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SUMMARY 

The nuclear lamina, a thin filamentous protein layer beneath the nuclear envelope, 

physically supports the cell nucleus and has a central role in nuclear organization and 

gene regulation. The major constituents of this meshwork are type V intermediate 

filament proteins, known as lamins. Mutations in the LMNA gene, which encodes A-

type lamins, or in the ZMPSTE24 gene, which encodes a zinc metalloprotease involved 

in the maturation of A-type lamins, are linked to a wide spectrum of tissue-specific and 

systemic diseases collectively called laminopathies. Disease manifestations include 

muscular dystrophies, lipodystrophies, dilated cardiomyopathies and the premature 

aging syndromes Hutchinson-Gilford progeria (HGPS) and restrictive dermopathy 

(RD). The wide variety of diseases caused by mutations in the LMNA gene illustrates 

the pleiotropic functionality of A-type lamins in cell physiology. Although a large number 

of disease-causing mutations has been identified, the underlying pathogenic 

mechanisms are not completely understood.  

To unveil A-type regulated pathways, we have optimized and used cellular models in 

which we blocked the expression of LMNA or ZMPSTE24. This was achieved through 

sustained siRNA-mediated knockdown in human dermal fibroblasts or by 

CRISPR/Cas9-mediated genome editing in HeLa cells.  

First, we investigated the effect on redox biology. Sustained knockdown revealed that 

both persistent prelamin A accumulation and lamin A/C depletion elevated intracellular 

ROS levels, but to a different extent, and with different effects on cell fate. LMNA 

knockdown eventually induced apoptosis, while ZMPSTE24 knockdown triggered a 

senescence pathway. We hypothesize that a threshold level of intracellular reactive 

oxygen species (ROS) underlies this bifurcation and that the loss of A-type lamins 

removes an essential ROS buffering capability. 

Next, to further our knowledge on the molecular effects of LMNA deficiency, we 

compared the proteome of LMNA knockdown fibroblasts with mock-treated controls 

using quantitative stable isotope labelling-based shotgun proteomics. This revealed 

that the largest fraction of differentially produced proteins was involved in actin 

cytoskeleton organization. Interestingly, functional validation showed that loss of A-

type lamins perturbed the coordination between focal adhesion formation and 

cytoskeletal tension. We believe that this imbalance may contribute to the 

mechanosensing defects that are observed in certain laminopathies.  

Finally, to identify molecular changes associated with ZMPSTE24 deficiency at the 

cellular level we analysed genome-edited ZMPSTE24 knockout cells with label-free 

confocal Raman microscopy. We identified a decreased lipid content in ZMPSTE24-

deficient HeLa cells attributed to a significant reduction in lipid droplet number and size. 

Counterintuitively, this was accompanied with increased expression of several lipid 

droplet biogenesis genes. We believe that overexpression of these genes is a 
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compensatory mechanism against the accelerated lipolysis induced by prelamin A 

accumulation. 

In summary, we show that redox balance, focal adhesion and cytoskeletal tension are 

affected by loss of A-type lamins. We hypothesize that these pathways are interlinked 

and that ROS can be partly responsible for the uncoupling between cell adhesion and 

cytoskeletal tension. Furthermore, reduced focal adhesion and high ROS levels trigger 

apoptosis. Persistent prelamin A accumulation on the other hand, triggers a 

senescence pathway and interferes with lipid storage, in line with prelamin A-linked 

lipodystrophies. These findings open up new treatment strategies for laminopathies, in 

particular for muscular dystrophies, dilated cardiomyopathies and mandibuloacral 

dysplasia type B. These treatments strategies include reducing ROS levels, restoring 

mitochondrial function, increasing proteasome activity and increasing autophagy. 
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SAMENVATTING 

De nucleaire lamina is een dunne filamenteuze proteïne laag onder de nucleaire 

enveloppe, die ondersteuning geeft aan de celkern. Ze speelt een centrale rol bij de 

organisatie van de celkern en bij genregulatie. De belangrijkste componenten van dit 

netwerk zijn de type V intermediaire filament-eiwitten, die gekend zijn als de lamines. 

Mutaties in het LMNA gene, dat codeert voor de type A lamines, of in het ZMPSTE24 

gen, dat een rol speelt bij de maturatie van type A lamines, veroorzaken een breed 

spectrum aan ziektes, genaamd laminopathieën. Tot deze ziekten behoren musculaire 

dystrofieën, lipodystrofieën, gedilateerde cardiomyopathie en de premature 

verouderingsziekten Hutchinson-Gilford progeria (HGPS) en restrictieve dermopathy 

(RD). Het brede gamma aan ziektes toont aan dat type A lamines betrokken zijn bij ver 

uiteenlopende cellulaire processen. Alhoewel een groot aantal mutaties gekend zijn, 

blijft het gissen naar de onderliggende mechanismen die aan de basis liggen van de 

pathogenese. 

Om een beter inzicht te verschaffen over welke pathways gereguleerd worden door 

type A lamines, hebben we cellulaire modellen ontwikkeld, waarin de expressie van 

LMNA of ZMPSTE24 verstoord werd. Hiervoor hebben we gebruik gemaakt van 

siRNA-gemedieerde knockdown in humane dermale fibroblasten of CRISPR/Cas9-

gemedieerde genoom editing in HeLa cellen.  

In eerste instantie werd het effect op redox biologie bestudeerd. De knockdown 

modellen toonden aan dat zowel hardnekkige prelamine A accumulatie, als verlies van 

type A lamines, leidden tot een verhoogde hoeveelheid reactieve zuurstofverbindingen 

(ROS), waarbij de omvang en het effect op celproliferatie afhankelijk was van het type 

knockdown. LMNA-knockdown resulteerde uiteindelijk in apoptosis, terwijl 

ZMPSTE24-knockdown senescentie induceerde. Waarschijnlijk bepaalt de 

grootteorde van de toename van ROS het lot van de cel, waarbij een sterke toename 

van ROS apoptosis induceert, terwijl een gematigde toename leidt tot senescentie. 

Daarnaast gaat het verlies van type A lamines gepaard met het verlies van een 

essentiële ROS buffer.    

Daarnaast werd met behulp van kwantitatieve shotgun proteomics, gebaseerd op 

stabiele isotoop labeling, het proteoom van LMNA-knockdown fibroblasten vergeleken 

met controle fibroblasten, om de moleculaire effecten van LMNA-deficiëntie beter in 

kaart te brengen. Hieruit bleek dat de grootste fractie aan differentieel geproduceerde 

eiwitten waren betrokken bij de organisatie van het actine-cytoskelet. Functionele 

validatie wees op een verstoord evenwicht tussen focale adhesie en cytoskeletaire 

spanning. Deze onbalans draagt hoogstwaarschijnlijk bij aan de defecte 

mechanosensing, geobserveerd in bepaalde laminopathieën.  

Tenslotte werd beroep gedaan op confocale Raman microspectroscopie. Met deze 

technologie werden de moleculaire veranderingen geassocieerd met ZMPSTE24-

deficiëntie in kaart gebracht. Analyse van HeLa cellen met een ZMPSTE24-knockout, 
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wees op een verlies van vetopslag. Dit was te wijten aan een significante verlaging in 

het aantal en het oppervlak van intracellulaire vetlichaampjes. Contra-intuïtief werd dit 

verlies vergezeld door een verhoogde expressie van genen betrokken bij de biogenese 

van vetlichaampjes. Deze genen vertonen hoogstwaarschijnlijk een verhoogde 

expressie om de verhoogde vetafbraak te compenseren, die door prelamin A 

accumulatie geïnduceerd wordt.  

Samengevat tonen we met dit werk aan dat redoxbalans, focale adhesie en 

cytoskeletaire spanning, beïnvloed worden door verlies van type A lamines. We 

postuleren dat ROS verantwoordelijk is voor de ontkoppeling tussen celadhesie en 

cytoskeletaire spanning. Verhoogde ROS en verminderde celadhesie kunnen 

apoptosis induceren. Daarnaast hebben we aangetoond dat aanhoudende prelamine 

A accumulatie senescentie induceert en de intracellulaire vetopslag verstoort, in lijn 

met de prelamine A-gerelateerde lipodystrofieën. Onze bevindingen maken nieuwe 

behandelingsstrategieën mogelijk. Deze omvatten het reduceren van ROS, het 

herstellen van de mitochondriale functie, het verhogen van proteasoom activiteiten en 

het induceren van autofagie in patiëntencellen.   
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1.1. Nuclear lamins and laminopathies 

1.1.1. Nuclear lamins 

The nuclear envelope and nuclear lamina  

The nuclear envelope (NE) separates the nucleus from the cytoplasm in eukaryotic 

cells.1 It is composed of an inner nuclear membrane (INM), an outer nuclear membrane 

(ONM), the nuclear lamina and nuclear pore complexes (NPCs), which are embedded 

in the NE (Figure 1-1).2 The ONM is continuous with the endoplasmic reticulum (ER) 

and is covered with ribosomes.3 The INM contains integral and peripheral membrane 

proteins, which have specific nuclear functions.2 The distance between INM and ONM 

is around 40-50 nm, and both membranes join at the NPCs.4 NPCs are large (~50 

MDa) proteinaceous assemblies that allow passive diffusion of ions and small 

molecules up to 50kDa  and facilitate receptor-mediated bidirectional exchange of 

larger molecules (proteins and ribonucleoprotein complexes) between the 

nucleoplasmic and cytoplasmic compartments.5,6  

The nuclear lamina is a dense proteinaceous meshwork that lines the INM in metazoan 

cells.7,8 The nuclear lamina gives mechanical support to the nucleus, and is involved 

in many nuclear activities, including chromatin organization, transcription and 

replication.9,10 Its thickness varies in between 10 and 20 nm in somatic cells.10,11 The 

major constituents of the nuclear lamina are lamins, type V intermediate-filament 

proteins.12 A small fraction of lamins is also present in the nucleoplasm, on 

invaginations of the NE forming a so-called nucleoplasmic reticulum, or as dispersed 

(veil-like) structures.13–16 The nuclear reticulum has been proposed to facilitate nuclear 

processes such as nuclear transport or calcium storage.15 Next to lamin proteins, the 

nuclear lamina contains a large number of inner-membrane proteins, which help 

anchor lamin filaments to the NE.17  
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Figure 1-1. Schematic overview of the NE and some of its major constituents. Reprinted 

from Stewart et al. (2007).18  

Lamin isoforms: expression, prevalence and structure  

Nuclear lamins are subdivided into A- and B-type according to their sequence 

homology, tissue expression pattern and structural properties.19 A-type lamins are 

characterized by a neutral isoelectric point, while B-type lamins are rather acidic.20 

Lamin A and lamin C are the two major A-type protein isoforms and are alternative 

splice products of the same gene, namely LMNA. Alternative splicing can also produce 

two less abundant isoforms, lamin AΔ10 and C2.14,19,21 The major B-type lamins are 

lamin B1 and lamin B2, which are often collectively referred to as lamin B. These 

proteins are expressed by LMNB1 and LMNB2, respectively. The latter gene also gives 

rise to the alternatively spliced isoform lamin B3.19,20,22 So, the principal lamin isoforms 

are lamin A, lamin B (B1 and B2) and lamin C. The alphabetical order relates to their 

respective molecular weight, which is 70 kDa for lamin A, 68 kDa for lamin B2, 67 kDa 

for lamin B1, and 65 kDa for lamin C.23 

Expression patterns of nuclear lamins are dependent on the stage of development and 

are cell-type specific. During each stage of development at least one B-type lamin is 

highly expressed.24–26 In contrast, A-type lamins are absent in undifferentiated 

embryonal stem cells and LMNA expression levels correlate with differentiation status. 
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For example, certain adult cell types that are not fully differentiated produce little or no 

A-type lamins, such as epithelial cells in the lungs, liver, kidneys, intestine, heart and 

brains of mouse embryos before birth.27,28 Furthermore, most non-hematological 

malignancies are associated with reduced expression and aberrant localization of A-

type lamins.29 Reduced LMNA expression can contribute to the proliferative capacity 

and dedifferentiation ability of cancer cells and has been observed in adenocarcinoma 

of stomach and colon, squamous and adenocarcinoma of the esophagus, lung cancer, 

testicular germ cell tumors, and cancerous prostate tissues.29 Conversely, several 

adenocarcinoma cell lines and carcinoma cell lines show lamin AΔ10 expression.30 

The alternatively spliced isoforms lamin C2 and lamin B3 are exclusively expressed in 

spermatocytes.20,31 Next to the stage of development and differentiation status, the 

ratio between A- and B-type lamin expression scales with tissue stiffness: stiff tissues, 

such as bone and cartilage, have nuclei which are rich in A-type lamins, whereas soft 

tissue, such as brain and liver, have nuclei which are poor in A-type lamins.10,32  

 

Figure 1-2. Threefold structure of A-type lamins (lamin A/C) and B-type lamins ( lamin 

B1/B2).  

Nuclear lamins have been highly conserved throughout evolution.20 Like all 

intermediate filament proteins, lamins have a typical threefold structure (Figure 1-2). 

They contain a central highly α-helical coiled-coil rod domain (~50 nm in length), 

composed of four subhelical regions, flanked by a short (~30 amino acids) globular 

amino-terminal “head” and a 185-277 residues long carboxy-terminal “tail” 

domain.10,19,20 The subhelical regions in the central domain comprise heptad repeats 

and are assigned as coil 1A, 1B, 2A, and 2B. The coils are separated from each other 

by three short linker segments termed L1, L12, and L2.19,33 The tail domain contains a 

globular immunoglobulin fold (Ig-fold), which is 3.5 nm in diameter.10,19,34 Between the 

central rod domain and the Ig-fold, a nuclear localization signal (NLS) can be found, 

which is required for transport into the nucleus.19,35 Similar to most intermediate 

filament proteins, lamins can self-assemble into higher-order structures. In solution, 

lamins form coiled-coil dimers by parallel and in-register association of two central rod 

domains into a left-handed superhelix, exhibiting two Ig-fold domains. Further 

assembly of the lamin dimers in a head-to-tail fashion results in polarized arrays, which 

interact in an antiparallel fashion to form apolar tetrameric protofilaments, causing the 

characteristic beaded appearance of lamin assemblies.10,19 Recently, cryo-electron 

tomography of nuclei of vimentin-null mouse embryonic fibroblasts (MEFs) (to obtain 
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an unobstructed view of the lamin meshwork) indicated that A- and B-type lamins 

assemble into tetrameric filaments of 3.5 nm thickness.10 The assembly of nuclear 

lamins into dimers, head-to tail polymers, and protofilaments is shown in Figure 1-3, 

together with their incorporation into the lamin meshwork. Although the structural 

assemblies of A- and B-type lamins are very similar, they form distinct networks within 

the lamina meshwork.10,36 However, in MEFs some areas of the lamina present a small 

amount of overlap between A- and B-type lamins.36    

 

Figure 1-3. A: Cryo-tomogram of the lamin meshwork containg lamins (grey), NPCs 

(blue) and the INM and ONM (transparent grey). B: Assembly of nuclear lamins into 

dimers, head-to-tail polymers, and protof ilaments. Reprinted from Turgay et al. 

(2017).10  
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Processing and incorporation of lamins into the nuclear lamina  

Lamins A, B1 and B2 are produced as precursor proteins (pre-lamins), which all 

possess a carboxy-terminal CAAX box (C: cysteine; A: aliphatic amino acid; X: random 

amino acid, typically serine, glutamine, methionine of alanine) that is prone to extensive 

posttranslational modifications. These modifications are essential for the formation of 

mature functional lamins.19,37,38 The modification of the CAAX box is strictly regulated 

and starts with farnesylation of the cysteine residue through the action of a 

farnesyltransferase.38 Next, the AAX residues of the CAAX box are removed by a 

CAAX prenyl protease (endopeptidase). Two CAAX prenyl proteases have been 

identified in humans: Ras-converting enzyme 1 (RCE1) and Zinc metalloprotease 

related to the STE24 homolog in yeast (ZMPSTE24).19,39 Subsequently, the carboxy-

terminal cysteine is carboxymethylated by isoprenylcysteine carboxyl 

methyltransferase (ICTM).40 Carboxymethylation is the endpoint in the maturation 

process of B-type lamins. In contrast, prelamin A undergoes a last endoproteolytic 

cleavage, exclusively catalyzed by ZMPSTE24, after incorporation in the nuclear 

lamina, resulting in removal of 15 amino acids from the carboxyl terminus, including 

the farnesylcysteine methyl ester.19,39 The maturation process of lamin A, lamin B1 and 

lamin B2 is shown in Figure 1-4.  

Given the fact that lamin maturation is evolutionary conserved, it is highly likely that 

the pathway serves an important function.41 Several cell culture studies have 

suggested that the addition of the hydrophobic farnesyl group to prelamin is important 

for targeting these proteins to the INM. Furthermore both ZMPSTE24 and ICTM are 

present in the INM, next to the ER membrane, indicating that their action might take 

place even after lamin incorporation into the nuclear lamina.41–44 However, these 

studies only focused on prelamin A farnesylation and the importance of B-type lamins 

has been neglected.44 Furthermore, mouse models did not support this notion. For 

example, knock-in mice that only produce non-farnesylated prelamin A do not show 

perturbed incorporation of prelamin A.41,45 Similarly, lamin C, which is not farnesylated, 

can be targeted to the nuclear rim in mice that do not produce lamin A.41,46 Moreover, 

bypassing prelamin A synthesis by direct synthesis of mature lamin A in mice, leads to 

nuclear blebs in MEFs, yet with normal nuclear rim positioning of lamin A in tissue. The 

occurrence of nuclear blebs in these cells is likely the result of local defects in lamina 

organization.47 A recent study has shown that trafficking of lamin A to and its assembly 

in the NE is regulated by sorting nexin 6 (SNX6). SNX6-mediated trafficking did not 

require farnesylation of prelamin A, since mature lamin A was also transported.48 In 

contrast with A-type lamins, farnesylation of lamin B1 has shown to be important for 

neuronal migration in the developing brain of mice. Knock-in mice expressing non-

farnesylated lamin B1 die soon after birth and have striking nuclear abnormalities in 

neurons: the nuclear lamina appeared pulled away from the chromatin leaving the DNA 
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exposed in the cytoplasm.44 In contrast to lamin A, lamin B1 is not transported by 

SNX6, therefore farnesylation of lamin B1 is likely essential for INM targeting.48  

Next to the aforementioned posttranslational modifications, lamins can also be 

phosphorylated, sumoylated, ADP-ribosylated and possibly glycosylated.19 For 

example phosphorylation of lamins by cyclin-dependent kinase 1 (CDK1) and protein 

kinase C (PKC) is required to trigger disassembly of the nuclear lamina at the onset of 

mitosis.19,23,49,50 

 

Figure 1-4. Schematic overview of the maturation process of lamin A, lamin B1 and 

lamin B2. The grey box represents the NLS and the blue box the Ig -fold. The number 

beneath the lamin structure represent the respective amino acid posit ion. Modified from 

Dechat et al. (2010).19  

1.1.2. Functions of lamins 

Nuclear lamins and their associated proteins play a role in chromatin organization, 

distribution of NPCs within the NE, positioning of the nucleus in cells and reassembly 

of the NE after mitosis. They are also involved in essential cellular processes, such as 

DNA replication and RNA-polymerase-II-dependent gene expression, and interact with 

proteins involved in a wide range of cellular pathways.51 Lamins can also function as 

mediators of oxidative stress, which will be extensively discussed in chapter 2.52   
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Regulation of nuclear shape and mechanical stability 

Similar to cytoplasmic intermediate filaments, nuclear lamins have a mechanical role. 

More specifically, lamins provide and maintain structural stability of the nucleus. A-type 

and B-type lamins have a different effect on the mechanical properties of the nucleus. 

Lamin B1-deficient MEFs exhibit normal nuclear mechanics, although a significant 

increase in nuclear blebs is observed.53 In contrast, cells lacking A-type lamins exhibit 

increased numbers of misshapen nuclei and have increased nuclear plasticity.54 

Furthermore, nuclei in Lmna-/- MEFs are more prone to mechanical stress causing 

increased nuclear dysmorphy and decreased viability. These cells also show 

decreased mechanical stiffness. Overexpression of lamin A or lamin C can partly 

restore the phenotype of Lmna-/- MEFs.19,55–57 Nuclear deformability is also observed 

in embryonic stem cells that lack expression of A-type lamins. After terminal 

differentiation there’s a 6-fold increase in nuclear stiffness.19,58 Next to the lack of lamin 

A/C, production of mutant lamin A isoforms, such as progerin, or accumulation of 

prelamin A, as observed in certain diseases (discussed later on), can result in 

dysmorphic nuclei. Most common nuclear abnormalities observed are honeycombs, 

blebs, donut-like nuclei.14,57,59–61 An exponent of the enfeebled nucleus is the 

occurrence of nuclear ruptures, temporary breaches of the NE barrier, in cells lacking 

A-type lamins, and to a lesser extent in cells expressing mutant lamin A isoforms.62 

The nuclear lamina is also connected with the cytoskeleton through the “link of 

nucleoskeleton and cytoskeleton” (LINC) complex (see Figure 1-1). This complex 

bridges the perinuclear space and consists of SUN1 and/or SUN2 proteins bound to 

KASH proteins (nesprin1-4), which localize to the INM and ONM, respectively.4,63 A-

type lamins interact with SUN1/2, which are connected to cytoplasmic actin filaments 

through nesprin 1 and 2.18 Furthermore, biochemical studies have shown that A-type 

and B-type lamins can bind directly to actin filaments.64 Nesprin 3 connects 

intermediate filaments with SUN1/2 through the binding of plectin, and in 

Caenorhabditis elegans it has been shown that ZYG-12 connects microtubules to the 

nucleus through dynein.65   

Chromatin organization and positioning 

By regulating chromatin organization, nuclear lamins influence gene expression and 

cell differentiation.66 Gene-poor chromatin regions and heterochromatin are 

preferentially located around the nucleoli and at the nuclear periphery in eukaryotic 

cells.67,68 Nuclear lamins interact with chromatin directly by binding DNA or indirectly 

by binding DNA-associated proteins. More specifically, DNA sequences in matrix 

attachment regions (MARs) can be bound by lamins via their rod domain.69,70 DNA-

associated proteins include histone proteins, barrier to autointegration factor (BAF), 

LEM-domain proteins (lamina associated polypeptide 2 (LAP2), emerin, MAN1), or 

lamin B receptor (LBR).51,71–73  

Genomic regions associated with the nuclear lamina are termed lamina-associated 

domains (LADs). These regions are anchored to the nuclear lamina by lamin B1 and 
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are typified by low gene expression and heterochromatin specific histone markers. 

