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Summary
A diverse group of diseases, called laminopathies, all range from mutations in the LMNA gene
coding for A-type lamin proteins. These proteins are major constituents of the nuclear lamina
which provides support to the nuclear envelope and is involved in gene regulations and
organization. Until now, the exact principles of disease development and progression remain
unknown. The observation of nuclear envelope ruptures (NER) in laminopathy patient cells has
opened a new entry point for the laminopathy research field. NERs can lead to exchange of
cytoplasmic and nuclear factors and although cells manage to repair, DNA damage can
accumulate. Detailed investigation of the elicitors of NER can provide new therapeutic targets
for the treatment of laminopathies. As patient cells are scarce, good cell models have to be
constructed with isogenic background and limited side-effects to allow proper investigation of
NERs. With the use of CRISPR/Cas9 genome editing technology, knockout model cells were
created. They recapitulated important features observed in patient cells including aberrant
nuclear shape. The value of these knockout models cells in context of NERs was shown by
subjecting them to automated live cell imaging and analysis. The analysis showed higher
vulnerability of cells lacking A-type lamins, illustrated by a higher NER frequency. Also, the
involvement of actomyosin contractility in NER induction was shown. More detailed
investigation of NERs is hampered by their transient nature. This problem can be circumvented
by targeted induction of NER. Atomic force microscopy and population wide cell confinement
were used for NER induction. In combination with the previously constructed model cells, the
effect of LMNA knockout and prelamin A accumulation on NER frequency and repair kinetics
was elucidated. Finally, by assessment of changes in protein quantity and activity, interesting
pathways related to A-type lamin loss and prelamin A accumulation were shown. In
conclusion, the obtained insight and methods developed in this work contribute to the growing
knowledge of NER.
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Samenvatting
Ziektes waarbij mutaties optreden in het LMNA gen zijn gekend als laminopathiën. Een breed
spectrum aan fenotypes wordt geobserveerd in deze ziektes hoewel ze allen veroorzaakt
worden door een verstoorde functie van lamine eiwitten. Deze lamine eiwitten vormen de
basis van de nucleaire lamina die zorgt voor ondersteuning van de nucleaire envelope en
betrokken is bij de organizatie en regulatie van het genoom. De exacte mechanismen achter de
ziekteontwikkeling en progressie zijn nog grotendeels onbekend. De ontdekking van nucleaire
envelope rupturen (NER) heeft voor een nieuwe invalshoek in het veld gezorgd. Tijdens een
NER kan er een ongewenste uitwisseling optreden van cytoplasmatische en nucleaire inhoud.
Hoewel de cel erin slaagt om te herstellen, kan DNA schade accumuleren. Om meer inzichten
te verwerven in de oorzaken en gevolgen van NER zijn goede modellen nodig. Aangezien
patienten cellen zeldzaam en genetisch heterogeen zijn, kunnen genetische modellen een
oplossing bieden. Met het gebruik van de CRISPR/Cas9 genome editing techniek werden
knockout modelcellen gecreëerd en gevalideerd. Deze vertoonden typsiche kenmerken van
laminopathieën zoals misvormde kernen. Door een geautomatiseerde live cell imaging en
analyse methode voor detectie van NER op deze cellen toe te passen, werden interessante
inzichten verworven. Zo werd getoond dat afwezigheid van A-type lamines tot een hogere NER
frequentie leidt. Bovendien is actomyosine contractiliteit betrokken bij de inductie van NER.
Gedetaillerde analyse van NER wordt bemoeilijkt door hun spontane, transiënte voorkomen.
Dit probleem kan omzeild worden door gebruik te maken van methoden die NER kunnen
induceren. Met atomic force microscopie en een compressie apparaat werden herstelbare
NERs geïnduceerd. Door deze laatste techniek toe te passen op de eerder gecreëerde
celllijnen, kon worden aangetoond dat A-type lamines een invloed hebben op NER frequentie
en herstel. Tenslotte werden veranderingen in proteine hoeveelheid en activiteit onderzocht in
A-type lamine gedepleteerde en prelamin A accumulerende cellen. Dit toonde verstoring van
interessante processen zoals normale mitochondriale functie. De methoden ontwikkeld in dit
werk, samen met de verworven inzichtingen, dragen bij aan de groeiende kennis over NER.
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Laminopathies are genetic diseases with divergent phenotypes influencing different tissues in
the body. Depending on the disease, symptoms can be related to muscle (muscular dystrophy),
fat tissue (lipodystrophy), peripheral neurons (peripheral neuropathy) or a combination of
these [1] (Figure 1A). Perhaps the most striking laminopathy is the Hutchinson-Gilford Progeria
Syndrome (HGPS). This premature aging disorder leads to accelerated aging of the patient
resulting in an average life expectancy of only 13 years [2]. The molecular basis of
laminopathies can be found in dysfunction of the nuclear lamina, a network of proteins
(lamins) that supports the nucleus at the inner side of the nuclear envelope (NE). One thing the
different diseases have in common is an aberrant nuclear shape and NE composition. Local
lamin depletion and bleb formation are often observed (Figure 1B). Yet, the functions of lamins
are much more diverse than only structural support and knowledge on the different pathways
is crucial to understand the phenotypic diversity. The focus of this work is a fairly novel
pathogenic feature of laminopathies, namely the temporary loss of proper nuclear
compartmentalization, due to nuclear envelope rupture.
Here, the structure and function of the NE and the nuclear lamina will be described and
background will be provided on the role of lamins in disease development. Different forms of
NE stress will be described including nuclear envelope ruptures, which are observed in
laminopathy patient cells and form the core topic of this work. Based on this, the aim of this
work is described.

