells and are identical up to codon 566, after which lamin C lacks the terminal part of 
exon 10 as well as exons 11 and 123. Lamin A∆10 is a less abundant variant 
missing exon 10 only11, whereas lamin C2 is a variant of lamin C that is uniquely 
expressed in germ cells and uses an alternative N-terminal exon, located in the first 
intron of the LMNA gene.9 Major B-type lamins B1 and B2 are products of LMNB1 
on chomosome 5 and LMNB2 on chromosome 19, respectively, and are somatically 
expressed.3,12 The minor variant B3 is an alternative splice product of lamin B2 that 
has, similar to lamin C2, a modified N-terminus and is also only expressed in germ 
cells.9,12 Despite these differences, all lamins share a similar structure with a 
positively charged globular N-terminal head, a central rod containing four α-helical 
domains capable of forming coiled-coils (1A, 1B, 2A and 2B) separated by 3 linker 
regions (L1, L12 and L2), and a positively charged C-terminal globular domain 
containing an NLS and an immunoglobulin (Ig) fold (Fig. 1.2A).3,13,14 
 
 

 
 

Figure 1.2:Schemactic representation of the major A-type (lamin A & C) and B-type (B1 & B2) lamin 
proteins. 
They all contain a positively charged N-terminal head domain, a central rod with 4 α-helical coiled coil domains 
and a positively charged C-terminal tail domain containing a nuclear localization signal (NLS) domain and an 
immunoglobulin (Ig) fold. The farnesyl- and methyl groups at the C-terminus of B-type lamins, are missing in A-
type lamins. 

 
Lamin C is immediately produced in its mature form. However, Lamin A and each of 
the B-type lamins are produced as immature prelamin variants. They all feature a C-
terminal CaaX-motif (where ‘C’ is a Cysteine, ‘a’ is an aliphatic amino acid, and ‘X’ is 
variable but usually Methionine) that defines a site of post-translational farnesylation 
and carboxymethylation (Fig. 1.3).15,16 Soon after their synthesis, and presumably 
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after nuclear import, the cysteine is farnesylated by a soluble farnesyl transferase 
(FT).17,18 Next, the -aaX amino acids are removed by a CaaX prenyl protease (an 
endopeptidase). For prelamin A (PLA), this reaction is carried out by either Ras-
converting enzyme 1 (RCE1) or Zinc metalloprotease related to the STE24 homolog 
in yeast (ZMPSTE24).19 For prelamin B (PLB), the cleavage is uniquely carried out 
by RCE1.20 The now terminally farnesylated cysteine is then methylated by 
isoprenylcysteine carboxyl methyltransferase (ICTM).17 RCE1, ZMPSTE24 and 
ICTM all are integral membrane proteins located in the INM with their active sites 
facing the nucleoplasm, or in the ER membrane, with their active sites facing the 
cytoplasm.17 Attachment of the farnesyl and methyl groups enhances hydrophobic 
interactions with the inner nuclear membrane, presumably facilitating targeting of 
the lamins to the nuclear envelope. However, farnesylation is no absolute 
requirement for lamina localization because lamin C, that lacks a CaaX motif, also 
localizes to the nuclear envelope21. Once localized to the INM, lamin A, but not 
lamin B1 of B2, undergoes an final upstream endoprotease cleavage, also mediated 
by ZMPSTE24, removing the C-terminal 15 amino acids, including the farnesyl and 
methyl group.3,16,22  
 
 

 
Figure 1.3: The carboxyterminal processing of A and B-type lamins. 
The post-translational C-terminal processing of newly synthesized A-type lamins consists of 4 and that of B-type 
lamins of 3 distinct steps. First the cysteine of the C-terminal Caax motif is farnesylated by farnesyl transferase 
(FT). Subsequently, the terminal 3 amino acids (aax) are removed. In PLA this is done by Ras-converting 
enzyme 1 (RCE1) or Zinc metalloprotease related to the STE24 homolog in yeast (ZMPSTE24), in prelamin B 
(PLB) this is exclusively done by RCE1. In the third (and final for PLB) step, the now terminal cysteine residue is 
methylated by isoprenylcysteine carboxyl methyltransferase (ICTM). PLA then undergoes a final upstream 
cleavage of the terminal 15 amino acids including the farnely and methyl groups that is mediated by ZMPSTE24 

In vivo, individual lamin polypeptides assemble into parallel homodimers, which in 
turn associate longitudinally to form polar head-to-tail polymer structures. These 
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head-to-tail polymers interact laterally to form protofilaments, which form mature 
lamin filaments of highly variable length, ranging from a few dozen to a few 
thousand nm.   (Fig. 1.4).6,23 A- and B-type lamin filaments are distributed evenly, 
but in discrete patches, throughout the nuclear lamina.24 A-type lamins, due to the 
lacking farnesyl, can also be found inside the nucleoplasm, this fraction is distinct 
from peripheral lamin A, in that it is not or less polymerized and is more soluble.25 
 

 
 

Figure 1.4: Polymerization of lamins into higher order structures. 
(A) Individual Lamin polypeptides assemble first into parallel dimers. These dimers then associate longitudinally 
to produce polar head-to-tail polymer structures. Two head-to-tail polymers interact laterally to form 
protofilaments. (B) Representation of a cross-section through lamin dimers, tetramers and hexamers. (C) Model 
of the in vivo distribution of lamins in the nuclear envelope based cryo-tomogram. NPCs are shown in blue. The 
INM and ONM in transparent grey were added for visual orientation.  Figure adapted from Turgay et al. 20176 
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1.2 Functions of the nuclear lamina 
The nuclear lamina has a multitude of functions, the most prominent one being its 
role in providing mechanical support for the nucleus.26 Indeed, cells lacking A-type 
lamins exhibit increased numbers of misshapen nuclei, have severely reduced 
nuclear stiffness and are more prone to mechanical stress.26,27 Trans-envelope 
Linker of Nucleus and Cytoskeleton (LINC) complexes, composed of SUN-domain 
proteins and KASH-domain proteins (nesprins), connect the lamina to the 
cytoskeleton, creating one mechanosensitive continuum within the cell that allows 
nuclear positioning and nuclear response to mechanical cues in an integrated 
manner (Fig. 1.1).23,28,29 Lamins also modulate gene expression by coordinating 
chromatin organization.30,31 Interaction with chromatin occurs through binding to 
certain heterochromatic genomic regions, known as lamina-associated domains 
(LADs). For instance via LBR or emerin (Fig. 1.1), which have binding sites for HP1 
(heterochromatin protein 1), and BAF (barrier to autointegration factor), 
respectively12,32, two proteins that interact with specific histon modifications present 
in heterochromatin. Lamins can also (conditionally) sequester transcriptional 
regulators at the nuclear periphery, thereby activating or repressing their targets.33 
For example, sequestration of c-Fos by lamin A prevents dimer formation between 
c-Fos and c-Jun, which in turn suppresses Activation protein 1 (AP1) transcription 
factor activity.34 AP-1 is involved in multiple essential cellular processes, including 
cell proliferation and differentiation. Besides direct interaction with transcription 
factors, lamins can also interact with transcription factors via lamin-associated 
proteins such as emerin and MAN1. Emerin regulates β-catenin activity by 
restricting its accumulation in the nucleus, and MAN1 can interact with SMADs and 
thereby antagonizes bone morphogenetic protein (BMP)- and transforming growth 
factor beta (TGFβ)-signalling. 35-37 Through these and similar interactions, the 
nuclear lamina is involved in many cellular processes including cell cycle control and 
DNA repair mechanisms.38-40 
 

1.3 Laminopathies 
Given the involvement in many cellular processes, it is not surprising that mutations 
in genes encoding components of the nuclear lamina lead to a plethora of different 
disorders (laminopathies). There are around 15 diseases directly linked with 
mutations in the LMNA gene, more than with any other human gene.41 Furthermore, 
lamin A-related laminopathies can also be caused by mutations in genes encoding 
prelamin-processing proteins, e.g. ZMPSTE24.3 Disease manifestations are very 
diverse. Some diseases are tissue specific. For instance, Emery-Dreifuss muscular 
dystrophy (AD-EDMD2/3)42, Limb-girdle musclular dystrophy (LGMD1B)43 and 
dilated cardiomyopathy (CDM1A)44 all affect striated muscle tissue, while Dunnigan-
type familial partial lipodystrophy (FPLD2)45 is characterized by loss of adipose 
tissue and Charcot-Marie-Tooth syndrome (CMT-2B1)46 displays loss of peripheral 
nerve myelination. Other diseases have a systemic occurrence, like the Hutchinson-
Gilford Progeria Syndrome (HGPS)47,48 or restrictive dermopathy (RD).49,50 
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These last two diseases are caused by mutations interfering with the maturation 
process of lamin A. HGPS is most commonly caused by a single silent point 
mutation in exon 11 (C1824T). This mutation does not affect the coding sequence 
(G608G) but instead promotes the use of an alternative splice location leading to 
the deletion of 50 amino acids from PLA, including the final cleavage site for 
ZMPSTE24, resulting in the synthesis of a permanently farnesylated PLA variant 
called progerin (Fig. 1.5).51,52 RD in turn is caused by mutations resulting in the loss 
of ZMPSTE24, which also leads to the formation of farnesylated PLA.50 Despite 
these diverse pathological phenotypes, laminopathies do share several features on 
the cellular level including misshapen nuclei, disorganization of heterochromatin, 
defects in the DNA damage response pathway and increased oxidative stress (cfr. 
below).1,7 These have prompted the proposal of several non-exclusive general 
hypotheses trying to explain disease development. The structural hypothesis 
suggests that LMNA mutations render the nucleus more fragile, causing cell death 
and progressive disease in tissues subjected to mechanical load, such as 
muscle.53,54 However, this does not explain the redistribution of adipose tissue in 
FPLD, or the systemic symptoms in HGPS. The gene regulation hypothesis 
postulates that perturbed interaction with tissue-specific transcription factors 
underlies the development of different disease phenotypes.3,54,55 A third hypothesis 
states that lamin perturbations lead to an impairment of adult stem cell function, 
either through increased cell death of fragile lamin A-deficient cells in tissues 
subjected to mechanical stress, or as a result of high cell turnover.56,57 
Laminopathies can also be subdivided based on their causing mutations. Mutations 
resulting in loss of functional lamin A (loss-of-funtion mutations) and mutations 
leading to the synthesis of a toxic (pre)lamin A variant (toxic gain-of-function 
mutations). Loss-of-function mutations oftentimes correlate with muscular 
dystrophies3 and the structural hypothesis, while gain-of-function mutations regularly 
correlated with lipodystrophies or systemic progeroid syndromes.58-60 
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Figure 1.5: Synthesis of progerin. 
The Hutchinson-Gilford Progeria Syndrome (HGPS) is caused by a silent point mutation resulting in the deletion 
of 50 C-terminal amino acids in PLA, including the final cleavage site for ZMPSTE24. As a consequence, a 
permanently farnesylated PLA variant called ‘progerin’ is synthesized. 

2 Principles of cellular redox biology 
Reactive oxygen species (ROS) are small, short-lived derivatives of molecular 
oxygen (O2) of radical and non-radical nature.61 Radical ROS variants include: 
superoxide (O2

•-), hydroperoxyl (HO2
•), hydroxyl (•OH), peroxyl (RO2

•), alkoxyl (RO•), 
carbonate (CO3

•-), carbon dioxide (CO2
•-), and singlet oxygen (O2

1∑g+). Non-radical 
variants include: hydrogen peroxide (H2O2), hypobromous acid (HOBr), 
hypochlorous acid (HOCl), ozone (O3), singlet oxygen (O2

1∆g), organic peroxides 
(ROOH), peroxynitrite (ONOO-), peroxynitrate (O2NOO-), nitrosoperoxycarbonate 
(ONOOCO2

-) and peroximonocarbonate (HOOCO2
-).61 Of these ROS, ONOO- and 

O2NOO- are also reactive nitrogen species (RNS). RNS further include nitric oxide 
(NO•), nitrogen dioxide (NO2

•), nitrate radical (NO3
•) and many other nitrogen 

derivatives. 
ROS were originally described as molecular constituents of the defence system of 
phagocytic cells, but it has become clear that besides their damaging properties, 
they also function as signalling molecules and mediate a variety of other cellular 
responses including cell proliferation, differentiation, gene expression and 
migration.62,63 However, excessive ROS levels induce a state of oxidative stress, 
which is accompanied by irreversible oxidative damage to DNA, lipids and proteins. 
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Figure 1.6: Sources of cellular reactive oxygen species (ROS). 
Overview of various sources of ROS. Mitochondrial sources are outlined in more detail in Figure 1.8. 

 

2.1 Intracellular ROS metabolism 
ROS can be generated at various sites in the cell (Fig. 1.6). This can be either 
deliberately, e.g. by NADPH oxidases (NOX), or as a byproduct, e.g. during normal 
cellular respiration in mitochondria.64-66 The NOX family of NADPH oxidases (NOX1, 
NOX2, NOX3, NOX4, NOX5, DUOX1 and DUOX2) are proteins that transport 
electrons (e-) from NADPH across biological membranes (plasma or 
endomembranes).67,68 The activation mechanisms and tissue distribution of the 
isoforms differ but they all use O2 as e--acceptor, producing O2

•-. Through ROS 
generation, they play a role in many cellular processes including host defence, 
regulation of gene expression and cell differentiation.68 Despite their sometimes-
significant contribution to the global ROS pools, NOX are not the predominant 
source of intracellular ROS. Mitochondria, in particular under pathological 
conditions, have this honor. Mitochondrial ROS are generated as a byproduct of the 
oxidative phosphorylation (OXPHOS, cfr. below). 
Irrespective of its source, ROS production generally starts with the reduction of O2 
to O2

•-, which is the precursor of most other ROS (Fig. 1.7A). Three major pathways 
can be discerned. First, O2

•- can be converted, either spontaneously or, more likely, 
catalyzed by a superoxide dismutase (SOD), into H2O2 at a rate close to the 
diffusion limit (k=2·109 M-1s-1 at pH 7.4) .69-72 This damaging molecule is defused by 
several systems. In can be converted into water (H2O) by multiple enzymes 
including peroxiredoxins, catalase (CAT) and glutathione peroxidases (GPX).73 
Proper function of these systems further requires the action of glutathione reductase 
(GR), thioredoxin (TRX), thioredoxin reductase (TRXR), glutaredoxin (GRX), 
peroxiredoxin (PRX), sulfiredoxin (SRX), the glutathione (GSH)-synthesizing 
enzymes glutathione synthase (GS), glutamate cysteine ligase (GCL) and 
ceruloplasmin.73 In addition to enzymatic systems active in the cytoplasm and 
mitochondria, cells and tissues also contain antioxidants of non-enzymatic nature 
including phytochemicals, vitamins (A,C,E), ceruloplasmin and taurine, but 
especially glutathione (GSH) and thioredoxin (TRX).73 Interestingly, these last two 
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systems are also active inside the nucleus, where they maintain a balance 
independently from the cytoplasm.74  The cofactor NADPH (the reduced form of 
nicotinamide adenine dinucleotide phosphate) is central to cellular ROS removal 
through the GSH and TRX/PRX systems (Fig. 1.7A). In mitochondria, NADPH is 
mainly produced via: (i) NADP+-dependent isocitrate dehydrogenase and malic 
enzyme, and (ii) nicotinamide nucleotide transhydrogenase (Nnt). The latter enzyme 
utilizes the proton motive force (PMF) to generate NADPH from NADH and 
NADP+.75 Besides the conversion into H2O2, O2

•- can also react with nitric oxide 
(NO•), produced in a two-step reaction from L-arginine (L-arg), catalyzed by nitric 
oxide synthases (NOS).  This gives rise to the production of reactive nitrogen 
species (RNS) peroxynitrite (ONOO-) and peroxynitrous acid (ONOOH). Various 
other reactions downstream of ONOO- lead to formation of •OH, CO3

•- and NO2
• 

(Fig. 1.7A).76,77 In the presence of ferric iron (Fe3+) the O2
•- anion is converted into 

O2 and ferrous iron (Fe2+), which can further react with H2O2 to reform Fe3+, 
hydroxide (OH-) and the highly reactive •OH (Fig. 1.7A).78 •OH is one of the 
strongest oxidants in nature and is extremely damaging to biomolecules like DNA, 
proteins and lipids.79,80 It can initiate formation of lipid (L•) and lipid peroxyl (LOO•) 
radicals (lipid peroxidation), which is counterbalanced by the action of various 
antioxidant systems including vitamin E/α-tocopherol (α-TOH), vitamin C/ascorbate 
(AscH-), NADPH/NADP+, GSH, GPX/GST and GR (Fig. 1.7A). Ultimately, sustained 
stimulation of lipid peroxidation will lead to formation of pentane and the reactive 
aldehydes malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). When 
generated at low levels, 4-HNE can interact with signaling targets, including JNK, 
P38 MAPK, cell cycle regulators, PKCβ, and PKCδ, leading to numerous cellular 
responses, ranging from increased expression of the antioxidant enzyme TRXR1 to 
irreversible cytotoxic injuries and cell death.81,82 Mitochondrial aldehyde 
dehydrogenase 2 (ALDH2) can protect against oxidative stress by detoxification of 
these cytotoxic aldehydes.83 
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Figure 1.7: Redox homeostasis in mammalian cells. 
(A) Formation of ROS and NO/RNS, their removal by antioxidant systems and role in lipid peroxidation. (B) 
Reactions of protein thiol (protein-SH) groups leading to reversible S-nitrosilation (protein-SNO), intra or inter-
protein disulfide bond formation (SS) or S-glutationylation (protein-SSG). Abbreviations: 4-HNE, 4-
hydroxynonenal; α-TOH, α-tocopherol; α-TO•, α-tocopherol radical; Asc•-, ascorbyl radical; AscH-, ascorbate; 
CAT, catalase; GCL, glutamate cysteine ligase; GPX, glutathione peroxidase; GR, glutathione reductase; GS, 
glutathione synthase; GSH, glutathione; GSNOR, S-nitrosoglutathione reductase; GSSG, oxidized glutathione; 
MDA, malondialdehyde; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NOS, nitric oxide 
synthase; NOHLA, Nω-hydroxy-L-arginine; PRX, peroxiredoxin; RNS, reactive nitrogen species; ROS, reactive 
oxygen species; SOD, superoxide dismutase; TRX, thioredoxin; TRXR, thioredoxin reductase. The data for this 
figure was compiled from: Auchère and Rusnak 200272; Szabó et al. 200777; Sachdev and Davies 200884; 
Benhar et al. 200985; Rasmussen et al. 201086; Finkel 201187; Traber and Stevens 201188; Pastore and 
Piemonte 201289; Marí et al. 201390; Nathan and Cunningham-Bussel 201391; Saaranen and Ruddock 201392; 
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Conte and Carroll 201393; Cremers and Jakob 201394; Stangherlin and Reddy 201395; Mailloux et al. 201396; 
Groitl and Jakob 201497. 

 
ROS can react covalently with certain atomic elements in biological macromolecules 
(Fig. 1.7B).91 At low ROS levels, these modifications are usually reversible, 
whereas at high ROS levels, they are not. Reversibility is also confined to specific 
atoms: reversible modifications occur on selenium (Se; in seleno-Cys) and sulfur (S; 
in certain Cys and Met), whereas iron-sulfur (Fe-S) clusters and carbon (C) atoms 
(Arg, Lys, Pro, Thr and nucleosides) are irreversibly modified. Reactions of primary 
ROS with proteins include reversible oxidative formation of methionine sulfoxide (by 
•OH) and irreversible formation of 2-oxo-histidine (by H2O2/Fe2+), chlorotyrosine (by 
HOCl) and protein carbonyls (by •OH).98 When protein thiol (SH) groups (pKa ~ 8.5) 
are within a basic environment (such as the mitochondrial matrix) or have their pKa 
lowered by proximity to positively charged amino acids they deprotonate and are 
present in their thiolate (S-) form (Fig. 1.7B).96 Protein thiolate groups reversibly 
react with ROS (H2O2, HOCl) to form protein sulfinic acid (SOH). In the presence of 
high H2O2 levels, the SOH form is subsequently and irreversibly converted into 
sulfinic acid (SO2H) and sulfonic acid (SO3H) forms. The thiolate form can also react 
with: (i) glutathione disulfide (GSSG) to form S-glutathionylated (SSG) proteins and 
(ii) RNS to form S-nitrosated/S-nitrosylated (SNO) proteins.85,99 Starting from the 
SOH form, the reaction of protein thiols with GSH also leads to formation of S-
glutathionylated proteins. By reacting with other SH groups, the SOH form can 
induce inter- or intra-molecular disulfide bond formation (Fig. 1.7B). The SH groups 
in the SSG, SNO and disulfide proteins can be reformed via various reactions 
involving GRX, TRX, TRXR and NADPH (Fig. 1.7B), allowing redox-dependent cell 
signaling events.85,97,100,101 
To minimize the deleterious effects of ROS, the cell maintains a subtle balance 
between the production and removal of the different ROS molecules to keep their 
intracellular concentration at a physiological level. Any perturbation to this fragile 
steady-state that increases intracellular ROS provokes a state of oxidative stress, a 
phenomenon associated with the natural aging process, as well as various 
multispectrum diseases including cancer and laminopathies.1,60,102-105 When this 
happens, cells usually respond by altering gene expression. Apart from their direct 
damaging effects to coding sequences106, ROS can alter gene expression through 
epigenetic and genetic mechanisms. Whereas the epigenetic mechanisms mainly 
concern alterations in DNA-methylation patterns79, the genetic mechanisms rely on 
the activation of various redox-sensitive transcription factors, such as Rb, p53, 
FoxO, NF-κβ, and NRF2.107,108 These regulatory proteins become activated by an 
oxidative signal in the cytoplasm after which they translocate into the nucleus. 
There, specific cysteine residues within the DNA-binding domain of each 
transcription factor are reduced by thioredoxin 1 and redox factor-1. This reduction 
is necessary for transcription-factor binding to the DNA and subsequent anti-
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oxidative gene activation. Thus, oxidants in the cytoplasm activate redox signaling, 
whereas oxidative stress in the nuclear compartment blocks this process.109 

2.2 Range of action of ROS 
A surplus of ROS is highly unwanted as it allows them to interact with various 
cellular constituents. However, to react with biomolecules, ROS need to be able to 
reach them. Once generated, the range-of-action of individual ROS differs 
substantially. For instance, in the presence of GSH (2 mM), values of 50 µm and 1.5 
mm were computed for ONOO- and H2O2, respectively.110 The same study reported 
that the range-of-action for H2O2 dropped to < 7 µm, in the presence of 20 µM PRX2 
(the main H2O2-removing enzyme) and was even lower for •OH (0.35 µm). In 
aqueous solution the average 3D diffusion distance or “Kuramoto length” (∆x) was 
calculated to be < 0.16 µm for O2

•- and between 0.23-0.46 µm for H2O2.111 
Importantly, several ROS, including O2

•-, are charged molecules, which prevents 
their passive transmembrane permeation. When generated in the mitochondrial 
matrix, O2

•-  is highly unlikely to leave this compartment unless facilitated. Currently 
there are no reports of superoxide permeation of the inner membrane. However, it 
has been proposed that the voltage-dependent anion channel (VDAC) in the 
mitochondrial outer membrane could mediate O2

•- release from mitochondria.112 
Taken together, due to their physicochemical properties and the action of 
(non)enzymatic conversion cascades, various ROS types display different ranges of 
action within cells and subcellular compartments including mitochondria. This 
strongly suggests that both ROS-induced damage and signaling are affected by 
restricted diffusion and compartmentalization.110 In this respect, it appears that 
mitochondria-generated O2

•- acts locally, whereas H2O2 and NO•, owing to their 
membrane permeability and relative stability, can function as both a cytosolic and 
extracellular messenger (t1/2 for H2O2 is 10-2 ms and for NO• between 1-30 s, 
compared to 10-3 ms and 10-6 ms for O2

•- and •OH).76,113-115 The diffusion properties 
of H2O2 likely depend on its site of generation and (local) conversion. Cytoplasmic 
microdomains of elevated H2O2 levels were demonstrated in cells stimulated with 
growth factors, suggesting that this type of ROS does not freely diffuse through the 
cytoplasm.116,117 

2.3 Mitochondria are prime sources and targets of ROS 
In total, mitochondria account for 90% to 95% of the cellular oxygen consumption 
and up to 3% of that pool can be converted into O2

•-, depending on the 
mitochondrial functional state or ‘mitochondrial health’.80 A widely used indicator of 
mitochondrial health is the magnitude of the membrane potential (∆ψm) across the 
mitochondrial inner membrane. This potential is central to virtually all functions of 
the mitochondrion, as it reflects the proton motive force that drives OXPHOS and 
mitochondrial Ca2+ uptake.65 ∆ψm is sustained by the action of the four complexes 
(complex I–IV) of the electron transport chain (ETC), located on the inner 
mitochondrial membrane, and the adjoined export of protons into the 
intermembrane space (Fig. 1.8). Proton backflow through the FoF1-ATPase 
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(complex V) is then used to drive the production of ATP production in the 
mitochondrial matrix. ROS can be produced at many locations inside the 
mitochondrion (Fig. 1.8), but it generally results from electron leakage at complex I 
of the electron transport chain (ETC) when ∆ψm is highly negative. However, both 
de- and hyperpolarization have been associated with increased ROS 
production.66,118-121 Various mitochondrial proteins are susceptible to reversible and 
irreversible redox modifications, allowing local regulation of their function and/or 
affecting pathological processes. For instance, reversible S-nitrosylation of Complex 
I at Cys39 of the ND3 subunit decreased ROS production, oxidative damage and 
tissue necrosis and thereby protected against injury during cardiac ischemia-
reperfusion in vivo.122 
 

 
Figure 1.8: Mitochondrial sources of O2

•- and H2O2. 
The scheme depicts the five complexes of the mitochondrial oxidative phosphorylation system involved in ATP 
production (CI-CV; blue). CI is the major source of superoxide (O2

•-) production, but ROS can also be generated 
at many other mitochondrial proteins (grey boxes). Once formed, the anionic O2

•- cannot move across 
membranes, whereas H2O2 can more freely diffuse. Abbreviations: Cytb5red, cytochrome b5 reductase; DHOH, 
dihydroorotate dehydrogenase; Erv1p/Mia40p, redox system that forms disulfide bridges on proteins to be 
imported by mitochondria; ETF:QO, electron transfer flavoprotein-ubiquinone oxidoreductase; KGDHC, α-
ketoglutarate dehydrogenase complex; MAO, monoamine oxidase; mGPDH, mitochondrial glycerol-3-phosphate 
dehydrogenase; p66shc, 66-kDa src collagen homologue (shc) adaptor protein; PDHG, pyruvate 
dehydrogenase complex; VDAC, voltage-dependent anion channel. The data for this figure was compiled from: 
Giustarini et al. 2009123; Koopman et al. 2010111; Marchi et al. 201280; Brown and Borutaite 2012124; Nathan and 
Cunningham-Bussel 201391; Woolley et al. 2013125; Mailloux et al. 201396. 