LADs range from 0.1-10 Mb in size and contain all together thousands of genes.74,75 

Genes in LADs are 5- to 10-fold less active than genes outside LADs and the mean 

gene density outside LADs is about twice the gene density inside LADs. These 

domains are confined and demarcated by the insulator protein CCCTC-binding factor 

(CTCF), by outward oriented promoters, or by CpG islands.74 In replicative senescent 

cells LMNB1 expression is significantly decreased. This is accompanied by large-scale 

changes in gene expression and chromatin reorganization.76 However, the changes in 

gene expression can also be attributed to altered sequestration of transcription factors, 

as discussed later on.  

In contrast to lamin B1, lamin A/C preferentially associates with gene-rich chromatin 

regions, and disruption of lamin A-dependent heterochromatin tethering results in 

decreased expression of muscle genes in mouse myoblasts.19,68,77 The amount of 

heterochromatin at the nuclear periphery is also significantly reduced in lamin A/C-

deficient fibroblasts and central chromosome territories are more condensed and 

repositioned closer to the nuclear gravity center.78 Furthermore, loss of A-type lamins 

alters genome dynamics, inducing a dramatic transition from slow anomalous diffusion 

to fast and normal diffusion.54,79 Similarly, fibroblasts from Hutchinson-Gilford Progeria 

Syndrome (HGPS) patients, which express a truncated, permanently farnesylated form 

of prelamin A (progerin), exhibit a dramatic loss of heterochromatin. These changes 

are accompanied by alterations in histone modifications, like a decrease of H3 

trimethylated on lysine 9 (H3K9me3) and H3K27me3. Remarkably, an increase in 

H4K20me3 was observed, an epigenetic mark for constitutive heterochromatin.80 

Interference with proper lamin A processing also causes alterations in chromatin 

organization. For example, inhibition of prelamin A farnesylation, by the 

farnesyltransferase inhibitor FTI-277, causes redistribution of heterochromatin 

domains at the nuclear interior. On the other hand, The ZMPSTE24 inhibitor N-acetyl-

S-farnesyl-L-cysteine methylester (AFCMe) causes loss of heterochromatin domains, 

comparable to the observations in HGPS fibroblasts.81    

Taken together, nuclear lamins are indispensable for proper chromatin organization, 

and in addition they have a strong effect on epigenetic histone modification. Altered 

lamin levels induce chromatin redistribution, which eventually results in altered gene 

expression.    

Mitosis, DNA replication and DNA damage repair 

Nuclear lamins are involved in DNA replication. Observations in primary fibroblasts 

indicated that DNA synthesis is initiated in a limited number of foci containing 

nucleoplasmic lamin A/C and retinoblastoma protein (pRb) family members, which 

surround the nucleoli. 82 Lamin B1 has also been associated with replication foci in 

mouse 3T3 cells during late synthesis phase. 83 Lamins can also bind directly with 

proliferating cell nuclear antigen (PCNA) through their Ig-fold motif. This protein is 

necessary for the chain elongation phase of DNA replication. Interestingly, an excess 
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of the lamin domain containing the Ig-fold can inhibit DNA replication in a 

concentration-dependent fashion.84 Besides it has been shown that lamin A/C has a 

role in the restart of stalled replication forks, since replication restart is defective in 

Lmna-deficient MEFs after induction of replication stress.85  

During mitosis, during the transition from prophase to prometaphase, the nuclear 

lamina disassembles through phosphorylation of lamins and A-type lamins become 

freely soluble, in contrast B-type lamins remain associated with nuclear membrane 

structures through LBR.14,86   

Nuclear lamins also influence DNA repair. Loss of A-type lamins induces an increase 

in the number of DNA damage repair foci, containing phosphorylated H2AX (γH2AX), 

pointing at an increase in DNA damage.87 Nuclear ruptures can contribute to this 

increase in DNA damage, as observed in migrating lamin A-depleted cancer cells.88,89 

In addition, lamin A/C deficiency was associated with an increase in aneuploidy, 

chromosomal aberrations, telomere shortening and redistribution of telomeres at the 

nuclear periphery.90,91 It has been shown that loss of A-type lamins results in 

upregulation of cathepsin L (CTSL) expression, which induces a decrease in DNA 

double strand breaks (DSB) repair via non-homologous end joining (NHEJ).90,91 Next 

to CTSL, BRCA1 and RAD51 also show decreased gene expression, resulting in 

decreased DSB repair through homologue recombination.90,91 The aforementioned 

stalled replication forks in Lmna-/- MEFs is caused by defective recruitment of repair 

factors (Mre11, CtIP, Rad51, RPA, and FANCD2), which delays the removal of γH2AX 

foci.85 Similar to A-type lamin depletion, expression of disease-causing lamin A 

mutants has been linked to increased DNA damage and chromosomal aberrations and 

an increased susceptibility to genotoxic agents.92,93 HeLa cells expressing lamin A 

mutants exhibited a decrease in γH2AX foci, when exposed to cisplatin or UV 

irradiation. Likely this is caused by mislocalization and/or impaired expression of 

ataxia-telangiectasia- and Rad3-related protein (ATR), which is involved in DNA 

damage sensing. A decrease is in γH2AX foci in turn, results in impaired recruitment 

of p53-binding protein 1 (53BP1).93 Recruitment of 53BP1 and RAD51 to DNA damage 

foci is also impaired in Zmpste24-/- MEFs and in HGPS fibroblasts. This results in a 

delayed checkpoint response and inconsistent DNA damage repair. Wild-type MEFs 

ectopically expressing unprocessable prelamin A (carboxyl-terminal Ser-Ile-Met was 

replaced by Phe-Phe-Met) show similar defects in checkpoint response and DNA 

damage repair.92 Furthermore, experiments in Zmpste24-/- mice have shown that 

prelamin A accumulation is responsible for p53 activation, and results in cellular 

senescence. The progeroid phenotype are largely rescued in Zmpste24-/- Lmna+/- mice 

and partially reversed in Zmpste24-/- p53-/- mice.94 

Transcription, gene regulation and mechanotransduction 

As mentioned before, both A-type and B-type lamins influence gene expression 

through chromatin organization. However nuclear lamins can also regulate expression 

of specific genes directly, by sequestering transcription factors at the INM.31,95 For 

example, sequestration of c-Fos by lamin A/C prevents dimer formation between c-Fos 
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and c-Jun, which in turn suppresses Activation protein 1 (AP1) transcription factor 

activity.96 In line with this Lmna-/- MEFs exhibit increased AP-1 activity. 96,97 AP-1 is 

involved in multiple essential cellular processes, including cell proliferation and 

differentiation. Lamin A/C can also interact directly with the transcription factor MOK2 

and prelamin A specifically binds sterol regulatory element-binding protein 1 

(SREBP1).98–100 Sequestration of these transcription factors represses transcription of 

their respective target genes.95,98,100 More specifically, sequestration of SREBP1 by 

prelamin A induces a decreased expression of peroxisome proliferator-activated 

receptor-γ (PPARγ), which is involved in cholesterol metabolism.95,100 Lamin B1 can 

associate with octamer-binding transcription factor-1 (OCT1) at the nuclear periphery. 

Again this anchorage represses expression of OCT1 target genes.101 Besides direct 

interaction with transcription factors, lamins can also interact with transcription factors 

via lamin-associated proteins such as emerin, MAN1, LAP2β, and pRb. For example, 

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.31,95,102,103    

Nuclear lamins are also involved in mechanotransduction. Mechanotransduction can 

be defined as the intracellular signaling response of cells to mechanical stimuli.104 This 

signal transduction plays an important in role in maintaining tissue function, in particular 

in mechanically active tissues such as myocardium and skeletal muscle. Mutations in 

NE proteins such as nuclear lamins or emerin, can perturb mechanotransduction.105 

For example, lamin A/C-deficient fibroblasts show attenuated NFκβ-regulated 

transcription in response to mechanical or cytokine stimulation, despite increased 

transcription factor binding. Next to attenuated NFκβ-regulated transcription, LMNA 

mutations have been associated with hyperactivation of extracellular signal-regulated 

kinase 1/2 (ERK1/2) in fibroblasts.106 Abnormally increased ERK1/2 activity has also 

been observed in hearts of LmnaH222P/H22P mice, a mouse model for Emery-Dreifuss 

muscular dystrophy (EDMD).107,108 ERK1/2 are protein kinases that participate in the 

mitogen-activated protein kinase (MAPK) pathway, which is involved in 

mechanotransduction in various cell types.104,109 Next to increased susceptibility to 

mechanical stress, perturbed mechanotransduction contributes to the phenotype of 

muscular dystrophy, which is associated with multiple LMNA mutations.55       

1.1.3. Laminopathies 

Mutations in lamins that lead to reduction of mature lamins and/or accumulation of 

aberrant immature prelamins, can induce a wide range of diseases, which are 

collectively termed laminopathies. These diseases belong to a larger family of nuclear 

envelopathies, which also cover diseases caused by mutations in genes encoding 

other NE proteins, such as emerin (EMD), LBR, MAN1, LAP2, and aladin WD repeat 

nucleoporin (AAAS).14 Most laminopathies are related to A-type lamins, since 

mutations in B-type lamins are most often lethal.110,111 Therefore, we will only discuss 

LMNA-related laminopathies. LMNA-related laminopathies can be subdivided in 

primary laminopathies, which are caused by mutations in the LMNA gene, and 
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secondary laminopathies which are caused by mutations in genes encoding prelamin-

processing proteins, e.g. ZMPSTE24.14 About 350 disease-associated point mutations 

have been identified in the LMNA gene. The majority of these mutations, almost 90%, 

are missense mutations distributed throughout the gene.112,113 The bulk of these 

mutations are autosomal dominant and can be inherited or congenital.114 Disease-

causing mutations can either be haploinsufficient loss-of-function mutations or 

dominant negative gain-of-function mutations. For example, limb girdle muscular 

dystrophy 1B (LGMD1B) has been associated with dominant loss-of-function 

mutations, while HGPS is caused by dominant negative gain-of-function mutations, 

resulting in the accumulation of progerin. There are currently 17 distinct diseases 

described which are linked to mutations in the LMNA gene including dilated 

cardiomyopathy (DCM), muscular dystrophy, Charcot-Marie-Tooth peripheral 

neuropathy type 2B1 (CMT-2B1), lipodystrophy and premature aging syndromes.113 

So, disease manifestations can be systemic or tissue-specific. Among the muscular 

dystrophies we have EDMD and the aforementioned LGMD1B, these diseases also 

present DCM.115,116 Lipodystrophy syndromes include Dunnigan-type familial partial 

lipodystrophy (FPLD) and mandibuloacral dysplasia with type A lipodystrophy 

(MADA).117,118 Premature aging syndromes include HGPS, atypical Werner syndrome 

(AWS), and atypical progeroid syndromes (APS).119–122 Noteworthy, some MADA 

patients also exhibit accelerated aging and progeroid syndromes show generalized 

lipodystrophy, suggesting common pathological mechanisms.123–125 ZMPSTE24-

related secondary laminopathies include mandibuloacral dysplasia type B (MADB), 

which is distinguished from type A by the pattern of fat distribution throughout the body, 

atypical HGPS and the lethal neonatal disease restrictive dermopathy (RD).31,126–131 

Premature aging syndromes have the earliest onset, worst outcome, and are very hard 

to treat. DCM patients, on the other hand, present symptoms at later age and standard 

care for heart failure is applied.132 Hence, next to the affected tissues, the severity and 

onset of laminopathies are highly variable. Laminopathies caused either by decreased 

lamin A/C expression or prelamin A accumulation will be discussed in more detail, 

since these diseases are more relevant in the context of this thesis. 

Molecular mechanisms underlying laminopathies 

Different mechanisms have been proposed to explain the pathogenesis of 

laminopathies. According to the “structural mechanism”, loss of A-type lamin function 

affects structure and rigidity of the cell nucleus, causing nuclear ruptures and 

decreasing resistance to mechanical stress. This has been described in A-type lamin 

deficient cells, and is one of the underlying mechanisms in muscular dystrophies and 

DCM.14,19,55–57 The “cell proliferation mechanism” is based on the observation that most 

laminopathies are characterized by impaired cell proliferation. For example, fibroblasts 

from progeria patients and progeria mouse models show premature senescence.133,134 

Next to cell proliferation, cell differentiation can be impaired. Mutations in LMNA can 

perturb interaction with pRb, impairing myoblast differentiation and promoting 

apoptosis.135 The latter can also contribute to the pathogenesis of muscular 

dystrophies and DCM. According to the “gene expression mechanism”, pathogenesis 
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is a result of changes in gene expression due to altered interaction between nuclear 

lamins and transcription factors and impaired chromatin organization. This can 

influence multiple cellular processes. For example, accumulation of prelamin A can 

affect lipid metabolism through permanent SREBP1 sequestration95,100, or loss-of-

function mutations can impair mechanotransduction, as observed in muscular 

dystrophies. Next to altered sequestration of transcription factors or impaired 

chromatin organization, gene expression can also be altered by nuclear ruptures, 

through temporal molecular exchange between the cytoplasm and the nucleus. This 

can result in redistribution of transcription factors to the cytoplasm or to the nucleus 

and thereby affect gene expression.61,62 Finally the “toxicity mechanism” claims that 

accumulation of mutant lamin isoforms, such as progerin, or prelamin A is cytotoxic. 

Indeed accumulation of these proteins induces nuclear shape defects and is 

associated with cellular senescence and oxidative stress.136–138   

Laminopathies caused by haploinsufficiency of A-type lamins  

The most prevalent laminopathy is DCM. Idiopathic DCM affects 1 in 2500 individuals 

and 50% of all cases of idiopathic DCM are familial dilated cardiomyopathy 

(FDM).139,140 It has been estimated that 8% of all FDM cases are caused by mutations 

in LMNA, thus approximately 1 case in 62500 individuals suffers from LMNA DCM.139 

In the case of EDMD and LGMD1B, DCM is accompanied by different types of skeletal 

muscular dystrophy. EDMD patients are characterized by early tendon contractures, 

progressive muscle weakness and wasting in a humeroperoneal distribution.141 In 

LGMD1B patients more proximal skeletal muscles are affected compared to EDMD 

patients.116 LMNA DCM, EDMD and LGMD1B are all adult-onset diseases, and are 

actually a spectrum of the same diseases and can be caused by the same LMNA 

mutations.142 They have a high penetrance (100% of mutation carriers are affected by 

the age of 60 years) and aggressive course, often resulting in premature death or 

cardiac transplant.142 In line with the majority of laminopathies, LMNA DCM is primarily 

autosomal dominant and mainly caused by missense mutations. One homozygous 

missense mutation (H222Y) in LMNA has been linked to EDMD.115 LGMD1B has been 

associated with a mutation leading to truncation of lamin A/C (Y259X), resulting in a 

neonatal lethal phenotype in case of homozygous inheritance. LMNAY259X/Y259X 

patients lack LMNA expression, so loss of lamin A/C function likely contributes to the 

phenotype of LGMD1B patients.143 This is supported by experiments in Lmna-null and 

Lmna+/- mice, which suggest that haploinsufficiency underlies the pathogenesis of 

LMNA DCM.144,145 Next to lack of expression, some mutations interfere with the protein 

structure of A-type lamins, and thereby impair protein function. For example the 

R453W mutation in LMNA, causing EDMD, destabilizes the three-dimensional 

structure of the Ig-fold in the carboxyl-terminal tail domain of lamin A/C.146  

Loss of functional lamin A/C decreases mechanical stability of the nucleus, initially 

affecting tissues under high mechanical stress, such as striated muscles and heart 

muscle. In addition, mechanotransduction is impaired through attenuated NFκβ-

regulated transcription and hyperactivation of ERK1/2, as mentioned earlier.105–108 So 
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the primary molecular mechanisms underlying this group of laminopathies are the 

structural and gene expression mechanisms, including nuclear ruptures, as discussed 

earlier on.  

Laminopathies characterized by prelamin A accumulation 

ZMPSTE24 related secondary laminopathies, such as MADB and RD, are caused by 

accumulation of farnesylated prelamin A, since the final endoproteolytic cleavage is 

inhibited. Both diseases are autosomal recessive and can be caused by homozygous 

or compound heterozygous mutations.126,127 Interestingly, MADB is accompanied by 

partial loss of ZMPSTE24 activity, while RD is associated with complete loss.129 So the 

degree of prelamin A accumulation correlates with the severity of the disease. MADB 

is characterized by skeletal abnormalities and generalized lipodystrophy with metabolic 

syndromes such as insulin resistance, glucose intolerance, diabetes mellitus and 

hypertriglyceridemia. Some patients have features of premature aging.117,126 RD is a 

lethal neonatal genodermatosis characterized by intrauterine growth retardation, tight, 

rigid and easily eroded skin with prominent superficial vessels, bone mineralization 

defects, dysplastic clavicles, arthrogryposis and early neonatal death. RD patients 

usually die within several hours or days of birth.126,127 Prelamin A accumulation has 

also been observed in primary laminopathies, including FPLD, MADA and AWS.100,147 

However, a recent study could not recapitulate these results in fibroblasts from different 

FPLD patients (heterozygous R482W, I299V, C591F, and T528M mutations).148 

Furthermore, fibroblasts from different APS patients (heterozygous P4R, E111K, 

D136H, E159K, and C588R mutations) do not show prelamin A accumulation, 

questioning the observed prelamin A accumulation in AWS.122 On the other hand, 

prelamin A accumulation could be reconfirmed in fibroblasts from MADA patients 

(homozygous R527H mutation) in a later study.147 In contrast to MADB patients, MADA 

patients only present fat loss from the extremities of the body, and have normal or a 

slight excess in subcutaneous fat in the neck and truncal regions.131 HGPS is, without 

a question, the most notorious laminopathy. Children affected with HGPS appear 

healthy at birth. Within a year, the first clinical features of this progeroid syndrome 

appear, including failure to grow, delayed dentition, alopecia, loss of subcutaneous fat 

and sclerodermatous skin changes.14,125 The age of death ranges between 7 and 27.5 

years, with a median age of 13.4 years. Most patients die from progressive 

artherosclerosis of the coronary and cerebrovascular arteries.14,125 The syndrome is 

manly caused by a de novo single-base substitution, G608G (GGC > GGT), within 

exon 11. This mutation does not affect amino acid sequence, but results in activation 

of a cryptic splice site within exon 11. Splicing results in the production of progerin, a 

prelamin A isoform which lacks 50 amino acids near the carboxyl terminus.125 Progerin 

still contains the CAAX box and becomes farnesylated during posttranslational 

processing. However, the deleted 50 amino acids contain the ZMPSTE24 cleavage 

site, so removal of the last 15 amino acids, including the farnesyl group, is impossible. 

Thus, progerin remains permanently farnesylated and accumulates at the nuclear 

rim.149  
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MADA, MADB, RD and HGPS have overlapping phenotypes. Except for RD patients, 

MADA, MADB and HGPS patients present partial or generalized lipodystrophy.100 

Interestingly, RD patients have a slight increase in subcutaneous fat as well.119,150 

Since RD is a lethal neonatal disease, it’s likely that lipodystrophy is not yet presented. 

At cellular level these diseases all display nuclear shape defects to some extent. In 

MADA fibroblasts, prelamin A accumulates at the nuclear rim and at the nucleoplasmic 

reticulum. In addition, the LINC complex protein SUN2 is mislocalized and forms a 

honey-comb-like lattice in the nuclear membrane.147 MADB fibroblasts show major 

nuclear shape defects, such as lobulations and herniations. However lamin A/C is still 

localized at the nuclear rim.126 In RD patient fibroblasts nucleoplasm herniation and 

NE irregularities are observed, furthermore lamin A/C is distributed in clusters in the 

nucleus.119,127 HGPS fibroblasts show clear abnormalities of the nuclear membrane.125 

In addition ectopic expression of progerin in mice results in misshapen nuclei and 

nuclear blebs.151 So, accumulation of either farnesylated prelamin A or farnesylated 

progerin is toxic and affects nuclear shape, in line with the “toxicity mechanism” 

mentioned earlier. Of note, prelamin A and progerin are also present in healthy cells at 

very low levels. Interestingly, the amount of progerin increases with aging.152,153 Likely, 

progressive telomere damage during aging results in the release of certain telomere-

binding/capping proteins which influence spliceosome function, and thereby induces 

extensive changes in alternatively splicing, eventually increasing progerin 

production.153 Similarly prelamin A accumulates in hMSC during aging. This is caused 

by reduced ZMPSTE24 expression, induced by the overexpression of miR-141-3p 

during senescence.154 So, the aforementioned laminopathies partly reflect normal 

aging.   