1.1 Lamins and laminopathies
The nuclear lamina is an integral part of the nuclear envelope
The nuclear lamina is located at the inside of the NE which consists of an outer nuclear
membrane, in contact with the cytoplasm, and an inner nuclear membrane facing the nuclear
interior (Figure 1C). The space between both phospholipid bilayers is referred to as the
perinuclear space which is contiguous with the lumen of the endoplasmic reticulum. The NE
separates the genomic content from the cytoplasm. Only very small metabolites and
molecules (<40 kDa in mass, <5 nm in diameter) can pass freely, whereas larger protein
complexes require appropriate signal sequences to be transported through the nuclear pore
complexes (NPC) [3]. These aqueous protein channels are embedded and immobilized within
the NE [4] and facilitate regulated bidirectional nucleocytoplasmic transport.
Directly underneath the inner nuclear membrane lies the nuclear lamina, composed of lamins
which play an important role in the spatial distribution and anchoring of the NPCs [5-7]. The
connection between lamins and laminopathies was first made when the causal mutation for
Emery-Dreifuss muscular dystrophy (Figure 1A) was discovered to be located in the LMNA
gene [8]. This gene encodes for the A-type lamins which, together with B-type lamins, make up
the nuclear lamina. Lamins are intermediate filament proteins with a head and tail domain
separated by an alpha helical coiled-coil domain. They form separate, unusually thin (3.5 nm)
intermediate filaments that combine into a densely intertwined network [9, 10] (Figure 1D). The
A-type lamins, lamin A, C, and AΔ10 are alternative splice products of the LMNA gene [11-13].
They are absent in embryonic stem cells, only to become expressed during differentiation [14].
Lamin B1 and lamin B2 are encoded by separate genes, LMNB1 [15] and LMNB2 [16]
respectively, and are expressed throughout the embryonic stem cell lineages. Laminopathies
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are rarely caused by mutations in the B-type lamins probably due to their crucial function in
development resulting in lethality at or before birth [17, 18]. Both lamin types have a germline
specific variant, lamin B3 and lamin C2 [11, 19]. The ratio of A- and B-type lamins is dependent
on the cell type [20] and the extracellular matrix surrounding the cells [21]. Although both types
of lamins are present in the lamina, they have distinct contributions to its viscoelastic
properties. Whereas the lamin B1 network stiffens upon the application of strain [3], the lamin
A network shows softening [4]. Moreover, a rise in lamin A abundancy as compared to lamin B,
results in higher viscosity with little to no effect on elasticity. This indicates that lamin A is the
predominant factor contributing to viscosity [21].

Figure 1: (A) Laminopathy patients with muscular dystrophy [22] and HGPS [23] (B) Nuclei with staining for lamin A
(red) and lamin B (green) showing the aberrant blebbed shape of HGPS nuclei [24]. (C) The nuclear envelope and its
constituents, adapted from [25] (D) View on the nuclear lamina network (yellow) embedded with NPC (red) and
connecting to actin filaments (green). Scale bar = 200nm [10].

Normal and disturbed lamin maturation
Most laminopathies are caused by partial loss of function of the A-type lamins. Some
laminopathies however are caused by a perturbed lamin A maturation. All lamin types, other
than lamin C, are produced as precursor proteins (prelamins) and undergo extensive
posttranslational processing at their C-terminus (Figure 2). The C-terminal domain is typified
by a motif that consists of a cysteine, two aliphatic amino acids and any other amino acid
(CAAX). After translation, prelamin A undergoes (1) addition of an isoprenoid lipid (farnesyl
group) at the CAAX cysteine residue (farnesylation) [26], (2) regulated proteolysis of the final
23
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three amino acids (AAX), (3) carboxymethylation of the cysteine and (4) cleavage of the
terminal 15 amino acids including the farnesyl residue to form mature lamin A [27, 28] (Figure
2). The first cleavage step can be executed by zinc metallopeptidase STE24 (ZMPSTE24) or by
the Ras Converting CAAX Endopeptidase 1 (RCE1). The ZMPSTE24 enzyme is uniquely
responsible for the final cleavage step [29, 30]. B-type lamins undergo a similar maturation
process but without this final cleavage, leaving them permanently farnesylated [22]. This
farnesylation appears crucial for proper localization of B-type lamins at the NE [31].
Dysregulation of the lamin A maturation process can have dramatic consequences on the cell
and organism. For instance, absence of ZMPSTE24 or a mutation that removes the cleavage
recognition site on the LMNA transcript, leads to the accumulation of farnesylated prelamin A
and causes restrictive dermopathy [32]. Similarly, in HGPS a single point mutation in LMNA
(G608G(GGC > GGT)) activates a cryptic splice site [33, 34] that removes the ZMPSTE24
cleavage site [35] (Figure 2). As a consequence, a toxic form of prelamin A, called progerin,
accumulates at the NE.

Figure 2: Maturation of lamin A in normal conditions and in the presence of the typical HGPS mutation (G608G(GGC >
GGT)). The maturation starts with farnesylation followed by a first cleavage by ZMPSTE24 or RCE1. Subsequently,
the C-terminus is methylated and the last part of the protein, containing the farnesyl tail, is removed by ZMPSTE24.
In presence of the HGPS mutation, the second cleavage site of ZMPSTE24 is removed due to a deletion of 50 amino
acids. This results in the accumulation of a farnesylated immature form of lamin A known as progerin.

Functions of the nuclear lamina
The question remains why a dysfunctional nuclear lamina can lead to such extended disease
phenotypes. This can be explained by the multitude of cellular processes that are influenced by
the nuclear lamina. First of all, the nuclear lamina offers structural support to the NE. The
importance of lamins in nuclear shape determination is illustrated by misshaped nuclei upon
lamin depletion or mutation [6, 36]. The maintenance of nuclear structure is further guaranteed
through the linkage of the nuclear lamina with the cytoskeleton. A critical balance between
compressive and tensional forces from the cytoskeleton onto the nucleus establishes nuclear
shape [37]. This dynamic mechanical balance is achieved through well-defined sets of
interconnected proteins, the linker of nucleo- and cytsoskeleton (LINC) complexes, which
directly couple the nuclear lamina to the cytoskeleton [38]. These are composed of cytoplasmic
nesprins and nucleoplasmic SUN proteins, which interact in the perinuclear space [39,
40](Figure 1C). As cytoskeletal components are in direct contact with the extracellular matrix
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via integrins, this nucleo–cytoskeletal coupling assures full mechanical continuity between
the intra- and extracellular environment [41]. This implies that the nuclear lamina is an
important link in the chain that transmits forces from outside the cell to the nuclear interior
[42]. Moreover, the nuclear lamina is tightly connected to specific parts of the DNA, the laminaassociated domains (LADs) (reviewed in [43]). This contact can be direct or mediated by
proteins that bind both the lamina and chromatin such as the lamin B receptor or lamin
associated proteins [44]. Through this connection, lamins are presumed to maintain genome
organization and regulate gene expression patterns. Heterochromatin is tethered to the
nuclear lamina (reviewed in [45]) and the absence or perturbed maturation of A-type lamins
leads to a loss of heterochromatin at the nuclear rim with influence on gene expression [44,
46]. Another way in which lamins can influence gene expression is through the sequestration
of transcription factors [47]. For example, c-Fos activity is suppressed by anchoring to the Atype lamins [48] and proper localization of the retinoblastoma protein (pRb) is disrupted upon
absence of A-type lamins [49]. A final important function of the nuclear lamina is the
maintenance of proper nuclear compartmentalization. Loss of A-type lamins can lead to
ruptures of the nuclear envelope and subsequent relocation of small molecules and proteins
[50] (discussed in more detail further on in this work). The nuclear lamina can thus influence
nuclear shape, chromatin organization, gene expression and nuclear compartmentalization.