 
Although a full understanding is still lacking, net mitochondrial morphology, a result 
of continuous fusion and fission events, appears to be linked to mitochondrial 
function, ROS generation and redox state as well.126 An accumulating body of 
evidence points to direct involvement of ROS (and RNS) in the short-term regulation 
of mitochondrial morphology and function via non-transcriptional pathways, i.e., 
through reversible and non-reversible redox modifications (S-nitrosylation, disulfide 
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bond formation) on/in proteins involved in the fission-fusion machinery of 
mitochondria.126 Fragmentation appears correlated with increased ROS production 
and apoptosis 127,128, while a more filamentous phenotype has been linked to 
nutrient starvation and protection against mitophagy (Fig. 1.9).129 
 

 
 
Figure 1.9: Mitochondrial morphology is correlated with its functional status. 
(A) The balance between mitochondrial fusion and fission determines its morphology. Eight core proteins 
regulate these processes: Mfn1, Mfn2, OPA1 (fusion) and Drp1, Fis1, MIEF1/MiD51, MIEF2/MiD49 and Mff 
(fission) (B) The resulting net morphology depends on cell type and/or metabolic state. In physiological (healthy) 
conditions (green), mitochondria are motile and continuously fuse and divide. This state is associated with 
morphologies ranging between fragmented and filamentous. Stress conditions are associated with 
giant/spherical (red) or hyperfused morphologies (blue) that appear to be linked to apoptosis induction and 
stress adaptation, respectively. This figure was adapted and reproduced with permission from Willems et al. 
2015.126 

3 Oxidative stress as emerging hallmark of laminopathies 

3.1 Laminopathies are correlated with oxidative stress at the cellular 
level 

Recent data point to a relationship between lamin mutations and altered ROS 
homeostasis. Both A-type and B-type lamins seem to have a dual function in this 
respect, both as sensors and as elicitors of oxidative stress. Elevated levels of ROS 
and an increased sensitivity to oxidative stress have been reported in cells from 
patients suffering from many different laminopathies involving A-type lamins, such 
as FPLD and other lipodystrophies 60,130, Amyotrophic quadricipital syndrome with 
cardiac involvement131, AD-EDMD132, HGPS 133 and RD133. Reduction of the levels 
of mature lamin A and the presence or accumulation of aberrant (pre)lamin variants 
alter intracellular ROS levels as wall as the concentration of antioxidant enzymes. In 
particular, accumulation of the farnesylated form of PLA seems to induce excessive 
ROS and protein oxidation.50,59,60,133,134 Yet, also non-farnesylated PLA variants 
might be harmful, as they have been implicated in cardiomyopathy and several 
lipodystropies.135-137 In addition, reduced levels of CAT and GPX have been 
observed in HGPS fibroblasts138, while elevated levels of SOD, CAT and GST have 
been detected in lamin deficient patient fibroblasts (LMNAY259X/Y259X)132,139. 
Next to the involvement of A-type lamins, there is also evidence for a role of B-type 
lamins in redox biology. Exposure to oxidative stress induces lamin B1 
accumulation in a p38-MAPK dependent manner.140 Plausibly, lamin B1 attempts to 
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decrease the ROS levels by regulating stress-responsive gene expression. But 
under conditions of chronic oxidative stress lamin B1 eventually decreases and fails 
to prevent senescence. Indeed, downregulation of lamin B1 has been shown to alter 
the expression of several anti-oxidants either through regulation of Oct1 or p53.141-

143 Downstream effects of accumulation of ROS, specifically in the context of 
laminopathies, include protein oxidation, telomere shortening and persistent DNA 
damage.38 It is well established that there is an exponential correlation between 
intracellular ROS levels and telomere shortening rates.144 Increased telomere 
shortening has also been observed in several human fibroblast cell lines 
overexpressing different mutant LMNA variants. Interestingly, overexpression of 
wild-type LMNA also causes accelerated telomere shortening.145 Telomere 
shortening in turn is known to induce premature cell cycle arrest by activation of p53 
(tumor suppressor), thereby promoting senescence. p53 then represses PGC-1a 
and PGC-1b, both master regulators of mitochondrial physiology and metabolism.146 
This way, a direct reinforcing loop is initiated of increased ROS, telomere shortening 
and impaired mitochondrial function. 
It has also been shown that, under oxidative stress conditions, telomerase, the 
major enzyme for telomere length homeostasis, can translocate from the nucleus to 
the cytosol and the mitochondria to exert a regulatory role in apoptosis.147,148 
Furthermore, telomerase appears to repress ROS-dependent cellular responses to 
tumor necrosis factor-α (TNFα) without affecting NF-κβ activation.149 
In the context of laminopathies, ROS have also been linked with persistent DNA 
damage. DNA double-strand breaks, induced by ROS are repaired efficiently in 
normal human fibroblasts, but appear to be un-repairable in HGPS fibroblasts. 
These breaks are a major cause of the poor growth of the HGPS fibroblasts since 
adding N-acetyl cysteine, a ROS scavenger, to the culture medium reduces DSBs 
and markedly decreases population doubling times.106 

3.2 Lamin-dependent mechanisms of oxidative stress response 
Despite indications for a link between a dysfunctional lamina and disturbed redox 
biology, the underlying pathways remain mostly elusive. A dysfunctional lamina can 
arise from mutations in the lamin-coding genes and in the genes responsible for the 
processing of PLA. We refer to this hereditary form of dysfunction as innate lamina 
dysfunction. However, Lamina perturbation can also originate from drug treatments 
such as anti-retroviral protease inhibitors (HIV-PIs) that, as a side effect, also block 
ZMPSTE24, which induced PLA accumulation (Fig. 1.3)150, or it can originate from 
irreversible (oxidative) damage to normal mature lamins132. It has been suggested 
that lamin A, due to its high abundance and the presence of oxidizable cysteine 
residues, can act as a ROS-buffer inside the nucleus, protecting other, less 
abundant and more critical proteins from transient, mild oxidative damage.132 This 
has also been reported for other abundant structural proteins inside the cytosol like 
actin.151 But upon chronic or highly acute oxidative stress, irreversible oxidative 
damage to some conserved cysteine residues (C522, C588, and C591) leads to a 
loss of function.132 Together, we refer to this type of dysfunction with the term 
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acquired lamina dysfunction. A dysfunctional lamina, innate or acquired, may 
influence ROS in several ways (Fig. 1.10). It is known that the lamina serves as a 
docking station inside the nucleus, but presumably also in the cytoplasm, e.g. 
through components of the LINC complex, a mechanical connection between the 
nucleo- and cytoskeleton involved in signaling pathways and gene regulation.23,28,29 
Inside the nucleus this docking function results in gene regulation, either by direct 
interactions with chromatin or transcriptional complexes or indirect via interaction 
with transcription factors. As for direct interactions, lamins play a key role in 
intranuclear positioning and compaction of chromosomal domains.152 Aberrant 
chromatin organization has been observed in various conditions of abnormal lamin 
expression: lamin deficiency as well as overexpression of progerin leads to the 
depletion of heterochromatin and abnormal nuclear morphology.58,153 This may 
induce activation of repressed genes and alter DNA binding of transcription factors 
and regulatory proteins. Indeed, in HeLa cells expressing different disease inducing 
LMNA mutations, DNA damage repair is perturbed due to incorrect localization of 
ataxia telangiectasia-mutated and Rad3- related (ATR) kinase due to disturbed 
lamin-chromatin interactions.154 Indirect influence of the lamina on gene expression 
can mostly be brought back to the reversible associations of lamins with a multitude 
of redox-responsive transcription factors including Rb, SREBP1, Ankrd2, NRF2 and 
Oct1.33,35,141,155,156 In lamin B1 deficient mouse embryonic stem cells (MEFs), the 
transcription factor Oct-1, is no longer properly sequestered at the nuclear lamina. 
This leads to an increase of free Oct-1 inside the nucleus and higher expression of 
genes that are involved in oxidative stress response such as GPX3, IL-6 and 
SOD1.141 Conversely, in LMNA knockout MEFs as well as in lamin A/C deficient 
patient cells (LMNAY259X/Y259X), repetitive ruptures of the nuclear membrane lead to a 
temporary and local translocation of nuclear Oct-1 from nucleus to cytoplasm.139 
This lowers the concentration of free Oct-1 inside the nucleus and, has opposite 
downstream effects on Oct1-dependent gene expression compared to the lamin B 
deficient cells.139 Nevertheless, both LMNA-/- and LMNB1∆/∆ MEFs eventually show 
elevated ROS levels and higher susceptibility to oxidative stress compared to wild 
type cells, pointing to a delicate balance between pro- and antioxidants in regulation 
of the oxidative stress response. Another example is Ankrd2, a stress responsive 
protein mainly expressed in muscle cells. Upon oxidative stress, it translocates into 
the nucleus where it interacts with lamin A and regulates the activity of genes 
involved in cellular response to stress including. However, an EDMD2-lamin A 
mutant was found to bind and mislocalize Ankrd2 in the nucleus even under basal 
conditions, disturbing proper function and increasing sensitivity towards oxidative 
stress.155 A similar mechanism was reported for NRF2, a transcription factor that 
activates multiple antioxidant and cytoprotective genes through binding to 
antioxidant-responsive elements (ARE) motifs in their promoters. In HGPS, NRF2 is 
mislocalized to the nuclear lamina, leading to oxidative stress.156 
From the cytoplasmic side, changes can occur in spatial concentration of ROS 
defusing or ROS generating enzymes.157 Fabrini et al.158 postulated the presence of 
a nuclear shield, a 300 nm thick perinuclear hyper-crowding of protective enzymes, 
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among which ROS defusing enzymes like CAT, GPX and GST are highly 
represented, up to seven times higher than in the cytosol. It concerns mainly 
cationic enzymes that assemble through electrostatic interactions. The role of this 
shield could be the protection of the nuclear DNA against oxidative stress. To 
induce assembly, the anionic nesprin 1 and nesprin 2 were postulated as charge-
counterparts and scaffolding proteins. These giant proteins directly link the actin 
cytoskeleton to the nuclear lamina via the LINC complex.29 Lamin A/C is essential 
for proper nesprin 2 localization at the nuclear membrane159, thus absence of 
normal and/or presence of mutant lamin A can disturb proper formation of this 
nuclear shield, leading to a local decline of antioxidants around the nucleus which 
could in turn elicit a higher susceptibility to oxidative stress. 
Next to a perturbed docking function, a dysfunctional lamina can also cause 
repetitive and transient disruptions of the nuclear envelope.139,160 This leads to an 
intermixing of cytoplasmic and nuclear components, ranging from small diffusible 
molecules such as transcription factors to large macromolecular complexes such as 
PML bodies and mitochondria. Indeed, in patient cells of several different 
laminopathies, functional mitochondria were observed inside the nucleoplasm.139,161 
Obviously, the close proximity of these ROS-sources to genomic DNA greatly 
increases the risk of oxidative damage and senescence. This is indirectly 
demonstrated by the fact that mitochondrial DNA (mtDNA) shows increasing 
amounts of damage with increasing age, likely attributed to the proximity of the 
mtDNA to the source of ROS.162 Mitochondria are not the only ROS sources that 
could become displaced, another potential source is NADPH oxidase 4 (NOX4), 
which contributes to superoxide (O2•-) and H2O2 generation, and has been shown 
to colocalize with lamin A/C, especially after hepatitis C virus infection.163,164 
Recent data also points to a relationship between lamins and mitochondrial 
dysfunction. Cells, which accumulate farnesylated PLA, (either due to LMNA 
mutations or HIV-PI therapy), show a lowered expression of the mtDNA encoded 
subunit II of the cytochrome oxidase complex IV (COX 2). This disrupts the electron 
transport chain, lowering the mitochondrial potential, perturbing ATP production and 
generating ROS.60 It is not yet known, whether the downregulation is caused by 
direct interactions with prelamin isoforms or due to reduction in functional lamin A. 
Similarly, after silencing of lamin B1, the expression of the mitochondrial SOD2 
gene decreases142 and the expression of p53, which plays a central role in 
mitochondrial oxidative phosphorylation, increases.165 In addition, a whole organism 
study on Zmpste24-/- mice, which accumulate farnesylated PLA, revealed an 
enhancement of mitochondrial function, especially the tricarboxylic acid (TCA) cycle 
and electron transport chain, to such a level that it causes oxidative damage, further 
supporting the relationship between defective PLA processing, mitochondrial 
dysfunction and oxidative stress.166 
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Figure 1.10: Framework for reciprocal interactions between lamins and oxidative stress. 
Genetic (innate) or non-genetic (acquired) mechanisms cause lamina dysfunction, which leads to an altered 
affinity (docking) for redox-responsive transcription factors and/or ROS defusing enzymes, reduced 
compartmentalization potential (ruptures) or mitochondrial dysfunction. This causes changes in stress-
responsive gene expression and/or spatial redistribution of pro-oxidants (mitochondria, NOX) and anti-oxidants 
(CAT, SOD, …), inducing a state of oxidative stress. Chronic oxidative stress induces telomere shortening, 
protein oxidation and persistent DNA damage, eventually heralding cellular senescence or apoptosis. 

4 Quantitative Microscopy of Cellular Redox Biology 
To investigate the relationship between lamin perturbations, mitochondrial function 
and oxidative stress, these parameters are ideally measured together, in single 
living cells. Fluorescence-based assays are well suited for this purpose, as they 
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allow multiple simultaneous readouts. Microplate readers are regularly used to 
measure fluorescence intensities, but the readout is highly prone to confounding 
factors, such as variable cell density and autofluorescence, and it also lacks single 
cell resolution and morphological information. Although flow cytometry measures all 
cells individually, which greatly increases sensitivity and accuracy, this technique 
still does not provide spatial information and also lacks temporal information (no 
time-dependent kinetics), and it imposes an operational stress factor (cell 
detachment) when working with adherent cell cultures. These disadvantages are 
avoided upon using fluorescence microscopy. Microscopy allows gauging redox and 
mitochondrial parameters in individual adherent cells through time at subcellular 
resolution and with high sensitivity, both pre- and post-stimulus, i.e., in fluxo. 
However, to enable robust and accurate measurements of intracellular ROS and 
individual mitochondria, all aspects of the imaging pipeline, from sample preparation 
to image analysis, have to be highly standardized. 
 

4.1 Cell culture conditions 
Culture conditions should be optimized for each cell type individually and should be 
meticulously controlled prior to the measurements in order to obtain robust and 
reproducible results. For instance, the composition of the culture medium as well as 
the imaging buffer can greatly affect mitochondrial morphology and function. 
Nutrient starvation generally leads to a more filamentous mitochondrial phenotype 
129,167, while high glucose concentrations have been linked to increased ROS 
production and mitochondrial fission.168,169 Cells should be seeded at least 24h 
before actual measurements, at fixed splitting ratios so as to obtain a sub-confluent 
culture of 70%-80% (substrate occupation) at the time point of measurement. This 
guarantees optimal performance of downstream image analyses (in particular cell 
segmentation). Furthermore, imaging buffer/medium should be devoid of potential 
autofluorescent components, such as phenol-red, riboflavin or tryptophan, in order 
to reduce non-specific background intensity.170 Also, to minimize the influence of 
plate-induced variation, sample distribution should be homogenized across the plate 
and the outer wells should not be used for measurements since they are prone to 
edge effects (they can however be used to take background images for a 
downstream flatfield correction). 
 

4.2  Sensors 
A second point of attention involves the selection of the appropriate reporter 
molecules (Table 1.1). As most ROS molecules tend to have a short lifetime 
(nanoseconds to seconds), the ideal reporter for fluorescent detection of intracellular 
redox changes has a high sensitivity combined with fast and reversible binding 
kinetics, a high dynamic range, shows little or no photobleaching or (photo)toxicity 
and can be loaded into the cells quickly and easily.171 Currently available ROS 
probes can be subdivided into two categories: synthetic small molecule dyes and 
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genetically encoded fluorescent proteins. These probes don’t necessarily possess 
all the ideal properties mentioned above, but many are still widely used. The most 
commonly used small molecule ROS probes are dihydroethidium (DHE), 
mitochondrial targeted DHE (MitoSOX) and the chemically reduced and acetylated 
forms of 2′,7′-dichlorofluorescein (DCF).172 CM-H2DCFDA (5-(and-6)-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester) is a widely used 
chloromethyl derivative of H2DCFDA that is used to measure general intracellular 
oxidant levels. It diffuses passively into the cell where its acetate groups are cleaved 
by intracellular esterases, decreasing its capacity to traverse the cell membrane, 
and thereby trapping it inside the cell. Its thiol-reactive chloromethyl group allows for 
covalent binding to intracellular components, increasing retention of the dye even 
further. Following oxidation, highly fluorescent DCF is formed. With an excitation 
maximum of 502 nm and an emission peak of 523 nm, DCF fluorescence can be 
readily monitored using standard filter combinations for GFP or FITC.173-175 Other 
general small molecule ROS probes include Thioltracker® and the CellROX® family 
of indicators (Life Technologies©). Dyes that are more specific to certain types of 
ROS exist as well. DHE is generally used as a probe for O2

•-.176 The reaction 
between DHE and O2

•- generates highly red fluorescent 2-hydroxyethidium (2-OH-
E+; ex. 518 nm, em. 605 nm). Reaction with other oxidants, however, can produce 
ethidium (E+), which strongly binds DNA, is also red fluorescent (ex. 525 nm, em. 
616 nm) and is often present at a much higher concentration.177 Discrimination 
between these two is still be possible, however, due to an extra excitation band 
between 350 and 400 nm for 2-OH-E+.178 However, as the ratio E+/2-OH-E+ is often 
10 or more, contribution of E+ might still be significant.177 MitoSOX is a DHE 
derivative coupled to a positively charged triphenylphosphonium group (TPP+), 
enabling efficient targeting to the mitochondria for selective detection of 
mitochondrial O2

•-.179 The recently described HKSOX1 family of probes is also 
specific for •O2 180 and a family of boronate-based sensors (peroxy family e.g. PF1, 
PF3, PG1, PO1, PY1, MitoPY1…) targeting to the cytosol or the mitochondria can 
be used for the detection of H2O2.181-184 H2O2-mediated removal of a boronate group 
greatly increases fluorescence of these sensors. They also display a range of 
fluorescent wavelengths, making them useful for multicolor experiments. For a more 
extensive overview of small molecule fluorescent probes for ROS the reader is 
referred to Gomes et al.173 Next to small molecule fluorescent probes, ROS can also 
be monitored using genetically encoded fluorescent protein based probes. While 
labelling is more complex, usually involving liposome- or virus-based transfection 
procedures, the selectivity of these dyes is generally higher. Moreover, genetic 
reporters can easily be targeted to a variety of intracellular destinations and they are 
maintained for prolonged periods of time allowing long-term and transgeneration 
follow-up. They either are ROS-sensitive fluorophores or standard fluorophores 
fused to ROS-sensing domains borrowed from other proteins like SoxR and OxyR, 
i.e., transcription factors found in E.coli that become activated upon oxidation by O2

•- 
or H2O2, respectively.185,186 In SoxR the regulatory domain contains a 2Fe-2S 
cluster, while that of OxyR has several redox active cysteine residues. Both of them 
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undergo a significant conformational change upon activation. In order to translate 
this into a quantifiable change in fluorescence, these domains are linked to circularly 
permuted (cp) versions of fluorescent proteins.187,188 The HyPer family of fluorescent 
probes was created by inserting a cpYFP in the regulatory domain of OxyR189-191. 
HyPer acts as a ratiometric H2O2 probe with 2 excitation maxima (420 and 500 nm) 
corresponding to the protonated and anionic forms of the protein, respectively, and 
one emission maximum (516 nm). Upon oxidation, a disulfide bond is formed 
between Cys 199 and Cys 208, resulting in a decrease of the 420 nm excitation 
peak and a proportional increase of the 500 nm excitation peak. This ratiometric 
determination greatly reduces the influence of expression level differences between 
individual cells. Unfortunately, HyPer is also sensitive to pH changes. Acidification of 
the cellular environment leads to protonation, thus mimicking reduction of the probe; 
alkalization on the other hand mimics oxidation.189 SypHer, a H2O2-insensitive 
HyPer variant (C199S) is a pH sensor and can be used as a control.192 Another 
family of fluorescent protein based redox-sensitive probes are the roGFPs, which 
were created by introducing oxidizable cysteine residues on the outside of the ß-
barrel structure of GFP near the location of the chromophore. They can be used to 
ratiometrically measure the thiol redox state (GSH/GSSG-ratio). roGFPs, just like 
HyPer, have 2 excitation peaks, which correspond to their oxidized and reduced 
states, but in contrast to HyPer they are considered insensitive to pH.193 One of the 
drawbacks of roGFP reporters is their slow kinetics. A fusion between roGFP and 
glutaredoxin 1 (Grx1-roGFP) resulted in a probe with faster kinetics.194 However, it 
still takes minutes or longer to equilibrate with cellular redox potential changes, 
which is still too slow to detect fast transient events.195 Another variant is Orp1-
roGFP, a fusion between roGFP and the yeast peroxidase Orp1, which functions as 
an intracellular, ratiometric, pH-stable H2O2 probe.196 Its response to H2O2 is similar 
to that observed with HyPer, although oxidation is slower.196 Next to direct ROS 
probes, one could also use probes that assess ROS indirectly by measuring the 
downstream damage such as lipid peroxidation. C11-BODIPY581/591, for example, is 
a ratiometric sensor for lipid peroxidation 197, while MitoPeroX (a mitochondria 
targeted derivative of C11- BODIPY581/591) is a ratiometric probe for the specific 
assessment of mitochondrial phospholipid peroxidation.198 
Several fluorescent dyes have also been developed for measuring mitochondrial 
morphology and ∆ψm. They all are cell-permeant and become readily sequestered 
by active mitochondria in a ∆ψm-dependent manner.199 Of these, the red-orange 
fluorescent tetramethylrhodamine methyl ester (TMRM) is one of the most efficient 
because it equilibrates fastest across membranes, is least toxic and demonstrates 
the lowest aspecific binding.200 With its excitation and emission maxima being 
550nm and 576nm, respectively, it is also compatible with many probes that are 
fluorescent in the GFP region, like the HyPers and roGFPs, or CM-H2DCFDA. 
MitoTracker® dyes (MTRs) should only be used for morphological analysis. Although 
they are also sequestered to the mitochondria based on ∆ψm, they are retained 
there as a result of covalent interaction with mitochondrial biomolecules, making it 
impossible to measure dynamic changes of ∆ψm.201 
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Table 1.1: Characteristics and usage of common ROS, redox and mitochondrial probes 
Type Name Indicator for Ex/Em 

(nm) 
Remarks References 

Chemical 

DHE 

O2
•- 

518/605 

Excitation 
between 350-
400 nm to 
differentiate 2-
OH-E+ from E+ 

Zielonka et 
al.177, 
Robinson et 
al.178 

MitoSOX - 
Red 

Mitochondrial 
O2

•- 
518/605 Robinson et 

al.179, 
Forkink et 
al.202 

CM-
H2DCFDA 

General ROS 502/523  Koopman et 
al.174, 
Sieprath et 
al.203 

C11-
BODIPY 

Lipid 
peroxidation 

490/520; 
580/590 

oxidized 
product: 
490/520; 
reduced product: 
580/590; also 
490/520 and 590 
can be used 

Drummen et 
al.197 

MitoPerOx 

Mitochondrial 
lipid 
peroxidation 

490/520; 
580/590 

Prime et 
al.198 

TMRM 

Mitochondrial 
morphology 
and ∆ψm 

550/576  Nicholls et 
al.200, 
Koopman et 
al.204 

MTRs 
Mitochondrial 
morphology 

- Multiple MTRs 
with different 
ex/em 

Chazotte et 
al.205 

PF3 H2O2 
492/515 These probes 

are all sensitive 
for H2O2 but they 
exhibit different 
fluorescence 
ex/em, making 
them compatible 
with other 
probes 

Dickinson et 
al.181 

PG1 H2O2 460/510 Miller et al.184 

PO1 H2O2 
540/565 Dickinson et 

al.181 

PY1 H2O2 
519/548 Dickinson et 

al.181 

MitoPY1 Mitochondrial 
H2O2 

510/528 Dickinson et 
al.206 

Protein 

HyPer 1 H2O2 
420 and 
500/516 

Hyper 2: better 
dynamic range, 
slower kinetics; 
Hyper 3:  better 
dynamic range 

Belousov et 
al.189 

HyPer 2 H2O2 
420 and 
500/516 

Markvisheva 
et al.190 

HyPer 3 H2O2 420 and Bilan et al.191 
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500/516 and better 
kinetics 

roGFP1 GSH redox 
potential 

400 and 
475/509 

roGFP2: 
superior to 
roGFP1; Grx1-
roGFP2: faster 
kinetics 
(equilibration 
time: minutes) 

Hanson et 
al.207 

roGFP2 GSH redox 
potential 

400 and 
490/509 

Dooley et 
al.208 

Grx1-
roGFP2 

GSH redox 
potential 

400 and 
490/509 

Gutscher et 
al.194 

Orp1-
roGFP2 

H2O2 400 and 
490/509 

 Gutscher et 
al.196 

 
 

4.3 Microscopy 
When performing live cell imaging, optimal cellular health conditions are crucial to 
ensure that the physiological and biological processes under investigation are not 
altered in any way. For mammalian cells, the temperature must ideally be kept 
stable at 37°C, pH should be at a physiological level (~pH=7.2-7.4) and changes in 
osmolarity have to be avoided by minimizing evaporation.170 However, to reduce 
vacuolization of internalized dyes and exocytosis, measurements are often 
performed at lower temperatures.209 Temperature control can be achieved by 
means of a large incubator enclosing the whole microscope, or a stagetop incubator 
in combination with objective heaters. To minimize thermally induced focus drift 
along the z-axis, samples should be allowed to equilibrate on the microscope before 
imaging. When using bicarbonate-based culture medium, a CO2 incubation chamber 
or HEPES-based buffer has to be used to keep pH at a physiological level.210 To 
avoid evaporation of the medium and the resulting changes in osmolarity, relative 
humidity needs to be kept at nearly 100%. Typically, CO2 gas is bubbled through a 
water container to humidify the incubator.170 
As fluorescence excitation can trigger ROS photo-induction (photodamage), it is 
quintessential to minimize light exposure, especially when aiming at quantification of 
intracellular ROS and redox-related processes.211-213 The most straightforward way 
to mitigate photodamage is to reduce the illumination load. This can be achieved by 
limiting the total imaging duration, but this goes at the expense of the signal-to-noise 
ratio. Hence, the efficiency of light collection should be optimized as well. This can 
be done using hard-coated filters, high numerical aperture (NA) lenses and 
detectors with high quantum efficiency, such as EM-CCD cameras.170 When scaling 
a microscopy assay up to a multi-well format, variations in focus levels within and 
between wells impose another level of complexity. Images need to be perfectly 
focused to measure morphological and intensity metrics accurately.204 Stage 
movements and time-resolved revisiting of regions of interest therefore call for 
accurate autofocusing methods. Hardware-based autofocusing methods, which rely 
on laser or LED deflection on the substrate, allow for continuous, real-time 
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correction of the distance drifts between objective and substrate caused by plate 
imperfections and thermal fluctuations, while software-based methods correct for 
biological focus variations such as cell and organelle (e.g. mitochondria) positioning 
by calculating a sharpness or contrast metric in a series of axial recordings.170,214 
Software-based autofocus methods are not recommended for redox biology 
imaging, because they require multiple exposures, but sometimes they are crucial to 
fine-tune hardware-driven axial positioning. To minimize phototoxicity, software-
based autofocusing should be done using low intensity transmitted light. Another 
consideration when scaling up to a multi-well format is the time needed for the 
acquisition of all wells. The measured signal should be stable from the 
measurement of the first well to the last, but the total acquisition time increases 
linearly with the number of wells and the number of individual images recorded in 
each well. The available time window is dependent on several variables, including 
the dynamics of the process under investigation and the used staining method (for 
instance, transient staining with a small molecule dye versus stable expression of a 
genetic marker). 
 