Therapeutic strategies for laminopathies     

To date, no curative treatments exist for laminopathies. For muscular dystrophies and 

DCM the primary concern is preventing sudden cardiac death.132 To this end standard 

care for heart failure is applied, which includes angiotensin-converting enzyme 

inhibitors, angiotensin receptor blockers, beta-blockers, diuretics and aldosterone 

antagonists. As mentioned before a cardiac transplant is often a requisite.142 Potential 

new treatments include MAPK inhibitors (e.g. Selumetinib), to lower the abnormally 

increased ERK1/2 activity, and induction of autophagy (e.g. Temsirolimus), which 

improved cardiac function of LmnaH222P/H222P mice.132 Combination treatments can 

further improve efficacy.132 MADA, MADB, RD and HGPS patients can benefit from 

blocking the farnesylation of prelamin A or progerin. This can be achieved by inhibiting 

farnesyltransferase. Farnesyltransferase can be blocked by farnesyltransferase 

inhibitors (FTIs). One specific FTI, lonafarnib, has been studied in children with HGPS 

up to a phase II clinical trial.155 However, due to alternative prenylation of the CAAX 

box by geranylgeranyltransferase I the effect of FTIs can be reduced.38,156 Furthermore 

FTI treatment can trigger the formation of donut-shaped nuclei. This phenotype is 

caused by a centrosome separation defect.59 Instead of directly inhibiting 

farnesyltransferase or geranylgeranyltransferase I, interfering with the mevalonate 
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pathway is more effective. Blocking this pathway minimizes the synthesis of the non-

sterol isoprenoids farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate 

(GGPP), eventually preventing the action of farnesyltransferase and 

geranylgeranyltransferase I upstream.157 To this end, statins (e.g. pravastatin) or 

aminobisphosphonates (e.g. zoledronate) can be used.156 Statins inhibit 3-Hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase, which is essential for the 

biosynthesis of mevalonate, and thereby reduce FPP and GGPP, leading to a 

reduction in protein farnesylation.157 Aminobisphosphonates inhibit two enzymes in the 

mevalonate pathway, namely FPP synthase and/or isopentenyl pyrophosphate 

(IPP).157 Statin treatment of MADA fibroblasts rescues SUN2 mislocalization and 

combined statin/aminobisphosphonate treatment improves the aging-like phenotype in 

Zmpste24-deficient mice and improved nuclear abnormalities in HGPS 

fibroblasts.147,156 Although interference with lamin farnesylation is a promising 

treatment strategy, these strategies also interfere with the farnesylation of other 

proteins, such as Ras proteins, causing unwanted side effects. Therefore, a number of 

alternative therapies have been put forward. Rapamycin, a macrolide antibiotic, has 

been shown to reverse the cellular phenotype of HGPS fibroblasts, through progerin 

clearance via autophagy.138 Rapamycin also decreased the level of farnesylated 

prelamin A in RD and MADA fibroblasts, and alleviated the nuclear shape defects 

observed in these cells.158 More recently, sulforaphane, an antioxidant derived from 

cruciferous vegetables, was tested on HGPS fibroblasts. Sulforaphane enhanced 

proteasome activity and autophagy in both healthy and HGPS cells. The treatment 

resulted in increased progerin clearance, similar to rapamycin.159 Another approach to 

reduce progerin or prelamin A accumulation is redirection of the alternative splicing of 

LMNA towards lamin C. To this end metformin can be used. This antidiabetic drug 

decreases SRSF1 expression, an RNA-binding protein which is involved in alternative 

splicing of LMNA. Through reduced SRSF1 expression, progerin expression is 

decreased.160 Finally it has been shown that resveratrol can ameliorate the phenotype 

of Zmpste24-/- mice and extend their lifespan. Resveratrol enhances the binding 

capacity between SIRT1, a NAD+-dependent histone and non-histone protein 

deacetylase, and A-type lamins, including prelamin A and progerin. Thereby SIRT1 is 

activated and physiological and metabolic functions necessary for health span are 

restored.161,162   

1.2. Modern tools for cell biology 

The past decade, modern cell systems or cytomics approaches have boosted the 

progress in life sciences. High throughput DNA sequencing technologies have 

permitted the discovery of thousands of novel disease-causing mutations and more 

recently, RNA sequencing has enabled exhaustive analysis of the coding and non-

coding transcriptome. Advances in mass spectrometry allowed high-throughput protein 

sequencing. Despite the holistic nature of genome- and proteome-wide approaches, 

which can inventorize all molecular changes upon specific perturbations or in 

pathologies, they do not provide insight into the location and dynamics. In other words, 
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they all lack spatiotemporal resolution. This gap can be bridged by the use of 

microscopy. In recent years there has been a surge in microscope automation, 

resulting in huge amounts of data. Along with this, there has a trend towards automated 

analysis of the resulting large image data sets. This has led to the development of a 

new field, called systems microscopy.  

1.2.1. Genomics 

The first DNA sequencing technology was developed in 1968, fifteen years after the 

discovery of the double helix by Francis H. Crick and James D. Watson.163 A decade 

ago the overwhelming majority of DNA sequencing relied on some version of the 

dideoxy method of Sanger.164 This method relies on the use of fluorescently (four 

colors) labelled chain-terminating nucleotide analogs, namely dideoxynucleotides 

(ddNTPs), to cause base-specific termination of primed synthesis by DNA 

polymerase.163,164 Sanger-based methods are termed first-generation sequencing. 

Newer methods are referred to as next-generation sequencing (NGS).165 These newer 

methods have the ability to produce an enormous volume of data, compared to first-

generation sequencing.165 Second-generation sequencing include Roche/454 

pyrosequencing and Illumina/Solexa sequencing. In Roche/454 pyrosequencing DNA 

is randomly sheared and ligated to linker sequences, which are captured on the surface 

of beads. The sequences are amplified within an emulsion droplet. During primed DNA 

synthesis each of the four dNTPs are sequentially presented, and incorporation is 

monitored by luminometric detection of pyrophosphate release (hence the name 

pyrosequencing).163 In Illumina/Solexa sequencing template DNA is immobilized and 

amplified via bridge amplification.165 Sequencing is based on cyclic reversible 

termination (CRT). This method relies on the use of reversible chain-terminating 

nucleotides, which contain a terminating/inhibiting group and a fluorescent dye (for 

each nucleotide a specific color). These reversible terminators are incorporated during 

primed DNA synthesis, and after a washing step incorporated nucleotides can be 

identified by imaging. A cleavage step removes the terminating group, including the 

fluorescent dye, and after a washing step, the cycle can be repeated.165 Third-

generation sequencing technologies are Single Molecule Real Time (SMRT) 

sequencing by Pacific Biosciences, the Illumina Tru-Seq Synthetic Long-Read 

technology, and the Oxford Nanopore Technologies sequencing platform. This last 

generation is characterized by high-quality genome sequencing with very long 

reads.166 Next to DNA sequencing, NGS can be used for sequencing of RNA and 

microRNA. Nowadays RNA sequencing even replaces microarray-based gene 

expression studies.165       

1.2.2. Proteomics 

Proteomics is the large-scale analysis of proteins in a cell, tissue, or whole organism. 

Proteomics as a technology is now over 20 years old and offers several advantages 

over genomics as it directly measures the functional molecules, which are the result of 

transcription, translation, and post-translational modifications.167 Proteomics can be 
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subdivided in gel-based applications, such as one-dimensional and two-dimensional 

polyacrylamide gel electrophoresis (PAGE), and gel-free methods based on tandem 

mass spectrometry (MS/MS).168 Gel-based methods identify proteins based on their 

molecular weight and in the case of two-dimensional PAGE also on their IEP. In 

contrast MS/MS-based methods can identify proteins through peptide-to-spectrum 

matching. In this process theoretic spectra are generated through in silico digestion of 

protein sequences and compared to the detected spectra. This can be performed by 

several search engines such as Mascot, X!Tandem, and OMSSA. Some proteomic 

methods can also provide quantitative information in a label-based or label-free 

manner. Label-based methods can be further subdivided into the various types of 

labeling approaches such as chemical and metabolic labeling.167 Chemical labeling 

methods include proteolytic labeling (18O stable-isotope labeling), isotope-coded 

affinity tags (ICAT), isotope-coded protein labeling (ICPL), isobaric tags for relative and 

absolute quantification (iTRAQ), and tandem mass tags (TMT). Metabolic labeling 

methods include stable isotope labeling by amino acids in cell culture (SILAC).167 The 

principle of iTRAQ- and SILAC-based quantitative proteomics is shown in Figure 1-5. 

In recent years, label-free methods have sparked interest. These methods are based 

on spectral counting and provide the deepest proteome coverage for identification, 

however its quantification performance is worse than label-based approaches. Both 

chemical and metabolic labeling are capable of accurate, precise, and reproducible 

quantification and provide deep proteome coverage for quantification.169 Next to 

general proteomics, specific posttranslational modifications can be analyzed by 

“modification-specific proteomics”. In modification-specific proteomics 

posttranslational modified proteins are enriched prior to analysis, such as 

phosphopeptides (phosphoproteomics), glycopeptides (glycoproteomics), peptides 

containing acetylated lysine, … 170 By using specific protein extraction procedures it is 

also possible to isolate protein fractions form specific subcellular regions. By doing so 

changes in protein localization can be observed. This approach is referred to as “spatial 

proteomics”.171,172 
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Figure 1-5. Schematic overview of chemical isobaric tags for relative and absolute 

quantif ication ( iTRAQ) (A) and metabolic stable  isotope labeling by amino acids in cell 

culture (SILAC) labeling (B). In the iTRAQ protocol proteins are extracted, 

enzymatically digested and peptides are labeled with isobaric tags prior to mixing. 

Peptides are separated with l iquid chromatography (LC) and identif ied with MS/MS. The 

isobaric tags cause a mass shift which allows to quantif ication. SILAC labeling takes 

place before protein extraction, through metabolic incorporation of amino acids 

(arginine and lysine) containing stable isotopes.      

1.2.3. High-throughput microscopy 

Fluorescence microscopy is indispensable for cell biology. Fluorescent microscopes 

are configured to pass excitation light through the objective lens into the sample and 

then selectively observe the emitted fluorescent light coming back through the 

objective lens from the sample.173 The most popular mode of fluorescence microscopy 

is widefield microscopy, using an inverted epifluorescence microscope, in which the 

objective images the sample from below. The choice of the objective dictates most of 
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the key properties of the microscope, and its performance is largely determined by the 

magnification and numerical aperture (NA). Objective magnification ensures that the 

image is magnified sufficiently on the camera. At least two camera pixels per resolvable 

element are required to capture the full resolution of the microscope objective (Nyquist 

rate). The NA of the objective correlates with the light-gathering power and inversely 

with the resolution limit (D) of the objective (𝑁𝐴 =
0.61𝜆

𝐷
).174 A huge drawback of 

widefield microscopy is the fact that the entire specimen is bathed in light.175 Both out-

of-focus light and light emitted by the focal plane of the sample are detected by the 

camera. This out-of-focus light makes it impossible to achieve well-resolved 3D 

images. Confocal fluorescence microscopy can resolve this issue. This mode uses a 

focused laser beam to obtain a point-like illumination, and emitted light from this point 

is detected after passage through a pinhole. Hence, light from out-of-focus planes is 

blocked by the pinhole, resulting in a point-like detection.174,175 The use of point-like 

illumination necessitates raster scanning to generate a microscopic image. To this end, 

scanning mirrors are used to scan across the sample and build up the image point by 

point.174 A disadvantage of point scanning is that it is slow. One solution, termed 

spinning disk confocal microscopy, is based spreading the laser beam over a rotating 

disk comprising a series of pinholes, through which many spots of the sample are 

illuminated simultaneously. The emitted fluorescence light is focused onto another or 

the same pinhole of the spinning disk. Simultaneous imaging and the rapid disk rotation 

allows much higher frame rates compared to CLSM.176 On the other hand most of the 

light is blocked, resulting in an ineffective illumination of the sample, although this can 

be surpassed by adding a second disk of microlenses, referred to as the Yokogawa 

modification.176,177 The principle of widefield fluorescence microscopy and CLSM is 

shown in Figure 1-6.   

To study cellular processes, the dynamic behaviour and microscopic scale need to be 

taken into account. By fixing cells a snapshot can be taken of the cellular processes at 

that specific moment. However, fixation protocols can damage and alter the cellular 

environment, complicating the interpretation of these images. Therefore, live cell 

imaging is more reliable to study the dynamic behaviour of cells. In the latter case 

automating image acquisition is indispensable. However, automation is also relevant 

for fixed cell imaging, since this enables the generation of large image data sets, which 

is termed high-throughput microscopy (HTM) (Figure 1-6).178,179 Furthermore, multiple 

features can be extracted from one microscopic field, such as multiple wavelengths, 

multiple focal planes, and morphological parameters. Automated analysis and 

exhaustive feature extraction is described as high-content analysis.180 Combining HTM 

and high-content analysis is often referred to as “deep imaging”.181            
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Figure 1-6. A: Energy diagrams of f luorescence. B: The light path and key components 

of a widefield microscopy (left) and a confocal microscopy. C: Scheme il lustrating the 

workflow of high-throughput microscopy.  

1.2.4. Raman microspectroscopy 

Although fluorescence microscopy is a very important technique in life sciences, the 

technique has several limitations. First of all, in most cases fluorescent labels 

(fluorescent dyes or fluorescent fusion proteins) are required, which is invasive and 

can be harmful or even lethal (in case of fixation) for the examined cells.182 Secondly, 

only a limited number of fluorescent labels can be combined, and the narrow 

absorption spectra make it hardly possible to efficiently excite several dyes at once, 
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except for quantum dots (QDs).183 One way to bypass these limitations is by making 

use of Raman microspectroscopy (RMS). This is a microscopic variant of Raman 

spectroscopy, and probes molecular vibrations in a biological sample per pixel, through 

the measurement of Raman scattering.184 Raman scattering was discovered in 1928 

by C.V. Raman and K.S. Krishnan, and is observed when a sample is irradiated with 

visible or near-infrared light.185 Most of the incident photons undergo elastic scattering 

(Rayleigh scattering), while a small fraction are inelastically scattered by the interaction 

with molecular bonds. During interaction energy is exchanged with the vibrational 

energy levels of the molecules in the sample. This process can result in a loss in energy 

of the scattered photon, termed Stokes-shifted Raman scattering. Exceptionally, the 

interaction can result in a gain in energy of the scattered photon causing anti-Stokes-

shifted Raman scattering, but due to the extreme rareness of this event, this type of 

scattering is hard to detect.184 The energy diagrams of the various kinds of scattering 

are shown in Figure 1-7A. Conventional RMS measured spontaneous Stokes-shifted 

Raman scattering with a CLSM-based setup. Hence, Raman spectra are recorded via 

raster scanning a sample with a laser, Raman scatter is separated from Rayleigh 

scatter via an edge/notch filter, and the Raman spectra are resolved by dispersing the 

Raman scatter by a monochromator and finally detected by a CCD camera.186 Raman 

spectra are multivariate datasets which require extensive processing prior to data 

analysis. Reconstruction of microscopic images can be obtained via complex spectral 

unmixing and clustering algorithms.187 The setup of a Raman microscope is shown in 

Figure 1-7B. Its typical output is shown in Figure 1-7C, relevant Raman bands 

corresponding with DNA/RNA, lipids and proteins are indicated with arrows. 

Due to the weak nature of Raman signals, RMS requires long acquisition times. 

Reducing acquisition time can result in insufficient signal-to-noise ratios, or spatial 

under-sampling.188 Another way to cope with the weak Raman signals is by boosting 

them through the use of nonlinear RMS, for example, coherent anti-Stokes-shifted 

Raman scattering (CARS) microscopy and stimulated Raman (SRS) microscopy. In 

the latter techniques two laser pulses with different angular frequencies are used, and 

when the difference between the angular frequencies of the two incident lasers 

coincides with that of the vibrational mode of the sample molecule, intense and 

unidirectional radiation is emitted due to a nonlinear Raman process.186 

In summary, RMS can be used to capture molecular changes in cells, tissues or 

biofluids, without the need of labeling. Therefore, RMS can complement fluorescence 

microscopy. Furthermore the technique can be used for medical diagnostics, and 

Raman spectra can be collected in vivo through the use of a Raman needle probe.188 

Previous studies have shown that RMS can be used to study a wide variety of 

diseases, but most studies focus on cancer, including brain cancer, breast cancer, lung 

cancer, skin cancer, colorectal cancer, and prostate cancer.188–191 For example, 

Raman spectra of high-grade gliomas presented a higher contribution from nucleic 

acids compared to those of normal tissue, or the ratio of the Raman band intensity of 

lung cancer tissue was different form normal tissue at 1445 cm-1 and 1655 cm-1.188 

RMS can be exploited as a diagnostic tool by developing supervised classification 
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models. To this end several techniques can be used such as support vector machines 

(SVM), linear discriminant analysis (LDA), and partial least squares discriminant 

analysis (PLS-DA). The robustness and performance of classification models largely 

depends on the sample size. It has been shown that 75 to 100 samples are needed to 

train a good, however not perfect classifier.192 The large sample size complicates the 

use of the time-consuming unstimulated RMS as a diagnostic tool favoring the use of 

stimulated RMS.          

 

Figure 1-7: A: Energy diagrams of Stokes-shifted Raman scattering, Rayleigh 

scattering, and anti-Stokes shifted Raman scattering. B: Scheme of a Raman 

microscope (Alpha R300, WITec). C: I llustration of the hyperspectral Raman image 

acquired by Raman microspectroscopy together with a typical Raman spectrum, arrows 

highlight relevant Raman bands such as the O-P-O stretching vibration at 788 cm -1, 
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corresponding with the DNA/RNA backbone193; the symmetric ring breathing in 

phenylalanine at 1000 cm -1, corresponding with protein content193 ; the amide III in-

plane deformations and in-plane C-H bending modes at 1263 cm -1, corresponding with 

proteins and unsaturated lipids, respectively184 ,194 ; the twisting and wagging modes of 

CH2  groups at 1303 cm -1, corresponding with l ipids and proteins184 ; the bending and 

scissoring modes of CH2 groups at 1444 cm -1, corresponding with l ipids and proteins 184 ; 

and the C=C stretching modes and amide I C=O stretching modes at 1668 cm -1, 

corresponding with unsaturated lipids and proteins.184   

1.3. Scope 

A-type lamins have a wide variety of functions in the nucleus, ranging from structural 

support to sequestration of transcription factors and chromatin organization. The wide 

spectrum of diseases caused by mutations in the LMNA gene is illustrative of this 

diversity of functions. Although a large number of disease-causing mutations have 

been identified, the underlying pathogenic mechanisms are still not well understood. 

This lack of knowledge complicates the development of novel therapeutic strategies. 

The goal of this work is to unveil pathways that are regulated by A-type lamins using 

modern cytomics. Previous studies mainly used patient cells, which are scarce and 

have heterogeneous genetic backgrounds, or cells retrieved from animal models. 

Therefore we developed isogenic human cellular models, through the use of siRNA-

mediated knockdown or CRISPR/Cas9-mediated genome editing.195–197 

Lamins have been documented as mediators of oxidative stress, and laminopathy 

patient cells show increased levels of reactive oxygen species (ROS). A number of 

theories have been proposed, although several questions remain unanswered, such 

as  the involvement of mitochondria in this phenomenon.52 Therefore we analyzed the 

influence of LMNA and ZMPSTE24 knockdown in human dermal fibroblasts, on the 

generation of cellular ROS and the mitochondrial membrane potential (chapter 2). We 

used a quantitative microscopy-based analysis to measure ROS levels and 

mitochondrial membrane potential in real time. This allowed us to study the 

involvement of mitochondria in the onset of oxidative stress, triggered by LMNA and 

ZMPSTE24 knockdown.    

Laminopathies have been primarily studied with genomic and transcriptomic 

techniques, such as sequencing and microarrays. However, gene expression data 

cannot be directly extrapolated to protein level changes, due to the influence of post-

translational modifications and protein turnover. Therefore, we used a SILAC-based 

quantitative proteomics approach to identify the impact of LMNA knockdown on global 

protein expression (chapter 3). Gene ontology (GO) analysis was used to identify 

disrupted pathways in LMNA knockdown fibroblasts.   

Genomics, transcriptomics and proteomics can highlight changes in DNA, RNA 

expression and protein production, respectively. However, these techniques are not 

able to point out general molecular changes in a biological sample (e.g. lipids, 

carbohydrates, …). This can be addressed by RMS. We used this technique to 

generate a molecular fingerprint of HeLa cells in which ZMPSTE24 was knocked out, 
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using CRIPR/Cas9-mediated genome engineering (chapter 4). This allowed us to 

identify high-level molecular changes triggered by prelamin A accumulation in HeLa 

cells.  
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SUSTAINED ACCUMULATION OF PRELAMIN A 

AND DEPLETION OF LAMIN A/C BOTH CAUSE 

OXIDATIVE STRESS AND MITOCHONDRIAL 

DYSFUNCTION BUT INDUCE DIFFERENT CELL 

FATES 

This work is published in: Sieprath T*, Corne TD*, Nooteboom M, Grootaert C, Rajkovic 

A, Buysschaert B, Robijns J, Broers JL, Ramaekers FC, Koopman WJ, 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 2015; :1–11. 

* Shared first authorship 
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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 (m) 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 mhyperpolarization and 

apoptosis. Depletion of ZMPSTE24 on the other hand, triggered a senescence 

pathway that was associated with moderately increased ROS levels and a transient 

mdepolarization. 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. 

 

2.1. Introduction 

The nuclear lamina provides structural support to the nucleus and plays a central role 

in nuclear organization and gene regulation.14 Point mutations in the LMNA gene, 

which encodes its major constituent proteins, lamin A and C, cause a broad range of 

diseases termed laminopathies.14 During maturation, lamin A (LA) 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.37 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.198 The Hutchinson-Gilford progeria syndrome (HGPS) for 

example is caused by an accumulation of the mutant farnesylated PLA intermediate 

progerin.199 Likewise, in restrictive dermopathy (RD), loss of functional ZMPSTE24 

results in the accumulation of farnesylated PLA.127,200 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 dynamics54, the nuclear lamina also 

modulates intracellular redox homeostasis.52 Various studies revealed that reactive 

oxygen species (ROS) levels are increased in laminopathy patient cells and during 

PLA accumulation.201–204 For example, fibroblasts from various lipodystrophy patients 

as well as cells treated with protease inhibitors demonstrate increased ROS levels.204 

Proteomic and metabolic profiling suggest that this increase can be attributed to 

dysfunctional mitochondria.128,205  
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To corroborate these findings, we developed a microscopy-based strategy for 

combined measurement of ROS and mitochondrial membrane potential (m) in 

cellular models of PLA accumulation or LA deficiency.  Using this approach, we found 

that both accumulation of PLA and reduction of mature LA increased intracellular ROS 

levels, albeit not at the same rate nor to the same extent, and also caused changes in 

m. These effects were accompanied by reduced mitochondrial respiration and 

altered gene expression of ROS detoxifying enzymes. 

 

2.2. Results 

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

Accumulation of PLA or reduction of mature LA was achieved in human fibroblasts by 

respectively silencing the expression of ZMPSTE24 or LMNA with specific siRNAs. A 

pool of non-targeting (NTkd) 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. 48 h after the first transfection there was a highly significant 

downregulation of both genes at the RNA-level: ~4-fold (~75%) for ZMPSTE24 

knockdown (ZMPSTE24kd) and ~17-fold (~94%) for LMNA knockdown (LMNAkd). 

Similar levels were found after 168 h (two rounds of transfection) (Figure 2-1A). At the 

protein level, however, the effect became more pronounced with time. Quantitative 

immunofluorescence revealed an ~1.8-fold increase in PLA levels 48 h after the initial 

transfection, and a ~4-fold increase after 264 h (3 consecutive transfections) (Figure 

2-1B). Similarly, the abundance of mature LA dropped 1.3-fold after 48 h and 

decreased more than 4-fold after 264 h (Figure 2-1C). The effects were qualitatively 

confirmed by Western blot (Figure 2-1D). Immunostaining also revealed that 

knockdowns were accompanied by progressive changes in nuclear morphology. 