Hypotheses for explaining disease development in laminopathies
As the wealth of functions of nuclear lamins becomes apparent, it is easier to grasp the
diversity of the diseases arising from lamin defects. Both loss of function or gain of a toxic
function of lamins can perturb normal cellular processes. Over the years, several hypotheses
have been proposed to explain the laminopathy disease development. However, as yet there is
no unifying theory that can explain all phenotypes. For instance, the structural hypothesis
focusses on the supporting role of the nuclear lamina as the determining factor in which
tissues will be affected. Indeed, loss of mature A-type lamins decreases mechanical stiffness
of the nucleus [51] and leads to nuclear deformations [52, 53] and impaired viability of cells
upon mechanical strain [36, 54]. Thus, in tissues that are more prone to mechanical forces,
such as muscle and the heart, nuclei will be more vulnerable to damage [55]. Therefore, this
hypothesis primarily explains some of the aspects of muscular dystrophies and
cardiomyopathies.
An alternative hypothesis focuses on the influence of lamins on gene regulation. Altered
localization of transcription factors may explain features witnessed in lipodystrophies. The
transcription factor sterol response element binding protein 1 (SREBP1) interacts with lamin A
[56] and regulates multiple genes involved in lipid metabolism and adipocyte differentiation
[57, 58]. Specific mutations in LMNA disrupt this interaction [56] and lead to persistent
sequestration of SREBP1 to the nuclear lamina [59, 60]. These mutations cause familial partial
lipodystrophy in which proper lipid metabolism and storage is impaired [61].
One peculiar observation that may link both hypotheses exposes the role of lamins in nuclear
compartmentalization. The occurrence of transient ruptures in the NE has been shown in
laminopathy patient cells [50] and lamin depleted cells [62]. These nuclear envelope ruptures
(NERs) are presumed to result from nuclear fragility, inclining towards the structural
hypothesis. On the other hand, intermingling of nuclear and cytoplasmic components as a
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result of NER may deregulate gene regulation, thus adhering to a gene regulation hypothesis.
Therefore, NERs may represent an important pathogenic mechanism of laminopathies. The
exact causes and consequences of NERs are still elusive. The current state-of-the-art about
loss of nuclear compartmentalization and NER is elucidated in the following paragraphs.
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1.2 Loss of nuclear compartmentalization
The NE safeguards nuclear compartmentalization
The NE, together with the nuclear lamina, is the safeguard of nuclear compartmentalization.
This meticulous control over nucleocytoplasmic compartmentalization offers several
advantages. For instance, spatial separation of transcription and translation provides
eukaryotes with additional layers of gene regulation that are based on alternative splicing [63]
and conditional transcription factor shuttling [64]. In addition, the NE hosts a range of NPCmediated quality control mechanisms to ascertain regulated gene expression [65] or selective
export of correctly processed mRNA [66]. Moreover, the encapsulation of DNA by the NE in
eukaryotic cells offers an additional means for detecting ongoing infections: the innate
immune system has developed cytosolic DNA sensor proteins that respond to the presence of
pathogen- or host-derived DNA in the cytoplasm of the interphase cell by activating
downstream signaling cascades that promote cell death and inflammation [67, 68]. Without
proper segregation of the host DNA from the cytosol, it would be difficult to distinguish
between the foreign and the own DNA.
Historically, the sole moment in a cell’s life cycle the NE barrier was considered to be broken,
was during mitosis, when duplicated DNA becomes equally distributed among two new
daughter cells. This spatiotemporally coordinated process is triggered by the phosphorylation
of lamins [69] and relies on chromatin condensation [70]. However, an accumulating body of
evidence is now pointing towards processes that have an impact on NE integrity throughout
interphase as well. These perturbations arise under degenerative conditions such as aging,
viral infection, cancer and laminopathies, suggesting that loss of NE integrity, also referred to
as NE stress [71], is an emerging broad-spectrum hallmark of pathology.

Figure 3: Simplified model of the healthy NE (upper left) and major pathways that lead to loss of nuclear integrity or
NE stress. NE erosion (upper right) comprises a gradual loss of nuclear compartmentalization due to NPC
dysregulation. NE schedding (lower right) is the local degradation of the NE components. NE rupture (lower left) is
the breaking of the NE leading to total loss of nuclear compartmentalization.

Three different, but mutually non-exclusive levels of NE stress can be defined that vary in
nature and extent (Figure 3). One form of NE stress is NE erosion, a gradual loss of nuclear
compartmentalization that is due to dysregulated NPC component turnover and/or
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localization. NE shedding is a second more direct form of NE stress caused by localized
degradation of NE components. The most instant form of NE stress is NER, a process that
involves complete, but often transient disruption of the NE barrier and which leads to largescale bidirectional exchange of nuclear and cytoplasmic components. Below, the molecular
details of all three events are described.

NE erosion compromises transport selectivity
Across its surface, the NE is studded with NPCs. Every NPC consists of a stable core of
scaffold nucleoporins. While peripheral nucleoporins have a high turnover at the NPC, scaffold
nucleoporins only dislodge and reassemble during mitosis [4, 72]. This implies that NPCs
remain stably integrated within the NE of terminally differentiated cells, which makes them
particularly vulnerable to the accumulation of damage, resulting in NE erosion (Figure 4). In
line with this, long-lived NPCs have been shown to deteriorate with age in post-mitotic rodent
myotubes and neurons, thereby causing increased nuclear permeability [73]. At the same time,
fibroblasts from elderly patients display decreased concentrations of various nuclear
transport factors and experience reduced nuclear import [74]. Together, these observations
suggest that aging affects the selectivity of the NE barrier by increasing NPC leakiness, whilst
at the same time diminishing directional transport. A second important factor influencing NE
erosion is a proper structure of the nuclear lamina. Reduced nuclear import is observed in
HGPS patient cells and prelamin A overexpression [75, 76] which can be explained by
perturbed NPC composition and localisation and disturbance of the RAN gradient due to
prelamin A build-up [75, 77]. The pivotal role of lamins in proper NPC localisation and
anchoring [5-7] and the observation that prelamin A accumulates during normal aging [78],
shows a potential involvement of lamins in aging related NE erosion. It was recently found that
prelamin A-induced NE invaginations compromise the RAN gradient by trapping nucleoporins
[77]. Because of this, reduced nuclear import of 53BP1, a key factor in the repair of double
strand-breaks, resulted in increased levels of DNA damage [77]. The aforementioned
examples show that both normal and accelerated aging are associated with NE erosion.