5 Scope 
 
Lamins are crucial components of the nuclear envelope, and their dysfunction 
triggers a variety of tissue-specific and systemic disorders.  However, a lack of 
fundamental knowledge about the disease-causing mechanism hampers 
development of good therapeutic strategies. Despite the diversity observed in 
laminopathy phenotypes, oxidative stress emerges as a general hallmark at the 
cellular level, but the causal mechanisms are not well understood. The goal of this 
dissertation was to contribute to a better understanding of the interplay between A-
type lamins and intracellular redox homeostasis, especially under pathological 
conditions. Proper investigation of the effects of distinct lamin perturbations on 
redox biology at the cellular level demands specific and reliable cell models, which 
are currently lacking. Furthermore, interrogation of cellular redox biology requires 
interpretation of multiple different parameters, preferably measured in the same, 
living, cells. Implementation of such an assay, and subsequent analysis of this multi-
parametric readout requires development of novel strategies and software. 
These problems define the major research goals of this PhD: 
 
 

1. Create robust and reliable models displaying distinct lamin perturbations. 
We wanted to investigate the effect of specific lamin A perturbations, namely 
PLA accumulation and lamin A/C depletion. Therefore, chemical as well as 
genetic approaches to induce these perturbations were compared pheno- 
and genotypically. 
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2. Develop a method to quantify redox status at a cellular level. 
To (semi-)quantitatively measure intracellular ROS levels and mitochondrial 
status, in the same living cells, a high-content microscopy based method was 
developed and benchmarked. 
 

3. Use the created models and method to expose causal factors leading to 
oxidative stress in laminopathies. 
Selected models were used with the developed method to elucidate new 
mechanisms connecting lamin A perturbations with oxidative stress. 
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II 
QUANTITATIVE COMPARISON OF EXPERIMENTAL 
PERTURBATIONS OF A-TYPE LAMIN METABOLISM 

Parts of this chapter are published in Sieprath et al. 2015203 and Robijns et al. 2015160. 
 
1. Sieprath, T. et al. Sustained accumulation of prelamin A and depletion of lamin A/C both cause 

oxidative stress and mitochondrial dysfunction but induce different cell fates. Nucleus 6, 236–
246 (2015). 

2. Robijns, J. et al. In silico synchronization reveals regulators of nuclear ruptures in lamin A/C 
deficient model cells. Sci Rep 6, 30325 (2016). 
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Abstract 
 
Mutations in the LMNA gene directly or indirectly cause around 15 diseases. A 
knockout is often associated with striated muscle laminopathies, while mutations 
that lead to the formation and accumulation of aberrant forms of lamin A or prelamin 
A (PLA) are diseases like lipodystrophies and accelerated aging syndromes. 
However, as yet, there is no view on the differential cellular effects of reduced or 
complete lamin A/C abundance versus the accumulation of specific PLA variants. 
This is partly due to the lack of optimized cellular models for LMNA deregulation. 
Therefore, we have compared and characterized various genetic and 
pharmacological strategies for perturbing A-type lamin production and maturation in 
primary normal human dermal fibroblasts and HT1080 fibrosarcoma cells. Whereas 
pharmacological treatments caused PLA accumulation with variable efficiency and 
side-effects, a sustained siRNA-mediated knockdown of ZMPSTE24 induced a 
reproducible PLA accumulation in NHDF cells. Likewise, a sustained knockdown of 
LMNA depleted A-type lamins to background levels. Nuclear morphology after 
sustained knockdown strongly resembled that of the corresponding patient cells. 
Crispr/Cas9-mediated knockout of LMNA and ZMPSTE24 in HT1080 cells yielded 
stable model cells that recapitulate the major hallmarks of patient cells. The 
sustained knockdown approach can be applied to study progressive or transient 
effects of lamin perturbations in primary cell cultures, whereas the stable knockout 
cell lines offer a means to study downstream effects of permanent interventions 
compared to isogenic controls. 

1 Introduction 
A-type lamins (lamin A (LA) and lamin C (LC)) are major constituents of the nuclear 
lamina. This structure physically supports the nucleus and is involved in nuclear 
organization, gene regulation and intracellular redox homeostasis.1,3 The LMNA 
gene encodes both lamin A and lamin C. Lamin C is directly produced in its mature 
form, but lamin A is produced as a precursor protein, PLA. During maturation, PLA 
undergoes a sequence of posttranslational modifications, of which the most 
important are shown Figure 2.1 (a more detailed scheme can be found in Fig 1.3).  
In brief, The LMNA gene is transcribed and translated into PLA, which becomes 
farnesylated at its C-terminus by a farnesyltransferase. After a C-terminal cleavage 
and carboxymethylation, the C-terminus, including the farnesyl group, is cleaved off 
by the metalloprotease ZMPSTE24, yielding mature LA.150 
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Figure 2.1: Schematic overview of the key steps in the maturation process of PLA to mature lamin A. 
A more detailed scheme is shown in figure 3 of chapter 1. In brief: The C-terminus of PLA is farnesylated and 
carboxymethylted, before it is cleaved off by ZMPSTE24. siRNA-mediated knockdown (kd) or CRISPR/Cas9-
mediated knockout (ko) result in lamin A/C depletion and are shown in red. Interferences (chemical, siRNA & 
CRISPR/Cas9-mediated) that result in PLA accumulation are shown in blue. Pharmocologicals: FTI-276: 
farnesyl transferase inhibitor 276; SQV: Saquinavir; AFCMe: N-acetyl-S-farnesyl-L-cysteine methylester. 

 
There are around 15 diseases linked to mutations in the LMNA gene.41 Many 
mutations that lead to a knockout of the gene (haplo-insufficiency) are associated 
with striated muscle laminopathies.3 Other mutations interfere with the maturation 
process and lead to the formation and accumulation of aberrant forms of lamin A or 
PLA. For example, in Hutchinson-Gilford Progeria Syndrome (HGPS), a point 
mutation in exon 11 (C1824T) results in an alternatively spliced PLA variant lacking 
the ZMPSTE24 cleavage site. This causes the final protein product to remain 
permanently farnesylated.58 Another example is Restrictive Dermopathy (RD).49,50 It 
is caused by mutations resulting in the loss of ZMPSTE24, which also leads to the 
accumulation of farnesylated PLA. It is especially this accumulation of farnesylated 
PLA variants that is assumed to be toxic.50,59,134 Yet, also non-farnsylated PLA 
variants might be harmful, as they have been implicated in cardiomyopathy and 
several lipodystrophies.135-137 
As yet, there is no solid view on the differential cellular effects of reduced lamin A/C 
abundance (haplo-insufficiency) and the accumulation of PLA (farnesylated vs. non-
farnesylated) variants. This is partly due to the lack of optimized cellular models for 
LMNA deregulation. Therefore, we have compared and optimized different chemical 
and genetic strategies for perturbing A-type lamin production and maturation in 
primary normal human dermal fibroblasts (NHDF) and immortal HT1080 
fibrosarcoma cells. 
To induce gradual lamin A/C depletion or PLA accumulation in NHDF cells we used 
a sustained siRNA-mediated knockdown approach targeting the LMNA gene or 
ZMPSTE24 gene, respectively (Fig. 2.1). We also used the chemical compounds 
farnesyl transferase inhibitor 276 (FTI), Saquinavir (SQV), and N-acetyl-S-farnesyl-
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L-cysteine methylester (AFCMe) to interfere with the maturation of PLA in NHDF 
cells (Fig. 2.1. Both SQV and AFCMe treatment resulted in the accumulation of 
farnesylated PLA. In addition to the transient models described above, we also 
applied CRISPR/Cas9 genome editing technology in HT1080 cells to create stable 
knockouts of LMNA and ZMPSTE24, respectively. 

2 Results 

2.1 Repetitive siRNA-mediated knockdown enables sustained 
depletion of A-type lamins 

To enable direct comparison with already available laminopathy patient cells, we 
chose primary normal human dermal fibroblasts (NHDF) as model cell 
type.60,139,215,216 
To silence LMNA in NHDF cells, we used an siRNA-mediated approach. 48h after 
transfection of an LMNA-targeting siRNA pool, we noticed a significant (>90%) 
reduction in mRNA levels (Fig. 2.2A). However, quantitative immunofluorescence 
revealed that Lamin A/C levels were only modestly reduced after this time frame 
(Fig. 2.2B). This is likely due to the slow turnover of lamins, as they are known to be 
notoriously stable.217 Therefore, we implemented additional transfection rounds and 
monitored both mRNA and protein levels after every round. While the mRNA levels 
remained similarly low (Fig. 2.2A), protein levels significantly dropped with every 
transfection round. Quantitative immunofluorescence revealed a ~1.3-fold decrease 
of nuclear lamin A signal intensity after 48 h and a 4-fold decrease after 264 h, 
thereby essentially equalling background signal levels (Fig. 2.2B). These results 
were semi-quantitatively confirmed by Western blot at 168 h (Fig. 2.2C). At this 
point, lamin A/C bands could no longer be detected, suggesting a strong depletion, 
as compared to control cells, which had been exposed to non-targeting siRNAs. 
Cells that had undergone repetitive LMNA knockdown, also demonstrated altered 
nuclear morphology (Fig. 2.2D), namely a slightly more elongated, larger phenotype 
with a higher degree of irregularity (Fig. 2.2E & F & G). 
siRNA sequence-specific off-target effects or non-specific toxic side-effects such as 
the activation of the innate immune response or perturbation of miRNA function can 
greatly influence the experimental results.218-220 Since these side-effects are dose-
dependent220,221, we analyzed the influence of siRNA concentration on knockdown 
efficiency. We compared a final siRNA concentration of 50 nM (recommended by 
the supplier) with a concentration of 10 nM. No significant difference in RNA-level or 
protein level was observed between both concentrations (Fig. 2.2H & I), indicating 
that a concentration of 10 nM works equally well. 
A hallmark of siRNA-mediated knockdown of a gene is its transient nature. Indeed, 
when cells subjected to two consecutive rounds of transfection were kept in culture 
without further transfections, they gradually restored their lamin A levels to their 
original concentration (Fig. 2.2B – pink boxplots). 
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Thus, these data suggest that a robust, yet reversible, reduction of mature A-type 
lamins can be achieved at the protein level, by means of a sustained depletion 
procedure consisting of at least two sequential knockdowns. 
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Figure 2.2: Lamin A/C depletion through sustained siRNA-mediated knockdown of LMNA (LMNAkd). 
(A) Gene expression levels of LMNA measured by real-time qPCR relative to non-targeting control (NTkd). (B) 
Normalized Lamin A protein levels in LMNAkd cells versus NTkd control, as measured by immunofluorescence 
staining and quantitative image analysis. The pink boxplots at 264 and 336 h represent the results of a rescue 
(pulse-chase) experiment: LMNAkd cells at 168 h were no longer transfected with LMNA-targeting siRNA and 
regained their original lamin A level at 336 h. (C) Western blot with an antibody that recognizes lamin A and 
lamin C, showing absence of lamin A/C in LMNAkd cells at the 168 h time point. Nucleolin was used as a 
loading control. (D) Representative images of LMNAkd and NTkd control cells at the 264 h time point, after 
immunofluorescence staining for lamin A (red) and nuclear counterstaining with DAPI (cyan). (H) Gene 
expression levels of LMNA after transfection with 10 or 50 nM siRNA, measured by real-time qPCR relative to 
non-targeting control (NT). (E & F & G) Normalized nuclear circularity, size and irregularity, as measured by 
morphological analysis of DAPI-stained nuclei. (I) Lamin A protein levels in LMNAkd cells versus NT control at 
the 168 h point after transfection with 10 or 50 nM siRNA, measured by immunofluorescence staining and 
quantitative image analysis. (* = p-value < 0, 05; ** = p-value < 0, 01; *** = p-value < 0, 001). 

 

2.2 CRISPR/Cas9-mediated knockout results in complete loss of A-type 
lamins 

Sustained knockdown offers a means to study progressive or transient effects of 
lamin A depletion in mortal cells, but precludes long-term follow-up in a stable 
system. Therefore, we explored the potential of CRISPR/CAS9 genome editing 
technology to create stable LMNA knockout cells. To bypass the poor transfection 
efficiency and aging character of NHDF cells, we used HT1080 fibrosarcoma cells. 
After selection, individual clones were grown up to single-cell colonies, further 
referred to as HT-LKO, and characterized by qPCR, quantitative IF and WB for 
absence of LMNA mRNA and mature lamin A/C proteins. LMNA expression (mRNA 
level) was reduced by more than 64-fold in all selected HT-LKO colonies as 
compared to mock-transfected wild type (HT-WT) clones (Fig. 2.3A). But more 
importantly, at the protein level, a complete absence of A-type lamins was 
observed. Immunofluorescence signals for lamin A equalized background signal 
levels, and detection of A-type lamins with western blot was no longer possible (Fig. 
2.3B & C). 
Furthermore, HT-LKO cells displayed the typical defects in nuclear morphology that 
are also found in lamin A/C-deficient patient cells (i.e. nuclear irregularity, local 
depletion of B-type lamins and increased nuclear plasticity222 - Fig. 2.3D - I). 
Thus, using CRISP-Cas9 genome editing, we have established immortalized LMNA 
knockout cell lines that recapitulate the hallmarks of lamin A/C deficiency. 
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Figure 2.3: HT-LKO cells recapitulate the hallmarks of lamin A/C deficiency. 
(A) Quantitative PCR shows an approximate 64-fold reduction (expressed as log2 fold change of ddCt value) of 
LMNA transcripts in different LKO colonies as compared to HT-WT clones. (B) Quantitative immuno 
fluorescence shows a dramatic reduction of A-type lamin levels in HT-LKO colonies, approximating background 
levels (dotted line). (C) Western blot for lamin A/C reveals the absence of both proteins in HT-LKO cells. (D) 
Immunostaining and nuclear counterstaining of HT-LKO cells reveals their aberrant nuclear morphology, virtual 
absence of lamin A (green) and local depletion of lamin B (red; yellow arrows) as opposed to HT-WT cells. (E) 
Time-lapse recording after H2B-GFP transfection illustrates increased nuclear plasticity of HT-LKO vs. HT-WT 
cells, as evidenced by their larger projected area (Σ Area) and contour changes (Σ Outline) across time. (F & G 
& H & I) Normalized nuclear size, circularity, fold occupancy and irregularity, as measured by morphological 
analysis of DAPI-stained nuclei. 
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2.3 Sustained accumulation of PLA can be achieved through repetitive 
siRNA-mediated knockdown of ZMPSTE24. 

Some laminopathies (e.g. HGPS) are not only associated with a reduction in mature 
lamin A/C, but also with the accumulation of PLA intermediates. Hence, we next 
sought to mimic such pathological defect. To trigger PLA accumulation, we used the 
same repetitive siRNA transfection scheme as presented before, but this time 
targeting the ZMPSTE24 gene. Quite alike the knockdown of LMNA, ZMPSTE24 
mRNA levels were already at a minimum after one transfection round (48h) (Fig 
2.4A), whereas PLA protein levels progressively increased with every transfection 
round, from a 2-fold increase after 48h to a 4-fold increase after three subsequent 
knockdowns (at 264h) as compared to the NT control (Fig. 2.4B). At this point, cells 
displayed highly dysmorphic nuclei of increased size (Fig. 2.4D), with pronounced 
blebbing and prominent intranuclear LA/PLA staining patterns, reminiscent of an 
extended nucleoplasmic reticulum223(Fig. 2.4E & F & G). This phenotype was 
comparable to nuclei from both HGPS and RD patient fibroblasts (Fig 2.5 & 2.6). 
Thus, our results indicate that a strong and progressive accumulation of 
farnesylated PLA protein can be achieved by means of the earlier optimized 
repetitive knockdown procedure. 
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Figure 2.4: PLA accumulation through sustained siRNA-mediated knockdown of ZMPSTE24 
(ZMPSTE24kd) 
(A) Gene expression levels of ZMPSTE24 measured by real-time qPCR relative to non-targeting control (NTkd). 
(B) Normalized PLA protein levels in ZMPSTE24kd cells versus NTkd control, as measured by 
immunofluorescence staining and quantitative image analysis. (C) Western blot with an antibody that recognizes 
PLA, showing accumulation of PLA in ZMPSTE24kd cells at the 168 h time point. Nucleolin was used as a 
loading control. (D & E & G) Normalized nuclear size, circularity and irregularity, as measured by morphological 
analysis of DAPI-stained nuclei. (F) Normalized fold occupancy, a measure for the relative occupancy of 
intranuclear lamin structures. (H) Representative images of ZMPSTE24kd and NT control cells at the 264 h time 
point, after immunofluorescence staining for lamin A (green), PLA (red) and nuclear counterstaining with DAPI 
(blue). (* = p-value < 0, 05; ** = p-value < 0, 01; *** = p-value < 0, 001). 
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Figure 2.5: Morphology of HGPS patient fibroblast nuclei. 
(A & B & D) Normalized nuclear size, circularity and irregularity, as measured by morphological analysis of 
DAPI-stained nuclei. (C) Normalized fold occupancy, a measure for the relative occupancy of intranuclear lamin 
structures. (E) Representative images of passage matched HGPS patient fibroblasts and wilt type NHDF control 
cells after immunofluorescence staining for lamin A (cyan) and nuclear counterstaining with DAPI (red). (* = p-
value < 0, 05; ** = p-value < 0, 01; *** = p-value < 0, 001). 
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Figure 2.6: Morphology of RD patient fibroblast nuclei. 
(A & B & D) Normalized nuclear size, circularity and irregularity, as measured by morphological analysis of 
DAPI-stained nuclei. (C) Normalized fold occupancy, a measure for the relative occupancy of intranuclear lamin 
structures. (E) Representative images of passage matched RD patient fibroblasts and wilt type NHDF control 
cells after immunofluorescence staining for lamin B1 (cyan) and nuclear counterstaining with DAPI (red). (* = p-
value < 0, 05; ** = p-value < 0, 01; *** = p-value < 0, 001). 

 

2.4 CRISPR/Cas9 mediated knockout of ZMPSTE24 in HT1080 cells 
permanently increases PLA accumulation. 

Following the same strategy as described for the establishment of HT-LKO cells, 
CRISPR/Cas9 was used to create a stable ZMPSTE24 knockout cell lines in 
HT1080 cells (further referred to as HT-ZKO). 
While different HT-ZKO colonies showed variable levels of ZMPSTE24 mRNA (Fig. 
2.7A), all colonies demonstrated a significant accumulation of PLA (Fig. 2.7B). This, 
at the expense of mature lamin A, as illustrated by the upward shift of the lamin A 
positive band compared to the HT-WT controls in a WB for A-type lamins (Fig 
2.7C). Immunofluorescence staining also revealed aberrant nuclear morphology 
(blebs), albeit less pronounced as in de NHDF models and with variable penetrance 
between different colonies (Fig. 2.7D - H). 
 



 

 40 

 
 
Figure 2.7: Characterization of HT-ZKO colonies. 
HT-WT colonies (C2, C4, C5, C6) are labeled in grey tones, and HT-ZKO colonies (Z29, Z34, Z38, Z39, Z44) in 
blue tones. (A) Quantitative PCR shows variable effects on ZMPSTE24 expression in individual HT-ZKO 
colonies; (B) Quantitative immunofluorescence (IF) shows significant accumulation of PLA above background 
levels (dotted white line) in HT-ZKO cells; (C) Western blot (WB) for lamin A/C reveals specific accumulation of 
PLA, and absence of mature lamin A in HT-ZKO cells, as shown by the upward shift of the lamin A band as 
compared to the HT WT controls; PLA ~75 kDa, Lamin ~74kDa, lamin C ~64 kDa, nucleolin ~120 kDa (D) 
Immunostaining and nuclear counterstaining of HT-ZKO cells reveals nuclear aberrations (yellow arrowheads) 
and accumulation of PLA. (E & F & H) Normalized nuclear size, circularity and irregularity, as measured by 
morphological analysis of DAPI-stained nuclei. (G) Normalized fold occupancy, a measure for the relative 
occupancy of intranuclear lamin structures. Normalization was done to the C2-colony. 
 

2.5 Pharmacological induction of PLA variants in NHDF cells. 
In an effort to circumvent the expensive process of repetitive transfections, we also 
explored the use of chemical compounds that are known to interfere with one of the 
lamin A maturation steps. Specifically, Saquinavir (SQV) and N-acetyl-S-farnesyl-L-
cysteine methylester (AFCMe) were used to block the final maturation step, causing 
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accumulation of farnesylated PLA, whereas farnesyl transferase inhibitor 276 (FTI), 
was used to trigger accumulation of non-farnesyalted PLA. First, dose-response 
curves were established so as to determine concentrations that are non-cytotoxic on 
the short-term, i.e., after 48h (Fig. 2.8). 
 