Whereas LMNAkd led to nuclear elongation and erosion of peripheral chromatin, 

sustained ZMPSTE24kd led to a dramatic increase in nuclei with folds and blebs 

(Figure 2-1E & F). 
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Figure 2-1. Sustained siRNA-mediated knockdown of LMNA (LMNAkd) and ZMPSTE24  

(ZMPSTE24kd). A: Gene expression levels of LMNA and ZMPSTE24 measured by real-

time qPCR relative to non-targeting control (NTkd). B and C: PLA and LA protein levels 

in ZMPSTE24kd resp. LMNAkd cells versus NTkd control, as measured by 

immunofluorescence staining and quantitative image analysis. D: Western blot with an 

A-type lamin antibody that recognizes lamin A, lamin C and PLA, showing absence o f 

lamin A/C in LMNAkd and accumulation of PLA in ZMPSTEkd cells at the 168h time 

point. Nucleolin was used as a loading control. E: Quantif ication of the number of 

dysmorphic nuclei, expressed relative to the total number of cells. F: Representative 

images of LMNAkd, ZMPSTEkd and NTkd control cells at the 168h time point, after 

immunofluorescence staining for LA (green), PLA (red) and counterstaining with DAPI 

(cyan). Arrows indicate nuclear aberrations.  The experiments were performed in 

triplicate and a minimum of 100 cells were imaged per replicate. In the boxplots, the 

horizontal l ine indicates the median, boxes the 25th and 75th percentile, and whiskers 

the 5th and 95th percentile. Error bars indicate the standard deviation on the mean 

value. (* = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001) 

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 NTkd control (Figure 2-2A). The effect of LMNAkd was markedly 

stronger than that of ZMPSTE24kd. Quantification of ß-galactosidase positive cells and 

p21-positive cells – two markers for senescence206 – revealed that only ZMPSTE24kd 

triggered cellular senescence (Figure 2-2B,C,E). LMNAkd predominantly triggered cell 

death, as evidenced by a marked increase in the number of fragmented nuclei (Figure 

2-2D & E). 
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Figure 2-2. Sustained siRNA-mediated knockdown of LMNA and ZMPSTE24 affects cell 

proliferation. A: The relative population doubling speed compared to the NT-control 

expressed as population doubling level (PDL) at different time points. B: Quantif ication 

of the number of β-galactosidase posit ive cells at 168 h, relative to the total number of 

cells. C: Quantif ication of the number of p21 positive cells at 168 h, relative to the total 

number of cells. D: Quantif ication of apoptosis, expressed by the number of fragmented 

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. Except for the 

PDL measurements, the experiments were performed in tr iplicate. Error bars indicate 

the standard deviation on the mean value. (* = p-value < 0.05; ** = p-value < 0.01; *** = 

p-value < 0.001) 

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 m, using the fluorescent reporter molecules CM-

H2DCFDA and TMRM, respectively (see M&M and Figure 2-9 for 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. 
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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 after 

264 h. Within the experimental time frame, this treatment did not cause a significant 

increase of induced ROS (Figure 2-3A & B). 

Next to the knockdowns, passage-matched fibroblasts from specific laminopathy 

patients (LMNAY259X/Y259X, LMNAG608G/+, LMNA+/+) were subjected to the same analysis. 

LMNAY259X/Y259X cells are incapable of producing mature lamin A/C207 and LMNAG608G/+ 

cells accumulate a truncated, farnesylated prelamin A variant termed progerin.208 In 

line with the results from the sustained knockdown, LMNAY259X/Y259X demonstrated an 

increase in both basal and induced ROS, whilst LMNAG608G/+ cells only showed an 

increase in basal ROS (Figure 2-3C & D). 

Figure 2-3. Both, LMNAkd and ZMPSTE24kd cells have increased basal ROS levels. 

LMNAkd are more susceptible towards induced ROS. A and B: 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 20µM 

TBHP addition at different t ime points in LMNAkd and ZMPSTE24kd cells. C and D: 

Normalized basal levels of intracellular ROS and response towards induced ROS in 

LMNAY259X/Y259X and LMNAG608G/+  cells. The experiments were performed in tr iplicate 

and a minimum of 100 cells were imaged per replicate. In the boxplots, the horizontal 

l ine indicates the median, boxes the 25th and 75th percentile, and whiskers the 5th and 
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95th percentile. (* = 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) 

ZMPSTE24kd and LMNAkd affect m in a time dependent manner 

 As dysfunctional mitochondria can generate increased amounts of ROS, we estimated 

mas a functional readout, by quantifying the mitochondrial accumulation of the 

reporter dye TMRM using the high content microscopy method described above. 

Dynamic and time-dependent changes were observed for the different treatments. 

LMNAkd induced m depolarization at 96 h and 168 h and m hyperpolarization at 

264 h. On the other hand, ZMPSTE24kd resulted in a transient m depolarization at 

168 h (Figure 2-4A). In the case of patient cells, LMNAY259X/Y259X fibroblasts displayed 

slight m hyperpolarization that was not significantly different from LMNA+/+ control 

cells. In contrast, LMNAG608G/+ fibroblasts displayed significant m depolarization 

(Figure 2-4B). 

Figure 2-4. Sustained siRNA-mediated knockdown of LMNA and ZMPSTE24 induces 

time-dependent alterations in mitochondrial membrane potential  (m  and decreased 

basal mitochondrial respiration. A: Normalized  mas measured by TMRM at different 

time points in LMNAkd and ZMPSTE24kd cells. B: Normalized m  in 

LMNAY259X/Y259X and LMNAG608G/+ cells. The m experiments were performed in 

triplicate and a minimum of 100 cells were imaged per replicate. In the boxplots, the 

horizontal l ine indicates the median, boxes the 25th and 75th percentile, and whiskers 

the 5th and 95th percentile. C and D: Normalized basal respiration of LMNAkd, 

ZMPSTE24kd, LMNAY259X/Y259X and LMNAG608G/+ cells. E and F: Normalized 

respiration prof iles of LMNAkd, ZMPSTE24kd, LMNAY259X/Y259X and LMNAG608G/+ 
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cells. The experiments were performed in triplicate and the shaded region represents 

the standard error on the measurements. See the materials and methods section for 

more information about the different chemical components th at were added. (* = 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)  

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 (Figure 2-4C-F). At 

the 168 h time point, we found strong deviations between the respiration curves (Figure 

2-4C & D).  

Especially, the basal oxygen consumption rate (OCR) was significantly lower in both 

ZMPSTE24kd and LMNAkd cells (Figure 2-4E). This was also the case for 

LMNAY259X/Y259X and LMNAG608G/+ patient fibroblasts (Figure 2-4F).  

LMNAkd nor ZMPSTE24kd are correlated with significant changes in 
mitochondrial superoxide 

To verify whether a change in m 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 m in both knockdowns. After 264h 

LMNAkd cells clearly displayed a significant increase in m as well as in •O2
- (Figure 

2-5). 

 

Figure 2-5. 264h of sustained siRNA-mediated knockdown of LMNA results in 

signif icantly increased mitochondrial ROS levels. A: Normalized basal levels of 

mitochondrial ROS measured by MitoSOX high content microscopy after 264h of 

knockdown. The experiments were performed in tr iplicate and a minimum of 100 cells 

were imaged per replicate. In the boxplots, the horizontal l ine indicates the median, 

boxes the 25th and 75th percentile, and whiskers the 5th and 95th percentile. 

Signif icance was calculated with the Wilcoxon rank sum test; *** = p -value < 0.001.  

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 
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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 IL6.209 Subsequent quantification of IL6 transcript levels revealed a strong 

upregulation in ZMPSTE24kd and downregulation in LMNAkd cell cultures (Fig. 5). 

The same opposite expression pattern was also observed in LMNAY259X/Y259X and 

LMNAG608G/+ patient fibroblasts (Figure 2-6). 

 

Figure 2-6. LMNAkd and ZMPSTE24kd cells show altered gene expression of ROS 

defusing enzymes. A: Gene expression levels of GPX1 , GPX5 , GSTT2,  PRDX1, PRDX2, 

PRDX3 , SOD1,  SOD2, SOD3 and IL6  were measured in LMNAkd and ZMPSTEkd cells 

by real-t ime qPCR relative to NTkd control at 168 h. B: Gene expression levels of IL6 

and SOD2  were measured in LMNAY259X/Y259X and LMNAG608G/+  f ibroblasts by real-t ime 

qPCR relative to untreated passage matched control f ibroblasts. The values in this plot 

represent the average of 3 technical replicates, but only one biological replicate 

because we only have one cell l ine for each mutation. Therefore, we cannot provide 

biologically relevant error bars. (* = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 

0.001) 

Proteasome inhibition increases intracellular ROS and m 

To check whether proteasome inhibition could induce ROS or alter m, human 

fibroblasts were treated with 10µM MG132 for 16h and analyzed using the microscopy 

based assay described earlier. Similar to the results obtained in LMNAkd cells, these 
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cells display increased basal and induced ROS levels, as well as an increased m 

(Figure 2-7).  

Figure 2-7. Treatment of human fibroblasts with 10µM of MG-132 for 16h results in 

increased basal ROS levels, increased induced ROS levels and an increased m 

comparable to observations made on LMNAkd cells. Healthy human fibroblasts were 

treated with 10µM of MG-132, a known potent inhibitor of the proteasome, and analyzed 

with CM-H2DCFDA- and TMRM-based high content microscopy to check whether 

proteasomal dysfunction could give r ise to the same kind of observations made in the 

knockdown cells. Indeed, both a sustained knockdown of LMNA and a treatment with 

10µM of MG-132 give r ise to the same observations for basal and induced ROS (A & B), 

as well as for mitochondrial membrane potential (C). This adds to the hypothesis that 

proteasomal overload caused by LMNA knockdown might tr igger generation of 

intracellular ROS in the mitochondria. The experiments were performed in tr iplicate and 

a minimum of 100 cells were imaged per replicate. In the boxplots, the horizontal l ine 

indicates the median, boxes the 25th and 75th percentile, and whiske rs the 5th and 

95th percentile. For all f igures, signif icance was calculated with the Wilcoxon rank sum 

test; *** = p-value < 0.001.  

2.3. Discussion 

With this work, we set out to enhance our understanding of how PLA accumulation and 

LA deficiency affect cellular redox homeostasis and ROS levels at the cellular level. 

Since mature LA is firmly integrated within the nuclear lamina, it is characterized by 

low turnover rates.210 This makes studying LA biology by acute siRNA-mediated 

knockdown strategies unreliable. We therefore induced sustained knockdown in 

human fibroblasts by repetitive siRNA transfection. After the initial transfection, gene 

expression levels dropped relatively quickly to a minimum (within 72 h), but the actual 

protein levels progressively changed over a time span of 264 h (LA declined, PLA 

increased). In LMNAkd cells, and especially in ZMPSTE24kd cells, this was 

accompanied by overt changes in nuclear morphology in a large fraction (60-70%) of 

cells. Similar levels of nuclear dysmorphy were quantified in human mesenchymal 

stem cells (hMSCs) after siRNA-mediated knockdown of ZMPSTE24137 and the 

observed morphological changes were similar to those seen in Zmpste24 -/- mouse 

embryonic fibroblasts (MEF)211 and HGPS patient fibroblasts.212 As a rough validation, 

we extended our experiments with measurements of cells from LMNAY259X/Y259X and 
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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 at 

the single cell level, we established and benchmarked a high-content microscopy 

workflow in which we measured both intracellular ROS levels and mitochondrial 

membrane potential (m). Using this approach, we observed that both accumulation 

of farnesylated PLA and reduction of mature LA increased intracellular ROS levels, 

albeit at different rates. Compared to ZMPSTE24kd, LMNAkd induced a progressive 

increase in basal ROS that was much more 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.213 and support the hypothesis that the nuclear lamina acts as an intracellular 

ROS-sink via conserved redox-reactive cysteine residues within the lamin tail.213 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, leaving the 

ROS-sink intact. If PLA concentrations rise above a certain threshold though, as 

observed in ZMPSTE24kd cells at 264h, ROS levels do increase. This was also 

recently reported by a study in fibroblasts of centenarians.214  

To determine whether elevated ROS levels correlated with mitochondrial dysfunction, 

we also quantified m. Our results revealed that LMNAkd induces m depolarization 

at early time points, followed by m hyperpolarization at 264 h. In contrast, 

ZMPSTE24kd induced a transient m depolarization. In accordance with the increase 

in m, 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.215,216  

Since mitochondria are the initial sites of oxidative damage and the instigators of 

oxidative stress in the cytosol upon proteasome dysfunction217, a possible connection 

with the knockdowns may lie in their potential to cause proteasome inhibition. Depletion 

of LA has been linked to accumulation of nuclear envelope proteins (SUN2, Emerin 

and Nesprin-1) in the endoplasmic reticulum and upregulation of various ubiquitin 

ligases, resulting in proteasome overload.114,218–220 Supporting this hypothesis, 

treatment of fibroblasts for 16h with 10µM of MG-132, a potent proteasome inhibitor, 

also resulted in a significant increase of basal and induced ROS levels, as well as 

increased m, as observed in LMNAkd cells at 264h. 
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In accordance with a defect in mitochondrial function, and consistent with observations 

in Zmpste24-/- mouse adult fibroblasts205, the basal mitochondrial respiration rate in 

both LMNAkd and ZMPSTE24kd cells as well as in LMNAY259X/Y259X and LMNAG608G/+ 

patient cells was lowered. 

Parallel to the increase in intracellular ROS, both knockdowns showed increased 

expression of ROS detoxifying enzymes. The greater induction of basal ROS in 

LMNAkd with respect to ZMPSTE24kd cells correlated with a larger number of 

upregulated genes. 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.221–223 We found that both IL6 and SOD2 were upregulated in 

ZMPSTE24kd and downregulated in LMNAkd cells. The same opposite expression 

was observed in 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.217 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 oxidative stress 

response.62 In addition, we found that lamin A/C deficiency caused cytoplasmic 

translocation of nuclear PML bodies60, known sensors of oxidative stress and 

regulators of redox homeostasis.224,225 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 m hyperpolarization, which is known to precede 

apoptosis226,227). These results align well with earlier findings. Indeed, premature 

senescence was observed in Zmpste24-/- MEFs, LmnaG609G/G609G MEFs, ZMPSTE24 

depleted hMSCs and HGPS fibroblasts136,221,228,229, and apoptosis was increased in 

Lmna-/- MEFs, especially when subjected to mechanical stress55,219, in myocytes from 

LmnaE82K/+ transgenic mice230 and in Lmna+/- atrioventricular nodal mouse myocytes.145 

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, i.e. LMNAkd cells.231–234  

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. 
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Reduction of LA caused a dramatic increase in basal and, especially, induced ROS 

levels ultimately leading to m hyperpolarization and apoptosis. Depletion of 

ZMPSTE24 on the other hand, triggered a senescence pathway, associated with 

moderately increased ROS levels and transient m depolarization. Thus, LA and PLA 

differentially regulate cell fate, in part via a redox-dependent pathway. Uncovering the 

pathways that lead to increased ROS production will help understanding laminopathy 

diversity and disease progression.  

 

2.4. Materials and methods 

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)207 and fibroblasts from a 

patient suffering from HGPS (LMNAG608G/+)208 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.    

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 (NTkd). 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 2-8. 
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Figure 2-8. A: Schematic overview of the maturation process of prelamin A to mature 

lamin A and interference by siRNA-mediated knockdown. B: Experimental design of the 

sustained siRNA-mediated knockdown by repetit ive transfections (TFs).  

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 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 manufacturer’s 

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: 
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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.235  

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 Eclipse 

inverted widefield fluorescence microscope (Nikon Instruments) with 40x Plan Apo oil 

(NA = 1.3) and 60x Plan Apo VC (NA = 1.4) objectives. 

ß-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. 
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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). 

High content live cell imaging of intracellular ROS and Δψm 

Intracellular ROS and mwere 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 (Figure 2-8B). 24 h before measurement, cells were 

transferred to 96-well plates at 2500 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 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 ROS236, 

the CM-H2DCFDA signal increases during microscopic observation. To avoid 

excessive light exposure, the focal plane was searched with diffuse transmitted light. 

Subsequently an infrared-led based autofocus (Perfect Focus System, Nikon) was 

used, 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 workflow is 

depicted in Figure 2-9A. The method was benchmarked with different doses of TBPH 

(Figure 2-9B). TMRM reporter potential was validated with valinomycin (Sigma) (Figure 

2-9C) and oligomycin (Sigma) (Figure 2-9D), known inducers of m depolarization, 

respectively hyperpolarization.    
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Figure 2-9. A: Schematic overview of the high-content workflow to simultaneously 

measure intracellular ROS levels and m. B: Normalized levels of intracellular ROS 

measured by CM-H2DCFDA high content microscopy in human fibroblasts treated for 15 

minutes with increasing concentrations of TBHP. C: Normalized m  as measured by 

TMRM in human fibroblasts treated for 30 minutes with increasing concentrations of 

oligomycin. D: Live cell imaging of m in human fibroblasts loaded with TMRM and 

treated with 5 ng/mL valinomycin after 85s. The experiments were performed in 

triplicate and a minimum of 100 cells were imaged per replicate. In the boxplots, the 

horizontal l ine indicates the median, boxes the 25th and 75th percentile, and whiskers 

the 5th and 95th percentile.  

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.237 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. The dynamic range of MitoSOX was determined via 

TBPH addition. All experiments were performed with at least 8 replicates per treatment 

per plate (depending on the experiment), on at least 3 different plates. 
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For MG132 treatment, 2000 cells were seeded in 96-well plates 2 days before 

measurement, 16h prior to staining, cells were treated with 10µM MG132 (Santa Cruz 

– SC-201270). 

Image analysis 

All image processing was performed in FIJI (http://fiji.sc), a packaged version of 

ImageJ freeware (W.S. Rasband, 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 using INSCYDE.ijm, a script for high content 

analysis.56 Additionally, a new script was written for automated analysis of intracellular 

ROS and mitochondrial characteristics (RedoxMetrics.ijm). In brief, the image analysis 

pipeline consists of a flatfield correction to correct for illumination heterogeneity, noise 

reduction by Gaussian filtering and cell or mitochondrial segmentation and subsequent 

feature analysis of regions of interest. For CM-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 filtering56 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. 

Respirometry 

The Seahorse Extracellular Flux XF24 analyzer (Seahorse Bioscience) was used to 

provide a comprehensive assessment of the relative state of aerobic metabolism in live 

cells in assessing mitochondrial function. Seeding density and 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. 

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 
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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.238 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.239  
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Abstract 

The nuclear lamina mechanically integrates the nucleus with the cytoskeleton and 

extracellular environment and regulates gene expression. These functions are exerted 

through direct and indirect interactions with the lamina’s constituent proteins, the A-

type lamins, which are encoded by the LMNA gene. Using quantitative stable isotope 

labeling-based shotgun proteomics we have analyzed the proteome of human dermal 

fibroblasts in which we have depleted A-type lamins by means of a sustained siRNA-

mediated LMNA knockdown. Gene ontology analysis revealed that the largest fraction 

of differentially produced proteins was involved in actin cytoskeleton organization, in 

particular proteins involved in focal adhesion dynamics, such as actin-related protein 

2 and 3 (ACTR2/3), subunits of the ARP2/3 complex, and fascin actin-bundling protein 

1 (FSCN1). Functional validation using quantitative immunofluorescence showed a 

significant reduction in the size of focal adhesion points in A-type lamin depleted cells, 

which correlated with a reduction in cell adhesion capacity after seeding on collagen, 

and an increased cell motility. At the same time, loss of A-type lamins led to more 

pronounced stress fibers and higher traction forces in cells undergoing enzymatic 

detachment. This phenotype could not be mimicked or reversed by experimental 

modulation of the STAT3-IL6 pathway, but it was partly recapitulated by chemical 

inhibition of the ARP2/3 complex. Thus, our data suggest that the loss of A-type lamins 

perturbs the balance between focal adhesions and cytoskeletal tension. This 

imbalance may contribute to mechano-sensing defects observed in certain 

laminopathies. 

 Introduction 

The nuclear lamina, a thin filamentous protein layer beneath the nuclear envelope, 

physically supports the cell nucleus and has a central role in nuclear organization and 

gene regulation.14 The major constituents of this meshwork are type V intermediate 

filament proteins, known as lamins. Mutations in the LMNA gene, which encodes A-

type lamins, cause a wide spectrum of tissue-specific and systemic diseases 

collectively called laminopathies. Disease manifestations include muscular 

dystrophies, lipodystrophies, dilated cardiomyopathies and the premature aging 

syndromes Hutchinson-Gilford progeria (HGPS) and restrictive dermopathy (RD).14 

Since the nuclear lamina is involved in gene regulation through chromatin organization 

and sequestration of transcription factors14,136,240–242, mutations in genes encoding 

nuclear lamins directly affect gene expression. Indeed, microarray analysis of HGPS 

fibroblasts136,243 and of Lmna deficient MEFs85 have revealed large-scale changes in 

the transcriptome with respect to their wild-type counterparts. However, the stability 

and function of the encoded proteins are regulated by post-translational modifications 

and interactions, precluding direct extrapolation of gene expression data to protein 

level changes. A limited number of pioneering studies has documented changes in 

global protein expression in laminopathy patient cells or mouse model cells.128,205,244,245 

However, the genetic variability between patients and the lower translational value of 
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animal model cells complicate extraction of causal effects.195–197 Therefore we have 

now analyzed proteome changes in a controlled, isogenic cell system, namely human 

dermal fibroblasts in which we depleted A-type lamins by means of sustained siRNA-

mediated knockdown246, with the underlying reasoning that this may have value for 

better understanding laminopathies that are characterized by reduction 

(haploinsufficiency) or loss of A-type lamins, among which certain 

cardiomyopathies.142,144 We identified several proteins with significantly altered 

abundance that were involved in focal adhesion (FA) kinetics: actin-related protein 2 

(ACTR2), actin-related protein 3 (ACTR3) and fascin actin-bundling protein 1 (FSCN1). 

We validated and complemented proteomics with functional studies, showing an 

unexpected uncoupling between cell adhesion and cytoskeletal tension.   

 Results 

SILAC-based quantitative analysis in A-type lamin depleted fibroblasts reveals 
changes in the cytoskeletal proteome  

To study the impact of A-type lamin depletion on global protein expression, we 

performed a SILAC-based quantitative proteomics experiment on human dermal 

fibroblasts after sustained knockdown of LMNA (LMNAkd). RT-qPCR revealed a ~16-

fold decrease of LMNA transcripts in LMNAkd cells. Lamins A and C were virtually 

absent on western blot and a ~2.8-fold decrease was observed via immunofluorescent 

staining of lamin A, essentially approximating background levels. LMNAkd cells also 

showed a significant increase of dysmorphic nuclei compared to control cells that were 

treated with a non-targeting control siRNA (NTkd) (3.0-fold increase). 

Using the SILAC based proteomics approach depicted in Figure 3-1A, we identified a 

total of 1,341 proteins, of which 75 showed significant differential expression (p<0.05). 