Figure 4: Molecular mechanisms of NE erosion showing disturbed nuclear transport due to NPC dysfunction and
disturbance of the RAN gradient. This can lead to the accumulation of DNA damage as a result of disturbed import of
DNA repair factor such as 53BP1.

NE shedding bypasses NPC control
Local lamin disassembly can prime senescent cells for a more severe form of NE remodelling,
which we term NE shedding, and which relies on localized bleb formation and subsequent
budding of NE-derived vesicles (Figure 5). During NE shedding, chromatin fragments are
extruded from the nucleus to the cytoplasm to become targeted to the lysosomes for
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autophagic degradation [79]. Such cytoplasmic chromatin fragments are generated during
both oncogene-induced as well as replicative senescence, and contain histones and lamin B1.
Recently, it was shown that interactions between lamin B1 and LC3 are the driving force behind
the NE shedding process [80, 81]. Considering the low turnover of lamins in the nuclear lamina
[82], it might represent a pathway for targeted lamin breakdown; a means to literally shed off
the lamina from the NE. Supporting this notion, lamin B1 levels decline upon senescence [83,
84]. Since knockdown of LMNB1 causes premature senescence and overexpression of LMNB1
delays the onset of senescence [83, 84], selective degradation of lamins by autophagy may
represent a tumour-suppressive degradation mechanism [80].
An exaggerated form of NE shedding, termed nucleophagy, was also observed in A-type lamin
and emerin deficient cells, with giant LC3-positive autophagosomes tethering to the NE [85].
Since inhibition of autophagy aggravated nuclear dysmorphy and compromised viability in
these cells, it was suggested that nucleophagy serves to clean up damaged parts of the
nucleus [85].

Figure 5: Schematic representation of NE shedding, bleb formation followed by budding of a NE-derived vesicle.
These vesicles can contain chromatin fragments which can be degraded by fusion with lysosomes.

Not all cytoplasmic chromatin-containing vesicles are degraded. Many cancer cells are
typified by the presence of persistent micronuclei (MN) arising from dicentric chromosome
breaks during mitosis [86]. Similar extra-chromosomal elements can form during interphase
via a process of local NE bleb formation [87]. A striking difference between both types of MN is
that mitotic MN usually contain lamins, whereas interphase MN do not. The latter are
generated at sites of the NE where the lamina is locally interrupted and they can remain
connected to the nucleus by a thin chromatin fibre or eventually bud off. Yet, alike mitotic MN,
their formation may contribute significantly to the build-up of genome instability. It can be
concluded that NE shedding, contributes to loss of nuclear material, including lamins and
chromatin. In doing so, NE shedding increases nuclear permeability [79] and may promote
genome instability.

NE rupture triggers illegitimate nucleocytoplasmic exchange
By reorganizing and degrading the NE, both NE erosion and NE shedding gradually increase
nuclear permeability. However, certain pathological conditions provoke instantaneous and
complete loss of NE barrier function. This occurs through transient ruptures of the NE (NERs)
[50, 62, 88-91] (Fig. 4). NERs were first observed in HIV infections, where they were proposed
to facilitate nuclear entry of the viral pre-integration complex [88]. Later on, NERs were also
observed in a variety of laminopathy patient cells [50], as well as in different types of cancer
cells [62, 91]. In addition, similar, yet irreversible rupture events have also been documented in
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mitotic MN [92]. The broad occurrence of this event fuels the hypothesis that NER plays a
generic role in pathology. The current knowledge on NER is summarized in Figure 6 and
explained in more detail below.

Figure 6: Schematic representation of NER showing bleb formation at a weak spot in the nuclear lamina followed by
disruption of the NE. Mitochondria and PML bodies can be shuttled in or outside the nucleus and may remain
permanently dislocated. The cell manages to close the gap with the use of the ESCRT-III machinery although not
without consequences as DNA damage may be inflicted.

Causes of NERs
A weakened nuclear lamina predisposes the NE to rupture. Indeed, there is a strong inverse
correlation between the levels of A-type or B-type lamins and NER frequency, and NE regions
that are depleted of lamins are more prone to bleb formation and rupture [50, 62, 91, 93, 94]. In
HIV infections for instance, the virion-associated, nucleocytoplasmic shuttling protein Vpr
was found to locally perturb the nuclear lamina network leading to NE herniations that
eventually ruptured [88]. By definition, laminopathy patient cells suffer from defects in the
nuclear lamina [50], and a variety of cancer cells demonstrate aberrant lamin levels [95, 96].
As the abundance of prelamin A increases with age [78, 97], aging itself may be a risk factor for
increased NER, but this has not yet been proven.
It is clear that fragile sites of the NE that are devoid of lamins are most susceptible to bleb
formation and rupture. Yet, lamin deficiency is not the sole determinant for NER. By growing
cells on soft substrates, it was shown that even in lamin A/C-deficient cells, NER frequency
can be reduced to zero [98]. This suggests that mechanical forces exerted by the extracellular
matrix through the cytoskeleton on the nucleus play a defining role in NER induction.
Reinforcing this notion, cancer cells that migrate through confining spaces experience
significantly more NERs [89, 90]. Moreover, the frequency of both spontaneous (unconfined)
and confined migration-induced NERs could be abolished by blocking actomyosin contractility
[62, 89, 99]. Recently, it was demonstrated that in lamin B1-depleted cancer cells, NER
induction indeed depends on a fully functional contractile LINC-anchored actin assembly [99].
Since weak spots are devoid of LINC complex proteins, it is not likely that NERs arise from
cytoskeletal pulling forces. Rather, NER appears to be a result of compressive forces that are
exerted on the nucleus by perinuclear actin bundles [99]. However, the involvement of other
forms of mechanical stress should not be ruled out. For instance, pulling forces might mediate
NERs that occur during the anaphase of cells with long chromatin bridges formed by dicentric
chromosomes [100]. And, next to actin filaments, microtubules might also influence NERs, as
NERs during apoptosis have been linked to abnormal microtubule bundling [101]. Moreover,
addition of remodelin, a compound affecting microtubule organization [102], has been found to
reduce NER frequency under conditions of lamin deficiency [62].
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Figure 7: Causes of NER. Compressive forces on the nucleus have been shown to be important for NER induction.
Also lamin depletion is an important contributor which can be a consequence of viral induced lamin
phosphorylation. Moreover, intranuclear forces originating from chromatin can cause NER.