 
 

Figure 2.8: Short-term cytotoxicity of AFCMe, SQV and FTI-276. 
Normalized metabolic activity in NHDF cells was quantified after 48 h of treatment with various concentrations of 
the specified chemicals by means of a Presto-Blue colorimetric assay. Lower activity is correlated with higher 
cytotoxicity of the drug. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 0,001) 

Subsequently, the non-toxic concentrations were screened for their capacity to 
induce PLA accumulation. NHDF cells were again treated for 48 hours followed by 
an immunofluorescence staining for PLA. Results were then compared to the results 
obtained with ZMPSTE24kd. After 48h ZMPSTE24kd resulted in a 2-fold increase of 
intracellular PLA (Fig. 2.4B). AFCMe only resulted in significant PLA accumulation 
at 50 µM (Fig. 2.9). SQV (Fig. 2.10) and FTI (Fig. 2.11) both induced a gradual 
increase of PLA with increasing concentration. The highest increase (more than 3-
fold) was observed with 20 µM SQV. Based on these results, we selected AFCMe 
(50 µM; 1.57-fold increase), SQV (10 µM & 20 µM; 2.20 and 3.39-fold increase) and 
FTI (50 µM & 100 µM; 1.56 and 1.84-fold increase) for further analysis. 
Next, we quantified nuclear morphology. FTI induced a significant increase in donut-
like nuclei, especially at 100 µM (Fig. 2.12A & B), which is not observed in 
ZMPSTE24kd. Therefore we discarded 100 µM FTI from further analyses. For all 
other treatments, we measured nuclear size (projected area), circularity, fold 
occupancy and irregularity, after 48h and 144h of treatment. At 48h, AFCMe mainly 
resulted in the formation of intracellular lamin A structures (Fig. 2.13C). SQV 
induced a smaller and rounder nuclear phenotype (Fig. 2.13 A & B), while FTI-
treatment produced larger nuclei with increased intranuclear structures and a more 
irregular contour, accompanied by the aforementioned donuts (Fig. 2.13 A & C & 
D). At 144h, All treatments further increased intracellular lamin A structures (Fig. 
2.13G). AFCMe also caused a substantial gain in nuclear size (Fig. 2.13E), while 
SQV on the other hand (especially 20 µM) again induced smaller and rounder nuclei 
(Fig. 2.13 E & F). Representative images for all treatments are shown in Figure 
2.13 I & J. 
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Figure 2.9: PLA accumulation upon AFCMe treatment. 
(A) PLA accumulation after treatment of NHDF cells for 48h with increasing concentrations of AFCMe (5, 10, 20 
and 50 µM) or vehicle (methanol), as measured by immunofluorescence staining and quantitative image 
analysis. (B) Representative images of AFCMe treated and control cells after immunofluorescence staining for 
PLA (cyan) and nuclear counterstaining with DAPI (red). (* = p-value < 0, 05; ** = p-value < 0, 01; *** = p-value 
< 0, 001). 
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Figure 2.10: PLA accumulation upon SQV treatment. 
(A) PLA accumulation after treatment of NHDF cells for 48h with various concentrations of SQV (5, 10 and 20 
µM) or vehicle (DMSO), as measured by immunofluorescence staining and quantitative image analysis. (B) 
Representative images of SQV treated and control cells after immunofluorescence staining for PLA (cyan) and 
counterstaining with DAPI (red). (* = p-value < 0, 05; ** = p-value < 0, 01; *** = p-value < 0, 001). 
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Figure 2.11: PLA accumulation upon treatment with FTI-276 
(A) PLA accumulation after treatment of NHDF cells for 48h with various concentrations of FTI-276 (5, 10, 20, 
50 and 100 µM) or vehicle (DMSO), as measured by immunofluorescence staining and quantitative image 
analysis. (B) Representative images of FTI treated and control cells after immunofluorescence staining for PLA 
(cyan) and counterstaining with DAPI (red). Yellow arrows indicate donut-shaped nuclei. (* = p-value < 0, 05; ** 
= p-value < 0, 01; *** = p-value < 0, 001). 

 

 
 
Figure 2.12: FTI-276 induces the formation of donut-shaped nuclei 
(A) Percentage of screened cells with donut-shaped nuclei. (B) Representative images of donut-shaped nuclei 
upon FTI-treatment. 
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Figure 2.13: Nuclear morphology upon 48h and 144h treatment with selected compounds. 
(A & B & D & E & F & H) Normalized nuclear size, circularity and irregularity, as measured by morphological 
analysis of DAPI-stained nuclei. (C & G) Normalized fold occupancy, a measure for the relative occupancy of 
intranuclear lamin structures. (I & J) Representative images of NHDF control cells and cells treated with the 
selected compounds after immunofluorescence staining for lamin A (* = p-value < 0, 05; ** = p-value < 0, 01; *** 
= p-value < 0, 001. All levels of significance are with to the respective controls, for AFCMe this is Methanol, for 
SQV and FTI this is DMSO). (* = p-value < 0, 05; ** = p-value < 0, 01; *** = p-value < 0, 001. All levels of 
significance are with to the respective controls, for AFCMe this is Methanol, for SQV and FTI this is DMSO) 
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3 Discussion 
In this chapter, we have characterized and optimized a set of perturbations to 
interfere with A-type lamin production in a targeted manner. First, we have 
optimized two approaches to deplete lamin A/C, namely through sustained 
knockdown (RNAi) or knockout (CRISPR/Cas9) of the LMNA gene. Mature lamin A 
has a slow protein turnover because of its firm integration in the nuclear lamina.217 
This was confirmed in our initial attempts to reduce lamin A/C levels by means of a 
single knockdown, where we found a solid reduction of LMNA mRNA but a very 
modest impact on the protein levels. Hence, we introduced a new approach to 
trigger sustained knockdown by submitting NHDF cells to subsequent rounds of 
siRNA transfection. After 3 transfection rounds, 11 days after the initial transfection, 
virtually no lamin A/C could be detected, and this was also accompanied by 
changes in nuclear morphology. Nuclei were slightly bigger and more dysmorphic as 
compared to their mock-transfected counterparts. This higher degree of nuclear 
irregularity might indicate that the nuclei experience a higher degree of plasticity, as 
previously documented in nuclei of other LMNA-deficient cell models.139,224,225  
Lowering the transfected siRNA concentration five-fold had no apparent effect on 
the knockdown efficiency. However, by reducing the siRNA concentration, potential 
sequence-specific off-target effects or sequence-non-specific toxic side-effects such 
as the activation of inflammatory cytokines and type I interferon, or perturbation of 
miRNA function can be minimized, increasing the reliability of downstream 
experiments.218-220,226 
Next to the sustained knockdown, a CRISPR/Cas9-mediated genome editing 
strategy was applied to permanently knock out the LMNA gene in HT1080 cells. 
Colonies with significantly decreased lamin A/C concentrations were selected and 
further characterized. LMNA expression in these HT-LKO cells was virtually absent 
and they displayed a nuclear morphology bearing all the hallmarks of LMNA 
deficient cells.139,222 The major advantage of this model over the sustained 
knockdown is their ease of use. Once created these stable cell lines do not need 
extra treatment and can be used directly in downstream experiments. A 
disadvantage is that HT1080 cells are tumor-derived, rendering them physiologically 
less relevant than primary cells, especially for research into aging-related diseases 
or processes. Also, immortal (cancer) cell lines have inherent higher inter-colony 
variability than primary cells 227, which increases experimental noise. Finally, long-
term culturing might select for cells that have developed counter-mechanisms for 
better coping with this molecular handicap. This may decrease the physiological 
relevance towards the original pathologies. 
Since many laminopathies are associated with the accumulation of PLA variants, we 
also explored methods to specifically block the lamin A maturation pathway. 
Because the farnesylated variant is presumed to be the most toxic PLA variant, 
most of these strategies targeted the ZMPSTE24 enzyme. 
As with LMNA, a sustained knockdown was obtained through repetitive 
transfections with siRNA targeting the ZMPSTE24 transcript. Again, RNA 
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expression dropped quickly to a minimum, while PLA accumulation increased 
steadily (up to 4-fold) over time and was accompanied with changes in nuclear 
morphology. The dramatic increase of nuclear folds and blebs was in accordance 
with observations in Zmpste24-deficient mouse embryonic fibroblasts (MEF)228 and 
HGPS and RD patient fibroblasts, both in own experiments, as in literature.106 Also 
similar to LMNA, a CRISPR/Cas9-mediated ZMPSTE24-knockout HT1080 cell line  
(HT-ZKO) was created. HT-ZKO colonies were selected based on their PLA 
accumulation. In contrast to HT-LKO colonies, where lamin A depletion was always 
accompanied by a decreased expression of LMNA, some HT-ZKO clones still 
showed ZMPSTE24 expression despite a marked PLA accumulation. The 
expressed ZMPSTE24 mRNA in these specific clones is likely a truncated mRNA 
prone to nonsense-mediated decay229, or gives rise to a non-functional ZMPSTE24 
enzyme. Nuclear aberrations in these cells were visibly less pronounced than in the 
NHDF-ZMPSTE24kd model cells, but they still displayed an increase of blebs and 
folds. NHDF-ZMPSTE24kd cells were all analysed 2 to 11 days after initiation of the 
knockdown, HT-ZKO cells on the other hand went through selection and clonal 
expansion before analysis, which takes significantly longer than 11 days. Therefore, 
these cells might already have adapted to the accumulation of PLA, possibly 
explaining the less aberrant nuclei. 
As the pathway of lamin A maturation is well-known, we exploited this knowledge to 
explore the impact of selected pharmacological treatments (AFCMe, SQV and FTI-
276), again in NHDF cells. After determining doses that did not result in acute 
cytotoxicity (i.e. after 48h), PLA levels were monitored and the resulting cells were 
characterized. SQV had the strongest PLA accumulation, reaching a 2 to 3-fold 
increase with 10 and 20 µM respectively. Accumulation in AFCMe and FTI treated 
cells was more moderate at 1.5-fold with 50 µM, compared to vehicle treated control 
cells. However, with increasing concentrations, also certain side effects became 
apparent. Treatment with FTI-276 was accompanied by the formation of donut-
shaped nuclei. This phenotype is likely caused by a centrosome separation defect 
due to disturbed lamin B1 processing.230 Lamin B1, like lamin A, is produced as a 
prelamin B1 (PLB1), which undergoes the same processing steps as PLA, except 
for the defarnesylation step mediated by ZMPSTE24. Lamin B1 thus stays 
permanently farnesylated. But upon FTI treatment, unfarnesylated Lamin B1 is 
produced, interfering with its role in centrosome separation.231,232  Treatment with 
SQV, in turn, induced nuclear shrinkage and increased nuclear circularity, in 
contrast to the larger and more dysmorphic nuclei observed in NHDF-ZMPSTE24kd 
and HGPS patient cells. Finally, AFCMe induced only a minor (1.5 fold) increase of 
PLA when compared to ZMPSTE24kd and also mostly lacks the nuclear irregularity 
that is expected upon PLA accumulation.  
In summary, using sustained siRNA-mediated knockdown and CRISPR/Cas9 
genome editing we have established robust cellular models to study LMNA and 
ZMPSTE24 dependent pathways. Pharmacological interventions proved less 
effective, with non-toxic concentrations yielding subtle effects on nuclear 
morphology, while higher doses resulted in side-effects. The sustained knockdown 
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approach can be applied in primary cell cultures to transiently interfere with lamin 
A/C metabolism, while, CRISPR/Cas9-mediated genome editing allows for more 
permanent interventions. While we have currently only presented proof-of-principle 
using knockout strategies, there lies strong potential in complementary knock-in 
approaches to introduce exact pathology-causing point mutations and create even 
more exact models. 

4 Materials and methods 

4.1 Cell culture 
Normal human dermal fibroblasts (NHDF, LMNA+/+, Promo-Cell, C-12300), 
fibroblasts from a patient suffering from HGPS (LMNAG608G/C)233, fibroblasts from a 
patient suffering from RD (ZMPSTE24C1085-1086insT/C1085-1086insT)134,  and human 
fibrosarcoma cells (HT-1080, kindly shared by Prof. K. Wolf, Radboud University of 
Nijmegen,  The Netherlands) were cultured in DMEM high glucose with L-glutamine 
medium (Lonza, BE12–604F) supplemented with 10% fetal bovine serum (Gibco, 
10500–064) and 1% penicillin/streptomycin (Lonza, DE17-602E/12), at 37°C and 
5% CO2, according to standard procedures. All experiments were performed with 
cells in between passage 9 and 18. In case of direct comparison, passage-matched 
cells were used. 

4.2 Chemical treatments 
Saquinavir (SQV; Sigma-Aldrich - S8451) and N-acetyl-S-farnesyl-L-cysteine 
methylester (AFCMe; Enzo Life Sciences -ALX-290-010-M010) were used to 
specifically accumulate farnesylated PLA. SQV was originally developed as a HIV-
protease inhibitor but also targets ZMPSTE24.234 AFCMe is a non-peptidomimetic 
compound that impairs binding of ZMPSTE24 to prelamin A through noncompetitive 
inhibition.235 Accumulation of non-farnesylated PLA was induced with farnesyl 
transferase inhibitor 276 (FTI; Sigma-Aldrich - F9553). Stock solutions of SQV and 
FTI-276 were dissolved in DMSO, AFCMe in methanol.  
Chemical treatments started one day after seeding the cells, when the culture 
density was around 50%, and compound-containing medium was replenished every 
day. 
See Fig. 2.1 for a schematic overview of the different treatments and their targets. 

4.3 Sustained siRNA-mediated knockdown 
Expression of LMNA and ZMPSTE24 was silenced with siGENOME Lamin A/C 
Control siRNA (GE Healthcare Dharmacon, D-001050-01-20) and siGENOME 
Human ZMPSTE24 siRNA (GE Healthcare Dharmacon, M-006104-02-0020), 
respectively. Stealth RNAi siRNA Negative Control, Med GC (Thermo Scientific, 
12935-300) was used as a negative non-targeting control (NT). siRNA transfections 
were performed using Lipofectamine® RNAi-MAX Transfection Reagent (Thermo 
Scientific, 13778075), according to manufacturer’s instructions and following the 
scheme outlined in Fig. 2.13. We used 9.6 µL of Lipofectamine® RNAi-MAX 
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Transfection Reagent and 50 nM or 10 nM of total siRNA per T25 tissue culture 
flask. 
 
 

 
Figure 2.14: Experimental design. 
Scheme of the sustained siRNA-mediated knockdowns by repetitive transfections (TFs) and subsequent 
experiments. 

 

4.4 Genome editing 
To obtain stable knockout HT1080 cell lines for LMNA (HT-LKO), ZMPSTE24 (HT-
ZKO) and controls (HT-WT), we used the CRISPR-Cas9 genome editing system. 
The plasmids containing guide RNAs (gRNA) and Cas9 were constructed starting 
from pSpCas9(BB)-2A-GFP (PX458) or pSpCas9(BB)-2A-Puro (PX459) (from Feng 
Zhang’s lab, Addgene # 48138 and 48139). They were made based on the protocol 
of Ran et al.236, and were delivered to cells by plasmid transfection using 
lipofectamine 2000 (Thermo Scientific, 11668027). The gRNA sequence targeting 
the first exon of the LMNA gene was 5’ – CCTTCGCATCACCGAGTCTGAAG - 3′, 
the one targeting the first exon of the ZMPSTE24 gene was 5’ - 
GGCCGAGAAGCGTATCTTCGGGG - 3’. They were designed with the CRISPR 
oligo design tool (Feng Zhang lab). 48 h after transfection, cells were selected either 
by culturing them in the presence of puromycin (1 µg/ml) or by FACS. Control cells 
underwent the same treatment mentioned above but with a construct containing no 
gRNA. Individually selected cells were grown to colonies and screened by 
quantitative immunofluorescence for absence of lamin A/C. Targeting efficiency was 
validated by high-resolution melt (HRM) analysis around the cut position of the Cas9 
protein using the following primers: for LMNA: forward: 5 ′ -
GCATCACCGAGTCTGAAGAG -3′, reverse: 5′-ACTGAGTCAAGGGTCTTGCG -
3′ , and for ZMPSTE24: forward: 5′ -CTGGACGCTTTGTGGGAGAT -3′ , 
reverse: 5′ -CGCTGTGCTAGGAAGGTCTC -3′ . Four of the most abundant 
potential offtarget sites (determined with the CRISPR oligo design tool mentioned 
above) were amplified and analyzed with Sanger sequencing. None of these 
sequences showed a change compared to the control, indicating the specificity of 
the system. 
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4.5 qPCR 
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 (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 manufacturer’s instructions. Abundance of LMNA transcripts 
(forward: TGGACGAGTACCAGGAGCTT; reverse: ACTCCAGTTTGCGCTTTTTG), 
and ZMPSTE24 transcripts (forward: CGAGAAGCGTATCTTCGGG; reverse: 
TGTGCTAGGAAGGTCTCCCA), was measured relative to ACTB (forward: 
CCTTGCACATGCCGGAG; reverse: GCACAGAGCCTCGCCTT) and GAPDH 
(forward: TGCACCACCAACTGCTTAGC; reverse: 
GGCATGGACTGTGGTCATGAG) reference transcripts. 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 ∆∆Ct-
method.237 

4.6 Western Blot 
Cells were grown in T75 culture flasks and lysed using the whole-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 buffer) and 
transferred to BioTrace PVDF membranes (Pall Corporation, 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 antibodies. Proteins were detected 
by chemiluminescence with Immobilon Western chemiluminescent HRP substrate 
(Millipore, WBKLS0100) using a western blot imager (Biorad, ChemiDocTM XRS+). 
Bands were analysed using Fiji (http://fiji.sc), a packaged version of ImageJ 
freeware. 

4.7 Immunofluorescence staining 
NHDF cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 
15 minutes at room temperature and washed (3x, 5 minutes) with PBS. 
Subsequently, cells were permeabilized with 0.5% Triton X-100 (5 minutes), after 
which they were blocked with 50% fetal bovine serum (FBS) for 30 minutes and 
incubated with primary antibody diluted in 50% FBS for 60 minutes. After minimally 
3 PBS wash steps, slides were incubated with secondary anti- body diluted in 50% 
FBS for 30 minutes, washed again, and mounted with VECTASHIELDTM Mounting 
Medium (VWR, 101098–042) containing 1 mg/ml 40 ,6- diamino-2-phenylindole 
(DAPI). Primary antibodies were directed against lamin A (Abcam, ab26300) and 
PLA (Santa Cruz Biotechnology Inc., SC-6214). As secondary anti- bodies DyLight 
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488 conjugated donkey anti-rabbit (Jackson ImmunoResearch Laboratories Inc., 
JAC-705606147), and DyLight 649 conjugated donkey anti-goat (Jackson 
ImmunoResearch Laboratories Inc., JAC-705496147) were used. Immuno- 
fluorescent stained cells were visualized using a Nikon Ti Eclipse inverted widefield 
fluorescence microscope (Nikon Instruments) with Nikkor 20x Plan Apo air (NA = 
0.75), 40x Plan Apo oil (NA = 1.3) and 60x Plan Apo VC (NA = 1.4) objectives. 

4.8 Image analysis 
All image processing was performed in FIJI (http://fiji.sc), a packaged version of 
ImageJ freeware (W.S. Rasband, USA. National Institutes of Health, Bethesda, 
Maryland, USA, http:// rsb.info.nih.gov/ij/, 1997–2014). Quantification of nuclear 
signal intensities of immunostained cell cultures was done using a custom-designed 
image processing pipeline, which is essentially based on a high-content analysis 
workflow described before.27 (De Vos et al., Cytometry 2010). For the analysis of 
nuclear morphology, we used another in house developed plugin termed Blebbed 
Nuclei Detector (BLeND).238 The following parameters were quantified: nuclear 
area, the projected area of the segmentation based on a DAPI nuclear counterstain; 
nuclear circularity, the circularity of the same DAPI segmentation; fold occupancy, a 
measure for the relative area of the nucleus that is covered with intranuclear lamin 
structures such as folds and intranuclear tubules; nuclear irregularity, measured by 
the sum of 50 Elliptic Fourier Descriptors (EFD) of the nuclear contour, the more the 
contour deviates from an ellipse, the higher the value. All scripts are available upon 
request. 
 

4.9 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 assess normality of the data, Levene’s test to 
assess homoscedasticity, 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. When criteria for normality or homoscedasticity were not met, non-parametric 
multivariate tests from the nparcomp package were used.239 If only 2 treatments are 
compared two sample tests for the nonparametric Behrens-Fisher problem are 
performed. For more than 2 treatments, a non-parametric contrast-based multiple 
comparison test is used. Significance levels were indicated as follows: p<0.05 (*), 
p<0.01 (**), and p<0.001 (***). For graphics and annotation, the R program was 
expanded with the ggplot2 package.240 
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III 
HIGH-CONTENT QUANTIFICATION OF 
INTRACELLULAR ROS LEVELS AND 
MITOCHONDRIAL MORPHOFUNCTION 
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Abstract 
Oxidative stress arises from an imbalance between the production of reactive 
oxygen species (ROS) and their removal by cellular antioxidant systems. Especially 
under pathological conditions, mitochondria constitute a relevant source of cellular 
ROS. These organelles harbor the electron transport chain, bringing electrons in 
close vicinity to molecular oxygen. Although a full understanding is still lacking, 
intracellular ROS generation and mitochondrial function are also linked to changes 
in mitochondrial morphology. To study the intricate relationships between the 
different factors that govern cellular redox balance in living cells, we have developed 
a high-content microscopy-based strategy for simultaneous quantification of 
intracellular ROS levels and mitochondrial morphofunction. Using this method, we 
show that a multi-parametric redox readout enables the unambiguous classification 
of chemically perturbed cells, as well as laminopathy patient cells. 

1 Introduction 
The concentration of intracellular ROS is meticulously regulated through a dynamic 
interplay between ROS producing and ROS defusing systems. Imbalance between 
the two provokes a state of oxidative stress. Among the major sources of 
pathogenic ROS are dysfunctional mitochondria.2 Given their role in cellular 
respiration, they are responsible for the bulk of intracellular superoxide (O2

•-) 
molecules.80 This mostly results from electron leakage to O2 at complex 1 of the 
electron transport chain under conditions of strong negative inner mitochondrial 
membrane potential (∆ψm), i.e., mitochondrial hyperpolarization. On the other hand, 
mitochondrial depolarization has also been correlated with increased ROS 
production pointing to multiple modes of action.66,118-121,242 Furthermore, through 
redox modifications in proteins of the fission-fusion machinery, ROS co-regulate 
mitochondrial morphology.126 For example, fragmentation is correlated with 
increased ROS production and apoptosis127,128, while filamentous mitochondria 
have been linked to nutrient starvation and protection against mitophagy.129 Given 
the intricate relationship between cellular ROS and mitochondrial morphofunction, 
both should ideally be quantified simultaneously in living cells. To do exactly this, a 
high-content imaging assay was developed based on automated widefield 
microscopy and image analysis of adherent cell cultures stained with the fluorescent 
probes CM-H2DCFDA (ROS) and TMRM (mitochondrial ∆ψm and morphology). 
High-content imaging refers to the extraction of spatiotemporally rich (i.e., large 
number of descriptive features) information about cellular phenotypes using multiple 
complementary markers and automated image analyses. When combined with 
automated microscopy many samples can be screened in parallel (i.e. high-
throughput), thereby increasing the statistical power of the assay. Indeed, a main 
asset of the protocol is that it allows for simultaneous quantification of multiple 
parameters in the same cell, and this for a large number of cells and conditions. 
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After rigorous validation, we applied our workflow to reveal differences in redox 
status in Normal Human Dermal Fibroblasts (NHDF) upon treatment with the HIV 
protease inhibitor Saquinavir (SQV) as compared to a mock-treated control, and 
between different laminopathy patient cells. 

2 Results 

2.1 High-content microscopy yields a robust and predictable readout 
of intracellular ROS levels and mitochondrial morphofunction. 

 
Taking into account the considerations for microscopic assessment of redox biology 
outlined in the introduction, we have established a method for the simultaneous 
quantification of ROS levels and mitochondrial features in living cells using 
automated wide-field fluorescence microscopy and automated image analyses and 
the easily applicable fluorescent indicators 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Life Technologies, C6827) and 
tetramethyl rhodamine methyl ester (TMRM, Invitrogen, T-668), for measuring 
general intracellular ROS levels, and mitochondrial morphology and ∆ψm, 
respectively (Fig 3.1). The method is described in more detail in the methods-
section. 
 

 
 
Figure 3.1: General overview of the high-content imaging assay for simultaneous measurement of 
intracellular basal and induced ROS levels and mitochondrial morphofunction. 
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(A) Schematic representation of the major operational blocks. (B) Illustrated example: cells are seeded in 
multiple identical 96-well plates. A standard well plate layout is shown in more detail in Figure 3.6. After 
staining, 4 images are acquired per channel around the center of each well, both pre and post TBHP treatment, 
which is illustrated by the large montages with inset. After image analysis, intensity results are visualized using 
an intuitive heat-map projected onto the well-plate layout. This permits rapid detection of plate effects or 
aberrant wells. After curation of the complete experimental data sets, final data analysis is performed resulting in 
single- as well as multi-parameter output. 

 
First, we have validated this workflow with a series of control experiments (Fig. 3.2). 
To verify the correlation between intracellular ROS levels and 2’,7’-
dichlorodihydrofluorescein (DCF) fluorescence, and to determine its dynamic range, 
human fibroblasts were treated for 15 minutes with increasing concentrations of 
TBHP before being measured. Within a dose range of 10-160µM TBHP, a linear 
correlation between ROS level and fluorescent signal was observed (Fig 3.2A). The 
same experimental setup was used for TMRM. Fibroblasts were treated for 30 
minutes with increasing concentrations of oligomycin, which induces ∆ψm 
hyperpolarization243, before being measured. This approach equally resulted in a 
linear increase of the measured signal within the 1-10µg/µl dose range (Fig 3.2B). 
Conversely, when fibroblasts were treated with valinomycin in fluxo, a gradual, 
quantifiable decrease of TMRM fluorescence was measured, corresponding to an 
expected ∆ψm depolarization244 (Fig 3.2C). We also compared the microscopy-
based method with spectrophotometry and flow cytometry (Fig. 3.2D). Flow 
cytometry showed a higher dynamic range (as measured after treatment with 20µM 
TBHP), but also a much larger variability in measurements. Spectrophotometry 
showed a comparable dynamic range and variability. 
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Figure 3.2: Validation of the CM-H2DCFDA/TMRM-based high content microscopy method. 
All experiments were conducted in primary human fibroblasts. (A) Normalized levels of intracellular ROS 
measured as intracellular CM-H2DCFDA signal after treatment with increasing concentrations of TBHP for 15 
min. (B) Normalized ∆ψm as measured by mitochondrial TMRM signal after treatment with increasing 
concentrations of oligomycin for 30 min. (C) Live cell imaging of ∆ψm in cells stained with TMRM and treated 
with 5 ng/mL valinomycin after 85 s. (D) Comparison of microscopic, flow cytometric, and spectrophotometric 
(plate reader) measurement of basal intracellular ROS levels using CM-H2DCFDA in control cells versus cells 
treated with 20 M TBHP  

 
Finally, we validated the generic character of the methodology by replacing the dye 
combinations CM-H2DCFDA/TMRM for Calcein/MitoSOX. Here, Calcein (1µM) was 
used to segment cells and to exclude dead cells from the analysis, MitoSOX (5µM) 
served to measure mitochondrial O2

•- levels. After staining, primary human 
fibroblasts were imaged over a time frame of 600 s (at 1/6 fps). Addition of 500 µM 
TBHP resulted in a clear increase of the MitoSOX signal, when measured per 
cellular pixel, and even more pronounced when expressed per mitochondrial pixel 
(Fig. 3.3). 
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Figure 3.3: Compatibility of the HC assay with MitoSOX measurements. 
(A) Response of cells stained with 5 µM MitoSOX towards acute addition of 500 µM TBHP. (B) Masks used to 
measure fluorescence intensity in different parts of the image. (C) Normalized mean fluorescence in function of 
time as measured through the different masks shown in (B) (The bump observed after approx. 160 s is due to a 
floating fluorescent particle (probably a detached cell) passing, out of focus, through the field of view inducing a 
weak increase in signal in the affected images.)  