42 proteins were more abundantly and 33 were less abundantly present in LMNAkd 

cells than in NTkd cells. Gene ontology (GO) analysis of the protein class indicated 

that the largest group (23.7%) of the proteins were cytoskeletal or cytoskeleton-

associated. Gene ontology enrichment analysis (GOrilla) returned five GO terms that 

were significantly enriched for this protein set, namely 1) positive regulation of cellular 

component biogenesis, 2) regulation of cellular component biogenesis, 3) regulation of 

actin filament-based process, 4) ARP2/3 complex-mediated actin nucleation, and 5) 

regulation of actin filament polymerization (Figure 3-1B). A subset of 16 top hits that 

showed a relative fold change higher than 2 (CLIC4, DES, DLD, HSPB1, PLOD2, 

SAP18, SERPINB8, TGM2 and TPM1) or lower than 0.5 (ANXA4, ACTR2, ACTR3, 

ARPC4, EIF4G2, FSCN1 and LMOD1) was analyzed with RT-qPCR to assess 

transcript levels. Nine genes showed a clear positive correlation between transcript 

and SILAC ratio, whereas 7 did not (Figure 3-1C).  
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Sustained LMNA knockdown alters abundance of ACTR2, ACTR3, FSCN1 and 
CLIC4 

GO analysis revealed that the cytoskeletal proteome became strongly affected in 

LMNAkd cells. We therefore validated four of the most prominently altered cytoskeletal 

or cytoskeleton-associated proteins using western blot, namely actin-related protein 2 

(ACTR2) and actin-related protein 3 (ACTR3), subunits of the ARP2/3 complex, fascin 

actin-bundling protein 1 (FSCN1), a protein that organizes F-actin into parallel bundles 

and is involved FA disassembly and chloride intracellular channel protein 4 (CLIC4), 

which is involved in diverse processes such as cell migration and wound healing and 

may be important for regulating cytoskeletal organization during the cell cycle.247,248 

ACTR2, ACTR3 and FSCN1 proteins were found to be significantly less abundant in 

LMNAkd cells (ACTR2: 2.6-fold, ACTR3: 2.3-fold, and FSCN1: 2.8-fold decrease) in 

accordance with their SILAC ratio (ACTR2: 2.5-fold, ACTR3: 2.8-fold, and FSCN1: 3.0-

fold decrease), but only FSCN1 also showed lower mRNA levels (3.7-fold decrease). 

CLIC4 protein abundance and mRNA levels were both significantly increased (2.3-fold 

and 5.7-fold increase respectively) similar to the SILAC ratio (3.1-fold increase) (Figure 

3-1D & E). 
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Figure 3-1. SILAC based quantitative proteomics of human dermal f ibroblasts after 

sustained LMNAkd indicate that depletion of lamin A/C influences the levels of proteins 

involved in actin cytoskeleton organization. A: Schematic overview of t he SILAC 

experiment (see materials and methods for details). L = l ight medium, H = heavy 

medium, Int = intensity, m/z = mass/charge ratio. B: Proteins that showed signif icant 

differences (p<0.05) in the SILAC dataset were analyzed with Goril la, yielding a subset 

of signif icantly affected pathways (p-value for the respective GO term depicted next to 

the bars). C: Scatterplot between mRNA level, measured by RT -qPCR relative to non-

targeting control (NTkd), and SILAC ratio. Genes in green text color showed 

correlation, genes in black text color showed no correlation, and genes in red text color 

showed inverse correlation. D: Western blot analysis of ACTR2, ACTR3, FSCN1 and 

CLIC4. Nucleolin or actin was used as a loading control. E: Gene expression levels of 

ACTR2, ACTR3,  FSCN1 and CLIC4 measured by real-t ime qPCR relative to NTkd (in 

orange) and protein levels of ACTR2, ACTR3, FSCN1 and CLIC4 semi -quantif ied with 

western blot analysis ( in yellow). Error bars indicate the standard deviation on the 

mean value of three biological replicates; signif icance was calculated with a Student’s 

t-test; *** = p-value < 0.001. 
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A-type lamin depletion reduces focal adhesion area  

Since ARP2/3 and FSCN1 are directly involved in FA formation and disassembly, 

respectively, we quantified FAs by immunofluorescent staining of paxillin, vinculin and 

focal adhesion kinase (FAK) (Figure 3-2A) and quantitative image analysis (Figure 

3-2B-D).56 In contrast with paxillin and vinculin, the FAK antibody did not reliably stain 

FA. However, we did observe a significant decrease in nuclear FAK signal in LMNAkd 

cells (Figure 3-2I). Fluorescence intensity of paxillin foci was significantly decreased in 

LMNAkd cells compared to NTkd cells (-11.6%), as was the number of FAs per cell (-

46%), and the area per FA (-11.5%). In contrast, the number, shape (circularity) and 

fluorescence intensity of vinculin foci was not significantly altered; only the area 

showed a significant decrease in LMNAkd cells (-13.2%). Western blot analysis 

revealed a 2.4-fold decrease in paxillin protein abundance after LMNAkd, which was 

in line with the (non-significant) 1.6-fold decrease in the SILAC data. Vinculin and FAK 

protein levels were unaltered (Figure 3-2E). We also analyzed mRNA expression of 

paxillin with RT-qPCR and measured a 2.1-fold decrease of PXN expression. To 

assure that the effects on FA were specifically caused by A-type lamin depletion, we 

rescued LMNA expression in LMNAkd cells by prolonged culturing after a sustained 

knockdown in absence of siRNA. The number and area of paxillin foci restored when 

lamin A/C levels returned back to basal levels after 1 week in the absence of siRNA, 

suggesting a direct causal effect (Figure 3-2F-H).  
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Figure 3-2. A-type lamin depletion reduces focal adhesion and rescue of LMNA 

expression alleviates the de-adhesive phenotype. A: Representative images of NTkd 

and LMNAkd cells after immunofluorescence staining for paxil l in, vinculin or FAK 

(yellow) and counterstaining with DAPI (cyan). B: Normalized mean fluorescence (%) of 

FA points relative to the average of NTkd. C: Quantif ication of the number of FAs per 

cell. D: Area per FA (µm²). E: Western blot for Paxil l in, vinculin and FAK. Nucleolin or 

actin was used as a loading control. F: Number of FAs per cell relative to NTkd control 

1 week after LMNAkd was either arrested or continued. G: FA area relative to NTkd 

control cells. H: Lamin A level relative to NTkd control cells. I: Normalized mean 

fluorescence (%) of nuclear FAK relative to NTkd cells. Immunofluorescent staining was 

performed in triplicate and a minimum of 100 cells were imaged per replicate. In the 

boxplots, the horizontal l ine indicates the median, boxes the 25th and 75th percentile, 

and whiskers the 5th and 95th percentile. For all f igures, signif icance was calculated 

with the Wilcoxon rank sum test; *** = p-value < 0.001. 
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LMNAkd reduces adhesive capacity but increases contractile tension  

Since a reduction in FA number or size may reduce cell adhesion we analyzed the net 

adhesive capacity of the fibroblasts seeded onto collagen-coated wells using a 

colorimetric cell adhesion assay. We observed a 60% reduction in initial cell adhesion 

in LMNAkd cells (Figure 3-3A). Intuitively, a reduced number of FA points, would also 

suggest less contractile tension in those cells that are attached. Concurrent phalloidin 

staining however, revealed more pronounced stress fibers in lamin A/C depleted cells 

as evidenced by an increased fluorescence intensity for the fibers (Figure 3-3B). To 

analyze whether the more pronounced stress fibers also increased contractile tension 

we performed traction force microscopy (TFM) using trypsin-mediated detachment of 

micro-patterned cells. TFM measurements showed a significant 2.8-fold increase in 

traction force, suggesting that LMNAkd cells display higher contractility (Figure 3-3C).  

Figure 3-3. LMNAkd increases contractile tension, but reduces adhesive capacity. A: 

Schematic overview of the colorimetric cell adhesion assay. On the r ight site, the 

results of the assay are expressed relative to NTkd cells. Error bars indicate the 

standard deviation on the mean value of 10 replicates. B: Schematic overview of the 

rhodamine phalloidin staining used to characterize stress fibers of attached cells. On 

the r ight site, the normalized mean fluorescence intensity (relative to NTkd cells (%)) of 

stress fibers per cell is shown, isolated by fast Fourier transformation fi ltering on 

rhodamine phalloidin images. Staining was conducted in tr iplicate and a minimum of 

100 cells were imaged per replicate. In the boxplot, the horizontal l ine indicates the 

median, boxes the 25th and 75th percentile, and whiskers the 5th and 95th percentile. 

C: Schematic overview of the traction force microscopy experiment. On the r ight site, 



55 

 

maximum traction force in NTkd and LMNAkd cells is shown. Error bars indicate the 

standard deviation on the mean value of 8 NTkd cells and 10 LMNAkd cells. D: 

Representative images of NTkd and LMNAkd cells after immunofluorescence staining 

for paxil l in (yellow), rhodamine phalloidin staining for actin (cyan) and counterstaining 

with DAPI (grey). E: Representative DIC images, heat maps of the displacement and 

heat maps of the traction forces in NTkd and LMNAkd cells based on TFM 

measurements (see materials and methods for details). For the TFM experiment, 

signif icance was calculated with the Students t test ; *** = p-value < 0.001. For the other 

experiments signif icance was calculated with the Wilcoxon r ank sum test; *** = p-value 

< 0.001. 

A-type lamin depletion increases cell mobility but impairs directionality in 
wound healing  

Since FA size dictates cell migration rate we analyzed cell migration by means of a 

wound healing assay.249–251 In general, LMNAkd induced a significant decrease in 

wound healing performance: the wound healing rate, expressed as the decrease of 

wound area as a function of time (see materials and methods), was approximately 38% 

lower than the rate of NTkd cells (Figure 3-4A, C & D). The average displacement of 

individual NTkd fibroblasts was not significantly different from that of the entire field of 

view, but for LMNAkd, cells at the leading edge (i.e. the first row of cells) displayed a 

significant increase in motility as compared to NTkd cells. Despite this increased 

motility, LMNAkd fibroblast movement lacked direction: whereas 100% of the NTkd 

cells moved towards the wound, only 33% of the LMNAkd cells showed this 

directionality (Figure 3-4B & E).  

STAT3 knockdown does not reproduce the LMNAkd phenotype, nor does 
IL6/IL6R treatment alleviate the effects of LMNAkd 

Previous studies have shown that signal transducer and activator of transcription 3 

(STAT3) and interleukin 6 (IL6) induce FSCN1 expression in breast cancer cells and 

human glioblastoma multiforme cells.252,253 In addition, both STAT3 and IL6 can affect 

cell migration.254,255 Since LMNAkd reduced FSCN1 expression, we analyzed the gene 

expression of STAT3, IL6 and interleukin 6 receptor (IL6R) with RT-qPCR. A significant 

decrease in expression of STAT3 (7.1-fold) and IL6R (6.8-fold) was observed after 

LMNAkd. The protein level of STAT3 was also decreased 2.3-fold, as shown by 

western blot.   

To elucidate whether an LMNAkd-associated decrease in STAT3 expression caused 

the decreased expression of FSCN1, STAT3 gene expression was reduced by RNAi. 

Despite a 64-fold reduction in STAT3 expression, no significant change in FSCN1 

expression could be detected. IL6 expression was also unaffected by STAT3 

knockdown (STAT3kd), but the expression of IL6R was significantly decreased (10-

fold). Wound healing potential was slightly increased, but this was not significant 

(Figure 3-5A & B). Immunofluorescent staining of paxillin indicated that the number of 

FAs per cell and the area was unaltered after STAT3kd (Figure 3-5C & D).   

To check whether reduced IL6R expression contributed to the phenotype of LMNAkd 

cells, we treated LMNAkd cells with recombinant human IL6 and IL6 receptor (IL6R). 
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This however, did not restore FSCN1 expression, nor did it affect wound healing 

potential, the number of FAs per cell or FA area (Figure 3-5E-H).   

 

Figure 3-4. Lamin A/C depletion reduces wound healing potential, but increases single 

cell motility. A: Representative transmission images of the wound healing assay at two 

time points (0 and 21 h) of the experiment, the wound area is delineated in red. B: XY-

movement of individual cells over 28 h, relative to the init ial posit ion. C: Normalized 

wound area at different t ime points, relative to the initial wound area. The line is the 

mean value, the shaded region indicates the standard deviati on on the mean value of 8 

replicates. D: Cell migration rate (µm/h) of NTkd and LMNAkd cells. Error bars indicate 

the standard deviation on the mean value of 8 replicates. E: Average displacement 

(µm/h) of cells, measured by tracking individual cells in time-lapse images of a wound 

healing assay. The line is the mean value, the shaded region indicates the standard 

deviation on the mean value of 8 replicates.  In the boxplots, the horizontal l ine 

indicates the median, boxes the 25 t h and 75 t h percentile, and whiskers the 5 t h and 95 t h  

percentile.  Signif icance was calculated in D with the Student’s t-test and in E with the 

Wilcoxon rank sum test; * = p-value < 0.05; *** = p-value < 0.001. 
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Figure 3-5. Impaired wound healing and FA after LMNAkd is not attr ibuted to decreased 

STAT3 or decreased IL6/IL6R expression. A: Normalized wound area at different t ime 

points, relative to the init ial wound area, after STAT3kd compared to NTkd control. B: 

Cell migration rate (µm/h) of control and STAT3kd cells. C: Average number of FAs per 

cell after STAT3kd compared to NTkd control. D: Area per FA (µm²) after STAT3kd 

compared to NTkd control. E: Normalized wound area at different t ime points, relative 

to the init ial wound area, after LMNAkd compared to NTkd control in presence (blue) or 

absence of IL6/IL6R (grey). F: Cell migration rate (µm/h) of control and LMNAkd cells in 

presence (blue) or absence of IL6/IL6R (grey). G: Average number of FAs per cell after 

LMNAkd compared to NTkd control in presence (blue) or absence of IL6/IL6R (grey). H: 

Area per FA (µm²) after LMNAkd compared to NTkd control in presence (blue) or 

absence of IL6/IL6R (grey). The lines in A and E are the mean values, the shaded 

regions indicate the standard deviation on the mean value of 8 replicates. Error bars in 

B and F indicate the standard deviation on the mean value of 8 replicates. 

Immunofluorescent staining was conducted in triplicate and a minimum of 100 cells 

were imaged per replicate. In the boxplots, the horizontal l ine indicates the median, 

boxes the 25 t h and 75 t h percentile, and whiskers the 5 t h and 95 t h percentile. For all 

f igures, signif icance was calculated with either ANOVA or non -parametric contrast-

based multiple comparison tests; *** = p-value < 0.001. 
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A-type lamin depletion affects nuclear translocation of MKL1 

MKL1-SRF signaling is crucial for cytoskeletal organization and FA assembly and 

FSCN1 is a target gene of serum response factor (SRF).256–258 Previous studies have 

shown that megakaryoblastic leukemia 1 (MKL1) – serum response factor (SRF) 

signaling is impaired in lamin A/C deficient cells.105 We quantified MKL1 localization 

via immunofluorescence and observed a significant decrease in nuclear translocation 

of MKL1 in LMNAkd fibroblasts (Figure 3-6).  

 

Figure 3-6. A-type lamin depletion reduces nuclear translocation of MKL1. A: 

Representative images of NTkd and LMNAkd cells after immunofluorescence staining 

for paxil l in (yellow), MKL1 (red) and counterstaining with DAPI (cyan). Arrowheads 

show reduced nuclear MKL1 in LMNAkd cells. B: Normalized mean fluorescence (%) of 

nuclear MKL1 relative to NTkd cells. The immunofluorescent staining was conducted in 

triplicate and a minimum of 100 cells were imaged per replicate. In the boxplots, the 

horizontal l ine indicates the median, boxes the 25 t h and 75 t h percentile, and whiskers 

the 5 t h and 95 t h  percentile.  Signif icance was calculated with the Wilcoxon rank sum 

test; *** = p-value < 0.001.  

ARP2/3 inhibition causes FA attrition 

To investigate whether reduced protein levels of ACTR2 and ACTR3 impaired FA 

formation, we inhibited the ARP2/3 complex in normal fibroblasts with bardoxolone 

methyl (CDDO-me). Fibroblasts were treated for 2 hours with 5 µM or 10 µM CDDO-

me. Both concentrations reduced the number, the fluorescence, and the area of paxillin 

foci as compared to vehicle treated cells (Figure 3-7), suggesting that ARP2/3 complex 

contributes to lamin A/ C mediated FA formation. 
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Figure 3-7. Chemical inhibit ion of the ARP2/3 complex by CDDO-me reduces FA and 

causes cell detachment. A: Representative images of f ibroblasts treated with different 

concentrations of CDDO-me (0 µM, 5 µM and 10 µM) for two hours after rhodamine 

phalloidin staining for actin (cyan), immunofluorescence staining for paxil l in (yellow), 

and counterstaining with DAPI (grey). B: Area per paxil l in foci (µm²). C: Number of 

paxill in foci per cell. D: Normalized mean fluorescence (%) of paxil lin foci relative to 

vehicle treated cells. The immunofluorescent staining was conducted in tr iplicate and a 

minimum of 100 cells were imaged per replicate. In the boxplots, the horizontal l ine 

indicates the median, boxes the 25th and 75th percentile, and whiskers the 5th and 

95th percentile. For all f igures, signif icance was calculated with the Wilcoxon  rank sum 

test; * = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001.  
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 Discussion 

To highlight the molecular changes that appear in the context of loss of A-type lamins, 

we performed a SILAC based quantitative proteomics experiment on human dermal 

fibroblasts after LMNAkd. Using GO enrichment analysis we found that proteins 

involved in actin cytoskeleton organization were affected by LMNAkd, which is in line 

with previous observations in fibroblasts from patients carrying LMNA mutations.245 

What is novel in our data is a direct connection between the A-type lamins and FA 

formation. Specifically, proteins involved in FAs such as ACTR2, ACTR3, and FSCN1 

were significantly downregulated in LMNAkd cells. Since FSCN1 knockdown has been 

shown to increase FA surface and ARP2/3 has been shown to trigger FA formation, 

FA formation could be affected in both ways (up or down).259–261 Via 

immunofluorescent staining and image analysis we discovered a significant reduction 

in the average FA size per cell for vinculin and paxillin, and a significant reduction in 

paxillin positive foci in LMNAkd cells. This corresponds well with earlier results 

reporting smaller FAs in Lmna-/- MEFs, and a decrease in cell-matrix adhesion sites 

after mechanical challenge of LMNA-mutated (ΔK32-P1, R429W and L380S) 

myoblasts.262,263 Next to the effects on FA size, a remarkable decrease of nuclear FAK 

was observed in LMNAkd cells, which might be associated with decreased cell 

proliferation and increased inflammatory responses.264 Proliferation defects and 

increased apoptosis have been observed in LMNAkd and lamin A/C deficient 

cells.55,219,246 A reduction of FA size may suggest that LMNAkd cells are not as strongly 

attached to the substrate as NTkd cells, which was also indicated by an adhesion 

assay in which cells were allowed to attach for an hour before washing. However, such 

an assay only reflects the speed of attachment and not the actual adhesive potential 

or level of pre-stress in the attached cells. For those cells that were attached, we found 

more pronounced stress fibers and measured significantly higher traction forces during 

detachment, indicating increased cytoskeletal tension. More pronounced stress fibers 

might be attributed to a reduction in FSCN1 expression, since FSCN1 depletion has 

been shown to reorganize actin filaments into thicker, more contractile bundles, 

plausibly by slowing down actin polymerization at the stress fiber termini enabling the 

incorporation of a higher number of myosin II molecules.261 Counter intuitively, the actin 

stress fibers can still attach to and exert even stronger traction forces on smaller FAs. 

However it should be emphasized that stress fibers, which are not directly anchored at 

FAs, such as transverse arcs, will also cover a portion of the measured traction forces, 

albeit to a lesser extent.265 Moreover, whilst FA are considered to be the predominant 

mechanism by which cells exert traction forces on their extracellular matrix, it has also 

been noted that small FA at the leading edge of a migrating cell developed greater 

traction force than the larger FA further away from the front, suggesting that there is 

no one-to-one relationship between FA size and tensile force.266,267 Increased traction 

force may represent a compensatory mechanism that arises from the loss or reduction 

of mechanical coupling between the cytoskeleton and the nucleus. Supporting this 

notion, is the increased traction force observed  in Nesprin 1-depleted cells, aligning 

with their shared role in the LINC.268 However, in the latter cells a concomitant increase 
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in the number of focal adhesions was observed, whereas we have not detected a 

significant change in the absolute number of FA (as measured by vinculin).268 Our data 

thus revealed an apparent uncoupling between cell adhesive mechanisms and 

cytoskeletal tension. Similar uncoupling has previously also been documented for DAP 

kinase269, as it seems to promote disassembly of focal adhesions but not stress fibers 

in cells receiving serum factors269. Interestingly, DAP kinase enhances the formation 

of stress fibers in response to oxidative stress270, a hallmark of lamin A/C depleted 

cells.213,245,246 Loss of A-type lamins may thus activate a similar pathway. Since FA 

size dictates cell migration rate, we measured cell mobility by tracking individual cells 

at the leading edge in a wound healing assay. Whereas LMNAkd cells showed an 

overall lower wound healing potential quite similar to previous observations in Lmna-/- 

MEFs and after LMNAkd in SW480 colon cancer cells263,271,272 motility of individual 

cells was indeed increased. This may be a direct effect of reduced PXN expression, 

since low levels of paxillin have been shown to increase motility in lung cancer 

cells.273,274 Similar observation have been linked to a decrease in vinculin 

expression.275 The reduced wound healing potential is rather due to a loss of 

directionality, which may be caused by delayed reorientation of the nucleus and the 

microtubule-organizing center towards the wound, but may also be aggravated by 

impaired FA formation.271,276  

The reduced expression of FSCN1 after LMNAkd correlated with reduced IL6R and 

STAT3 expression. In contrast, IL6 showed a moderate increase in gene expression, 

possibly representing a compensatory mechanism STAT3 depletion could not 

reproduce the de-adhesive phenotype seen after LMNAkd nor did IL6/IL6R treatment 

alleviate the adhesive defects seen in LMNAkd cell. This might point to a cell-type 

specific regulation of FSCN1 expression by the IL6-STAT3 axis or cross-talk with other 

regulatory pathways.      