Next to the overt involvement of mechanical forces, other factors may contribute to NER
induction as well. For example, pro-apoptotic stimuli have been found to promote NER. In a
Bax-regulated process that precedes the morphological hallmarks of apoptosis, nuclear
protein-containing vesicles bud at the NE. These buds subsequently rupture, thereby
releasing their content into the cytosol. Interestingly, targeting of Bax to the NE (using a KASHdomain) proved sufficient to induce lamin remodelling, nuclear vesicle formation and rupture,
suggesting that the budding/bursting event is not-lethal, but may contribute to a regulated
dismantling of the NE [103].
Mounting evidence suggests that mechanical forces within the nucleus may have an equally
profound effect on NE structure and thus promote NER. One major putative source is
chromatin. Chromatin is intimately connected with the nuclear lamina, and it has been shown
that condensin II-mediated chromatin compaction can deform the NE during interphase [104].
Moreover, trypsin-induced decondensation of chromatin results in expansion and even
rupture of isolated nuclei [105]. On a smaller scale, chromatin forces have been found to comodulate minute shape fluctuations (undulations) of the NE [106]. In vivo, such forces are
counteracted by the cytoskeleton and lamina [106] but it is conceivable that they become more
dominant in the presence of a weakened lamina or upon changes in chromatin condensation
status. Indeed, recently it has been shown that chromatin decompaction, induced by histone
deacetylation inhibition, can result in NER without perturbing the nuclear lamina [107]. This
proves that forces originating from the chromatin are strong enough to induce NER.

NE repair
It is important to note that rupture-prone cells do not die. On the contrary, even after repetitive
rupture, cells continue to divide [50, 62]. Even in vivo, it was elegantly demonstrated that C.
elegans embryos survive transient loss of compartmentalization during early embryogenesis
[94]. This implies that the damaged NE can be efficiently repaired. Cytoskeletal forces and
entropic barriers prevent spontaneous resealing of broken membranes [108], suggesting the
involvement of a dedicated machinery. Very recently, a tip of the veil was lifted by identifying
the endosomal sorting complexes required for transport III (ESCRT-III) as a putative NE repair
factor: upon NER, the ESCRT-III component CHMP4B is relocated to the site of rupture.
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Moreover, depletion of CHMP4B extends NER repair times [62, 89, 90]. Although it was shown
that the inner nuclear membrane protein LEM 2 recruits ESCRT factors to the NE [109], as yet, it
is not fully clear what drives ESCRT-III to the rupture site, nor how the broken membrane is
repaired. Moreover, since ESCRT-III mainly repairs small membrane injuries, it is most likely
not the only factor involved [110].

Consequences of NER
Clearly, the sudden loss of nuclear compartmentalization perturbs cellular homeostasis in
various ways. For one, NERs lead to an uncontrolled bidirectional translocation of proteins
between the nucleus and cytoplasm. Several of these proteins are transcription factors or
regulatory complexes, such as Oct-1, cyclin B and RelA [50]. Depending on the extent of
rupture and the duration of repair, these shifts are bound to alter gene regulatory programs. It
can also be expected that proteins close to the nuclear membrane on both sides are more
susceptible to delocalisation. Examples are transcription factors that are known to interact
with the nuclear lamina, such as pRB, cFos, SREBP1, GCL, AP-1, ERK1/2, Mok2 and Oct1 [47, 111].
It has been shown that the expression of downstream Oct1 targets become dysregulated in
NER-prone cells [50] but direct causal effects have yet to be demonstrated. Moreover, the
presence of inhibitory binding proteins (such as I𝛋B in the case of RelA) may still prevent illicit
gene activation.
NERs are not only accompanied by transient shifts in regulatory protein distribution, but also
seem to provoke more permanent translocations of macromolecular complexes such as PML
bodies [50, 112] and intact organelles such as mitochondria [50, 91, 113]. PML bodies are
versatile stress sensors and DNA processing factories that should normally be confined to the
nuclear interior [114, 115]. Thus, their cytoplasmic translocation and subsequent fragmentation
will impinge on a variety of processes that govern cell physiology, including proper DNA
maintenance.
It has been demonstrated that NERs also directly affect genome integrity. Interphase DNA that
becomes exposed to the cytoplasmic environment is more susceptible to DNA damage as
evidenced by increased ɣ-H2AX staining and 53BP1 activity [89, 90]. This may be a result of
exposure to cytoplasmic nucleases. It has been shown that cells with dicentric chromosomes
form chromatin bridges that persist during interphase and rupture. During those events, the
cytoplasmic nuclease TREX1 was found to relocate to the exposed DNA regions, thereby
possibly promoting chromothripsis (catastrophic localized genome rearrangements) [100].
Alternatively, the relocation of mitochondria during NER, may represent a direct source of ROS
that damages the DNA [116]. Thirdly, a depletion of repair factors from ruptured or constricted
(in case of confined migration) sites may promote damage accumulation [117].
Taken together, NERs force the cell to mobilise membrane repair machinery, redistribute
mislocalized proteins, and even repair DNA damage. Irrespective of the source, it is clear that
NERs present a major handicap to cells that can alter gene expression and may ultimately
endanger genome stability.
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1.3 Scope
Laminopathies are phenotypically heterogeneous diseases with a mutual cause: disturbance
of normal lamin functions. Next to structural support and involvement in gene expression,
lamins are crucial for the maintenance of nuclear compartmentalization. Loss of nuclear
compartmentalization by NER has been shown in laminopathy patient cells and cancer cells.
The scope of this work was to elucidate the mechanisms that are the drivers and influencers of
nuclear envelope ruptures (NER) to contribute to the understanding of disease development
and progression. The role of A-type lamin depletion and prelamin A accumulation was hereby
investigated in detail. To do so, four main research objectives were defined, which have been
addressed in the context of this PhD track.

1.

Establish isogenic cell models that mimic the molecular defects of laminopathies
(Chapter 2).
To be able to investigate the role of A-type lamins in NER, robust and reliable model
systems are crucial. Therefore, the first aim was to develop and characterize two models:
LMNA knockout as model for loss of function, and ZMPSTE24 knockout as a model for gain
of function due to prelamin A accumulation.

2.

Develop a reliable method to detect and quantify kinetics to expose regulators of NER
(Chapter 3).
Accurate detection and quantification is crucial for investigation of NERs. Hence, the
second goal was to establish a method based on live cell imaging and automated image
analysis, so as to enable in depth investigation of NER kinetics.

3.

Induce NER at the single cell and population level in a controlled manner (Chapter 4).
The stochastic nature of NERs complicates investigation of the downstream
consequences. Therefore, the third aim was to develop a method to induce NERs using
compression.

4.