 

2.2 Saquinavir triggers changes in ROS levels and mitochondrial 
morphofunction 

 
After optimization and validation, we have performed a number of experiments to 
illustrate the performance of the high-content microscopy methodology. As a case 
study, we have used the established workflow to assess oxidative stress and 
mitochondrial morphofunction in cells upon treatment with HIV protease inhibitors 
(HIV PI), which are known to affect redox homeostasis. To this end, primary human 
fibroblast cells were treated for 72h with 20 µM of the HIV PI Saquinavir. 
Subsequently, intracellular basal ROS levels, induced ROS levels, mitochondrial 
morphology and ∆ψm were measured. Basal ROS levels were significantly higher 
compared to control cells treated with DMSO (Fig. 3.4A). Also the induced ROS 
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levels were increased, pointing to lowered antioxidant defenses (Fig. 3.4B). With 
respect to the mitochondria, SQV treatment induced a highly fragmented phenotype 
when compared to control cells, illustrated by a higher circularity and lower average 
size of the individual mitochondria (Fig. 3.4D). ∆ψm, measured as average TMRM 
signal per mitochondrial pixel, was not significantly altered (not shown). Using the 
dye combination Calcein/MitoSOX, we also quantified mitochondrial O2

•- levels. 
When applied to fibroblasts, treated for 72h with 10 µM of SQV, we measured a 
significant increase in mitochondrial O2

•- levels compared to control cells treated 
with DMSO (Fig. 3.4C). 
 

 
 
Figure 3.4: Saquinavir alters intracellular redox homeostasis. 
(A) Normalized basal levels of intracellular ROS as measured by CM-H2DCFDA and (B) response towards 
induced ROS, measured as relative gain in intensity after 20 µM TBHP addition at different time points after 
treatment with 20 µM of SQV. (C) Normalized O2• level as measured by average MitoSOX signal per 
mitochondrial pixel after treatment with 10 µM SQV. (D) SQV treatment (20 µM) causes mitochondrial 
fragmentation as illustrated by (e) a scatterplot of mitochondrial circularity and mitochondrial area (* = p value 
<0.05; ** = p value < 0.01; *** = p value < 0.001; the range of the Y -axes has been adjusted to optimally display 
the differences)  

 
 

2.3 Multiparametric redox readout enables unambiguous classification 
of chemically perturbed cells as well as laminopathy patient cells. 

 
Multiparametric analysis of ROS and mitochondria yielded a feature set describing 
intracellular redox biology. When performing a principal component analysis (PCA) 
using a subset of only 5 parameters, namely basal and induced ROS levels, 
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average mitochondrial size, average mitochondrial circularity and ∆ψm, we could 
unambiguously separate the two conditions (control and SQV-treated) 
independently in three biological replicates with just the first two principal 
components (which explain 81.4% of the total variance in the data) (Fig. 3.5A). This 
demonstrates the robustness of our workflow and suggests that the combined 
readout may serve as a sensitive predictor of cellular health condition. 
We then ran a similar analysis on cells from two laminopathy patients and a healthy 
donor. Specifically, we compared fibroblasts from a healthy person, with those from 
a patient suffering from Hutchinson-Gilford Progeria (G608G/+)233 and those from a 
patient with a lethal laminopathy phenotype due to a nonsense Y259X homozygous 
mutation in the LMNA gene (Y259X/Y259X).245 Again, using the same 5 variables 
and 2 PCs, all three cell types could be readily separated (Fig. 3.5B). 
 

 
 

 
Figure 3.5: Principal component analysis distinguishes chemically perturbed cells and patient cells from 
healthy controls. 
(A) 2D scatterplot of the first 2 principal components (PCs) from a PCA analysis on 5 variables (basal and 
induced ROS levels, average mitochondrial size, circularity, and ∆ψm) from the SQV dataset described in fig. 7. 
Independent replicates are plotted with a different color. The brown arrows represent the directions of the 
original 5 variables with respect to the principal components. (B) 2D scatterplot of the first 2 principal 
components (PCs) from a PCA analysis on the same 5 variables measured in 2 different laminopathy patient 
cell lines (i.e. LMNAG608G/+ and LMNAY259X/Y259X) and healthy primary human fibroblasts.  
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3 Discussion 
In this work, we have described and benchmarked a workflow for simultaneous 
quantification of intracellular ROS levels and mitochondrial morphofunction on a 
cellular level using high-content microscopy. We also compared the microscopy-
based method with spectrophotometry and flow cytometry (FC). FC showed a 
higher dynamic range, and it is definitely faster, a 384-well plate can be screened in 
as little as 12 minutes with high sensitivity for multiple markers.246 But it also showed 
a much larger variability in measurements. In addition, FC does not allow for 
spatiotemporal analysis (i.e. subcellular localization, morphological data and/or time 
dependent kinetics), nor does it allow revisiting the same cells during or after a 
treatment (i.e., in fluxo). Furthermore, cells need to be in suspension, which makes 
flow cytometry less suited to studying the physiology of adherent cells 
Spectrophotometry showed a comparable dynamic range and variability as 
microscopy. It also is significantly cheaper (a basic setup is available for as low as 
€4000), and has a shallower learning curve. However, this method, just like flow 
cytometry, cannot discern morphological details nor is it capable of detecting 
confounding factors such as abnormal cell density or autofluorescent contaminants 
in individual wells. Traditional disadvantages of high-content microscopy as 
compared to the other methods are the need for large image data storage, intensive 
processing power and complex image analyses. However, the presented assay 
standardizes the image acquisition process and streamlines the analysis so as to 
minimize this processing time, increase ease of use and therefore make the assay 
more accessible. 
Once established, the performance of the method was demonstrated with a case 
study on HIV PI-treated NHDF cells. HIV protease inhibitors (HIV PI) have been 
shown to induce increased basal ROS levels 247,248, and lowered antioxidant 
defences (represented by lowered expression of SOD2 249). Independently, other 
reports have linked HIV PI to changed mitochondrial morphofunction.249-253 We were 
able to reproduce and confirm these observations, using the described assay. The 
important difference is that with this assay, these parameters are measured 
simultaneously, in the same living cells, together with the extraction of additional 
morphological data. The major advantage of this approach is its unambiguous 
determination of both factors together in space and time, which facilitates 
pinpointing causal relationships. 
A PCA on only 5 variables of the acquired dataset allowed the generation of 
sensitive redox profiles, capable of clearly separating treated from control cells. 
However, more advanced data mining techniques and (supervised) clustering 
algorithms can also be used on the extracted data to enable predictive redox 
profiling. This may be a valuable feature for diagnostic or prognostic classification 
tools in digital pathology, as well as in screening for therapeutic targets, e.g. once 
robust classification models are created, small molecule libraries can be screened to 
find therapeutic candidates to counteract oxidative stress, analogous to a recent 
screen for promising leads in therapy development for human mitochondrial 
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disorders.254 Nonetheless, the current setup was used on fibroblasts from two 
laminopathy patients, which could also be easily discriminated from wild type NHDF 
cells, and from each other, based on the PCA analysis. 
The assay was conceived for NHDF cells, which, due to their extremely flat 
morphology and relatively large size, are well suited for analysis by widefield (non-
confocal) fluorescence microscopy.174,255 Nevertheless, the method should be 
applicable to a wide variety of adherent cell types. This requires optimization of the 
staining protocol. Reporter dye concentrations have to be optimized for each cell 
type separately, but should always be kept to a minimum as overloading may affect 
cellular health status and cause non-linear effects due to quenching.256  
The assay was optimized for 96-well plates, but it is obviously amenable to further 
upscaling, e.g. to 384-well plates. The major limiting factor is the plate acquisition 
time, i.e., the time it takes to acquire images of all the wells. The fluorescent signals 
have to remain stable during this timeframe so as to be able to confidently compare 
measurements between individual wells. But, because the staining is transient and 
the process under investigation is dynamic, this poses a challenge. Therefore, the 
fluorescent signals were measured in a set of replicated optimization experiments 
and this showed that both CM-H2DCFDA and TMRM signals remain stable from 7 to 
at least 50 minutes after staining (coefficient of variation < 2%). This gives a window 
of approximately 40 minutes. A 96-well plate typically takes around 10 minutes. 
Thus, an extrapolation to 384-well plates would keep the acquisition duration within 
the stable time slot. With an average of 50 cells per image (based on the use of a 
20x objective and NHDF cells), this would result in data for approximately 30 000 
cells per hour of screening, greatly adding to the statistical power of the assay. 
Another factor influencing fluorescent signal stability is the temperature. To avoid 
vacuolization of CM-H2DCFDA (i.e. dye accumulation in intracellular vesicles), 
which would give rise to heterogeneous staining and non-linear effects, the 
incubation takes place at room temperature instead of 37 °C. Apart from stability, it 
is important to note that the exposure of living cells to fluorescence excitation light 
itself induces ROS production. This implies that the exposure conditions (exposure 
time and excitation light intensity) should be kept at an absolute minimum. It also 
means that all wells should only be exposed when the actual images are acquired, 
which rules out the use of software-enabled autofocusing methods and warrants the 
use of a hardware-based autofocus system.  
An advantage of the described method is its generic character. Virtually any 
combination of spectrally compatible fluorescent reporters can be used. This was 
demonstrated by using the Calcein/MitoSOX combination to specifically measure 
mitochondrial ROS. Furthermore, the applications are not limited to the integrated 
ROS/mitochondrial measurement. The assay can also be extended with a post hoc 
immunostaining (after the second imaging round). Since the exact imaging locations 
are saved, redox analyses can be directly correlated with location proteomics in the 
same cells, greatly increasing the molecular readout of the experiment. 
In conclusion, and specific to the use of CM-H2DCFDA and TMRM, the described 
redox profiling method is robust, sensitive and reliable. Due to its multiparametric 
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and quantitative nature, it is superior to other fluorescence-based methods. This 
way, it can help to elucidate the relationship between mitochondrial function and 
intracellular ROS signaling, which is crucial for better understanding a wide variety 
of pathologies in which redox homeostasis is perturbed, such as laminopathies.1 
Furthermore, owing to its generic character, the assay allows applications well 
beyond its original scope. 

4 Methods 

4.1 Cell Culture 
Normal human dermal fibroblasts (NHDF, LMNA+/+, Promocell, C-12300, fibroblasts 
from a patient suffering from HGPS (LMNAG608G/+)233, and fibroblasts from a patient 
with a lethal laminopathy phenotype due to a nonsense Y259X homozygous 
mutation in the LMNA gene (LMNAY259X/Y259X)245 were cultured in DMEM high 
glucose with L-glutamine medium (Lonza, BE12–604F) supplemented with 10% 
fetal bovine serum (Gibco, 10500–064) and 1% penicillin/streptomycin (Lonza, 
DE17-602E/12), at 37°C and 5% CO2, according to standard procedures. All 
experiments were performed with cells in between passage 9 and 19. In case of 
direct comparison, passage-matched cells were used. 

4.2 Chemical treatments 
Saquinavir (SQV; Sigma-Aldrich - S8451) was originally developed as a HIV-
protease inhibitor but also targets the ZMPSTE24 gene234, thus inducing synthesis 
of prelamin A as a side-effect. Treatments were with 10 µM or 20 µM, and started 
one day after cell seeding, when the culture density was around 50%. Compound-
containing medium was replenished every day until measurement at 72h after 
treatment initiation. 
Oligomycin A (Sigma-Aldrich - 75351), Valinomycin (Sigma-Aldrich - V3639) and 
TBHP (Sigma-Aldrich - 458139) were used for benchmarking and as controls. 
Oligomycin A triggers mitochondrial hyperpolarization while valinomycin results in 
depolarization.243,244 TBHP was used to increase ROS levels. 

4.3 High-content microscopy workflow 
An overview of the workflow is given in Figure 3.1. A tutorial movie and detailed 
protocol showing the exact steps of the assay were published separately and can 
be consulted at www.jove.com/video/55449/cellular-redox-profiling-using-high-
content-microscopy. 
To make the assay amenable to medium- to high-throughput screens, we have 
optimized a workflow for 96-well plates. To minimize artefacts, cells are seeded at 
least 24 hours in advance and they are allowed to grow and equilibrate in 
conditioned medium. When using different conditions (e.g. controls and 
perturbations), seeding locations are homogeneously distributed so as to minimize 
plate effects. The outer wells are filled with medium, but are not imaged, as they are 
highly prone to edge effects. The only exception is well B01, in which cells are 
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seeded to use for focus adjustment prior to the automated image acquisition. An 
illustration of a typical experimental layout is depicted in Figure 3.6. To avoid 
scattering and crosstalk (of excitation and emission) between adjacent wells, we 
make use of black polystyrene plates with a thin continuous glass bottom (Brooks 
Matrical Labware). 
 
 

 
 
Figure 3.6: A typical experimental 96-well layout 
A) 4 different conditions are distributed homogeneously across the inner 60 wells of the plate. Well B01 also 
contains cells, but is only used to adjust the initial PFS offset just before imaging. The other outer wells are filled 
only with culture medium to minimize gradients (temperature, humidity…) during cell culture. Image acquisition 
is performed in a meandering manner, i.e., first from left to right, from well B02 to B11, then back, from right to 
left, from well C11 to C02 and so on. After image acquisition a flat field image is acquired in well A01, which is 
used for correcting spatial illumination heterogeneity during image analysis. 

 

4.3.1 Sample preparation and image acquisition 
24 h before measurement, cells are transferred to the 96-well plates at a 
concentration that results in a confluence degree of approx. 70% at the time of 
measurement, for NHDF, this is 8000-10000 cells per well. As illustrated in Fig. 3.6, 
cells are only seeded in the inner 60-wells of the plate to avoid edge effects, except 
for well B01, where cells are seeded to be used for focussing before image 
acquisition. Right before measurement cells are washed in HBSS + 25 µM Hepes 
(HH) (pH 7.2), incubated for 25 minutes in the dark at room temperature in HH-
buffer containing 2 µM CM-H2DCFDA and 20nM TMRM, washed again in HH-buffer 
and then imaged (also in HH-buffer) on an automated Nikon Ti Eclipse inverted 
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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 a 540/25 nm excitation, 605/55 nm emission filter combination for the 
TMRM signal. Well B01 is used for determination of the optimal focus plane and 
initialization of an infrared-led based autofocus (Perfect Focus System, Nikon). As 
this procedure induces an increase in DCF signal intensity212, this well (B01) is 
excluded from further analysis. Next, an acquisition protocol is initialized, using 
hardware based autofocus that captures a set of 4 fields per channel in the center of 
each well. With our setup, the plate acquisition time of this protocol is approximately 
10 minutes. This has proven to be sufficiently short so as to not cause any 
significant differences between the first and last wells due to the transient nature of 
the staining or the dynamics of the processes under investigation. 
After the acquisition protocol is completed, a stimulus/perturbation can be given, 
using an on- or off-stage automated micropipette or multichannel pipette. We make 
use of the oxidant tert-butyl peroxide (TBHP: Sigma-Aldrich, 458139-100mL), as an 
internal positive control for the CM-H2DCFDA staining, and as a means to measure 
induced ROS levels. At a fixed time span after TBHP addition (minimum 3 minutes 
to allow equilibration), the acquisition protocol is repeated. A maximum of 10 
different treatments is used per plate. This way, each plate contains 6 technical 
replicates with 4 images per replicate. In addition, a minimum of 3 identical plates is 
measured, increasing the number of images per treatment to a minimum of 72. This 
guarantees sufficient statistical power to detect even small differences. Finally, a 
mixture antibodies tagged with fluorescent probes corresponding to CM-H2DCFDA 
and TMRM (e.g. Alexa-488 and CY3) are loaded in well A01 and are used to 
acquired flat field images, required during image processing. 

4.3.2 Image processing 
After acquisition, raw image data sets are directly backed up to a server, with 
remote access. A virtual desktop application or command shell interface can be 
used to organize and analyze image data sets. All image processing is performed in 
FIJI (http://fiji.sc), a packaged version of ImageJ freeware (W.S. Rasband et al., 
National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 
1997–2015), which runs directly on the server. We have conceived a dedicated 
script for automated analysis of intracellular and mitochondrial signals and 
morphological characteristics (RedoxMetrics.ijm), which is available upon request. 
The image analysis pipeline can be divided into 4 major blocks, which can be 
adapted to the specific image quality and cell type, namely 1) preprocessing, 2) 
object enhancement, 3) segmentation, and 4) analysis (Fig 3.7). 
1) Preprocessing is generic to all channels and involves a flatfield correction (FF) to 
correct for spatiotemporal illumination heterogeneity, which arises from 
imperfections of the acquisition system. The flat field image is acquired in a 
separate well with no cells (usually well A01), but with dyes. 
2) After preprocessing, the objects of interest will be selectively enhanced. 
Depending on the object, cells (CMDCFDA stains the entire cell) or mitochondria, 
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different enhancement procedures are followed. For cell segmentation, a 
combination of local background subtraction (rolling ball, RB), noise reduction (in the 
form of a Gaussian blur operation, GB), and local contrast enhancement (CE) 257 is 
used. The kernel sizes for these operators are tunable parameters, which are 
automatically set to optimized values based on the image calibration (pixel size), 
retrieved from the metadata. In case of mitochondria, a normalized Laplace of 
Gaussian operator (LG) is applied, for which the optimal scale is automatically 
selected based on the most salient features in scale space.27 3) Automatic 
segmentation demands implementation of a robust thresholding method. A variety 
of auto-threshold methods have been conceived 258,259, and we have found Huang’s 
algorithm 260, which minimizes image fuzziness (the difference between the original 
image and its binary version), to work particularly well for both object types. 
However, an inherent caveat of auto-threshold methods is that they adjust the cut-
off values based on the intensity distribution within the image. This introduces an 
unwanted bias when aiming at comparative quantifications, which is why we 
calculate threshold values using intensity information from the entire image data set. 
Alternatively, the threshold value can be set manually. Before proceeding to image 
analysis, a binary size filter (SF) is applied so as to exclude objects that fall out of 
the realistic size range. 
4) Once generated, regions of Interest (ROIs) are used for extracting intensity, 
texture and morphological (size and shape) parameters on the flatfield corrected 
images. Both ROI sets are used to analyze signals in both channels, enabling 
spatial discrimination of intensity fluctuations. 
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Figure 3.7: Overview of the image analysis workflow. 
(A) Schematic representation of the entire image analysis process. Abbreviations: FF flatfield correction, RB 
rolling ball background subtraction, GB Gaussian blur, CE local contrast enhancement, LG Laplace of Gaussian, 
T thresholding, SF size filter, ROI region of interest. (B) Illustrated example. The top row represents the analysis 
of DCF images, the bottom row the analysis of TMRM images. 

 

4.3.3 Data analysis and visualization 
Data analysis and visualization is done with R statistical freeware (http://www.r-
project.org) and RStudio (http://www.rstudio.com). To quickly obtain and visualize 
the results, an intuitive Shiny application261 (available upon request) has been 
conceived that integrates and visualizes the data in heatmaps and boxplots, and 
also performs statistical analyses. In general, the workflow comprises of two 
consecutive steps. First, data is processed and inspected per 96-well plate. To this 
end color-coded multi-well plate plots as well as boxplots with outliers labeled with 
well name and image number are used. The latter allows facile inspection and 
identification of aberrant data points (extremely high or low values compared to the 
average values measured for that specific treatment – see Figure 3.8 for an 
example). Secondly, curated data from all plates of a given experiment are 
combined and analyzed using non-parametric multivariate tests262 and a PCA. 
Significance levels were indicated as follows: p<0.05 (*), p<0.01 (**), and p<0.001 
(***). For graphics and annotation, the R program was expanded with the ggplot2 
package240 and ggbiplot, a visualization function for PCA, implemented by Vincent 
Q. Vu and available on github (https://github.com/vqv/ggbiplot). 
 
 

http://www.r-project.org
http://www.r-project.org
http://www.rstudio.com/
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Figure 3.8: Illustrated example of intermediate data visualizations. 
(A) Multiwell plate visualization where wells B02 and D07 appear suspicious. (B) Boxplot representing the same 
data, with the outliers labeled with well name and image name. Together with F03_0003, images from B02 and 
D07 reappear as outliers. (C) Visual inspection of these images shows that B02_0000 and D07_0001 should be 
removed from further analysis because there are segmentation errors (illustrated by the red ‘X’). F03_0003 
should be kept because there is no apparent segmentation or technical error. (if no technical reason is found for 
the aberration, the data should not be removed). 
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IV 
SUSTAINED ACCUMULATION OF PRELAMIN A AND 
DEPLETION OF LAMIN A/C BOTH CAUSE 
OXIDATIVE STRESS AND MITOCHONDRIAL 
DYSFUNCTION BUT INDUCE DIFFERENT CELL 
FATES 

Redrafted from Sieprath et al. 2015  
 
Sieprath, T. et al. Sustained accumulation of prelamin A and depletion of lamin A/C both cause oxidative stress 
and mitochondrial dysfunction but induce different cell fates. Nucleus 6, 236–246 (2015). 
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Abstract 
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 performed a quantitative 
microscopy-based analysis of reactive oxygen species (ROS) levels and 
mitochondrial membrane potential (Δψm) 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 Δψm hyperpolarization and apoptosis. Depletion of ZMPSTE24 on the 
other hand, triggered a senescence pathway that was associated with moderately 
increased ROS levels and a transient Δψm 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. 

1 Introduction 
The nuclear lamina provides structural support to the nucleus and plays a central 
role in nuclear organization and gene regulation.3 Point mutations in the LMNA 
gene, which encodes its major constituent proteins, lamin A and C, cause a broad 
range of diseases termed laminopathies.3 During maturation, lamin A is extensively 
processed, with consecutive steps of farnesylation, proteolytic cleavage of the C-
terminal three amino acids, carboxymethylation and removal of the C-terminal 15 
amino acids, including the farnesyl group.150 The final step is exclusively catalyzed 
by the zinc-metallopeptidase ZMPSTE24. Accumulation of different prelamin A 
(PLA) intermediates is correlated with disease but especially the farnesylated 
variants are presumed to be cytotoxic.59 The Hutchinson-Gilford progeria syndrome 
(HGPS) for example is caused by an accumulation of the mutant farnesylated PLA 
intermediate progerin.58 Likewise, in restrictive dermopathy (RD), loss of functional 
ZMPSTE24 results in the accumulation of farnesylated PLA.50,134 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 
dynamics222, the nuclear lamina also modulates intracellular redox homeostasis.1 
Various studies have revealed that reactive oxygen species (ROS) levels are 
increased in laminopathy patient cells and during PLA accumulation.60,157,263,264 For 
example, fibroblasts from various lipodystrophy patients as well as well as cells 
treated with HIV protease inhibitors demonstrate increased ROS levels60, and 
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display a distinct redox-profile based on ROS and mitochondrial parameters (Fig. 
3.4B). Indeed, proteomic and metabolic profiling suggest that the increase of ROS 
may be attributed to dysfunctional mitochondria.166,265 To corroborate these findings 
we applied a microscopy-based strategy for combined measurement of ROS and 
mitochondrial membrane potential (Δψm) in cellular models of PLA accumulation or 
lamin A deficiency. Using this approach, we found that both accumulation of PLA 
and reduction of mature lamin A increased intracellular ROS levels, albeit not at the 
same rate nor to the same extent, and also caused changes in mitochondrial 
potential (Δψm). These effects were accompanied by reduced mitochondrial 
respiration and altered gene expression of ROS detoxifying enzymes. 

2 Results 

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

 
Accumulation of PLA or reduction of mature LAMIN A was achieved in human 
fibroblasts by respectively silencing the expression of ZMPSTE24 or LMNA with 
specific siRNAs. A pool of non-targeting (NT) siRNAs was used as control. To 
maintain the knockdowns for prolonged periods of time, repetitive rounds of siRNA 
transfection were performed, separated by 72 h to 96 h (cfr. Chapter 2 for more 
details).  
Both knockdowns had an adverse impact on cell proliferation, resulting in 
significantly increased population doubling times (decreased population doubling 
level, PDL) with respect to the NT control (Fig. 4.1A). The effect of LMNAkd was 
markedly stronger than that of ZMPSTE24kd. Quantification of β-galactosidase 
positive cells and p21-positive cells – two markers for senescence266 – revealed that 
only ZMPSTE24kd triggered cellular senescence (Fig. 4.1B & C & E). LMNAkd 
predominantly triggered cell death, as evidenced by a marked increase in the 
number of fragmented and condensed nuclei (Fig. 4.1D & E). 
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Figure 4.1: 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 β-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 condensed nuclei relative to the 
total number of cells. (E) Representative images of β-galactosidase stained NT control, LMNAkd and 
ZMPSTE24kd cells (senescent cells in blue), merged with DAPI channel (grey/white). Arrows indicate nuclear 
aberrations. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 0,001). 