Since MKL1-SRF signaling regulates the expression of a large number of genes 

involved in actin cytoskeleton organization and FA, we analyzed the subcellular 

localization of MKL1.257 In line with studies in Lmna-/- MEFs and LMNA-mutated 

muscle precursors, we observed a decrease in nuclear MKL1 in LMNAkd cells.105,262 

Hence, as postulated by Ho et al.105 lamin A/C depletion might affect actin 

polymerization, through mislocalized emerin, which in turn blocks nuclear translocation 

of MKL1, subsequently disturbing expression of MKL1-SRF target genes.105 Indeed, 

knockdown experiments in human mesenchymal stem cells (hMSCs) have shown that 

LMNA expression correlates with expression of SRF and its cofactors and functional 

emerin-lamin A/C interactions are required for cell spreading and proliferation.32,106 

Interestingly, FSCN1 has been identified as a putative novel SRF target gene.256,258 

However, SRF-deficient cells show defective formation of stress fibers258, as opposed 

to LMNAkd cells. A possible explanation for this discrepancy might be elevated yes 

associated protein (YAP) signaling, which counteracts this effect, as observed in 

LMNA-mutated muscle precursors262, or the DAP kinase pathway mentioned earlier.  
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To elucidate whether decreased protein levels of ACTR2 and ACTR3 contribute to 

impaired FA formation in LMNAkd cells, we inhibited the ARP2/3 complex with CDDO-

me. ARP2/3 inhibition affected FA and induced cell detachment. This was also 

observed after knockdown of ACTR3 in HeLa cells.260 However, it should be stressed 

that the effects of chemical inhibition of ARP2/3 are exaggerated, since LMNAkd cells 

still express ACTR2 and ACTR3. Low levels of ACTR2 and ACTR3 proteins probably 

affect the number of the hybrid vinculin-ARP2/3 complexes which are involved in FA 

formation.260 Next to reduced protein levels of the APR2/3 subunits, reduced paxillin 

expression might also contribute to impaired FA formation in LMNAkd cells, as shown 

in pulmonary arterial muscle cells after paxillin knockdown and in paxillin null mouse 

embryonic stem cells.277,278 In contrast, FSCN1 knockdown has been associated with 

larger FAs and a higher number per cell261, so it is likely that decreased ACTR2, 

ACTR3 and paxillin protein levels overrule the effect of FSCN1 depletion on FA.  

In conclusion, our data suggest that reduced LMNA expression influences the levels 

of proteins involved in actin cytoskeleton organization, in particular those of FA 

formation/turnover. This altered protein expression perturbs the balance between focal 

adhesions and cytoskeletal tension as it is accompanied by decreased FA size, 

reduced initial cell attachment, but increased cell migration and cytoskeletal tension. 

Decreased protein levels of ACTR2, ACTR3 and paxillin likely contribute to the 

phenotype, whereas the STAT3-IL6 axis does not. Resolving the exact pathways 

underlying this uncoordinated regulation may help to better understand mechano-

signaling defects witnessed in certain laminopathies. Future studies should be 

complemented with 3D cell culture, since 3D cell migration can differ greatly from 2D 

cell migration, and 3D cell culture is a better approximation of an in vivo 

environment.279,280 

 Materials and Methods 

Cell culture 

Normal human dermal fibroblasts (NHDF, 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, Life Technologies, 10500-

064) and 1% penicillin/streptomycin (Westburg, DE17-602E/12), at 37°C and 5% CO2, 

according to standard procedures. All experiments were performed with cells in 

between passages 9 and 20.  In case of direct comparison, passage-matched cells 

were used. Where indicated, fibroblasts were treated with 100 ng/ml human 

recombinant IL6 (Thermo Fisher Scientific, F10395-HNAE-25) and 200 ng/ml human 

recombinant IL6 receptor (IL6R) (Sigma-Aldrich, SRP3097-20UG) for 24 h. 

siRNA-mediated knockdown 

Expression of LMNA was silenced with siGENOME Lamin A/C siRNA (Dharmacon, D-

001050-01-20). STAT3 expression was silenced with ON-TARGETplus STAT3 siRNA 

(Dharmacon, L-003544-00-0005). Stealth RNAi siRNA Negative Control, Med GC (Life 
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Technologies, 12935-300) was used as a negative non-targeting control (NTkd). 

siRNA transfections were performed using Lipofectamine RNAi-MAX Transfection 

Reagent (Life technologies, 13778-075) according to the manufacturer’s instructions. 

A sustained knockdown was induced by two transfection rounds separated by 72 h. All 

measurements were carried out 168 h (1 week) after the initial transfection.     

Stable isotope labeling and mass spectrometry 

NHDF cells were grown in SILAC DMEM (lacking L-arginine and L-lysine, Cambridge 

Isotope Laboratories, DMEM-500) supplemented with 1% penicillin/streptomycin/L-

glutamine (Gibco, 10378–016) and 10% dialyzed FBS (Cambridge Isotope 

Laboratories, FBS-50). Before knockdown, LMNAkd fibroblasts were grown in medium 

supplemented with [13C6]-L-arginine (Cambridge Isotope Laboratories, CLM-2265-H-

0.1) and [13C6]-L-lysine (Cambridge Isotope Laboratories, CLM-2247-H-0.05) and 

control (NTkd) fibroblasts in medium supplemented with 0.47 mM L-arginine 

(Cambridge Isotope Laboratories, ULM-8347-0.1) and 0.46 mM L-lysine (Cambridge 

Isotope Laboratories, ULM-8766-0.05) for at least five passages. A labeling efficiency 

of 99.2% was obtained with no significant arginine to proline conversion (Suppl. Doc. 

S2). NTkd and LMNAkd fibroblasts (passage 17) were lysed by applying three freeze-

thaw cycles and digested using trypsin. A fraction of the samples was mixed and 

analyzed by the Orbitrap Velos mass spectrometer, based on the results, the mixing 

was changed to obtain a 1:1 ratio. The peptide mixture was analyzed by a LC−MS/MS 

system using an Ultimate 3000 RSLC nano liquid chromatograph (Thermo Fisher 

Scientific, Bremen, Germany) in-line connected to a Q Exactive mass spectrometer 

(Thermo Fisher Scientific). Peptides were identified and quantified with MaxQuant281, 

which used Mascot282 as search engine. Reversed sequences and commonly 

observed contaminants were removed and the relative quantification ratios were 

normalized and log transformed using Perseus software (Computation Systems 

Biochemistry, Max Planck Institute of Biochemistry, München, Germany). An outlier 

significance score for log protein ratios (significance A) was calculated, a p-value of 

0.05 was used as threshold value.281 The SILAC experiment was conducted in 

triplicate, but one replicate was omitted since no significant depletion of A-type lamins 

was observed in that replicate. The complete dataset is provided as supplementary 

material (Suppl. Doc. S1), in which SILAC ratio’s (log2 fold change), posterior error 

probability (PEP), intensity, significance A levels, sequence coverage, peptide counts 

(razor and unique peptides), molecular weight (kDa), protein IDs, protein names and 

gene names are presented. Gene ontology of identified proteins was analyzed for 

protein class with the online resource PANTHER (Protein ANalysis THrough 

Evolutionary Relationships)283 and gene ontology enrichment analysis was performed 

with GOrilla (Gene Ontology enRIchment AnaLysis and VisuaLizAtion tool).284 

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, 1 µg of RNA was converted to cDNA 
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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 manufacturer’s 

instructions. Relative abundance of LMNA transcripts (forward: 

TGGACGAGTACCAGGAGCTT; reverse: ACTCCAGTTTGCGCTTTTTG), IL6 

transcripts (forward: AGTGAGGAACAAGCCAGAGC; reverse: 

GTCAGGGGTGGTTATTGCAT), IL6R transcripts (forward: 

GGCACGCCTTGGACAGAATC; reverse: AAGAATCTTGCACTGGGAGGC), STAT3 

transcripts (forward: CAGGAGCATCCTGAAGCTGAC; reverse: 

GGTGAGGGACTCAAACTGCC), ACTR2 transcripts (forward: 

GTAGCCATCCAGGCAGTTCT; reverse: AAGGCGTATCCTCGCAACAG), ACTR3 

transcripts (forward: CTGTGTGGTGGACTGTGGCA; reverse: 

TCAACACCTTTCATCACCCTCC), FSCN1 transcripts (forward: 

CCAACCGCTCCAGCTATGAC; reverse: CTGCCCACCGTCCAGTATTT), CLIC4 

transcripts (forward: GAGGACAAAGAGCCCCTCATC; reverse: 

GGGGCAGTTTCCTATGCTTTC) and PXN transcripts (forward: 

GGAAAAGTTGCGGGGCATAG; reverse: GTGGTAGACTCCAAGTCCGC), were 

measured relative to ACTB (forward: CCTTGCACATGCCGGAG; reverse: 

GCACAGAGCCTCGCCTT) and GAPDH (forward: TGCACCACCAACTGCTTAGC; 

reverse: GGCATGGACTGTGGTCATGAG) reference transcripts. Analysis was done 

using the ΔΔCt-method.235 

Immunofluorescence staining 

Cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 15 min at 

room temperature and washed (3 x 5 min) with PBS. Subsequently, cells were 

permeabilized with 0.5% Triton X-100 (5 min), and incubated with primary antibody 

diluted in 50% fetal bovine serum (FBS) for 60 min. After minimally 3 PBS washing 

steps, slides were incubated with secondary antibody diluted in 50% FBS for 30 min 

and, where indicated, with rhodamine phalloidin (ThermoFisher Scientific, R415) for 

the labeling of F-actin. After the incubation, the slides were washed again, and 

mounted with VECTASHIELD™ Mounting Medium (Vector Labs, VWR, 101098-042) 

containing 1 µg/ml 4′,6- diamino-2-phenylindole (DAPI, ThermoFisher Scientific, 

D1306). Primary antibodies used were directed against lamin A (Rabbit, Abcam, 

ab26300), paxillin (Mouse, Merck Millipore, 05-417), vinculin (Mouse, Sigma-Aldrich, 

V9131), FAK (Rabbit, Santa Cruz Biotechnology Inc., sc-932) and MKL1 (Rabbit, 

Abcam, ab49311). Secondary antibodies were DyLight 488 conjugated donkey anti-

rabbit (Jackson ImmunoResearch Laboratories Inc., JAC-705606147) and DyLight 488 

conjugated donkey anti-mouse (Jackson ImmunoResearch Laboratories Inc., JAC-

715486150). Immunofluorescent stained cells were visualized using a Nikon Ti Eclipse 

inverted widefield fluorescence microscope (Nikon Instruments) with 40x Plan Apo oil 

(NA = 1.3) or 60x Plan Apo VC (NA = 1.4) objectives. Immunofluorescent staining was 

performed in triplicate, and per microscope slide a minimum of 9 regions was imaged. 
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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% or 12% bis-tris with MOPS running buffer) and 

transferred to BioTrace PVDF membranes (Pall Corporation, 66542). Primary 

antibodies were directed against lamin A/C (Mouse, Santa Cruz Biotechnology Inc., 

sc-56139), ARP2 (Rabbit, Abcam, ab47654), ARP3 (Mouse, Abcam, ab49671), Fascin 

(Mouse, Abcam, ab78487), STAT3 (Cell Signaling, #9139), paxillin (Mouse, Merck 

Millipore, 05-417), vinculin (Mouse, Sigma-Aldrich, V9131), FAK (Rabbit, Santa Cruz 

Biotechnology Inc., sc-932), beta actin (Mouse, Abcam, ab8226) and nucleolin 

(control) (Rabbit, 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). 

Wound healing assay and cell tracking 

Cells were seeded into a 24 well plate and grown up to 100% confluency. A scratch 

was applied using a pipette tip. The cells were washed twice with PBS to remove 

floating debris. To inhibit cell division, DMEM without FBS was used. Cell migration 

was monitored by transmission microscopy with a Nikon Ti Eclipse inverted widefield 

fluorescence microscope (Nikon Instruments), and cell migration rate was determined 

by plotting the scratch area as a function of time. By fitting a linear trend line to this 

plot, the slope of the curve can be estimated, and by dividing the slope by two times 

the length (l) of the wound (as cells are migrating of both edges of the wound towards 

each other) the cell migration rate was calculated.285 

 𝑣𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
|𝑠𝑙𝑜𝑝𝑒|

2×𝑙
 

The wound healing assay was complemented with individual cell tracking; therefore, 

nuclei were stained with Hoechst 33342 (ThermoFisher Scientific, H3570) and time-

lapse images, with a temporal resolution of 10 min, were acquired. Image analysis is 

described below.    

Cell adhesion assay 

A 96 well plate was coated with bovine collagen type I (10µg/ml in PBS) (VWR, 392-

2502) and stored overnight at 4°C, and rinsed. Remaining protein binding sites were 

blocked with BSA (1% in PBS) and incubated for 30 min at room temperature and 

rinsed. In the meantime, cells were detached with 2 mM EDTA (in PBS) and counted. 

20,000 cells per 96 well plate were seeded and incubated for 60 min at 37°C and 5% 

CO2 humidified atmosphere. Coated wells without cells were used as background 

control. The wells were 5 times thoroughly washed with PBS and fixed with 96% 

ethanol for 10 min at room temperature. The cells were stained with crystal violet (0.1% 

in 10% ethanol) and incubated for 30 min at room temperature. The wells were 
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thoroughly washed with demineralized water to remove excess stain, and acetic acid 

(10% in demineralized water) was added and incubated for 20 min at room temperature 

on a shaker. Absorbance was measured at 595 nm with a spectrophotometer (Tecan 

Infinite 200 Pro, Männedorf, Switzerland). Cell adhesion was registered as absorbance 

corrected for background.   

Traction force microscopy 

Traction force microscopy is based on measuring the displacement of fluorescent 

beads embedded in polyacrylamide gels, which is triggered by cell detachment. By 

tracking the movement of the fluorescent beads, the displacement can be calculated, 

which correlates with cellular traction force.  

Polyacrylamide gels (0.1% bis and 5% acrylamide; 70 µm thick) containing 1:50 

volume of carboxylate-modified fluorescence latex beads (0.2 µm Fluospheres, 

Molecular Probes, Eugene, OR) were fabricated on 25-mm diameter glass 

coverslips.286 The Young’s modulus of the gel was estimated to be 15 kPa using 

Dynamic Mechanical Analysis (Mettler Toledo, Switzerland). Collagen-coated PDMS 

stamps were allowed to react with the activated gel for 1 h at 37°C to create collagen-

coated adhesive islands. After removal of the excess of collagen by washing with PBS, 

unprinted areas of the gels were passivated with a bovine serum albumin solution 

overnight. Cells (5000/ml) were seeded on the gel and incubated till they were 

completely spread. Fluorescence images of the gel containing fluorescent beads 

immediately beneath the patterned cells were taken during cell detachment with 

trypsin. The change of the position of the fluorescence beads were measured in 

MATLAB software using an algorithm described previously.287 This yielded the 

discretized displacement field between two consecutive frames. The calculated 

displacements were summed up to determine the overall two-dimensional 

displacement field. The traction field was then calculated from the displacement field 

by solving the inverse of the Boussinesq solution from the displacement field on the 

surface of an elastic half space to obtain the traction field when the mechanical 

properties of the gel are known. The Poisson ratio of the gel was assumed to be close 

to 0.5. The interior of the cell was subdivided into 64 µm2 squares to approximate the 

discretized localization of contractile forces.  

Image analysis 

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).  

The focal adhesion points were quantified by means of a custom-designed image 

processing pipeline288, which is essentially based on a high-content analysis workflow 

described before56 and is available upon request. In brief, the analysis consists of a 

few image preprocessing steps, followed by hierarchical segmentation of nuclei, cells, 

and focal adhesion points (FAs) to allow region-specific analysis of objects. Nuclear 

regions of interest (ROIs) are segmented in the DAPI channel after filtering with a 
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Gaussian kernel of small radius (Σ = 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 

tessellation. Finally, FAs are specifically enhanced in the FA channel by means of a 

Laplacian operator and binarized using the Triangle autothresholding algorithm. The 

Triangle algorithm was selected since this is a geometric method, resulting in a better 

coverage of the complete FA size. The resulting ROIs were used for analyzing shape 

(area and circularity) and intensity metrics of objects larger than a predefined size (>5 

pixels) on the original image.   

Stress fiber thickness was quantified in microscopic images of phalloidin-stained cells 

by applying a fast Fourier transformation, low frequency filtering, inverse 

transformation and Isodata autothresholding, after which fluorescence intensity and 

area per stress fiber was calculated per cell.  

Cell mobility was determined by tracking nuclei from Hoechst 33342 counterstained 

individual cells through time using a dedicated script (trackRuptures.ijm; available upon 

request).61 In this analysis, nuclei are detected using a Laplacian of Gaussian blob 

detector, binarized using an automatic threshold algorithm and touching nuclei are 

separated using a conditional watershed algorithm. Once nuclei have been detected 

in all time points, they are connected through time based on a nearest neighbor 

algorithm, which is confined by a maximum displacement. If for a given nucleus, no 

corresponding neighbor is found in the next time point, potential candidates are sought 

in the closest subsequent time point. After, this automatic procedure, the operator can 

manually check and correct tracks. 

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 and Wilcoxon 

tests.289 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.239 

  

http://www.r-project.org/
http://www.r-project.org/
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Abstract 

The metalloprotease ZMPSTE24 catalyzes maturation of lamin A, a key component of 

the nuclear lamina. Loss of ZMPSTE24 leads to premature aging disorders and severe 

metabolic alterations, including lipoatrophy. However, as yet, the molecular changes 

that accompany ZMPSTE24 deficiency at the cellular level are not completely 

understood. Here, we explore the potential of label-free confocal Raman 

microspectroscopy (RMS) to discriminate genome-edited ZMPSTE24 knockout (ZKO) 

cells from non-targeting controls. Hyperspectral image data sets were collected from 

individual living cells at 785 nm excitation. Unsupervised classification of average 

cellular spectra allowed separating both cell types with high fidelity. Subsequent 

analysis of spectral differences revealed that ZKO cells had a decreased lipid content. 

Cross-correlation with fluorescent labeling revealed that this decrease was associated 

with a significant reduction in lipid droplet (LD) number and size in ZKO cells. 

Counterintuitively, this was accompanied with increased expression of several LD 

biogenesis genes (GPAM, PEMT, and PGC1α). Thus, our data suggest that loss of 

ZMPSTE24 impairs intracellular lipid storage and proves that RMS is a powerful tool 

for label-free interrogation of pathological cells.  

4.1. Introduction 

Laminopathies are diseases of the nuclear lamina. They are caused by mutations in 

genes encoding nuclear lamins, such as the LMNA gene (producing lamin A/C), or in 

genes involved in lamin processing, such as ZMPSTE24. The latter encodes the zinc 

metalloprotease ZMPSTE24, which is crucial for proper maturation of lamin A. Lamin 

A is produced as a precursor protein, prelamin A, and undergoes a sequence of 

posttranslational modifications at its C-terminus, including carboxymethylation, 

farnesylation and proteolytic cleavage. This final step is solely catalyzed by 

ZMPSTE24.14 Consequently, loss of ZMPSTE24 results in the accumulation of 

farnesylated prelamin A. Diseases that are caused by ZMPSTE24 deficiency include 

mandibuloacral dysplasia type B (MADB) and restrictive dermopathy (RD).2–5 MADB 

is caused by partial loss of ZMPSTE24 activity, while RD is associated with complete 

loss.129 MADB is characterized by skeletal abnormalities and generalized 

lipodystrophy, and some patients have features of premature aging.117,126 On the other 

hand, RD is a lethal neonatal genodermatosis. RD patients usually die within several 

hours or days of birth.126,127 

A vast array of omics tools has become available to study pathologies at the cellular 

level. However, these methods only highlight changes in selected subsets of molecules 

(e.g., gene and protein expression) and offer no cellular context. Raman 

microspectroscopy or Raman microscopy (RMS) offers an interesting tool for obtaining 

insight into the true molecular markup (lipids, proteins, carbohydrates …) of the 

intracellular environment. By probing molecular vibrations with a laser, RMS is able to 

assess the chemical microenvironment of the biological sample at a submicron 

scale.290 This technique can be used to characterize and image cells in absence of 
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fluorescent stains.290,291 Since molecular changes in cells, tissues or biofluids can 

either cause or be the effect of diseases, RMS can be applied for medical 

diagnostics.188–191 Here we used RMS to study HeLa cells in which the ZMPSTE24 

gene was stably knocked out using CRISPR/Cas9-mediated genome editing.  

4.2. Results 

Stable ZKO cells accumulate prelamin A 

To avoid the heterogeneity and bypass the limited availability of patient cells, we 

established a set of isogenic model cell lines with a stable ZMPSTE24 knockout using 

targeted CRISPR/Cas9 genome editing. We further refer to these cells as HeLa-ZKO. 

Multiple clones were isolated and compared with control-treated, wild type HeLa cells 

(HeLa-WT), which underwent identical operational procedures but without the specific 

guide RNA. All HeLa-ZKO clones demonstrated a significant reduction of ZMPSTE24 

transcripts, as measured by qPCR analysis (Figure 4-1C), albeit with high interclonal 

variability. In contrast, all HeLa-ZKO clones showed a strong and comparable > 2-fold 

prelamin A (PLA) accumulation as compared to HeLa-WT clones, as measured by 

quantitative microscopy after immunofluorescence staining for PLA (Figure 4-1B & D). 

Western blotting confirmed a specific accumulation of PLA, and complete absence of 

mature lamin A in HeLa-ZKO clones, as shown by the upward shift of the lamin A band 

as compared to the HeLa-WT control cells (Figure 4-1A). The accumulation also 

affected the nuclear phenotype as evidenced by quantitative image analysis. Despite 

some variability between clones, knockout of ZMPSTE24 resulted in a slightly 

increased nuclear area, except for clone Z6 (Figure 4-1F). The effect on nuclear 

dysmorphy was less pronounced, presumably because of the high basal nuclear 

morphology aberrations (Figure 4-1G). However, nuclear herniations and nuclear 

blebs were more frequently observed in HeLa-ZKO cells compared to HeLa-WT control 

cells (Figure 4-1D).  

Unsupervised clustering of Raman spectra discriminates HeLa-ZKO cells from 
HeLa-WT cells 

Fixed HeLa-ZKO (clone Z6) and HeLa-WT cells (clone C1) were subsequently 

subjected to confocal RMS. Raman spectra were collected by raster-scanning 

individual cells (n >=50 per cell type) with a 785 nm laser. The resulting hyperspectral 

image data sets were processed according to the workflow depicted in Figure 4-2 (cfr. 

also M&M). 

First, spectral information from all cellular pixels was pooled into average cellular 

spectra. Hierarchical cluster analysis (HCA) of average spectra allowed separating 

HeLa-ZKO cells from HeLa-WT cells with an accuracy of 91.96%, a sensitivity (true 

positive rate) of 90.74%, and a selectivity (true negative rate) of 93.10%, with a false 

discovery rate (FDR) of 7.54% (Figure 4-3A). Unsupervised clustering through 

principal component analysis (PCA) performed worse compared to HCA. The biplot of 

the first two principal components (PCs) showed strong overlap between the 98% 
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confidence interval of the HeLa-WT cells and the 98% confidence interval of HeLa-

ZKO cells (Figure 4-3B). In addition, PCA was used to reduce the data prior to the 

former mentioned HCA by selecting the first 3 PCs. However, this resulted in a 

decreased sensitivity and selectivity (data not shown).  