Dissect the proteome changes in laminopathy model cells to uncover putative regulators
of NER (Chapter 5).
The final aim was to expose novel pathways that may be involved in NER by holistic
analyses of differences in protein composition and kinase activity in relation to lamin
perturbation.
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2.1 Abstract

2

To study the disease-causing principles of laminopathies, good models are required. Patient
cells are scarce and genetically heterogeneous. Moreover, perturbations by chemical
compounds or siRNA to mimic features of the disease are sensitive to off-target effects. To fill
this void, isogenic cell models were developed by targeted gene knockout of LMNA and
ZMPSTE24 with CRISPR/Cas9 genome editing. The workflow was first optimized in Hela cells
and subsequently executed in HT1080 cells. With this technique, several knockout colonies
could be created and characterized at the molecular and phenotypic level. Both Hela and
HT1080 LMNA knockout cells showed reduced A-type lamin mRNA and protein levels.
Moreover, the cells had an aberrant nuclear shape with local lamin B depletions. Hela and
HT1080 ZMSPTE24 knockout cells in turn, showed variable ZMPSTE24 mRNA levels but clear
prelamin A accumulation. The obtained data shows that the knockout models recapitulate the
hallmarks of A-type lamin-depleted and prelamin A accumulating cells, making them a
valuable resource for research in the field of laminopathies.
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2.2 Introduction
Mutations in the LMNA gene which encodes A-type lamins, cause a variety of diseases,
collectively called laminopathies. The majority of the mutations results in a (partial) loss of
function of A-type lamins. But a subset of mutations leads to the accumulation of an immature,
permanently farnesylated form, prelamin A, that has a toxic gain of function effect. Prelamin A
accumulation occurs when normal lamin A maturation is disturbed, most often at the final
cleavage step, which is catalyzed by the ZMPSTE24 enzyme. This can be caused by inactivity of
the ZMPSTE24 enzyme, as observed in restrictive dermopathy [1], or by absence of the
cleavage site in the mutant prelamin A. The latter occurs in the Hutchinson-Gilford progeria
syndrome where a cryptic splice site is activated due to a mutation (G608G(GGC > GGT),
resulting in the removal of the ZMPSTE24 cut position [2-4].
To study the causes and consequences of lamin mutations in laminopathies, convenient
models are required. Patient cells harbor the disease causing mutations but they are scarce.
Moreover, each patient has a unique genetic background, which differs from the control
patients and may complicate the interpretation of causal effects related to lamin dysfunction.
To circumvent this problem, laminopathies can be mimicked by chemical treatments.
Accumulation of farnesylated prelamin A can be accomplished with farnesyl transferase
inhibitors, thereby mimicking gain of function problems [5]. Although the genetic heterogeneity
can be circumvented by these treatments, side effects are introduced [6]. Genetic
perturbations can be exerted through RNA interference technology, but this is only transient
and is also not free from off-target effects [7]. To bypass genetic variation and minimize side
effects, genetically altered cellular models can be created with genome editing. Control and
modified cells will originate from the same population thereby mimicking the disease while
diminishing side effects.
Genome editing techniques have recently emerged as the alternative for targeted and
persistent genetic perturbations. CRISPR/Cas9 technology rapidly evolved to become the
most abundantly used genome editing technology. It is based on a bacterial defense system
against hostile invading DNA [8]. The bacterial genome contains clusters of regularly
interspaced palindromic repeats (CRISPR) [9] which, when transcribed to RNA, bind to foreign
DNA based on specific sequence homology. Upon RNA/DNA binding, the cas9 enzyme
originating from CRISPR associated genes (cas) is recruited and cleaves the targeted DNA
strand [10]. By exploiting this mechanism, genes can be specifically targeted to induce double
stranded breaks in all kinds of cell types [11]. Repair of these breaks by the cell using nonhomologous end joining can introduce insertions or deletions (indels) which, upon frameshift,
can result in gene knockout. On the other hand, when a homologous template is available,
homologous recombination can take place which makes insertion of specific mutations
possible.
In this chapter the development and characterization of LMNA and ZMSPTE24 knockout
models generated by CRISPR/Cas9 genome editing technology is described.
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2.3 Results
LMNA knockdown temporarily reduces A-type lamin levels

2

One possibility to obtain isogenic model cells is to reduce A-type lamin levels by sustained
knockdown [12]. The siRNA-mediated double knockdown was validated on HT1080 cells at
different time points (Figure 1A). At the transcript level, a maximal reduction (>80%) was
detected 72 h after the first knockdown (Figure 1C) whereas protein abundancy reached a
minimum at 96 h after the first knockdown (Figure 1B/D/E). But western blot and
immunofluorescence revealed a remnant fraction of A-type lamins even after 96 h. When left
unperturbed, LMNA RNA and A-type lamin protein levels recovered to baseline 192 h after the
first knockdown, indicating that the procedure is reversible.

Figure 1: (A) Experimental setup of knockdown experiments. HT1080 cells are seeded at time point -24 h,
knockdown is executed at time point 0 and 48 h and readouts are done at time points 48, 72, 92 and 192 h. The 192 h
time point is indicative for the recovery to baseline. (B) Immunostaining showing reduction and recovery of lamin A
levels over time whereas lamin B levels stay constant (C) Results of qPCR analysis normalized to the values of nontreated HT1080 cells showing up to 80% knockdown after 72 h (D) Western blot protein detection shows reducing Atype lamin quantities over time and recovery at time point 192 h (E) Quantification of immunostaining normalized to
non-treated HT1080 cells, averages per well (n=6, technical replicates) are used as data points and error bars
represent standard errors.

CRISPR/Cas9 can generate LMNA knockout in Hela cells
After construction, the capability of the established CRISPR/Cas9 constructs to induce LMNA
gene knockout was tested in easy to transfect Hela cells. To this end, cells were transfected
with plasmids containing the guide RNA for LMNA and cas9 gene. Controls were transfected
with plasmids without guide RNA. Cells transfected with the LMNA knockout will be referred to
as Hela-LT and mock-treated controls as Hela-CON. High resolution melt (HRM) analysis
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revealed clear distinction between Hela-LT and Hela-CON cell populations (Figure 2A).
Sequencing of the target site showed the presence of multiple indels after the cut position of
the Cas9 enzyme (Figure 2C). Immunofluorescent staining revealed the presence of cells with
no lamin A/C staining (Figure 2B) suggesting an effective LMNA knockout in these cells.

2

Figure 2: Validation of CRISPR/Cas9 construct for LMNA: (A) Difference curve of high resolution melt technology in
Hela-LT (red curve) and Hela-CON (green curve) (B) Sanger sequencing results of Hela-LT (bottom) and Hela-CON
(upper) showing a disturbed pattern for the treated cells after the Cas9 cut position indicative of the insertion or
deletion of nucleotides. The letters indicated in yellow show nucleotide that could not be determined exactly (W= A
or T, S = G or C, K = T or G, R = A or G) (C) Immunofluorescence staining of Hela-CON and Hela-LT, showing cells with
absence of A-type lamins (white arrowheads).