 

2.2 LMNAkd significantly raises basal and induced ROS levels; 
ZMPSTE24kd 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 Δψm, using the fluorescent reporter molecules CM-
H2DCFDA and TMRM, respectively (see M&M and chapter 3 fro details). Using this 
method, we quantified ROS levels in human fibroblasts subjected to sustained 
knockdown of ZMPSTE24 or LMNA under basal conditions and after acute 
application of 20 µM of the oxidant tert-butyl hydrogen peroxide (TBHP). The latter 
served as proxy for induced 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 already significantly higher at 96 h. ZMPSTE24kd on the 
other hand, only resulted in a modest, but significant increase in basal ROS levels 
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after 264 h. Within the experimental time frame, this treatment did not cause a 
significant increase of induced ROS (Fig. 4.2A & B). 
Next to the knockdowns, passage-matched fibroblasts from specific laminopathy 
patients (LMNAY259X/Y259X, LMNAC608G/+, LMNA+/+) were subjected to the same 
analysis. LMNAY259X/Y259X cells are incapable of producing mature lamin A/C245 and 

LMNAC608G/+ cells accumulate a truncated, farnesylated prelamin A variant termed 
progerin.233 In line with the results from the sustained knockdown, LMNAY259X/Y259X 
demonstrated an increase in both basal and induced ROS, while LMNAC608G/+ cells 
only showed an increase in basal ROS (Fig. 4.2C & D). 
 
 

 
 
Figure 4.2: Both LMNAkd and ZMPSTE24kd cells have increased basal ROS levels. LMNAkd cells are 
more susceptible toward induced ROS. 
(A & B) Normalized basal levels of intracellular ROS measured by CM-H2DCFDA high content microscopy 
analysis and response toward induced ROS, measured as relative gain in intensity after 20 mM TBHP addition 
at different time points in LMNAkd and ZMPSTE24kd cells. (C & D) Normalized basal levels of intracellular ROS 
and response toward induced ROS in LMNAY259X/Y259X and LMNAG608G/+ cells. (* = p-value < 0,05; ** = p-value < 
0,01; *** = p-value < 0,001; the range of the Y-axes has been adjusted to optimally display the differences). 

 

2.3 ZMPSTE24kd and LMNAkd affect Δψm in a time-dependent manner 
 
As dysfunctional mitochondria can generate increased amounts of ROS, we 
estimated Δψm  by quantifying the mitochondrial accumulation of the reporter dye 
TMRM using the high content microscopy method mentioned before. Dynamic and 
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time-dependent changes were observed for the different treatments. LMNAkd 
induced Δψm depolarization at 96 h and 168 h and Δψm hyperpolarization at 264 h. 
On the other hand, ZMPSTE24kd resulted in a transient Δψm depolarization at 168 h 
(Fig. 4.3A). In the case of patient cells, LMNAY259X/Y259X fibroblasts displayed slight 
Δψm hyperpolarization that was not significantly different from LMNA+/+ control cells. 
In contrast, LMNAC608G/+ fibroblasts displayed significant Δψm depolarization (Fig. 
4.3B). 
 

2.4 ZMPSTE24kd and LMNAkd decrease basal oxygen consumption 
rates 

 
Since the TMRM measurements suggested a (transient) defect in mitochondrial 
function, we next investigated mitochondrial oxygen consumption (Fig. 4.3C-F). At 
the 168 h time point, we found strong deviations between the respiration curves 
(Fig. 4.3C & D). Especially, the basal oxygen consumption rate (OCR) was 
significantly lower in both ZMPSTE24kd and LMNAkd cells (Fig. 4.3E). This was 
also the case for LMNAY259X/Y259X and LMNAC608G/+ patient fibroblasts (Fig. 4.3F). 
 

 
 
Figure 4.3: Sustained siRNA-mediated knockdown of LMNA and ZMPSTE24 induces time-dependent 
alterations in mitochondrial membrane potential (Δψm / and decreased basal mitochondrial respiration. 
(A) Normalized Δψm as measured by TMRM at different time points in LMNAkd and ZMPSTE24kd cells. (B) 
Normalized Δψm in LMNAY259X/Y259X and LMNAG608G/+ cells. (C & D) Normalized respiration profiles of LMNAkd, 
ZMPSTE24kd, LMNAY259X/Y259X and LMNAG608G/+ 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 & F) Normalized basal respiration of LMNAkd, ZMPSTE24kd, LMNAY259X/Y259X 
and LMNAG608G/+ cells. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 0,001; the range of the y-axes 
has been adjusted to optimally display the differences). 
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2.5 Sustained LMNAkd increases mitochondrial superoxide 
 
To verify whether a change in Δψm was accompanied by a change in mitochondrial 
superoxide (O2•-) production, we measured the latter using the mitochondria-
targeted O2•- sensor MitoSOX. After 168h hours, no significant change in O2•- levels 
was observed, despite a transient decrease in Δψm in both knockdowns. After 264h 
LMNAkd cells displayed a significant increase in Δψm as well as in O2•- (Fig. 4.3A & 
Fig. 4.4) 
 

 
 

Figure 4.4: 264h of sustained siRNA-mediated knockdown of LMNA results in significantly increased 
mitochondrial ROS levels. 
Normalized basal levels of mitochondrial ROS after 264h of knockdown, as measured by quantification of 
MitoSOX signal intensities using fluorescence microscopy. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value 
< 0,001) 

 

2.6 LMNAkd and ZMPSTE24kd differentially affect antioxidant gene 
expression 

 
Oxidative stress arises from an imbalance between ROS production and removal. 
To find out whether the accumulation 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 enzymes than ZMPSTE24kd. In 
both conditions, most of the investigated genes became upregulated with the 
strongest effect being observed on the GSTT2 transcript levels. Strikingly, 
ZMPSTE24kd and LMNAkd oppositely affected the expression of the mitochondrial 
manganese-(Mn)-superoxide dismutase (SOD2). This ROS-detoxifying enzyme 
converts superoxide (O2●

-) into hydrogen peroxide (H2O2). Expression of SOD2 is 
regulated by the key cytokine IL6.267 Subsequent quantification of IL6 transcript 
levels revealed a strong upregulation in ZMPSTE24kd and downregulation in 
LMNAkd cell cultures (Fig. 4.5A). The same opposite expression pattern was also 
observed in LMNAY259X/Y259X and LMNAC608G/+ patient fibroblasts (Fig. 4.5B). 
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Figure 4.5: 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 ZMPSTE24kd 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/+ fibroblasts by real-time 
qPCR relative to untreated passage matched control fibroblasts. The values in this plot represent 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. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-
value < 0,001). 

3 Discussion 
With this work we set out to enhance our understanding of how PLA accumulation 
and lamin A deficiency affect cellular redox homeostasis. Since mature lamin A is 
firmly integrated within the nuclear lamina, it is characterized by low turnover 
rates.217 This makes studying lamin A biology by acute siRNA-mediated knockdown 
strategies unreliable. We therefore induced sustained knockdown in human 
fibroblasts by repetitive siRNA transfection. As a rough validation, we extended our 
experiments with measurements of cells from LMNAY259X/Y259X and LMNAG608G/+ 
patients, although it should be noted that the patient’s genetic background might 
play a role in the outcome of the experiments. In addition, knockdown of ZMPSTE24 
causes accumulation of a farnesylated full-length PLA, whereas HGPS cells 
(LMNAG608G/+) produce a different farnesylated PLA variant lacking 50 amino acids. 
To measure ROS levels and mitochondrial function in a robust and reliable manner, 
we used the high-content microscopy workflow that we established and 
benchmarked in chapter 3. We measured both intracellular ROS levels and 
mitochondrial membrane potential (Δψm). Using this approach, we observed that 
both accumulation of farnesylated PLA and reduction of mature lamin A increased 
intracellular ROS levels, albeit at different rates. Compared to ZMPSTE24kd, 
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LMNAkd induced a progressive increase in basal ROS that was much more 
pronounced and started much earlier in the experimental time frame. And whereas 
ZMPSTE24kd cells showed no significant 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.132 and support the 
hypothesis that the nuclear lamina acts as an intracellular ROS-sink via redox-
reactive cysteine residues within the lamin tail.132 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 concentration of these cysteine residues, plausibly leaving 
the ROS-sink intact. It has been shown that fibroblasts from centenarians 
accumulate moderate levels of PLA due to downregulation of ZMPSTE24, and that 
this primes the cells for a prompt response to DNA damage and oxidative stress, 
arguing for a physiological role of PLA.268 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 Δψm. Our results revealed that LMNAkd induces 
Δψm depolarization at early time points, followed by Δψm hyperpolarization at 264 h. 
In contrast, ZMPSTE24kd induced a transient Δψm depolarization. In accordance 
with the increase in Δψm, we also observed a significant increase in mitochondrial 
O2•- levels in LMNAkd cells after 264h, as reported by the MitoSOX sensor dye. 
Indeed, it has been demonstrated before that mitochondria produce more ROS at 
high membrane potential.65,118 In line with a defect in mitochondrial function, and 
consistent with observations in Zmpste24-/- mouse adult fibroblasts265, the basal 
mitochondrial respiration rate in both LMNAkd and ZMPSTE24kd cells as well as in 
LMNAY259X/Y259X and LMNAG608G/+ patient cells was lowered. 
Since mitochondria are the initial sites of oxidative damage and the instigators of 
oxidative stress in the cytosol upon proteasome overload269, a possible connection 
with the knockdowns may lie in their potential to cause proteasome dysfunction. 
Indeed, overexpression of LA mutants and depletion of LA have been linked to the 
accumulation of nuclear envelope proteins (SUN2, Emerin and Nesprin-1) in the 
endoplasmic reticulum and upregulation of various ubiquitin ligases, which might 
induce proteasome overload.270-272 
Parallel to the increase in intracellular ROS, both knockdowns 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 absence of the aforementioned ROS sink. 
In both conditions the general trend was preserved except a differential expression 
of GPX1 and SOD2. SOD2 is a mitochondrial superoxide converting enzyme, the 
expression of which is regulated by IL6, a senescence associated cytokine.273-275 
We found that both IL6 and SOD2 were upregulated in ZMPSTE24kd and 
downregulated in LMNAkd cells. The same opposite expression was observed in 
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LMNAG608G/+ and LMNAY259X/Y259X fibroblasts, respectively, even with a much 
stronger (~78 fold) downregulation of IL6 in LMNAY259X/Y259X cells. The upregulation 
of SOD2 in ZMPSTE24kd cells might explain why these cells display no significant 
increase in mitochondrial superoxide. When following this reasoning, 
downregulation of SOD2 should then trigger a rise in mitochondrial ROS levels, 
which we indeed observed in LMNAkd cells after 264h. 
Previously, 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 the oxidative stress response.139 In addition, we found that lamin A/C 
deficiency caused cytoplasmic translocation of nuclear PML bodies276, known 
sensors of oxidative stress and regulators of redox homeostasis.277,278 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 proliferation in both 
ZMPSTE24kd and LMNAkd cells. However, 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 upregulation of 
IL6), LMNAkd cells rather experienced increased apoptosis (evidenced by an 
increased number of cells with fragmented nuclei and Δψm hyperpolarization, which 
is known to precede apoptosis279,280). These results align well with earlier findings. 
Indeed, premature senescence was observed in Zmpste24-/- MEFs, LmnaG609G/G609G 
MEFs, ZMPSTE24 depleted hMSCs and HGPS fibroblasts273,281-283, and apoptosis 
was increased in Lmna-/- MEFs, especially when subjected to mechanical 
stress26,272, in myocytes from LmnaE82K/+ transgenic mice284 and in Lmna+/- 
atrioventricular nodal mouse myocytes.285 This bifurcation in cell fate might be 
triggered by the extent of mature lamin A reduction, which translates into a ROS 
dosage effect. It has been shown that modestly increased levels of intracellular ROS 
induce and maintain cellular senescence, as observed in ZMPSTE24kd cells, while 
higher doses provoke apoptosis, as we now witnessed in LMNAkd cells.286-289  
In conclusion, we demonstrated that sustained knockdown of LMNA or ZMPSTE24 
resulted in increased basal ROS levels, which were accompanied by changes in 
mitochondrial function and altered gene expression of ROS detoxifying enzymes. 
Reduction of LAMIN A caused a dramatic increase in basal and, especially, induced 
ROS levels ultimately leading to Δψm hyperpolarization and apoptosis. Depletion of 
ZMPSTE24 on the other hand, triggered a senescence pathway, associated with 
moderately increased ROS levels and transient Δψm depolarization. Thus, lamin A 
and PLA differentially regulate cell fate, in part via a redox-dependent pathway. 
Uncovering the molecular details of this pathway will help understanding 
laminopathy diversity and disease progression. 



 

 81 

4 Materials and methods 

4.1 Cell culture 
Normal human dermal fibroblasts (NHDF, LMNA+/+, Promocell, C-12300), fibroblasts 
from a patient with a lethal laminopathy phenotype due to a nonsense Y259X 
homozygous mutation in the LMNA gene (LMNAY259X/Y259X)245 and fibroblasts from a 
patient suffering from HGPS (LMNAG608G/+)233 were cultured in T25 or T75 culture 
flasks in DMEM High Glucose with L-Glutamine medium (Lonza, BE12-604F) 
supplemented 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 used. At set time points, viable cells were counted using Trypan blue and a 
Bürker 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.    

4.2 siRNA-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 siRNA 
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 Figure 
4.6. A more detailed description can be found in Chapter 2. 
 

 
 

Figure 4.6: Experimental design. 
Scheme of the sustained siRNA-mediated knockdown by repetitive transfections (TFs), and timing of the 
subsequent experiments. 
 

4.3 Quantitative PCR 
RNA was extracted from cells using the RNAeasy mini kit (Qiagen, 74104), with on-
column DNAse digestion. Concentrations of purified RNA were measured with the 
NanoDrop 2000 (Thermoscientific). Per sample, 1µg of RNA was converted to 
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cDNA using SuperScript® III Reverse Transcriptase (RT) (Life Technologies, 
18080-044). All qPCR reactions were performed on a RotorGene 3000 
(Qiagen/Corbett) using the SensiMix™ SYBR® No-ROX Kit (Bioline, QT650) 
according to the manufacturers instructions. Relative abundance of LMNA 
transcripts (forward: TGGACGAGTACCAGGAGCTT; reverse: 
ACTCCAGTTTGCGCTTTTTG), ZMPSTE24 transcripts (forward: 
CGAGAAGCGTATCTTCGGG; reverse: TGTGCTAGGAAGGTCTCCCA), SOD1 
transcripts (forward: GACCTGCACTGGTACAGCCT; reverse: 
GCATCATCAATTTCGAGCAG), SOD2 transcripts (forward: 
GGAGAAGTACCAGGAGGCGT; reverse: TAGGGCTGAGGTTTGTCCAG), SOD3 
transcripts (forward: TCTCTTGGAGGAGCTGGAAA; reverse: 
CGAGTCAGAGTTGGGCTCC), IL6 transcripts (forward: 
AGTGAGGAACAAGCCAGAGC; reverse: GTCAGGGGTGGTTATTGCAT), GSTT2 
transcripts (forward: ACGCTCAAGGATGGTGATTT; reverse: 
AGGTACTCATGAACACGGGC), GPX1 transcripts (forward: 
CCGAGAAGGCATACACCGAC; reverse: GCCGGCCAGTTAAAAGGAGG), GPX5 
transcripts (forward: ACAAGTCCCAAGCAGGAGAA; reverse: 
TGACGAAGAGGATGTGCTTG), PRDX1 transcripts (forward: 
GCTGTTATGCCAGATGGTCAG; reverse: GGGCACACAAAGGTGAAGTC), 
PRDX2 transcripts (forward: GTCCTTCGCCAGATCACTGT; reverse: 
TGGGCTTAATCGTGTCACTG) and PRDX3 transcripts (forward: 
CCACATGAACATCGCACTCT; reverse: TTGACGCTCAAATGCTTGAT) were 
measured relative to ACTB (forward: CCTTGCACATGCCGGAG ; reverse: 
GCACAGAGCCTCGCCTT) and GAPDH (forward: TGCACCACCAACTGCTTAGC; 
reverse: GGCATGGACTGTGGTCATGAG) reference transcripts. 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 
ΔΔCt-method.237 

4.4 Immunofluorescence staining 
NHDF cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 
15 minutes at room temperature and washed (3x, 5 minutes) with 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 (FBS) 
for 60 minutes. After minimally 3 PBS wash steps, slides were incubated with 
secondary antibody diluted in 50% FBS for 30 minutes, washed again, and mounted 
with VECTASHIELD™ Mounting Medium (VWR, 101098-042) containing 1 µg/ml 
4′,6- diamino-2-phenylindole (DAPI). Primary antibodies were directed against lamin 
A (Abcam, ab26300) and prelamin A (Santa Cruz Biotechnology Inc., SC-6214). As 
secondary antibodies DyLight 488 conjugated donkey anti-rabbit (Jackson 
ImmunoResearch Laboratories Inc., JAC-705606147), and DyLight 649 conjugated 
donkey anti-goat (Jackson ImmunoResearch Laboratories Inc., JAC-705496147) 
were used. Immunofluorescent stained cells were visualized using a Nikon Ti 
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Eclipse inverted widefield fluorescence microscope (Nikon Instruments) with 40x 
Plan Apo oil (NA = 1.3) and 60x Plan Apo VC (NA = 1.4) objectives. 

4.5 β-galactosidase staining 
NHDF cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 
15 minutes at room temperature and washed (2x, 5 minutes) with PBS. Fixed cells 
were incubated overnight 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 washed (3x, 5 minutes) with PBS and 
permeabilized with 0.5% Triton X-100 (5 minutes). The cells were washed (3x, 5 
minutes) with PBS and mounted with VECTASHIELD™ Mounting Medium (VWR, 
Belgium, 101098-042) containing 1 µg/ml 4′,6- diamino-2-phenylindole (DAPI). Cells 
were visualized using a Nikon Ti Eclipse inverted widefield fluorescence microscope 
(Nikon Instruments) with a 40x Plan Apo oil (NA = 1.3) objective. 

4.6 Western blot 
Cells were grown in T75 culture flasks and lysed using the whole-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 buffer) and 
transferred to BioTrace PVDF membranes (Pall Corporation, 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 antibodies. Proteins were detected 
by chemiluminescence with Immobilon Western chemiluminescent HRP substrate 
(Millipore, WBKLS0100). 
 

4.7 High content live cell imaging of intracellular ROS and Δψm 
Intracellular ROS and Δψm  were measured after dual 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). Measurements were done 96 h, 168 h and 
264 h after initiation of the knockdown (Fig. 4.6). 24 h before measurement, cells 
were transferred to 96-well plates (Greiner - µCLEAR-Plate, Black, 655090) at 2500 
cells per well. Right before measurement they were washed in HBSS + 25 µM 
Hepes (HH) (pH 7.2), incubated for 25 minutes in the dark at room temperature in 
HH-buffer containing 2 µM CM-H2DCFDA and 20nM 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 a 540/25 nm excitation, 605/55 nm emission filter combination for the TMRM 
signal. Since fluorescence excitation induces the formation of ROS212, the CM-
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H2DCFDA signal increases during microscopic observation. To avoid this effect from 
biasing the results, we used diffuse transmitted illumination 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. After the complete plate was imaged, 20 µM tert-butyl 
peroxide (Sigma-Aldrich, 458139-100mL) 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 (cfr. Chapter 3). TMRM 
reporter potential was validated with valinomycin (Sigma) and oligomycin (Sigma), 
known inducers of Δψm depolarization, resp. hyperpolarization.243,244 (cfr. Chapter 
3) 
An analogous experimental setup was used for measuring mitochondrial superoxide 
levels with MitoSOX Red Reagent (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.290 In brief, cells were grown in 96-well plates, washed 
in HH-buffer, incubated in HH-buffer with 5 µM MitoSOX Red Reagent and 0.930 
µM Calcein for 10 minutes at 37°C in the dark, washed again and imaged 1x with 
the same 4 images/well acquisition protocol.  
All experiments were performed with at least 8 replicates per treatment per plate 
(depending on the experiment), on at least 3 different plates. 

4.8 Image analysis 
All image processing was performed in FIJI (http://fiji.sc), a packaged version of 
ImageJ freeware (W.S. Rasband, U.S.A. National Institutes of Health, Bethesda, 
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2014). Quantification of nuclear 
signal intensities of immunostained cell cultures was done using INSCYDE.ijm, a 
script for high content analysis.27 Automated analysis of intracellular ROS and 
mitochondrial characteristics was done using RedoxMetrics.ijm, (cfr. Chapter 3). 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-H2DCFDA or Calcein counterstained images, cells were segmented by 
autothresholding according to Huang’s algorithm and average intensities were 
measured within the segmented regions. For measurement of mitochondrial signals, 
mitochondria were first selectively enhanced by local contrast enhancement and 
multi-scale Laplacian filtering27 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. 

4.9 Respirometry 
The Seahorse Extracellular Flux XF24 analyzer (Seahorse Bioscience) was used to 
provide a comprehensive assessment of the relative state of aerobic metabolism in 
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live cells in assessing mitochondrial function. Seeding density and concentration 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 OCR), after addition of 
oligomycin (0.5 µM final concentration), carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP, 0.5 µM) and rotenone/antimycin (0.5 and 
0.05 µM). The OCR linked to coupled respiration was obtained by subtracting OCR 
after the addition of oligomycin from basal OCR. OCR after addition of the 
mitochondrial uncoupler FCCP reflected the maximal respiratory rate (spare 
respiratory capacity). Non-mitochondrial respiration was defined as the rate after 
rotenone/antimycin A application and was subtracted from the basal OCR to 
determine the mitochondrial OCR. 

4.10 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 assess normality of the data, Levene’s test to 
assess homoscedasticity, 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 non-parametric contrast-based multiple comparison tests.291 
Significance levels were indicated as follows: p<0.05 (*), p<0.01 (**), and p<0.001 
(***). For graphics and annotation, the R program was expanded with the ggplot2 
package.240 
  

http://www.r-project.org
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V 
PERSISTENT PERTURBATION OF A-TYPE LAMIN 
METABOLISM INDUCES OXIDATIVE STRESS BY 
INHIBITION OF PROTEIN DEGRADATION 
PATHWAYS 

Manuscript in preparation 
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Abstract 
A-type lamins are defining constituents of the nuclear lamina, a filamentous network 
that supports the nuclear membrane and organizes many nuclear as well as cellular 
processes. An increasing amount of evidence also suggests a role in intracellular 
redox homeostasis, either indirectly through interactions with redox-responsive 
proteins and transcriptionfactors, or directly, by serving as a nuclear scavenger of 
reactive oxygen species (ROS). Mutations in the LMNA gene leading to depletion of 
A-type lamins, or accumulation of prelamin A variants are accompanied by 
mitochondrial dysfunction and oxidative stress. Previously, we have shown 
differential effects of lamin A/C depletion and PLA accumulation on cellular redox 
balance. Yet, the underlying mechanisms are still largely unknown. To contribute to 
a better understanding, we have now quantified these differences at the level of the 
individual cell. We found that complete depletion of A-type lamins leads to a sharp 
increase of basal, but especially of induced ROS, while accumulation of PLA was 
correlated with a linear increase of ROS levels, pointing to different underlying 
pathways. Whereas both perturbations decreased proteasomal function, lamin A/C 
depletion also significantly decreased autophagy. Failure to compensate lower 
proteasomal degradation by autophagy, might explain the more dramatic phenotype 
observed upon lamin A/C depletion compared to PLA accumulation. Promotion of 
protein degradation by sulforaphane improved the oxidative stress phenotype in 
both conditions. This observation suggests a potential novel therapeutic entry point 
for laminopathies, especially as an addition to the current treatments. 