 
Figure 4-1. ZMPSTE24 knockout induces prelamin A accumulation in HeLa cells. A: 

Western blot analysis of lamin A, lamin C and prelamin A in HeLa -WT (C1) and HeLa-

ZKO clones (Z5, Z6, Z8, and Z9). Nucleolin was used as a loading c ontrol. B: 

Normalized mean fluorescence (fold change) of prelamin A in different HeLa -ZKO 

clones (Z5, Z6, Z8, and Z9) relative to HeLa-WT cells (C1). Error bars indicate the 

standard deviation on the mean value of three biological replicates; signif icance was 

calculated with a Student’s t-test; *** = p-value < 0.001. C: Gene expression level of 

ZMPSTE24 measured by real-time qPCR in HeLa-ZKO clones relative to HeLa-WT cells 

(C1). Error bars indicate the standard deviation on the mean value of three technica l 
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replicates. Signif icance was calculated with a Student’s t-test; *** = p-value < 0.001. D: 

Representative images of HeLa-WT (C1) and HeLa-ZKO (Z6 and Z8) cells after 

immunofluorescence staining for prelamin A (yellow), lamin B1 (red) and 

counterstaining with DAPI (blue). Arrowheads indicate nuclear blebs. E-G: Nuclear 

circularity (E), nuclear area (relative C1) (F), and the number of dysmorphic nuclei (G) 

were measured through analysis of microscopic images from all HeLa -WT (C1) and 

HeLa-ZKO clones (Z5, Z6, Z8, and Z9), untreated HeLa cells were included as an extra 

control (-). Error bars indicate the standard deviation on the mean value of four 

biological replicates; signif icance was calculated with ANOVA or non -parametric 

contrast-based multiple comparison tests; * = p-value < 0.05, *** = p-value < 0.001.  

 

Figure 4-2. Raman spectra were collected by raster -scanning individual cells with a 785 

nm laser. The spectra were preprocessed in R using the hyperSpec package.292 Init ial 

preprocessing involved cosmic ray removal and smoothing and interpolation. Cellular 

pixels were selected by HCA after fast polynomial baseline removal and outlier removal 

with PCA. The average spectrum of the cellular pixels was calculated the background 

was accurately removed with baselineWavelet correction.  Finally, the average spectra 

were min-max normalized. The preprocessing is described in more detail in the M&M 

section.  

Difference spectrum highlights changes in lipid content of HeLa-ZKO cells 

To determine which spectral components contributed the most to the discriminatory 

power, we compared the average spectra of HeLa-ZKO and HeLa-WT cells, and 

generated a difference spectrum (Figure 4-3C & D). This revealed that 4 bands 
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deviated strongly in HeLa-ZKO cells: namely a Raman peak at 876 cm-1, in close 

vicinity to a peak at 856 cm-1, which might be attributed to hydroxyproline, a major 

component of collagen293; chain C-C stretching vibration at 1065 cm-1; CH2 twisting at 

1301 cm-1; and CH2 deformation at 1439 cm-1.291,294 The last three are typical bands 

for lipids. Hydroxyproline is also associated with a Raman band at 957 cm-1 and 1207 

cm-1, however no significant differences were observed at these regions. Furthermore, 

dermal fibroblast from patients with LMNA mutations show normal synthesis and 

mobility of type I collagen.295 Therefore this Raman peak was not further investigated 

and we focused our work on the lipid specific Raman peaks. We calculated the area of 

these peaks, by integrating a fitted spline, and observed a significant decrease for all 

three bands in HeLa-ZKO cells (Figure 4-3E-G), suggesting a significant reduction in 

lipid content. 

 
Figure 4-3. Raman spectra of HeLa-ZKO show signif icant changes compared to control 

cells. A: Heatmap of the average spectra of HeLa-ZKO (red) and HeLa-WT cells (gray), 

clustered by HCA. B: Biplot of the first two principal components (PCs) of HeLa -ZKO 

(red) and HeLa-WT cells (gray). The ell ipse represents the 98% coincidence interval. C: 

Mean Raman spectrum of HeLa-ZKO (red) and HeLa-WT cells (gray). D: Mean 

difference spectrum of HeLa-ZKO (red) cells relative to HeLa-WT cells (gray). The 



75 

 

shaded region in C and D indicates the standard deviation on the mean value. Arrows 

indicate signif icant differences in the Raman spectra. E: Integrated area of the Raman 

spectra at 1065 cm -1 relative to HeLa-WT cells. F: Integrated area of the Raman 

spectra at 1301 cm -1 relative to HeLa-WT cells. G: Integrated area of the Raman 

spectra at 1439 cm -1 relative to HeLa-WT cells. In the boxplots, the horizontal l ine 

indicates the median, boxes the 25th and 75th percentile, and whiskers the 5th and 

95th percentile. For all f igures, signif icance was calculated with the Wilcoxon rank sum 

test; *** = p-value < 0.001.   

HeLa-ZKO cells have less lipid droplets and lipid droplet size is decreased 

We next asked whether the reduction in specific bands could also be assigned to 

specific regions within the cells. We found that the three major bands were strongly 

enriched in micron-sized cytoplasmic regions that resembled lipid droplets (LDs). 

Supporting this idea, the average Raman spectrum of these regions showed high 

similarity with the reference spectrum of triolein, a symmetrical triglyceride derived from 

glycerol and oleic acid (Figure 4-4B).294 To ascertain these regions were LDs, we 

performed a correlative confocal RMS-confocal fluorescence microscopy experiment 

in which we revisited identical cells before and after counterstaining for LDs using the 

fluorescent marker bodipy 493/503. To promote LD formation, cells were treated with 

cycloheximide prior to the recordings. Quantitative colocalization analysis between 

RMS images after Vertex Component Analysis (VCA) and confocal fluorescence 

images confirmed colocalization, thus proving that indeed these bands were 

characteristic for LDs (Figure 4-4A). An average Pearson correlation coefficient of 

0.72±0.06 was calculated for three biological replicates. More importantly, quantitative 

analysis of LDs in fluorescence microscopy images revealed a significant reduction in 

the number of LDs in HeLa-ZKO clones compared to HeLa-WT. In addition, LD size 

was in most clones, except clone 6 (p-value = 0.052), significantly reduced in HeLa-

ZKO cells compared to HeLa-WT cells (Figure 4-4C-E). 

HeLa-ZKO cells show increased expression of LD biogenesis genes 

To elucidate the potential cause of the reduction in LD size in HeLa-ZKO cells, we 

analyzed the expression of genes involved in LD biogenesis using qPCR: 

acylglycerolphosphate acyltransferase (AGPAT); seipin (BSCL2); diacylglycerol O-

acyltransferase 1 (DGAT1); fat storage inducing transmembrane protein 2 (FITM2); 

mitochondrial glycerol-3-phosphate acyltransferase (GPAM); 

phosphatidylethanolamine N-methyltransferase (PEMT); and peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC1-α). Transcript levels of GPAM, 

PEMT and PGC1-α were significantly increased in HeLa-ZKO cells compared to HeLa-

WT cells (1.77-fold, 2.06-fold and 2.07-fold increase respectively, Figure 4-4F). 
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Figure 4-4. HeLa-ZKO cells have less LDs, decreased LD size and altered expression 

of genes involved in LD biogenesis. A: Correlation between bodipy 493/503 image 

(green) and VCA image (red) of a cycloheximide treated HeLa cell. On the left side, the 

reflection image of the cell is depicted. B: Average Raman spectrum of LDs (gray) and 

the reference spectrum of tr iolein (green). C: Representative images of HeLa -WT and 

HeLa-ZKO cells after bodipy 493/503 staining (yellow) and counterstaining with Hoechst 

33342 (cyan). D: Number of LDs in different HeLa-ZKO clones relative to HeLa-WT 

cells (C1). E: Size of LDs in different HeLa-ZKO clones relative to HeLa-WT cells (C1). 

HeLa cells were included as an extra control ( -). Error bars in D and E indicate the 

standard deviation on the mean value of four biological replicates. Signif icance was 

calculated with ANOVA; * = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001. 

F: Gene expression levels of AGPAT, BSCL2, DGAT, FITM, GPAM ,  PEMT, and PGC1α  

measured by real-t ime qPCR in HeLa-ZKO cells (Z6) relative to HeLa-WT cells (C1). 

Error bars indicate the standard deviation on the mean value of three technical 

replicates. Signif icance was calculated with a Student’s t-test; ** = p-value < 0.01.  
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4.3. Discussion 

Previous studies have shown that RMS can be used to study a wide variety of 

diseases, but most studies focused on cancer.188–191 Here we used this technique to 

study the molecular changes in HeLa-ZKO cells, which were acquired through targeted 

CRISPR/Cas9 genome editing. CRISPR/Cas9 promotes genome editing by 

stimulating a double stranded break (DSB) at the target genomic locus which is re-

ligated by error-prone nonhomologous end joining (NHEJ), leading to insertion/deletion 

(indel) mutations, which in turn result in frameshift mutations and premature stop 

codons.296,297 All HeLa-ZKO clones showed prelamin A accumulation, but ZMPSTE24 

expression was highly variable among the clones. Interestingly, one HeLa-ZKO clone 

produced a shorter lamin C isoform, as demonstrated by western blotting, this clone 

was excluded from the results. This might be caused by off-target effects during 

CRISPR/Cas9 genome editing.298 Several approaches have been proposed to reduce 

off-target effects, such as the use of a D10 mutant nickase version of Cas9 paired with 

two guide RNAs that each cleave only one strand, or fusion of catalytically inactive 

Cas9 with a Fok I nuclease domain (fCas9).298 Next to CRISPR/Cas9-associated off-

target effects, the unstable genome of HeLa cells, which shows a remarkably high level 

of aneuploidy, can also contributes to high interclonal variability.299 The latter can be 

resolved by using primary cells, since these have a more stable genome. However, 

genome editing in primary cells is less straightforward, due to the necessity of cellular 

expansion after clonal selection. Therefore, iPSCs or hTERT-immortalized primary 

cells are the best option. 

We were able to discriminate most of the HeLa-ZKO cells from HeLa-WT cells with 

HCA, however the FDR was higher than 5%.  By increasing the sample size in future 

experiments, discrimination performance can be enhanced and, in parallel, supervised 

clustering can be used to classify the data. In the difference spectrum, we noticed four 

Raman bands which were significantly reduced in HeLa-ZKO cells, three bands were 

typical for lipids and one band was related to hydroxyproline. The lipid specific Raman 

bands were enriched in LDs, which was confirmed by bodipy 493/503 staining. The 

average Raman spectrum of LDs showed good resemblance with the reference 

spectrum of triolein. This triglyceride likely constitutes the neutral lipid ester core of the 

LDs, which is encapsulated by a surface phospholipid monolayer.300–302 The main 

function of LDs is storing lipid esters, originating from lipid synthesis or membrane 

lipids, in doing so they form an important defense mechanism against 

lipotoxicity.301,303–305 HeLa-ZKO cells had fewer LDs and their size was reduced 

compared with HeLa-WT cells. To explain this phenomenon, we analyzed the 

expression of a number of genes involved in LD biogenesis. GPAM, PEMT and PGC1α 

showed increased expression. The first gene encodes a mitochondrial isoform of 

glycerol-3-phosphate acyltransferase (GPAT), which is involved in the synthesis of 

glycerolipids. GPAM specifically directs the incorporation of exogenous fatty acids into 

triacylglycerol.306 Overexpression of GPAM in rat hepatocytes resulted in decreased 

fatty acid oxidation and increased glycerolipid biosynthesis.307 Interestingly, in 
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Drosophila cells this was accompanied by the formation of many small LDs.308 The 

second gene PEMT is involved in the conversion of phosphatidylethanolamine (PE) to 

phosphatidylcholine (PC). Increased expression of PEMT can induce accumulation of 

PC, which in turn stabilizes the LD surface, resulting in smaller LDs.309 The third gene, 

PGC1α, is a key regulator of mitochondrial biogenesis.310 Similar to GPAT and PEMT, 

overexpression of PGC1α is accompanied by the formation of smaller LDs in oleate-

induced human skeletal muscle cells.311 Interestingly, both increased PEMT activity 

and increased PGC1α expression has been linked to prelamin A accumulation.312,313 

More specific, increased PEMT activity has been observed in prelamin A accumulating 

hMSC-derived adipocytes and increased expression of PGC1α has been documented 

in the liver from Zmpste24-deficient mice.312,313 Furthermore, increased Pgc1α 

expression has also been observed in HGPS mice.314 Taken together the altered 

expression of these genes can partly explain the reduced size of LDs we observed, 

however in contrast to our observations increased expression of these genes normally 

increases lipid content. A possible explanation for this is that the overexpression of the 

aforementioned genes is a compensatory mechanism for accelerated lipolysis induced 

by prelamin A accumulation, which has been linked to loss of adipose tissue and 

reduced lipid storage.128,312,315–318 Moreover experiments in Zmpste24-/- mice showed 

increased partitioning of fatty acid towards β-oxidation.128 A possible mechanism by 

which prelamin A accumulation impairs lipid storage might be through interaction with 

the Sp1 transcription factor, perturbing adipogenesis, or sequestration of sterol 

regulatory element-binding protein 1 (SREBP1) which lowers PPARγ expression, 

causing impairment of pre-adipocyte differentiation.100,242,317,319 

In conclusion, our work indicates that ZMPSTE24-deficiency in HeLa cells impairs lipid 

storage by reducing the number and size of LDs. Altered gene expression can 

contribute to the reduced LD size. RMS enabled us to identify molecular changes in 

HeLa-ZKO cells, which indicates that RMS can be a reliable technique for cell 

biologists. In future experiments, a larger number of cells should be included and other 

cell types, including patient cells, should be analyzed. In addition, nonlinear Raman 

technologies, such as coherent anti-Stokes-shifted Raman scattering (CARS) 

microscopy and stimulated Raman (SRS) microscopy, can be used instead of 

spontaneous RMS to reduce acquisition times and increase spatial resolution. 

However, a major drawback of the latter techniques is that they are often only limited 

to a discrete number of wavelengths. In a recent study this issue was solved by the 

introduction of an electronically-tunable acousto-optical filter as a wavelength selector, 

allowing broadband nonlinear RMS.320 

4.4. Materials and Methods 

Cell culture 

HeLa cells were cultured in T10 or T25 culture flasks in DMEM High Glucose with L-

Glutamine medium (Lonza, BE12-604F) supplemented with 10% fetal bovine serum 

(Gibco, Life Technologies, 10500-064) and 1% penicillin/streptomycin (Westburg, 
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DE17-602E/12), at 37°C and 5% CO2, according to standard procedures. To stimulate 

the number of LDs we treated the cells with 10 µg/ml cycloheximide (CHX) for 24 h. 

CRISPR/Cas9 mediated genome editing 

To generate stable knockout HeLa cell lines for ZMPSTE24 and controls, we used 

CRISPR/Cas9 genome editing. The gRNA and Cas9 protein were delivered to cells by 

plasmid transfection. The plasmids were constructed starting from pSpCas9(BB)-2A-

Puro (PX459) (from Feng Zhang, Addgene # 48138 and 48139). The gRNA sequence 

which targets the first exon of ZMPSTE24 was 5′-

GGCCGAGAAGCGTATCTTCGGGG-3′. They were designed with the CRISPR oligo 

design tool (Feng Zhang). The constructs were made based on the protocol of Ran et 

al. 296. 48 h after transfection (Lipofectamin 2000, Life Technologies, 11668027, 

according to manufacturer’s instructions), cells were selected by culturing cells in the 

presence of puromycin (1 µg/ml). 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 

accumulation of prelamin A. Targeting efficiency was validated by high-resolution melt 

(HRM) analysis around the cut position of the Cas9 protein using the following primers 

for ZMPSTE24: forward: 5′-CTGGACGCTTTGTGGGAGAT -3′, reverse: 5′-

CGCTGTGCTAGGAAGGTCTC -3′.  

Raman acquisition and analysis 

HeLa cells were seeded onto CaF2 slides and cultured for 24 h. The cells were fixed 

in 4% paraformaldehyde for 15 min at room temperature and washed (3 x 5 min) with 

PBS. The Raman measurements were performed in Hanks balanced salt solution 

(HBSS) to avoid cell detachment. Raman spectra were collected by raster-scanning 

the fixed cells under a confocal Raman microscope (alpha300 R, WITec, GmbH, Ulm, 

Germany) at 785 nm excitation with 2 µm step size and 1 s integration time per 

spectrum with a grating of 600 g mm-1 grating and a 63X water immersion (NA = 0.95) 

objective. At least 50 cells per condition were measured. After data acquisition the 

hyperspectral datasets were preprocessed in the WITec Project Four software and in 

R using the hyperSpec package.292 In a first step pixels containing cosmic rays were 

removed and replaced by the mean spectrum of four adjacent pixels, this was 

performed with a standard tool in the Project Four software. The corrected spectra 

were exported and subsequent preprocessing was carried out in R. The wavelength 

axis was calibrated towards the Raman signal of CaF2 at 322 cm-1, to cope with small 

shifts in the excitation wavelength. Next, signal-to-noise ratio (SNR) was increased by 

smoothing and interpolation. The spectra were smoothed by local polynomial 

regression fitting and in parallel interpolated on a new wavelength axis with equidistant 

spacing, since the unequal data point spacing can influence data analysis. The 

background was initially removed by fitting a polynome of the 4th order to the spectral 

region between 500 and 1400 cm-1 and a polynome of the 3rd order to the region 

between 500 and 2000 cm-1, since both regions could not be fitted by the same 
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polynome at once. The two polynomes were combined and subtracted from the 

spectra. After baseline correction, the data distribution was studied with principal 

component analysis (PCA) and outliers were removed and replaced by the average 

spectrum of eight adjacent pixels with an in-house written algorithm. Next, cellular 

pixels were detected by hierarchical cluster analysis (HCA) and the average Raman 

spectrum of these pixels was calculated from the original Raman spectra obtained after 

smoothing and interpolation. The average spectra of the cells were pooled and the 

background was more precisely permanently removed using the time-consuming 

baselineWavelet package (Zhang et al., http://code.google.com/p/baselinewavelet, 

2009). To estimate the baseline, peak position was accurately detected by continuous 

wavelet transformation (CWT), peak-width was estimated by SNR enhancing 

derivative calculation based on CWT, and finally the baseline was fitted using 

penalized least squares with binary masks. Finally, the average spectra were min-max 

normalized to minimize the influence of the focal volume on the signal. The minimum 

of each spectrum was scaled to 0 and the maximum to 1. The normalization also 

minimized variance between measurements. The complete preprocessing protocol is 

depicted in Figure 4-2.   

The average cellular spectra were analyzed with HCA and PCA. A difference spectrum 

was generated to highlight changes by subtracting the mean Raman spectrum of 

control cells from the Raman spectra of ZMPSTE24-/- cells.  

LDs were isolated in Raman images by using VCA. The Raman images were 

preprocessed as mentioned before, but instead of polynomial baseline correction, 

baseline wavelet correction was applied on the whole image. Next the Raman spectra 

were min-max normalized and analyzed with VCA.     

Immunofluorescence staining 

HeLa cells were grown on glass coverslips or polystyrene 96 well plates (Greiner Bio-

One, 655090) and fixed in 4% paraformaldehyde for 15 min at room temperature and 

washed (3 x 5 min) with PBS. Subsequently, cells were permeabilized with 0.5% Triton 

X-100 (5 min), and incubated with primary antibody diluted in 50% fetal bovine serum 

(FBS) for 60 min. After minimally 3 PBS washing steps, slides were incubated with 

secondary antibody diluted in 50% FBS for 30 min. After the incubation, the slides were 

washed again, and mounted with VECTASHIELD™ Mounting Medium (Vector Labs, 

VWR, 101098-042) containing 1 µg/ml 4′,6- diamino-2-phenylindole (DAPI, 

ThermoFisher Scientific, D1306). Primary antibodies used were directed against lamin 

A (Rabbit, Abcam, ab26300, 1/200), lamin B1 (Abcam, ab16048, 1/1000) and prelamin 

A (Goat, Santa Cruz Biotechnology Inc., sc-6214, 1/150). Secondary antibodies were 

Alexa Fluor 488 conjugated donkey anti-rabbit (Jackson ImmunoResearch 

Laboratories Inc., JAC-711546152) and DyLight 649 conjugated donkey anti-goat 

(Jackson ImmunoResearch Laboratories Inc., JAC-705606147). Immunofluorescent 

stained cells were visualized using a Nikon Ti Eclipse inverted widefield fluorescence 

microscope (Nikon Instruments) with 40x Plan Apo oil (NA = 1.3) or 60x Plan Apo VC 
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(NA = 1.4) objectives. Immunofluorescent staining was performed in triplicate, and per 

microscope slide a minimum of 9 regions was imaged. 

Bodipy 493/503 staining 

HeLa cells were grown on glass, CaF2 coverslips, or polystyrene 96 well plates and 

fixed in 4% paraformaldehyde for 15 min at room temperature and washed (3x, 5 min) 

with PBS. The cells were stained with bodipy 493/503 (1 µg/ml in PBS, ThermoFisher 

Scientific, D3922) and Hoechst 33342 (5 µg/ml in PBS, ThermoFisher Scientific, 

H3570) for 20 min at room temperature. After staining the cells were washed (3X, 5 

min) and stored in PBS. Cells were visualized using a Nikon A1R confocal microscope 

(Nikon Instruments) or Nikon Ti Eclipse inverted widefield fluorescence microscope 

(Nikon Instruments) with a 60x Plan Apo VC oil (NA = 1.4) objective or a 40x Plan Fluor 

dry (NA = 0.75) objective.   

Western blot 

Cells were grown in T75 culture flasks and lysed using the Nucleospin Triprep Kit 

(Macherey-Nagel, 740966.50). Protein concentration was measured with the Pierce™ 

BCA Protein Assay Kit (Thermo Scientific, 23227). Cell lysates were subjected to SDS-

PAGE (NuPAGE™ Novex™ 4–12% Bis-Tris Protein Gels with MOPS running buffer, 

Thermo Scientific, J00047) and transferred to BioTrace PVDF membranes (Pall 

Corporation, 66542). Primary antibodies were directed against lamin A/C (Mouse, 

Santa Cruz Biotechnology Inc., sc-56139) and nucleolin (Rabbit, 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). 

Quantitative PCR 

RNA was extracted using the Nucleospin Triprep kit (Macherey-Nagel). After quality 

control with the Bioanalyser (Agilent), cDNA synthesis was executed (Tetro cDNA 

synthesis kit, Bioline) followed by qPCR (Sensimix, Bioline, CFX connect Biorad). 