Establishment of stable knockout LMNA and ZMPSTE24 Hela colonies
To obtain a genetically uniform cell colony, Hela-LT were subjected to single cell selection
followed by clonal expansion and extensive characterization. Figure 3 shows the
characterisation of several LMNA knockout Hela colonies (Hela-LKO). All Hela-LKO colonies
showed a strong reduction (>99.9 %) in LMNA mRNA quantity and protein levels as evidenced
by qPCR and western blot, respectively (Figure 3A/B). Immunofluorescence imaging showed
the absence of lamin A staining and the presence of abberant nuclear morphology (Figure
3C/D).
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Figure 3: Hela LMNA knockout characterization: Hela-CON are depicted by C and Hela-LKO are represented by L.
The numbers correspond to the colony number (A) LMNA RNA quantity determined by qPCR showing reduction of
>99.9 % for all HT-LKO colonies (B) Western blot showing absence of A-type lamins in Hela-LKO (C)
Immunofluorescence images showing absence of A-type lamins and occurrence of deformed nuclei for Hela-LKO
(D) Quantification of lamin A signal from immunofluorescence images. Wells were used as data points (n=3) and
error bars correspond to standard errors.

Following the same procedure as for the LMNA knockout, the ZMPSTE24 gene was targeted to
obtain ZMPSTE24 knockout (Hela-ZKO) colonies that accumulate prelamin A. At the mRNA
level, variability was observed between the different colonies (Figure 4A). However, western
blot showed clear accumulation of prelamin A illustrated by the upward shift of the lamin A
band (Figure 4B). Immunofluorescence staining (Figure 4C) and quantification (Figure 4D)
confirms the accumulation of prelamin A.

Stable LMNA knockout colonies can be obtained in HT1080 cells
The optimized CRIPSR/Cas9 genome editing workflow for LMNA was translated to the HT1080
fibrosarcoma cell line. This cell line was chosen because of its mesenchymal origin (tissues
typically affected in laminopathies) and near-diploid karyotype (24% polyploidy). Individual
colonies were obtained by single cell selection followed by clonal expansion. The HT1080
LMNA knockout colonies (further referred to as HT-LKO) were characterized at the molecular
and phenotypic level (Figure 5).
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Figure 4: Hela ZMPSTE24 knockout characterization: Hela-CON are depicted by C and Hela-ZKO are represented by
Z. The numbers correspond to the colony number (A) ZMPSTE24 RNA quantity determined by qPCR (B) Western blot
showing a higher band for prelamin A in Hela-ZKO. Colony Z1 shows an aberrant lamin C protein (C)
Immunofluorescence images showing accumulation of prelamin A in Hela-ZKO (D) Quantification of prelamin A
signal from immunofluorescence images. Wells were used as data points (n=3) and error bars correspond to
standard errors.