1 Introduction 
Laminopathies are orphan diseases predominantly caused by point mutations in the 
LMNA gene. LMNA encodes lamin A and C proteins, both important constituents of 
the nuclear lamina, filamentous network that supports the nuclear membrane. Lamin 
A is produced as a precursor protein, prelamin A (PLA), which becomes post-
translationally processed starting with a farnesylation near the C-terminus, followed 
by a proteolytic cleavage of the C-terminal three amino acids, then a 
carboxymethylation and finally the removal of the C-terminal 15 amino acids, 
including the farnesyl group150 (cfr. Chapter 1, Figure 3). This last step is 
exclusively catalyzed by the zinc-metallopeptidase ZMPSTE24. Point mutations in 
specific recognition sites for posttranslational steps interfere with the maturation 
process, causing prelamin A intermediates to accumulate. Among these isoforms, 
the farnesylated variants are assumed to be particularly cytotoxic. For instance, in 
the Hutchinson-Gilford Progeria Syndrome (HGPS), a single point mutation 
(C1824T) in the LMNA gene activates a cryptic splice site that causes the 
ZMPSTE24 cleavage site to disappear, leading to the accumulation of a truncated, 
permanently farnesylated prelamin A, termed progerin.3 Similarly, in restrictive 
dermopahty (RD), the loss of functional ZMPSTE24 leads to the accumulation of 
farnesylated PLA (fPLA).50,134 
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The nuclear lamina is well known for its mechanical properties, as support for the 
nuclear envelope or as a component in the LINC-complex, connecting the 
nucleoskeleton  with the cytoskeleton.3,28 However, an accumulating body of 
evidence suggests that the nuclear lamina is also involved in intracellular redox 
homeostasis.1,203 Lamins may indirectly contribute to the redox balance through 
interactions with redox-responsive proteins and transcription factors.141,155,156 They 
may also directly affect redox status, e.g. by serving as ROS scavengers (by virtue 
of their oxidizable cysteine residues).132 Direct or indirect, human fibroblasts in 
which LMNA is silenced, or LMNA-deficient patient cells, display increased levels of 
ROS and hypersensitivity towards induced ROS.132,203 Yet, depletion of A-type 
lamins is not a sole contributor to oxidative stress. Indeed, the accumulation of 
farnesylated PLA has also been shown to raise cellular ROS levels, albeit to a lower 
extent than lamin A/C deficiency.60,203 As the accumulation of immature prelamin A 
is not expected to alter their ROS scavenging function, alternative lamin-dependent 
pathways may operate to promote oxidative stress. One such candidate is impaired 
protein degradation. Decreased proteasomal function or proteasomal overload 
leads to the buildup of unprocessed proteins and the formation of protein 
aggregates, the accumulation of which can interfere with many cellular processes 
such as mitochondrial electron transport and can subsequently cause increased 
ROS production.269 Indeed, both mitochondrial dysfunction and decreased 
proteasome function have already been observed in cells with disturbed A-type 
lamin metabolism and HGPS patient cells.133,166,203,215,265 In addition, overexpression 
of lamin A variants and depletion of lamin A have been linked to the mislocalization 
and subsequent proteasomal degradation of nuclear envelope proteins (SUN2, 
Emerin and Nesprin-1), and to the upregulation of various ubiquitin ligases, possibly 
resulting in proteasome overload.270-272,292 Besides, upregulation of both 
proteasomal protein degradation and autophagy have been reported to ameliorate 
nuclear blebbing and early senescence associated with the HGPS phenotype.215,293 
With this work, we evaluated the effect of lamin A/C depletion and PLA 
accumulation, respectively, on the intracellular redox balance at the level of the 
individual cell. We found that only complete depletion of A-type lamins induced a 
strong rise of basal, but especially induced ROS, while accumulation of PLA was 
correlated with a gradual linear increase indicating that different underlying 
mechanisms are at play. We also found a potential connection with defective protein 
degradation pathways. 

2 Results 

2.1 Below a critical threshold level, lamin A/C depletion triggers 
oxidative stress 

Previously, we have established a high-content microscopy-based pipeline that 
enables interrogating redox balance in primary fibroblasts (NHDF) (Chapter 3).2,241 
Using this pipeline, we found that sustained siRNA-mediated depletion of lamin A 
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significantly increases both basal and induced ROS levels at the population level 
(Chapter 4).203 We now extended this assay, by performing post-hoc 
immunofluorescent (IF) staining for lamin A. This allowed for correlating lamin A 
levels with ROS levels at the level of the individual cell. Representative images of 
the different parameters in the same cells are displayed in Figure 5.1. 
 

 
 
Figure 5.1: High-content live-cell ROS imaging extended with post-hoc immunofluorescent stainings. 
Representative images showing the different parameters (lamin A, prelamin A, basal ROS, induced ROS), and a 
nuclear counterstain (DAPI), in the same cells, yellow arrows indicate typical nuclear aberrations upon PLA 
accumulation. 

When correlating lamin A abundance with ROS levels at the single cell level, we 
found a non-linear, concentration-dependent effect. More specifically, at 144h after 
one knockdown, most cells demonstrated a significant (> two-fold) reduction in 
lamin A levels (Fig. 5.2A & D), but no change in basal ROS levels (Fig. 5.2B & D), 
whereas at 264h, after three subsequent knockdowns, lamin A levels were further (> 
4-fold) reduced and only then, many cells with significantly increased basal ROS 
levels were found (Fig. 5.2A & B & D). This effect became even more pronounced 
for induced ROS levels, i.e., ROS levels after addition of the oxidant TBHP (Fig. 
5.2C & E). Thus, depletion of A-type lamins induces an increase of basal and 
induced ROS levels at the level of the individual cell, but only when this depletion 
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exceeds a critical threshold. In other words, only virtual absence of A-type lamins 
triggers oxidative stress. Even then, this correlation is not complete, since not all 
cells that demonstrate over 4-fold loss of A-type lamins show significantly higher 
levels of ROS. 
 

 
 
Figure 5.2: Correlation between lamin A/C depletion and oxidative stress at the cellular level. 
(A) Normalized lamin A protein levels in LMNAkd cells compared to NTkd control cells, as measured by 
immunofluorescence staining and quantitative image analysis. (B & C) Normalized basal levels of intracellular 
ROS measured by CM-H2DCFDA high content microscopy analysis and response towards induced ROS, 
measured as relative gain in intensity after 20 mM TBHP addition in LMNAkd cells compared to NTkd control 
cells. (D & E) Lamin A abundance versus basal and induced ROS levels at the single cell level, as measured by 
quantitative immunofluorescence imaging. (F) Representative images showing the different parameters (lamin 
A, prelamin A, basal ROS, induced ROS), and a nuclear counterstain (DAPI), in the same cells, yellow arrows 
indicate typical nuclear aberrations upon PLA accumulation. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-
value < 0,001) 

 

2.2 Prelamin A raises ROS levels in a concentration-dependent manner 
 
Using a similar correlative approach as described above, we also investigated the 
effect of experimentally-induced, sustained prelamin A accumulation, namely by 
repetitive siRNA-mediated knockdown of ZMPSTE24. Here, we used a prelamin A 
antibody for post-hoc IF. Representative images of the different parameters in the 
same cells are displayed in Figure 5.1. At 144 h (after 1 knockdown), an average 
3.5-fold increase in PLA levels was measured (as nuclear fluorescence signal 
intensity in the PLA channel after IF), which further increased up to a 3.8 fold at 264 
h (96h after the third transfection round) (Fig. 5.3A). At the population level, PLA 
accumulation caused a significant decrease of basal intracellular ROS levels at 
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144h but a significant increase of basal and induced ROS levels at 264h (Fig. 5.3B 
& D). At the individual cell level, a broad range was observed of cells displaying a 1 
to 8-fold change in PLA levels. Along with this, there was a linear trend between 
intracellular PLA concentration and basal ROS levels, both at 144h and 264h 
(Pearson's correlation coefficients of 0.46 and 0.45 at 144h and 264h, respectively – 
Fig. 5.3D). No correlation was measured between PLA concentration and induced 
ROS, despite the significant increase of induced ROS at the population level (Fig. 
5.3C & E).  
Thus, in contrast with lamin A/C depletion, where a decrease of A-type lamins below 
a critical threshold results in an acute rise of basal and especially induced ROS 
levels, PLA accumulation follows a linear concentration-dependent trend with basal 
intracellular ROS levels while the increase in induced ROS levels seems to be 
rather time-dependent then PLA-concentration dependent. Taken together, this 
suggests that depletion of A-type lamins and accumulation of PLA trigger oxidative 
stress via alternative pathways.  
 

 
 
Figure 5.3: Correlation between PLA accumulation and oxidative stress at the cellular level. 
(A) Normalized prelamin A protein levels in ZMPSTE24kd cells compared to NTkd control cells, as measured by 
immunofluorescence staining and quantitative image analysis. (B & C) Normalized basal levels of intracellular 
ROS measured by CM-H2DCFDA high content microscopy analysis and response towards induced ROS, as 
measured as relative gain in intensity after 20 mM TBHP addition in ZMPSTE24kd cells compared to NTkd 
control cells. (D & E) Prelamin A abundance versus basal and induced ROS levels at the single cell level, as 
measured by quantitative immunofluorescence imaging. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 
0,001) 
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2.3 Lamin A/C depletion and prelamin A accumulation differentially 
inhibit protein degradation pathways 

 
Aberrantly folded or immature proteins are usually degraded by the proteasomal 
machinery. However, when the amount of aberrant proteins becomes too high, the 
proteasome may become saturated, thereby inhibiting their normal function.294 We 
reasoned that this might be the case for PLA accumulation and that this could be a 
trigger for concentration-dependent ROS production. Therefore, we measured 
proteasome 20S activity in both LMNAkd and ZMPSTE24kd cells at 264h. We found 
that ZMPSTE24kd indeed significantly reduced proteasomal activity (by 4%). 
However, we also discovered that LMNAkd reduced proteasomal activity even more 
(7%) (Fig. 5.4A). In fact, the reduction in lamin A/C-depleted cells was comparable 
to that observed after treatment of wild type NHDF (NHDF-WT) cells with the 
proteasomal inhibitor MG-132 (Fig. 5.4A). It has been proposed that the 
proteasomal pathway is complemented by autophagy, as an alternative protein 
degradation pathway. Both pathways lead to degradation of misfolded and 
mislocalized proteins, and display compensatory effects when one is dysfunctional 
(communicating vessels).295,296 Hence, we analyzed autophagy induction in the 
knockdown models using a fluorescent reporter that selectively labels autophagic 
puncta, using the autophagy enhancer rapamycin as a positive control. Indeed, 
treatment of wild type NHDF (NHDF-WT) with MG132, resulted in a significant 38% 
increase in the number of autophagic vesicles (Fig. 5.4B). Interestingly however, 
LMNAkd showed a significant decrease (22%) at 264h, while ZMPSTE24kd had no 
apparent effect (Fig. 5.4B). 
Thus, lamin A/C depletion and PLA accumulation are both correlated with 
decreased proteasomal activity, which is not compensated for by autophagy. In 
LMNAkd cells, autophagy is even reduced. 
 
 

 
 
Figure 5.4: Protein degradation activity (proteasomal degradation & autophagy) 
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(A) Normalized 20S proteasomal activity in LMNAkd, ZMPSTE24kd and NTkd cells, as measured by 
fluorescence microscopy. (B) Normalized number of autophagic puncta in LMNAkd, ZMPSTE24kd and NTkd 
cells, as measured by fluorescence microscopy. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 0,001; 
error bars represent standard error) 

 

2.4 Sulforaphane promotes protein degradation and lowers basal ROS 
levels 

 
Assuming that the decreased protein degradation (partially) underlies the oxidative 
stress phenotype witnessed in our lamin perturbation models, we next sought to 
promote proteasomal activity and autophagy using sulforaphane (SFN). SFN is a 
plant derived isothiocyanate (1-isothiocyanato-4-methylsulfinylbutane) known to 
enhance protein degradation.297,298 As expected, SFN was found to increase the 
activity of both proteasomal degradation pathways by 17-29% (proteasome) and 
approximately 40% (autophagic activity) in all models compared to their vehicle 
(DMSO)-treated counterparts (Fig. 5.5A & B). 
We next assessed whether this positive effect was also reflected in a mildered 
oxidative stress phenotype. In all cellular models, basal ROS levels decreased 
significantly as compared to vehicle-treated (DMSO) counterparts. A reduction of 
14% was observed in LMNAkd cells and of 17% in ZMPSTE24kd cells. The latter 
essentially fell back to the same level as the vehicle-treated NTkd control cells. SFN 
treatment of NTkd cells and NHDF-WT cells also significantly reduced basal 
intracellular ROS levels (Fig. 5.5C). 
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Figure 5.5: Protein degradation activity and basal intracellular ROS levels upon treatment with 
sulforaphane 
(A) Normalized 20S proteasomal activity in LMNAkd, ZMPSTE24kd and NTkd cells upon treatment with 5 µM 
SFN or vehicle (DMSO) for 24h, as measured by fluorescence microscopy. (B) Normalized number of 
autophagic puncta in LMNAkd, ZMPSTE24kd and NTkd cells upon treatment with 5 µM SFN or vehicle (DMSO) 
for 24h, as measured by fluorescence microscopy. (C) Normalized basal ROS levels in LMNAkd, ZMPSTE24kd 
and NTkd cells upon treatment with 5 µM SFN or vehicle (DMSO) for 24h, as measured by fluorescence 
microscopy. (* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 0,001; error bars represent standard error) 

 

2.5 Sulforaphane does not restore mitochondrial membrane potential 
 
The oxidative stress that follows proteasome inhibition has previously been 
attributed to mitochondrial dysfunction.269 To quantify this dysfunction in LMNAkd 
and ZMPSTE24kd cells we quantified the mitochondrial membrane potential (Δψm, 
measured as average mitochondrial intensity of the TMRM channel), and the 
average size (projected mitochondrial area) of individual mitochondria using high-
content microscopy. 
At 264 h, both LMNAkd and ZMPSTE24kd cells exhibited increased Δψm and a 
more fragmented mitochondrial phenoptype compared to NTkd cells (Fig. 5.6). 
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Next, we evaluated whether SFN could also mitigate these effects. SFN treatment 
led to a recovery of mitochondrial size in LMNAkd cell compared to NTkd. In 
ZMPSTE24kd cells, the increase was smaller, but still significant when compared to 
vehicle treated control cells (Fig. 5.6B). However, SFN treatment did not lower Δψm 
back to control (NTkd) levels in LMNAkd or ZMPSTE24kd cells. In LMNAkd cells, it 
even induced an increase in Δψm (Fig. 5.6A). Taken together, SFN could only 
partially alleviate mitochondrial dysfunction upon lamin A depletion or PLA 
accumulation. 
 

 
 

Figure 5.6: Mitochondrial function. 
(A) Normalized Δψm in LMNAkd, ZMPSTE24kd and NTkd cells upon treatment with 5 µM SFN or vehicle 
(DMSO) for 24h, as measured by fluorescence microscopy using the intensity of the TMRM signal. (B) 
Normalized mitochondrial size in LMNAkd, ZMPSTE24kd and NTkd cells upon treatment with 5 µM SFN or 
vehicle (DMSO) for 24h, as measured by fluorescence microscopy using the projected area of the TMRM signal. 
(* = p-value < 0,05; ** = p-value < 0,01; *** = p-value < 0,001; error bars represent standard error). 

3 Discussion 
Many laminopathies are characterized by increased oxidative stress at a cellular 
level.1,60,130,131,133,203,264 The underlying causal mechanisms however still remain 
largely undetermined. Previous results showed that both lamin A depletion and PLA 
accumulation are correlated with increased intracellular ROS levels, but that they 
induce different cell fates.203 Reduction of lamin A was correlated with increased 
apoptosis, while PLA accumulation triggered a senescence pathway. 
With this work, we set out to further elucidate the differential effects of lamin A/C 
depletion versus the accumulation of farnesylated prelamin A on the intracellular 
redox status of the cell. In line with previous results203, we found an upregulation of 
intracellular ROS levels after long-term (sustained) perturbation of lamin A/C 
metabolism (Lamin A/C depletion or PLA accumulation). However, we now also 
investigated this connection at higher resolution, i.e., at the individual cell level. In 
doing so, we discovered a marked difference in the way lamin A/C and prelamin A 
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levels correlate with intracellular ROS levels. Whereas the intracellular ROS 
concentration scales linearly with PLA levels, the inverse correlation is far less 
obvious for lamin A/C. In fact, it appears that ROS levels remain rather constant 
within a fairly large window of lamin A/C abundance (at least factor 2), and only 
significantly increase, when lamin A/C levels fall below a critical threshold (>4-fold 
decrease). This threshold effect was even more pronounced for induced ROS, 
suggesting that only cells that virtually lack A-type lamins become hypersensitive to 
ROS. This might be due to the lowered ROS buffering capacity of A-type lamins. 
Through the oxidation of their cysteine residues they can act as a sink for ROS, 
protecting other more valuable components of the nucleus132, much like actin in the 
cytoplasm.151 The depletion of lamin A reduces this buffer capacity and 
subsequently renders the cell and nucleus more sensitive to induced ROS. A slight 
decrease, similar to haploinsufficiency, still leaves enough buffer capacity to cope 
with normal cellular redox homeostasis, but when the capacity declines below a 
certain threshold, the cell can no longer maintain a stable basal ROS level and 
becomes very sensitive to induced ROS, which in turn leads to an abrupt and acute 
escalation of oxidative stress. However, not all cells with a < 4-fold decrease in A-
type lamins display higher ROS levels.  A possible explanation is that the decrease 
of lamin A/C does not directly cause increased ROS production, but rather renders 
the cell more vulnerable when it does happen. Time might be a key-factor in this 
case, the longer the cell goes without A-type lamins, the higher the probability of 
experiencing acute oxidative stress. 
In contrast to the threshold effect observed in lamin A/C depleted cells, modest PLA 
accumulation (up to 4-fold) on the other hand resulted in a gradual increase of basal 
ROS with increasing PLA concentration. This observation implies that a different 
mechanism is at work here. It is also worth noting that 144h after the first 
knockdown, basal ROS levels were lower and showed a non-significant, but visible 
decrease in sensitivity to induced ROS. Later, at 264h and after 3 successive 
knockdowns, this effect was no longer visible. This might reflect a time-dependent 
effect, as PLA accumulation could initially increase the ROS buffering capacity, 
before other, slower effects, still result in oxidative stress. A viable candidate here is 
protein degradation. Accumulation of PLA itself, or PLA-induced mislocalization of 
other NE protein (e.g. emerin), could induce a proteasomal overload. The resulting 
build-up of protein aggregates can in turn perturb normal mitochondrial function and 
causes oxidative stress.269,299 
Decreased protein degradation has already been measured in HGPS patient 
fibroblasts.133,215 We measured proteasome function at 264h after the initial 
knockdown, and indeed observed a decrease of proteasomal activity upon PLA 
accumulation. Interestingly, also lamin A depletion decreased proteasomal activity. 
Autophagy, an alternative protein degradation pathway, has been observed to 
compensate when the proteasome is dysfunctional.295,296 We therefore also 
quantified autophagic activity, by measuring the number of autophagosomal puncta 
per cell. We found that autophagy was not compensating for the decreased 
proteasomal activity, in contrast, its activity was even reduced in LMNAkd cells, 
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while no effect was measured in ZMPSTE24kd cells. These data confirm that 
intracellular protein degradation pathways are perturbed upon perturbation of A-type 
lamin metabolism, with most pronounced effects observed upon lamin A/C 
depletion. The observation that autophagy was differentially affected between lamin 
A/C depletion and PLA accumulation might add to the difference in oxidative stress 
level. Besides the abrogated ROS buffer, LMNAkd cells also experience a higher 
degree of inhibition of protein degradation, which in turn results in more acute 
mitochondrial dysfunction and ROS generation. It must be stated however, that 
reduced autophagy has been observed in HGPS patient cells215, which accumulate 
progerin, a PLA variant. This does not correspond with our observations, but this 
might again be a time-dependent effect, long-term PLA acculumation might still 
result in reduced autophagy. 
To see verify whether reduced protein degradation was correlated with 
mitochondrial dysfunction, we measured mitochondrial membrane potential (Δψm) 
and average mitochondrial size to assess mitochondrial status. At 264h, both lamin 
A depletion and PLA accumulation resulted in increased Δψm and a more 
fragmented mitochondrial phenoptype compared to NTkd cells, both of which are 
correlated with mitochondrial dysfunction and increased ROS production.2,121,126,127 
This suggests that the measured oxidative stress upon lamin A/C depletion and PLA 
accumulation might indeed originate from increased mitochondrial ROS production 
that is caused by decreased protein degradation. 
In an effort to normalize protein degradation and subsequently restore ROS 
balance, a treatment with sulforaphane was performed. Sulforaphane is an 
antioxidant derived from cruciferous vegetables that is known to enhance both 
proteasome activity and autophagy.297,298 It has already proven its potential to 
ameliorate HGPS phenotypes on a cellular level215, and has been or is currently 
involved in more than 30 clinical trials for treatment of diverse diseases including 
sickle cell disease, prostate cancer, obstructive pulmonary disease and type-2 
diabetes.300-303 
After 24h of treatment, all models showed a significant increase in proteasomal and 
autophagic activity compared to their vehicle (DMSO) treated counterparts, which 
was accompanied by a decrease in basal ROS levels. In ZMPkd cells this decrease 
brought the basal ROS levels back to the same level as NTkd cells. In LMNAkd 
cells, the decrease was significant, but did not result in complete normalization of 
basal ROS. These results are in accordance with previous observations where 
enhancement of protein degradation with rapamycin, another inducer of protein 
degradation, more specific of autophagy, resulted in improvement of the HGPS 
phenotype.293,304-306 Mitochondria also partly recovered after SFN treatment, their 
size increased again, which indicates lower fragmentation, but Δψm remained high 
and increased even further in LMNAkd cells. This might be due to the short duration 
of the treatment (24 h), or it can be a dosage effect, but it can also mean that there 
are still other (non-exclusive) processes involved. For instance, lamins also interact 
with a multitude of redox-responsive transcription factors including Ankrd2, Oct1 and 
NRF2.141,155,156 Disturbed interaction or mislocalization of these can also lead to 
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oxidative stress, bypassing protein degradation. Indeed NRF2, a transcription factor 
that activates multiple antioxidant and cytoprotective genes through binding to 
antioxidant-responsive elements (ARE) motifs in their promoters108, was found to be 
mislocalized to the nuclear lamina in HGPS patient cells.156 
Taken together, our results point to distinct differences in the effects of lamin A/C 
depletion and PLA accumulation on the cellular redox status, but also strengthen 
the hypothesis that perturbed protein degradation is a common factor correlated 
with increased oxidative stress and mitochondrial dysfunction, and that SFN 
possesses valuable pharmacological properties to (partially) alleviate these 
symptoms. 

4 Materials and Methods 

4.1 Cell culture 
Normal human dermal fibroblasts (NHDF, LMNA+/+, Promocell, C-12300) were 
cultured in T25 or T75 culture flasks in DMEM High Glucose with L-Glutamine 
medium (Lonza, BE12-604F) supplemented with 10% fetal bovine serum (Gibco, 
10500-064) and 1% penicillin/streptomycin (Lonza, DE17-602E/12), at 37°C and 5% 
CO2, according to standard procedures. All experiments were performed with 
passage matched cells in between passage 9 and 16. 
 

4.2 siRNA-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 siRNA 
Negative Control, Med GC (Life Technologies, 12935-300) was used as a negative 
non-targeting control (NT). siRNA transfections were performed according to the 
manufacturer’s instructions using Lipofectamine® RNAi-MAX Transfection Reagent 
(9,6 µL for 1 T25 culture flask) (life technologies, 13778-075), and 10 nM of total 
siRNA, following the scheme outlined in Figure 5.7. 
 

 
Figure 5.7: Experimental design. 
Scheme of the sustained siRNA-mediated knockdown by repetitive transfections (TFs), and timing of the 
subsequent experiments. 
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4.3 Chemical treatments 
Proteasome inhibitor MG132 (Santa Cruz – SC-201270) was used as a positive 
control in the proteasomal activity assay at a concentration of 2 µM for 24h. 
Autophagy enhancer rapamycin (part of the CYTO-ID®

 autophagy detection kit 
(Enzo - ENZ-51031-0050)) was used as a positive control in the autophagy activity 
assay at a concentration of 2 µM for 24h. DL-Sulforaphane (Sigma-Aldrich - 4478-
93-7) was used at 5 µM for 24h. When chemical treatments were combined with 
knockdowns, the treatments were always initiated 24h before measurement (Fig 
5.7). 

4.4 High content live cell imaging of intracellular ROS complemented 
with immunofluorescence staining. 

Intracellular ROS was measured using the fluorescent cell-permeable probe 5-(and-
6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Life 
Technologies, C6827). Measurements were done 144 h and 264 h after initiation of 
the knockdown (Fig. 5.7), and according to a previously described workflow (cfr. 
Chapter 3). Briefly, 24 h before measurement, cells were seeded in black glass 
bottom 96-well plates (Brooks, Matrical Labware - MGB096-1-2-L-G-L) at 10000 
cells per well. Right before measurement they were washed in HBSS + Hepes (HH) 
(pH 7.2), incubated for 25 minutes in the dark at room temperature in HH-buffer 
containing 2 µM CM-H2DCFDA, washed again in HH-buffer and then automatically 
imaged (also in HH-buffer) on a Nikon Ti Eclipse inverted widefield fluorescence 
microscope with a Nikkor 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. 9 
images were acquired on predefined and saved locations in each well. After the 
complete plate was imaged, 20 µM tert-butyl peroxide (TBHP; Sigma-Aldrich, 
458139-100mL) was added to all wells and after a 3-minute interval the acquisition 
was repeated to measure induced ROS. Subsequently the cells were fixed in the 
96-well plates using 4% paraformaldehyde for 15 minutes at room temperature and 
washed (3x, 5 minutes) with PBS, followed by permeabilization with 0.5% Triton X-
100 (5 minutes) and blocking with 50% fetal bovine serum (FBS). Cells were then 
incubated with primary antibody diluted in 50% FBS for 60 minutes. After minimally 
3 PBS wash steps, cells were incubated with secondary antibody diluted in 50% 
FBS for 30 minutes, washed again, and then incubated with 1 µg/mL 4′,6- diamino-
2-phenylindole (DAPI) diluted in PBS. Primary antibodies were directed against 
lamin A (Abcam, ab26300) and prelamin A (Santa Cruz Biotechnology Inc., SC-
6214). As secondary antibodies, we used Cy3-conjugated donkey anti-rabbit 
(Jackson ImmunoResearch Laboratories Inc., 711-166-152), and Cy5-conjugated 
donkey anti-goat (Jackson ImmunoResearch Laboratories Inc., 705-175-147). 
Immunofluorescent stained cells were visualized using the same microscopic setup 
as the ROS measurement, using the saved locations to reacquire the same cells.	
All experiments were performed with at least 10 replicates per treatment per plate 
(depending on the experiment), on at least 3 different plates. 
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4.5 Proteasomal activity measurement 
To measure proteasomal activity, we used the fluorimetric Proteasome 20S Activity 
Assay Kit (Abcam - ab112154). This assay measures the chymotrypsin-like 
protease activity associated with the proteasome complex in cultured cells. It uses 
LLVY-R110 as a fluorogenic indicator for proteasome activities. Cleavage of LLVY-
R110 by the proteasome generates strongly green fluorescent R110 that is 
monitored fluorometrically at 520-530 nm with excitation at 480-500 nm. We 
extended the assay by also adding Hoechst 33342 (10 mg/mL; Thermo Fisher 
Scientific – H3570) to allow for normalization for cell density. Cells were seeded in 
black glass bottom 96-well plates (Brooks, Matrical Labware - MGB096-1-2-L-G-L) 
at a density of 8000 - 10000 cells per well and left to attach overnight. After 24 h, 
medium was discarded and 100 µL of fresh medium or medium containing a 
chemical treatment was added to each well. At 41 h, 100 µL proteasome assay 
solution, supplemented with 1/2000 Hoechst stock solution, was added to all wells 
followed by an incubation of 3 h at 37°C and 5% C02. Then fluorescence was 
measured using a Tecan Infinite 200 with excitation/emission set at 490/525 nm for 
GFP and 340/480 nm for Hoechst.  