Primers were used for AGPAT: forward:5’-CAGAGCTGGGACGTCATCTG-3’, reverse: 

5’-TACTGCAAGAAGGAGCGTCG-3’; BSCL2: forward: 5’-

CCTATGAAGGCGCAGGTCAT-3’, reverse: 5’-CGACCACTGGAGCGATCATT-3’; 

DGAT1: forward: 5’-TGCTGAAGCCACTGTCAGAG-3’, reverse: 5’-

CCCCAACAAGGACGGAGAC-3’; FITM2: forward: 5’-

GGCAGAAGGAGACAGAACGT-3’, reverse: 5’-TCAAGGAGTTGTCCCCGTTG-3’; 

GPAM: forward: 5’-ACAAAGATGGCAGCAGAGCT-3’, reverse: 5’-

TGACTTTGGGGAGGAACAGC-3’; PEMT: forward: 5’-

GCCACTATGTAGGTGAGGGC-3’, reverse: 5’-ATGTACTGGGGAAGCACAGC-3’; 

PGC1-α:  forward: 5’-GGTGGAAGCAGGGTCAAAGT-3’, reverse: 5’-

CTTTGCGCAGGTCAAACGAA-3’; ZMPSTE24: forward: 5’-

CGAGAAGCGTATCTTCGGGG-3’, reverse: 5’-TGTGCTAGGAAGGTCTCCCA-3’; 

ACTB: forward: 5’-CCTTGCACATGCCGGAG-3’, reverse: 5’-
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GCACAGAGCCTCGCCTT-3’; GAPDH: forward: 5’-TGCACCACCAACTGCTTAGC-

3’, reverse: 5’-GGCATGGACTGTGGTCATGAG-3’. 

Image analysis 

Image Processing. 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).  

The LDs were quantified by means of a custom-designed image processing pipeline288, 

which is essentially based on a high-content analysis workflow described before56 and 

is available upon request. In brief, the analysis consists of a few image preprocessing 

steps, followed by hierarchical segmentation of nuclei, cells, and LDs 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 (Σ = 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 tessellation. Finally, LDs are specifically enhanced in the LD 

channel by means of a Laplacian operator and binarized using the Triangle 

autothresholding algorithm. The resulting ROIs were used for analyzing shape (area 

and circularity) and intensity metrics of objects larger than a predefined size (>5 pixels) 

on the original image.  

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 and Wilcoxon 

tests.289 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.239 

  

http://www.r-project.org/
http://www.r-project.org/
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Mimicking lamin dysfunction in cells 

During the course of this PhD, we have identified different cellular pathways that are 

regulated by A-type lamins. To do so, we have optimized experimental perturbations 

that enable studying lamin A/C maturation defects in an isogenic context: namely 

through sustained siRNA-mediated knockdown (Ch. 2 and Ch.3) or CRISPR-Cas9-

mediated knockout (Ch. 4) of LMNA or ZMPSTE24. The rationale for developing 

human model cells was given shape by the fact that animal model cells are more 

difficult to translate.196,197 For example, the average rate of successful translation from 

animal models to clinical cancer trials is less than 8%.197 However, it should be noted 

that animal models are essential as a bridge between in vitro and clinical studies. 

Furthermore, patient cells are scarce, and have a heterogeneous genetic 

background.195 In contrast, isogenic cell lines only differ (by definition) in the expression 

of the target gene (i.e. LMNA or ZMPSTE24). This facilitates interpretation of 

experimental data. However, patient cells remain indispensable as reference, and 

were therefore used during our experiments to validate our models. Ideally three 

different isogenic cell lines should be developed. This would strengthen our findings 

even further and improve their credibility.     

In contrast with CRISPR/Cas9-mediated knockout, siRNA-mediated knockdown is 

transient. We prolonged the effect through repetitive transfection rounds, resulting in a 

sustained knockdown. Indeed, knockdown efficiency was strongly time-dependent, 

especially at the protein level. This is most likely caused by the slow turnover of lamin 

A.210 Despite this lag time, siRNA transfections bear the advantage that they are easily 

applicable, effective and can be used on a wide range of cell types, including primary 

cells. CRISPR/Cas9-mediated genome editing enables the generation of stable 

knockout cells, but also allows the introduction of point mutations.321 Unlike siRNA 

transfections, genome editing is more laborious and time-consuming. Especially clonal 

selection is a bottleneck and clonal expansion requires numerous cell divisions. 

Therefore CRISPR/Cas9 is difficult to apply to primary (mortal) cells. A way to 

circumvent this problem is by using (conditionally) immortalized primary cells, e.g. 

through ectopic hTERT expression, or by using iPSCs. In addition, iPSCs can be 

differentiated into multiple cell types, favouring their use. These cells have been 

generated from HGPS fibroblasts and were nearly indistinguishable from control cells, 

while differentiation into the affected cell lineages recapitulated the disease 

phenotype.322,323     

Sustained knockdowns induced overt changes in nuclear morphology of fibroblasts, 

which resembled the changes of laminopathy patient fibroblast nuclei. Nuclei from 

genome-edited HeLa cells showed less pronounced morphological alterations, 

although ZMPSTE24 knockout cells did more frequently present nuclear herniations 

and blebs. This may be explained by the sheer fact that HeLa cells display a high basal 

nuclear morphology by default, making these cells less reliable for morphological 

analysis.  
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Both siRNA-mediated knockdown and CRISPR/Cas9-mediated genome engineering 

hold the risk to induced off-target effects. Off-target effects linked to siRNA 

transfections include non-specific induction of inflammatory cytokines and type I 

interferon by cellular sensors of foreign RNA (e.g. MDA5, RIG-I, PKR, OAS1-3, TLR3, 

TLR7 and TLR8) which can obscure on-target effects.324,325 Altered IL6 expression for 

example can be a sequence-independent off-target effect through activation of TLR3, 

TLR7, and TLR8.326 Hence, the altered IL6 expression in LMNAkd and ZMPSTE24kd 

cells, might be caused by off-target effects. CRISPR-Cas9-associated off-target effects 

are caused by mismatches between the guide RNA and the DNA, resulting in off-target 

cleavage activity.298 In line with this, one HeLa-ZKO clone showed a dramatic deviation 

in phenotype, as compared to the other colonies, although this can also be caused by 

genome instability in HeLa cells. Several modifications of this technique have been 

proposed to decrease the probability of these off-target effects, as discussed in chapter 

4. Such as the paired nicking strategy, or fusion of catalytically inactive Cas9 with a 

Fok I nuclease domain (fCas9), which has a much higher specificity than wild-type 

Cas9.298 Next to these suggestions, the use of inducible CRISPR/Cas9 could 

dramatically decrease off-target effects with a pulse exposure of the genome to the 

Cas9/sgRNA complex.327  

Lamins are important regulators of cellular redox biology 

As described in chapter 2, LMNA deficiency caused elevated basal ROS levels and 

hypersensitivity to exogenous TBHP (induced ROS). ZMPSTE24 deficiency on the 

other hand was associated with moderately increased basal ROS levels. Both 

knockdowns were accompanied by an upregulation of several ROS detoxifying 

enzymes. The hypersensitivity towards exogenous ROS in LMNAkd cells, supports the 

hypothesis that the nuclear lamina acts as an intracellular ROS-sink by virtue of their 

conserved cysteine residues within the lamin tail.213 This ROS buffering capacity has 

also been documented in R439C skin fibroblasts, which express lamin A with an 

additional cysteine residue.328 Hence, loss of A-type lamins (and their cysteine 

residues), abrogates the ability of the lamina to act as a ROS buffering system, 

rendering the cell more sensitive against increases of the intracellular ROS levels. Next 

to loss of this ROS buffering system, LMNA deficient cells present repetitive nuclear 

ruptures, which can temporarily relocate various transcription factors, several of which 

controlling oxidative stress response62, and result in cytoplasmic translocation of 

nuclear PML bodies60, known sensors of oxidative stress and regulators of redox 

homeostasis.224,225 In contrast to LMNAkd cells, ZMSPTE24kd cells are not 

hypersensitive to exogenous TBPH, in part due to the ROS buffering capacities of 

prelamin A.  

Mitochondria are the instigators of oxidative stress   

Loss of ROS buffering can aggravate the release of intracellular ROS and thereby 

boost basal ROS levels. However, this is only the case in presence of ROS build up in 

the cell. As dysfunctional mitochondria can trigger intracellular ROS release, we 

analyzed m, mitochondrial •O2
- levels, and basal mitochondrial respiration rate. In 
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LMNAkd cells we noticed that elevated ROS levels were preceded by m 

depolarization, eventually followed by m hyperpolarization, which was accompanied 

by increased mitochondrial •O2
- levels. Furthermore, we measured a lowered basal 

mitochondrial respiration rate. In contrast, ZMPSTE24kd cells showed a transient m 

depolarization and no increased mitochondrial •O2- levels were measured, which was 

likely due to upregulation of SOD2. Although, basal mitochondrial respiration was also 

lowered. Of note, we have also performed a SILAC-based differential proteome 

analysis on ZMPSTE24kd cells (unpublished data). GO analysis of these data 

indicated altered levels of proteins involved in ion transmembrane transport and 

mitochondrial membrane components. More specifically, TOMM70A, a translocase of 

the outer mitochondrial membrane, showed reduced protein levels and STOML2, a 

protein involved in mitochondrial biogenesis and function329, showed decreased gene 

expression (unpublished results). In line with this, proteomic profiling of adipose tissue 

of Zmpste24-/- mice highlighted major changes in mitochondrial function.128 This further 

supports the notion that ZMPSTE24kd impairs mitochondrial function.  

Proteasome overload can trigger mitochondrial dysfunction   

In LMNAkd cells mitochondrial dysfunction preceded elevated ROS levels, indicating 

that mitochondria are likely the initial sites of oxidative damage and the instigators of 

oxidative stress in the cytosol. Maharjan et al. (2014) showed that mitochondrial 

dysfunction can be triggered by proteasome overload, as demonstrated by 

accumulation of polyubiquitinated proteins in mitochondria upon proteasome inhibition, 

resulting in loss of m and the generation of ROS from the electron transport chain 

(ETC).217 Loss of A-type lamins can cause proteasome overload by the accumulation 

of nuclear envelope proteins (SUN2, Emerin and Nesprin-1) in the ER.114,218,219 In 

addition, loss of A-type lamins can trigger an upregulation of various ubiquitin 

ligases.220 The proteasome hypothesis is supported by the fact that MG132 treatment, 

a potent proteasome inhibitor, also resulted in a significant increase of basal and 

induced ROS levels, as well as increased m. In line with this, our research group 

recently measured reduced activity of the 20S proteasome in LMNAkd cells, as well as 

a significant decrease in the number of autophagosomes in these cells (Sieprath, T. 

(2017). Exploring the role of lamins as mediators of oxidative stress (Unpublished 

doctoral dissertation)). Supporting this, LmnaH222P/H222P mice (a mouse model for LMNA 

cardiomyopathy) responded well to Temsirolimus, a rapamycin analogue, that 

activates autophagy.330 ZMPSTE24kd also impaired 20S proteasome activity, likely 

triggered by prelamin A accumulation, but did not significantly affect autophagy 

(Sieprath, T. (2017). Exploring the role of lamins as mediators of oxidative stress 

(Unpublished doctoral dissertation)). So, in ZMPSTE24kd cells, accumulation of 

polyubiquitinated proteins in mitochondria can be avoided by autophagy, or 

dysfunctional mitochondria can be cleared through mitophagy, explaining the 

moderately increased basal ROS levels. Moreover, our research group tested 

sulforaphane, a plant-derived isothiocyanate (1-isothiocyanato-4-

methylsulfinylbutane), which has been shown to enhance progerin clearance in HGPS 
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fibroblast, via proteasome and autophagy activation.159 Indeed, 20S proteasomal 

activity and the number of autophagosomes increased in LMNAkd and ZMPSTE24kd 

cells, and this was accompanied by decreased basal ROS levels (Sieprath, T. (2017). 

Exploring the role of lamins as mediators of oxidative stress (Unpublished doctoral 

dissertation)).  

ROS dosage induces different cell fates 

In contrast to LMNAkd, which induced apoptosis, reduced expression of ZMPSTE24 

triggered a senescence pathway. We hypothesize that a ROS dosage effect dictates 

the dichotomy in cellular outcomes. Modestly increased levels of intracellular ROS 

induce and maintain cellular senescence, as observed in ZMPSTE24kd cells, while 

higher doses provoke apoptosis, as seen in LMNAkd cells.231–234 However, LMNAkd 

cells also present decreased protein levels of paxillin and a decrease in nuclear FAK, 

which can also contribute to the onset of apoptosis264,277,331,332. Next to their direct 

contribution to the onset of apoptosis, they can also impair adhesion-dependent cell 

cycle progression.333 Nevertheless, decreasing the basal ROS level might postpone 

senescence and apoptosis in LMNAkd and ZMPSTE24kd cells or trigger senescence 

instead of apoptosis in LMNAkd cells.  

ROS levels can be reduced by the ROS scavenger N-acetyl cysteine as shown by 

Pekovic et al. (2011) in HGPS fibroblasts and LMNA deficient fibroblasts213, or by 

sulforaphane treatment, as mentioned earlier. Alternatively, ROS levels can be 

reduced through restoring or boosting mitochondrial function. One way to do this, might 

be by targeting the phosphorylation of Rac1b by rho-associated protein kinase 

(ROCK): ROCK inhibitors have been found to block the interaction of Rac1b and 

cytochrome c in mitochondria, and thereby reduce ROS levels and recover 

mitochondrial function in HGPS fibroblasts.334 Next to ROCK inhibitors the 

mitochondrial-targeting antioxidant methylene blue (MB) is also very promising. MB 

alleviated the mitochondrial defects and rescued nuclear abnormalities in HGPS 

fibroblasts.335 Figure 5-1 depicts the mechanisms contributing to the cell fate of 

LMNAkd and ZMPSTE24kd cells.  

Loss of lamins uncouples intracellular mechanical wiring 

A differential proteomics analysis, revealed that sustained depletion of A-type lamins 

also affected the production of proteins involved in FA formation. Since nuclear 

translocation of MKL1 was significantly reduced, we hypothesized that impaired MKL1-

SRF signaling, which regulates the expression of a large number of genes involved in 

actin cytoskeleton organization and FA257, was responsible for smaller FA size in 

LMNAkd cells. Emerin stimulates MKL1-SRF-dependent gene activity in a substrate-

stiffness-dependent matter336, and ectopic expression of emerin can restore nuclear 

translocation of MKL1 in Lmna-/- MEFs.105 Hence, since correct localization of emerin 

depends on lamin A, impaired MKL1-SRF signaling in LMNAkd cells could likely be a 

result of mislocalized emerin.337 In future experiments the impact of impaired MKL1-
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SRF signalling on production of FA proteins should be studied through knockdown 

experiments. Furthermore, activation of SRF should recover FA size in LMNAkd cells.  

Interestingly, LMNAkd cells presented more pronounced stress fibers and significantly 

higher traction forces during cell detachment. Counterintuitively, the actin stress fibers 

still attached to and exerted even stronger traction forces on smaller FAs. Thus, LMNA 

knockdown appeared to uncouple cell adhesive mechanisms and cytoskeletal tension. 

A similar observation was made previously for DAP kinase, which stabilizes and 

enhances the formation of stress fibers through phosphorylation of TPM1, independent 

of FA formation, before the onset of apoptosis.269 Intriguingly, DAP kinase becomes 

activated in response to oxidative stress.270 This may imply that there is a direct 

connection between redox biology and cytoskeletal function, which is regulated by A-

type lamins. To establish the involvement of DAP kinase, future experiments should 

focus on studying the abundance and activity of DAP kinase in LMNAkd cells vs WT 

controls. If DAP kinase were a downstream target of elevated ROS levels, treatment 

with antioxidants or knockdown of DAP kinase in LMNAkd cells should counteract the 

uncoupling and might prevent the onset of apoptosis.269 Cytoskeletal tension can also 

be decreased in LMNAkd cells by the aforementioned ROCK inhibition, since ROCK 

is involved in actomyosin contraction. Indeed treatment of immortalized human 

trabecular meshwork cells with ROCK inhibitors showed a loss of stress fibers.338 Thus 

ROCK inhibitors might not only alleviate mitochondrial dysfunction in LMNAkd cells, 

but also decrease cytoskeletal tension. 

Taken together, we hypothesize that pathogenesis in LMNAkd cells is caused by 

proteasome overload (as shown by decreased 20S proteasome activity), which causes 

mitochondrial dysfunction, resulting in elevated ROS levels. In parallel, FA size is 

reduced by impaired MKL1-SRF signaling. Elevated ROS levels might activate DAP 

kinase, resulting in increased cytoskeletal tension independent of FA size, as shown 

in previous studies.269,270 The aforementioned events eventually result in the onset of 

apoptosis. So, we can distinguish two key pathways in LMNAkd cells, namely impaired 

MKL1-SRF signalling and elevated ROS levels, probably as a result of proteasome 

overload. The proposed mechanism is displayed in Figure 5-1.  

Loss of ZMPSTE24 alters lipid metabolism 

Loss of ZMPSTE24 expression in HeLa cells was associated with reduced lipid storage 

in HeLa cells, as demonstrated by reduced LD number and size. Furthermore, 

increased expression of three LD-associated genes was observed, namely GPAM, 

PEMT and PGC1α. In line with our observations, increased expression of these genes 

induce reduced LD size.308,309,311 On the other hand, these genes are involved in 

processes which can increase lipid storage. In addition, SILAC results of ZMPSTEkd 

fibroblasts showed an upregulation of ATP citrate lyase (ACLY), which is a lipogenic 

gene. We proposed that the overexpression of the aforementioned genes is a 

compensatory mechanism against the accelerated lipolysis induced by prelamin A 

accumulation, as was hypothesized by Sánchez et al. (2015) for increased PEMT 

activity in prelamin A accumulating hMSC-derived adipocytes.312 Indeed, experiments 
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in Zmpste24-/- mice showed increased partitioning of fatty acids towards β-oxidation 

and away from storage128, and LDs supply fatty acids for mitochondrial β-oxidation.339 

This hypothesis can be tested by coupling stimulated Raman scattering (SRS) 

microscopy with isotope labeled glucose.340 Using this approach de novo lipogenesis 

can be visualized in real time, and the turnover of newly synthesized lipids can be 

assessed. Furthermore, SRS microscopy has much faster acquisition times than RMS, 

enabling the generation of Raman images with a high resolution. 

Next to increased β-oxidation, interaction of prelamin A with Sp1 has been shown to 

perturb adipogenesis and sequestration of SREBP1 by prelamin A impairs pre-

adipocyte differentiation.100,242,317,319 Since these processes implicate activation of LD 

biogenesis, interaction/sequestration of these transcription factors can impair lipid 

storage.  

 

Figure 5-1. Scheme showing how loss of lamin A/C and accumulation of prelamin A 

eventually result in apoptosis and senescence, respectively.   

Towards physiologically relevant model systems 

The primary function of nuclear lamins is to regulate nuclear mechanics. However, by 

organizing chromatin and sequestering transcription factors, lamins also regulate a 

plethora of signaling pathways. Yet, knowledge about the pathogenic mechanisms that 

underlie laminopathies is incomplete. Using a variety of cytomics approaches, we have 

identified a set of additional pathways that are regulated by A-type lamins. In short, we 

have discovered that A-type lamins are essential for cellular redox balance, focal 

adhesion formation and cytoskeletal tension, and lipid droplet formation. This 

underlines the pleiotropic nature of lamin function and may also provide a novel basis 

for better understanding disease development.  
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For all our experiments, we either used human dermal fibroblasts or HeLa cells. 

However, in the context of laminopathies more relevant cell lineages should be 

selected. Results obtained from LMNAkd fibroblasts should be validated in 

cardiomyocytes or myoblasts.107,262,341 Results obtained from ZMPSTE24kd fibroblasts 

and HeLa-ZKO cells should be validated in preadipocytes and adipocytes.128 However, 

these cell lineages have different genetic background. This can be bypassed through 

the use of hMSCs or generation of iPSCs. These stem cells can be differentiated into 

multiple cell lineages with the same genetic background. 

A significant drawback of working with cells is the fact that they do not completely mimic 

the functions of living tissues. Cells within a tissue establish a 3D communication 

network through cell-cell and cell-extracellular matrix (ECM) interactions.342 This 3D 

communication network can be approximated with 3D cell culture models such as 

organotypic explant culture, which can be retrieved from surgeries343, cellular 

spheroids, polarized epithelial cell cultures, artificial skin, and microcarrier culture.342 

When studying cell migration and cell adhesion, as discussed in chapter 3, 3D cell 

culture is a better reflection of the in vivo situation and eventually can give different 

outcomes compared to 2D cell culture. This has been demonstrated for lmna-deficient 

MEFs, which showed a significantly reduced migration rate in a 3D matrix, while no 

significant changes were observed on a 2D substrate.279 Similarly, cell adhesion is 

remarkably different in a 3D matrix than on a 2D substrate. FA proteins do not form 

aggregates in a 3D matrix. However they do modulate cell motility, but rather by 

affecting protrusion activity and matrix deformation.344 To even better approximate 

tissue biology, 3D culture models should comprise different cell types. Besides 

organotypic explant culture, iPSCs can be used to engineer organoids with mixed cell 

types.  

Novel therapeutic and diagnostic strategies 

Our findings can pave the way to novel therapeutic strategies for laminopathies. 

Especially the proteasome hypothesis is very promising, exemplified by the positive 

effect of sulforaphane treatment on our model cells and HGPS fibroblasts. Future 

studies should validate these results, prior to animal and clinical studies. Besides 

sulforaphane, treatments restoring mitochondrial dysfunction might also be successful. 

To this end, ROCK inhibitors and methylene blue can be used. Finally, antioxidants, 

such as N-acetyl cysteine, can also show some effect by reducing ROS levels. 

However, these will probably lack effectivity as monotherapy, and are therefore 

preferred in combination with one of the former drugs. Despite the potential of these 

therapeutic strategies, a lifelong administration is required, in contrast to gene 

therapies.  

Restoring the cytoskeletal tension and FA formation is less straightforward than the 

preceding therapeutic strategies, and our findings should first be validated in animal 

studies. Instead of a novel therapeutic strategy, these observations might be relevant 

for early diagnosis of LMNA DCM, which manifests at a later age. Cytoskeletal 

alterations or impaired FA formation might already be present before the first 
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symptoms appear. However, DNA sequencing has become the most obvious and 

preferred diagnostic platform for genetic diseases, making it very hard to compete with. 

In line with this, implementation of RMS as a novel diagnostic strategy for 

laminopathies is also not very likely in the near future.   

 

Main results and perspectives 

1. Sustained knockdown and CRISPR/CAS9-mediated genome editing are complementary 

tools to modulate lamin levels 

2. Lamins are important regulators of cellular redox biology. 

3. Sustained lamin A/C depletion and to a lower extent prelamin A accumulation trigger 

oxidative stress and mitochondrial dysfunction.   

4. ROS dosage contributes to the different cell fates of lamin A/C and ZMPSTE24 depleted 

cells. 

5. SILAC-based proteomics offers a holistic insight in differentially modulated proteins 

between cells.   

6. Loss of lamin A/C uncouples FA formation and cytoskeletal tension. 

7. Loss of ZMPSTE24 decreases lipid storage. 

8. Raman microscopy allows molecular fingerprinting of model cells, but with limited 

resolution and sensitivity 
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