4.6 Autophagy measurement 
The autophagic vacuoles in treated and mock-treated fibroblasts were quantified 
using the CYTO-ID®

 autophagy detection kit (Enzo - ENZ-51031-0050), according to 
the manufacturers instructions. Cells were prepared similar as for the proteasome 
activity assay. Cells were seeded in black glass bottom 96-well plates (Brooks, 
Matrical Labware - MGB096-1-2-L-G-L) at a density of 8000 - 10000 cells per well 
and left to attach overnight. After 24 h, medium was replenished and chemical 
treatments were initiated. At 43 h, cells were washed with 1x assay buffer and 
loaded for 30 minutes with dual color detection solution containing CYTO-ID green 
detection reagent and Hoechst 33342. Cells were then washed again, twice, with 1x 
assay buffer and fixed with 4% paraformaldehyde for 20 minutes followed by a final 
washing step and image acquisition on a Nikon Ti Eclipse inverted widefield 
fluorescence microscope with a Nikkor 40x air Plan Apo objective (NA 0.95) 

4.7 Image analysis 
All image processing was performed in FIJI (http://fiji.sc), a packaged version of 
ImageJ freeware (W.S. Rasband, U.S.A. National Institutes of Health, Bethesda, 
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2014). For the quantification of lamin 
A, PLA and ROS levels in the same cells, data from multiple images from different 
time points had to be combined. Due to imperfect steering of the microscope stage, 
XY positions could not be perfectly regenerated in the 3 imaging rounds (before 
addition of TBHP, after addition of TBHP, and after IF staining). This resulted in 
slight XY-shifted images compared to each other. To allow registration, the DCF-
signal was also acquired after IF staining. The resulting image could not be used for 
quantification, but the signal was high enough to allow registration based on this 
channel. We used The ‘Linear Stack Alignment with SIFT’ plugin, which is a 
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lightweight SIFT-implementation for Java after the paper of David Lowe307, to 
calculate and perform a translation-based registration. A before and after example is 
shown in Figure 5.8. 
 

 
Figure 5.8: Representative example of unregistered versus registered images of the different 

parameters.  
 
After registration, the DAPI channel was used to determine the locations of all 
individual nuclei and to create a region of interest (ROI) for each one. These ROIs 
were subsequently used to measure lamin A, PLA and ROS levels in their 
respective channels. 
As measure for autophagy, we calculated the number of autphagosomal puncta per 
cell. These fluorescent foci were quantified by means of a custom-designed image 
processing pipeline, which is essentially based on a high-content analysis workflow 
described before and is available upon request.27 In brief, the analysis consists of a 
few image pre-processing steps, followed by hierarchical segmentation of nuclei, 
cells, and spots to allow region-specific analysis of objects. Nuclear regions of 
interest (ROIs) are segmented in the DAPI channel after filtering with a Gaussian 
kernel of small radius (sigma=3), automatic thresholding according to Otsu’s 
algorithm and watershed-based separation. Cellular boundaries are then delineated 
by conditional region growing from the nuclear seeds restricted by a Voronoi 
tesselation. Finally, spots are specifically enhanced in the Cyto-ID channel by 
means of a Laplacian operator and binarized using an experimentally determined 
fixed threshold. The resulting image is then used to calculate the number of objects 
larger than a predefined size (>3 pixels). 

4.8 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 assess normality of the data, Levene’s test to 
assess homoscedasticity, 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 

http://www.r-project.org
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group. When criteria for normality or homoscedasticity were not met, non-parametric 
multivariate tests from the nparcomp package were used.239 If only 2 treatments are 
compared two sample tests for the nonparametric Behrens-Fisher problem are 
performed. For more than 2 treatments, a non-parametric contrast-based multiple 
comparison test is used. Significance levels were indicated as follows: p<0.05 (*), 
p<0.01 (**), and p<0.001 (***). For graphics and annotation, the R program was 
expanded with the ggplot2 package.240  
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Laminopathies display a broad range of phenotypes, from tissue specific disorders 
affecting striated muscle or fat tissue, to systemic diseases, such as restrictive 
dermopathy (RD) or the Hutchinson-Gilford Progeria Syndrome (HGPS).3,12 This 
diversity is underlined by the fact that mutations in the LMNA gene are linked to 
more diseases than any other human gene.41 Despite this diversity, many 
laminopathies share several features at the cellular level, including nuclear shape 
aberrations, heterochromatin disorganization and increased oxidative stress.1,7 This 
doctoral project aimed at exposing cellular mechanisms linking the nuclear lamina to 
oxidative stress and more specifically whether there are distinct pathways 
differentiating between loss-of-function and gain-of-function laminopathy variants. 

1 Sustained siRNA-mediated knockdowns of LMNA and 
ZMPSTE24 recapitulate the hallmarks of their patient-
cell counterparts 

First we had to decide which experimental models to use. Mouse models (Mus 
musculus) have been widely used to study laminopathies 41,308, but they are not 
easy to generate and require fairly high maintenance. Also, these models aren’t well 
suited for observation of embryos or other developmental stages, nor are they 
compatible with many cellular assays. Models in Caenorhabditis elegans 
(nematode)309, or Danio rerio (zebrafish)310 can counter some of these problems. 
Both are cheaper to create than mouse models. They also have shorter lifespans, 
require lower maintenance, permit easy monitoring of developmental stages and 
allow microscopic interrogation, thus subcellular observation. These advantages 
permit their use in larger-scale genetic and therapeutic screening.311,312 However, 
the usefulness of animal models in general is up for debate following contradicting 
reports of irreproducible results and poor recapitulation of human conditions.313,314 
Furthermore, fundamental research into underlying intracellular disease 
mechanisms requires many samples to obtain statistically sound results, greatly 
increasing the cost of experiments. To circumvent the complexity and cost of animal 
models, and to enhance biological readouts, but retain physiological relevance, 
primary patient fibroblasts are widely used as cellular model for different 
laminopathies.60,139,203,215,216  Still, there remain some drawbacks associated with 
their use. First, all laminopathies are considered to be orphan diseases, with very 
low incidences. This makes patient material scarce. Second, and more importantly, 
there is an inherent genetic heterogeneity between cells from different patients that 
may complicate biological interpretation. A simple solution to this problem is the use 
of in vitro created model cells. Healthy (primary) cells are modified so as to 
resemble patient cells as faithfully as possible. This approach guarantees unlimited 
access to pseudo-pathological cells and at the same time rules out a huge part of 
the inter-patient variability because both control cells and treated cells originate from 
the same progenitor cells. A major advantage of this approach is the added 
statistical power to measure small differences between treatment and control. A 
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drawback is that, because of the isogenic context, random differences between 
biological samples can become statistically significant, while still being irrelevant in 
the pathological context. To counter this, multiple biological replicates should always 
be used when creating in vitro model cells. Also, to obtain a reliable in vitro model, a 
causal understanding of the disease is necessary to select a treatment that yields 
physiologically relevant cells. In this PhD, we focused on 2 major genetic causes of 
laminopathies, namely mutations that lead to a knockout of the LMNA gene, or loss-
of-function mutations, which are mostly associated with striated muscle 
laminopathies3, and mutations that interfere with the maturation process of lamin A, 
resulting in accumulation of prelamin A (PLA) variants, or toxic gain-of-function 
mutations, like progerin in HGPS, or farnesylated PLA in RD.58,134 
In Chapter 2 we compared various chemical, as well as genetic interventions that 
result in the complete depletion of A-type lamins, or the accumulation of PLA 
variants. The chemical treatments (AFCMe, SQV and FTI) were applied in (primary) 
normal human dermal fibroblasts (NHDF) and were used to block the maturation of 
PLA at a specific point, inducing accumulation of both farnesylated and non-
farnesylated PLA. However, the efficiency was variable and we also observed 
several side effects, such as the formation of donut-shaped nuclei (after treatment 
with farnesyl transferase 276), or nuclear shrinkage and rounding (saquinavir). In 
addition, the model cells resulting from these treatments mostly lacked the nuclear 
dysmorphy that is expected upon PLA accumulation. Thus, chemical intervention 
did not result in the creation of faithful model cells, due to confounding side-effects. 
The genetic interventions offered more specificity. On the one hand we optimized a 
regimen of multiple successive transfections with siRNA targeting the LMNA gene 
or the ZMPSTE24 gene, to induce sustained lamin A/C depletion and accumulation 
of farnesylated PLA, respectively, in NHDF. On the other hand we applied 
CRISPR/Cas9 genome editing to knock out LMNA or ZMPSTE24 completely in 
HT1080 fibrosarcoma cells. The sustained knockdown approach can be applied in 
primary cell cultures to transiently interfere with lamin A/C metabolism, while 
CRISPR/Cas9-mediated knockout allows for more permanent interventions. With 
regard to A-type lamin depletion, both approaches gave rise to model cells 
displaying a nuclear morphology bearing all the hallmarks of LMNA deficient 
cells.139,222 With regard to accumulation, both approaches also resulted in model 
cells representative of PLA accumulating patient cells, showing increased nuclear 
dysmorphy and increased intranuclear lamin structures, but the observed phenotype 
was much more pronounced in the knockdown cells. A possible explanation for this 
difference might that the knockout cells went through selection and clonal expansion 
before analysis, which takes a long time and possibly allows the cells to adapt to the 
accumulation of PLA. The difference might also be cell type related, as the 
knockdowns were introduced in NHDF, and the knockouts in HT1080. Application of 
the sustained knockdown procedure in the HT1080 cells would allow answering this 
last question. 
Since both knockdown models recapitulated the intended hallmarks of the 
laminopathies under investigation, and because they were generated in primary 
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fibroblast, which correspond to often-used patient cells, we chose to use these 
models in the experiments described in this PhD. Nevertheless, still other cell 
models can be used. The development of induced pluripotent stem cell (iPSC) 
technology315 together with recent advances in genome editing technology, 
especially CRISPR/Cas9316, are propelling development of many new approaches 
to create reliable models cells. Somatic fibroblasts from a patient can be 
reprogrammed to pluripotent stem cells through the transient expression of 4 
transcription factors (Oct4, Sox2, Klf4 and c-Myc).315 These patient-iPSCs are 
diploid, karyotypically normal and can be differentiated into many different cell 
types, which makes them highly relevant for disease modelling and high-content 
drug screening. This is especially the case for laminopathies where some mutations 
affect specific tissues while others induce system-wide symptoms, the possible 
reason for which might be situated at the stem cell level.56 Several such iPSC-
models have already been created and applied in the laminopathy field.317,318 
Besides knocking out a gene, as we did for LMNA and ZMPSTE24 in HT1080 cells 
CRISPR/Cas9 genome editing also enables the introduction of specific disease 
causing single nucleotide polymorphisms (SNPs). When combined with the patient 
derived iPSCs, genome editing can be used to correct the disease causing 
mutation, creating isogenic control cells.319,320 Vice versa, iPSCs from a healthy 
person can also be modified so as to introduce the specific disease causing 
mutations at the exact same genomic sites as they occur in real patient cells. This 
allows faithful expression of mutant proteins, such as progerin, at precise 
stoichiometric levels, without access to real patient cells. In other words, cells would 
be created that are, on a genetic level, perfect copies of real patient cells. Isogenic 
iPSCs pairs possibility to differentiate these cells into various tissues. These 
isogenic cell lines allow thorough assessment of causal mutations and molecular 
and cellular disease causing mechanisms, but can also be used in high throughput 
pharmacological screens to discover novel therapeutic agents and develop novel 
therapeutic strategies.321 
As a sidenote, besides the knockdown-models that were used in Chapters 4 & 5, 
the knockout-models we developed in HT1080 cells are currently also being used 
by other groups, illustrating the significance of this work. 

2 High-throughput microscopy offers insight in cellular 
redox biology with deep coverage 

Since mitochondria represent an important intracellular source of reactive oxygen 
species, especially under pathological conditions80, we wanted to study both redox 
status and mitochondrial function in our model cells. We selected mitochondrial 
membrane potential (∆ψm) and morphology as a functional readout of mitochondrial 
health, and wanted to be able to measure those together with the intracellular ROS 
level. We therefore developed a novel high-content fluorescence microscopy 
method that allows simultaneous quantification of the aforementioned parameters in 
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living cells (Chapter 3). We chose CM-H2DCFDA as fluorescent dye for ROS and 
TMRM to measure both ∆ψm and mitochondrial morphology. A major advantage is 
that an unambiguous determination of both factors together in space and time 
allows pinpointing causal relationships. For instance by including compounds that 
promote or reduce mitochondrial function (influence on electron transport chain) or 
dynamics (fusion/fission), one could now directly assess the impact on intracellular 
ROS levels and vice versa. Another advantage of the method lies in its generic 
character in a sense that virtually any combination of spectrally compatible 
fluorescent probes for ROS and mitochondria can be used. This was demonstrated 
by using the Calcein/MitoSOX combination to specifically measure mitochondrial 
ROS. It is becoming increasingly clear that, besides the general cell-wide effects of 
ROS, fast, transient, and highly localized production of low doses of specific 
intracellular ROS species plays an important role in cellular signal transduction and 
mitochondrial morphofunction. To be able to measure these, targetable ROS probes 
with fast equilibration kinetics are necessary. It is in this field that great progress is 
conceivable. As yet, not many such sensors exist. HyPer196 and (Orp1)roGFP2191 
would be good candidates, but their kinetics would still have to be improved to be 
able to really measure quick transient changes. In extensu, the workflow is easily 
amenable to the analysis of other organelles (e.g., the ER) or processes (e.g., 
calcium homeostasis), by selecting other fluorescent markers. In Chapter 5, we 
extended the assay with a post hoc immunostaining. Since the exact imaging 
locations are saved, redox analyses could be directly correlated with location 
proteomics in the same cells, greatly increasing the molecular readout of the 
experiment. 
The method was originally conceived specifically for the analysis of NHDF, which 
are large and have a very flat morphology174,255, but it should be readily applicable 
to many other adherent cell types. Three other groups are already successfully 
using the assay on Hela, HT1080, HT29, CCD841, several endodelial cell lines, 
human dental pulp stem cells and rat thyrocytes. Application of the assay to 
suspension cells is less obvious due to difficulties with mounting and observing such 
cells in a physiological manner. They can be cytospun on a coverslip or cultured in 
serum-free media to induce adhesion, but both of these processes interfere with 
physiological conditions.322,323 However, these limitations could be overcome using 
micro-patterned cell culture supports that keep individual cells (adherent or non-
adherent) trapped in small micro wells while maintaining their viability324, or by the 
use of a thermo-reversible hydrogel to trap cells during imaging.325 These methods 
have already been used for high-content screening of plasma membrane potential, 
or cellular oxygen in individual suspension cells326,327 or the imaging of intracellular 
markers in the living, highly motile kinetoplastid parasites.325 In a similar approach, 
by the use of miniaturized biocompatible transparent cell-containing hydrogel 
droplets printed on glass slides or plastic chips (e.g. by microarray spotters), the 
method can also be expanded to the screening of 3D cell cultures.328,329 For both 
extensions (suspension cells and 3D cell cultures), adaptations would also have to 
be made to the imaging modality, since morphological analysis of the mitochondrial 
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network in these cells would require rapid 3D-acquisition capabilities such as 
spinning disk confocal or Bessel beam light sheet microscopy330,331, as well as to 
the analysis pipeline, to include the Z-dimension while calculating morphological 
parameters.332 Transcending the level of cell-based assays, the method has already 
been adapted to cater for measurements of redox metabolism and mitochondrial 
morphology or density in C. elegans.333-335.  
We optimized a medium- to high-throughput workflow for 96-well plates. This results 
in large image datasets that require a big time-investment for their analysis. To 
alleviate this burden, we have conceived a dedicated ImageJ script 
(RedoxMetrics.ijm) for the automated extraction of intracellular and mitochondrial 
signals and morphological characteristics based on the acquired images. We also 
created a complementary and interactive automated data analysis pipeline 
(RedoxMetrics.app) using the Shiny web application framework for R 
(https://shiny.rstudio.com). While being measured simultaneously, processing and 
analysis of the redox and mitochondrial parameters are usually done separately to 
gain unbiased insight into the fundamental underlying processes. However, 
integration of all the information using data mining techniques allows the calculation 
of more sensitive fingerprints. In line with this, we have shown that both chemically 
(SQV) treated cells and laminopathy patient cells could become effectively 
discriminated using a combination of 5 different metrics. Such a redox fingerprint 
may become a valuable tool for classification of cells from different pathological 
conditions or could lead to novel cell-based screening methods for diagnostic 
purposes. It has been shown that the combination of multiple morphological 
parameters of the mitochondrial network permits robust classification of different 
phenotypes using unsupervised and supervised data mining strategies.254,334 
Indeed, hierarchical clustering has allowed for stratifying antiretroviral drug 
treatments based on mitochondrial morphology fingerprints.334 Likewise, learning 
methods (logistic regression and support vector machines learning) have been 
successfully used to discriminate between primary fibroblasts of a healthy individual 
and a Leigh syndrome patient and to identify potential therapeutic compounds 
based on their mitochondrial morphofunctional phenotype.254 These examples 
demonstrate the potential of integrated image-based redox profiling. 

3 Lamins as mediators of oxidative stress 
Using the optimized high-content method on sustained knockdown models 
(LMNAkd & ZMPSTE24kd in NHDF), we set out to explore the role of lamins in 
cellular redox biology (Chapter 4 & 5). We investigated the effect of lamin A/C 
depletion and accumulation of farnesylated PLA on the intracellular redox status 
and mitochondrial function. We found that both perturbations resulted in oxidative 
stress. And we could correlate this with increased mitochondrial dysfunction, as 
evidenced by a higher ∆ψm, lower oxygen consumption rate and more fragmented 
phenoptype compared to control cells. Interestingly, intracellular ROS levels rose 
much higher upon depletion of A-type lamins than upon accumulation of 
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farnesylated PLA. Furthermore, lamin A/C depletion also induced a hypersensitivity 
towards induced ROS as compared to control cells or ZMPSTE24kd cells. Together 
this clearly indicates that A-type lamins exert a ROS-buffering function. Indeed, 
lamins have been reported to be able to act as reducing agents through their 
oxidizable cysteine residues132, much alike actin in the cytosol.151 At a cellular level, 
moderate depletion of lamin A/C, similar to haploinsufficiency, still leaves enough 
buffer capacity to cope with normal cellular redox homeostasis, but when the 
capacity declines below a certain threshold, the cell can no longer maintain a stable 
basal ROS level and becomes very sensitive to induced ROS, which in turn can 
lead to an abrupt and acute escalation of oxidative stress. From our experiments, 
this threshold corresponds to an almost complete absence of lamin A/C. 
ZMPSTE24kd and subsequent accumulation of PLA is not expected to alter the 
ROS buffering function, but ZMPSTE24kd cells still display mitochondrial 
dysfunction and experience oxidative stress. Subsequently we investigated whether 
PLA accumulation might cause a decreased activity of the protein degradation 
pathways. Decreased protein degradation (both proteasomal as autophagic) had 
already been detected in HGPS patient cells.133,215 Misfolded or immature proteins 
are usually degraded by the proteasome. But when the amount of aberrant proteins 
becomes too high, saturation may occur, thereby inhibiting normal function.294 The 
resulting accumulation of non-degraded proteins can interfere with many cellular 
processes such as mitochondrial electron transport and can subsequently cause 
increased ROS production.269 From our experiments, we indeed found a reduced 
proteasomal activity in ZMPSTE24kd cells. We also found reduced proteasomal 
degradation and autophagy in LMNAkd cells. There have been reports of 
mislocalization and subsequent proteasomal degradation of nuclear envelope 
proteins (SUN2, Emerin and Nesprin-1), and of upregulation of various ubiquitin 
ligases in LMNA deficient cells271,272,292, both of which might result in proteasomal 
overload. To assess whether reduced protein degradation is indeed a causal 
mechanism to oxidative stress, we subjected both ZMPSTE24kd and LMNAkd cells 
to a treatment with the plant-derived isothiocyanate sulforaphane (SFN), known to 
stimulate both proteasomal degradation and autophagy.297 This indeed resulted in a 
marked reduction of basal intracellular ROS levels, adding to the hypothesis that 
decreased protein degradation might lead to oxidative stress, but it did not 
completely normalize mitochondrial function. While mitochondrial fragmentation was 
partially reversed, ∆ψm remained high, and increased even further in LMNAkd cells, 
hinting at the involvement of other, non-exclusive, mechanisms. The nuclear lamina 
interacts with a multitude of redox-responsive proteins and transcription factors, 
including Ankrd2, Oct1 and NRF2.141,155,156 A recent study indicates that the stress 
responsive protein Ankdr2 translocates into the nucleus upon oxidative stress, 
where it interacts with lamin A and regulates expression of stress responsive genes. 
However, an EDMD2-lamin A mutant was found to bind and mislocalize Ankrd2 in 
the nucleus even under basal conditions, disturbing proper function and increasing 
sensitivity towards oxidative stress.155 A similar mechanism was reported for NRF2, 
a transcription factor that activates multiple antioxidant and cytoprotective genes 
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through binding to antioxidant-responsive elements (ARE) motifs in their 
promoters.108 In HGPS, NRF2 is mislocalized to the nuclear lamina, reducing 
expression of its targets and leading to oxidative stress.156 Among these targets is 
also NAD(P)H dehydrogenase, quinone 1 (NQO1), a protein important for 
maintaining mitochondrial integrity.336 We also measured expression of NQO1 in 
ZMPSTE24kd cells and found a slight but non-significant reduction (data not 
shown), presenting a possible proteasome independent link to mitochondrial 
dysfunction and subsequent oxidative stress in PLA accumulating cells.  Large 
scale transcriptomics and proteomics screening experiments, focussed on 
mitochondrial genes and proteins would possibly shed more light on these 
mitochondrial connections. 
Combining all results, we hypothesize the following tentative mechanism (Fig 1.1). 
Both lamin A depletion and PLA accumulation interfere with proteasomal function. 
The resulting buildup of non-degraded proteins results in mitochondrial perturbation 
and causes increased ROS production. LA depleted cells have a lower tolerance 
towards this additional ROS because of their diminished lamin A/C ROS-buffer, 
which eventually gives rise to acute oxidative stress and subsequent apoptosis. PLA 
accumulation on the other hand still has a nuclear ROS-buffer, yet mislocalization of 
redox-responsive transcription factors decrease other anti-oxidant systems and also 
affect mitochondria which eventually still results in oxidative stress, however the 
basal ROS levels remain lower than upon complete lamin A/C depletion, allowing 
cellular survival and/or induction of senescence. 
 

 
 

Figure 6.1: Tentative scheme displaying how lamin perturbations lead to oxidative stress and ultimately 
determine cell fate. Pending questions are represented by grey lines. 
 
Several other mechanisms are likely to interfere with this pathway as well. While we 
did measure decreased proteasomal function in LMNAkd as well as ZMPSTE24kd 
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cells, lamin A/C depletion also significantly reduced autophagy while PLA 
accumulation had no effect. When both protein degradation pathways are impaired, 
the build-up of non-degraded proteins is likely quicker, adding to the severity of the 
oxidative stress observed in LMNAkd cells. Furthermore, besides direct ROS-
buffering, the nuclear lamina also stabilizes the LINC complex that is thought to 
induce the formation of a perinuclear shield of protective enzymes, among which 
ROS defusing enzymes like CAT, GPX and GST.158 Depletion of lamin A/C might 
also abrogate this shield, potentially leading to an even bigger overload of the 
protein degradation machinery. Thirdly, looking at the modus operandi of many 
redox-responsive transcription factors, which are activated upon oxidation in the 
cytoplasm, subsequently transfer to the nucleus where specific cysteine residues 
within the DNA-binding domain of each transcription factor have to be reduced 
before they can interact with their respective target promoter sequences 109, 
oxidants in the cytoplasm activate redox signalling, whereas oxidative stress in the 
nuclear compartment blocks this. Since lamin A/C depletion specifically reduced 
ROS-bufferning capacity inside the nucleus, this might also contribute greatly to the 
observed acute oxidative stress in these cells. These still remain open questions 
that have to be addressed before a definitive model can be presented. 

4 Main results and perspectives 
 
1. Sustained knockdown of LMNA or ZMPSTE24 recapitulates the cellular 

hallmarks of laminopathies. 
2. Genome-editing holds promise for boosting physiological relevance of cell-

based studies. 
3. High-content microscopy allows establishing distinctive cellular redox 

signatures. 
4. Multiplexing of markers and integration of advanced data mining will boost HCM 

performance beyond its original scope. This is evidenced by the adoption of the 
method by a group that works on the colon cancer and a group that works on 
space radiation. 

5. Lamin A/C depletion and PLA accumulation differentially affect intracellular 
redox homeostasis. 

6. Lamin A/C functions as an intranuclear ROS-buffer. 
7. Perturbed lamin metabolism adversely affects proteasomal degradation 

pathways. 
8. Sulforaphane rescues lamin-specific oxidative stress phenotypes and holds 

promise as potential therapeutic strategy 
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