All HT-LKO colonies show a strong reduction of LMNA mRNA (>99.9 %) and lamin A/C protein
levels shown by qPCR, western blot and quantitative immunofluorescence (Figure 5A-D).
Tracking of indels by decomposition (TIDE) analysis showed that different colonies had
different types of indels (Figure 5E). Colony L47 showed a pattern of two different indels with
50% penetrance each corresponding to one allele. The first allele harbored a single base pair
deletion and the other a double base pair insertion. For colony L02 and L08 three different
indels were detected suggesting a mixed cell population as more than two alleles seem to be
present. Colony L45 disposed of an indel that was to be big for the analysis to determine (>30
bp) since the only indel that was detected comprised about 50% of the population. The influence
of LMNA knockout on cell physiology was monitored by looking at changes in lamin B levels,
cell cycle patterns and nuclear morphology. No significant changes in lamin B2 levels were
observed when comparing HT-LKO to HT-CON (Figure 5F). Similar results were obtained for
lamin B1 levels (data not shown). The cell cycle profiles showed high inter-colony variability
and no specific profile for HT-LKO or HT-CON. Next to absence of A-type lamins,
immunofluorescence revealed marked changes in morphology for all HT-LKO colonies as
compared to HT-CON (Figure 5H). This was also reflected by a variety of quantitative nuclear
shape descriptors: significantly lower nuclear circularity (p<0.01), higher nuclear area
(p<0.02), higher nuclear irregularity (p<0.01) and higher occupancy of lamin folds (p<0.01) were
observed for the pooled HT-LKO colonies as compared to the pooled HT-CON. In conclusion,
the HT-LKO colonies recapitulated the major hallmarks of A-type lamin deficiency.
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Figure 5: HT1080 LMNA knockout colonies validation HT-CON are depicted by C and HT-LKO are represented by L.
(A) Normalized mRNA abundance for the LMNA gene shows a strong reduction of RNA level (>99.9 %) in HT-LKO
colonies (B) No lamin A/C can be detected by western blot analysis in HT-LKO colonies (C) Quantified
immunofluorescence (IF) for different colonies normalized to average of the controls (D) IF shows absence of Atype lamins and the occurrence of aberrant nuclear shapes including local lamin B depletions (arrowheads) (E)
TIDE analysis shows the size of indels (x-axis) and the percentage of the sample showing these indels (y-axis) for
the different HT-LKO colonies. (F) Lamin B intensity for different colonies pooled per condition (p>0.5, Wilcoxon) (G)
Cell cycle profiles based on nuclear DAPI signal (H) Nuclear shape parameters were determined by image analysis
of IF images pooled per condition. The evolution of the assessed metric along the y-axis is schematically depicted in
the grey bar on the left of each plot. Significant lower circularity (p<0.01, Wilcoxon) and higher irregularity
(determined by the sum of 50 EFDs, p<0.01, Wilcoxon), fold occupancy (p<0.01, Wilcoxon) and area (p<0.02, t-test) for
the HT-LKO were detected. Wells were used as technical replicates (n=3) and colonies were pooled per condition,
resulting in a total of 9 data points (3 technical x 3 biological). Error bars indicate standard errors.
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Stable ZMPSTE24 knockout colonies in HT1080 cells
Analogous to the development of HT-LKO colonies, HT-ZKO colonies were created with
knockout for ZMPSTE24 and thus accumulation of prelamin A (HT-ZKO) (Figure 6). Quite
similar to the Hela-ZKO cells, variable transcipt levels were measured for ZMSPTE24, but
western blot confirmed accumulation of prelamin A and absence of normal lamin A (Figure 6AB). Similarly, quantitative immunofluorescence revealed higher values for prelamin A in HTZKO (Figure 6C). At the nuclear rim of prelamin A accumulating cells, blebs were frequently
found with enrichment of lamin B1 (Figure 6D). TIDE analysis revealed that the inspected
colonies had one or two indels covering the entire population (Figure 6E). Those with only one
indel seemed to have obtained the same indel in both alleles (Z39, Z50). The maximal indel
length was smaller (<=2) compared to the HT-LKO (>30). Significantly lower levels for lamin B1
(p<0.01, data not shown) and lamin B2 (p<0.01) were observed for the HT-ZKO colonies
compared to HT-CON (Figure 6F). Moreover, cell cycle analysis revealed a significantly higher
G1 fraction in HT-ZKO cells (Figure 6G, p<0.01). Morphometric analysis of the nuclei showed
significantly higher circularity (p<0.05) and lower irregularity (p<0.01) for the pooled HT-ZKO
colonies as compared to the pooled HT-CON colonies. Thus, HT-ZKO cells recapitulate the
major hallmarks of ZMPSTE24 deficiency.
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Figure 6: HT1080 ZMPSTE24 knockout colonies validation: HT-CON are depicted by C and HT-ZKO are represented by
Z (A) Normalized mRNA abundance for ZMPSTE24 shows variable reduction of RNA levels in HT-ZKO (B) Prelamin A
can be detected by western blot analysis in HT-ZKO (C) Quantified IF for different HT-ZKO colonies normalized to the
average of the controls (D) IF shows accumulation of prelamin A and blebs at the NE (arrowheads) (E) TIDE analysis
shows the size of indels (x-axis) and the percentage of the sample showing these indels (y-axis) for the different
HT-ZKO colonies (F) Lamin B levels as determined by IF quantification are lower in HT-ZKO (p<0.01, Wilcoxon) (G)
Cell cycle profiles determined by high content analysis of DAPI stained cultures for the individual colonies and the
average per condition. The G1 peak is indicated by grey lines on the average plot (H) The fraction of the total cell
population in the G1 phase is significantly higher for the pooled HT-ZKO as compared to the pooled HT-CON (p<0.01,
Wilcoxon) (I) Shape descriptors were determined by image analysis of IF images and show significant higher
circularity (p<0.05, t-test) and lower irregularity (determined by the sum of 50 EFDs, p<0.01, t-test) for the pooled
HT-ZKO as compared to the pooled HT-CON but no significant difference in area (p>0.05, t-test) and fold occupancy
(p>0.05, t-test). Wells were used as technical replicates (n=3), different colonies were pooled and error bars
indicate standard errors.
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2.4 Discussion
In depth investigation of the molecular mechanisms of laminapathies demands isogenic and
reproducible model cells. As shown, LMNA knockdown results in an incomplete and transient
depletion of A-type lamins. CRISPR/Cas9 genome editing however, could effectively be used to
abolish LMNA expression completely and also knock out the ZMPSTE24 gene.
Indeed, both LKO and ZKO colonies could be obtained, first in Hela and subsequently also in
HT1080 cells. Once optimized, the generation of knockout colonies can be established within
one month depending on the growth speed of the cells. Surprisingly, all LKO colonies showed a
dramatic drop in LMNA mRNA levels. This was unexpected since the formation of indels in the
first intron should not interfere with transcription per se, but rather perturb at the level of
translation. The strong reduction at the RNA level may be explained by the nonsense-mediated
decay pathway which breaks down mRNAs with premature stop codons [13]. There is a high
chance that the selected colonies harbor premature stop condons. Other mutations will
probably still lead to formation of mutant lamin variants perhaps as those found in
laminopathy patient cells [14-16]. Such colonies were not retained, as colony selection was
based on the absence of A-type lamins. Another explanation for the reduced RNA levels is the
possible reduced stability of primary transcripts. Moreover, the LMNA gene has been shown to
be regulated by miRNA [17, 18] thus specific miRNAs might bind with higher affinity to mutated
sites or new miRNA binding might occur due to the mutation.
In the ZKO models, the reduction of ZMPSTE24 transcripts was much less pronounced, nor
consistent. However, at the protein level, all colonies showed a clear and complete prelamin A
accumulation and total loss of normal lamin A. This suggests that no functional enzyme was
translated from the remaining ZMSPTE24 transcripts.
No compensatory effect of lamin B expression (Figure 5E) in cells lacking A-type lamins was
observed. Similar results were found in A-type lamin knockout mouse embryonal fibroblasts
[19, 20] and in A-type lamin knockdown A549 cells [21]. This can be explained by the different
functions both lamin types exert in the nuclear lamina. Whereas, upon strain, the lamin A
network exhibit softening [22], the lamin B1 network shows stiffening [23]. Moreover,
micropipette aspiration showed a predominant contribution of lamin B to the elasticity and of
lamin A to the viscosity [24]. Whereas, lamin A has been shown to be more abundant upon
higher matrix stiffness [24], lamin B was not. This again emphasizes the different functions of
both lamin types and suggests that they are by no means redundant. Interestingly, B-type
lamins did show a reduced abundancy in HT-ZKO cells. Lamin B1 reduction has also been
observed in progerin expressing cells [25]. Both lamin B1 and progerin have been found to be
susceptible to autophagic degradation [26, 27]. It is tempting to speculate that ZKO cells use
autophagy as a strategy to break down the accumulating prelamin A and in doing so also
degrade B-type lamins. The difference of lamin B abundance in HT-LKO versus HT-ZKO is
probably due to the difference in loss of A-type lamin function in HT-LKO and gain of a toxic
function in HT-ZKO.
Aberrant nuclear shape and local lamin B depletion in HT-LKO cells (Figure 5C) have been
shown before in mice LMNA knockout cells [19, 20] as well as in patient cells harboring an
LMNA mutation [28-30]. However, the degree of deformation seems to depend strongly on the
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type and position of the mutation [31]. Formation of blebs in HT-ZKO (Figure 6C) cells was seen
before in mice with absence of ZMPSTE24 [32]. Although the blebs are clearly visible on the
immunofluorescence images for the ZKO models, they are not directly reflected in the nuclear
shape descriptors. A possible explanation is that the blebs are too small to have a significant
effect on the determination of nuclear shape and irregularity. It can be concluded that the
knockout models are useful tools to look into effects of gene knockout as they recapitulate
morphological and functional characteristics confirmed by other model systems.
The HT-ZKO colonies show a higher percentage of cells in the G1 phase of the cell cycle. This
could indicate that fewer cells are going through mitosis hinting towards induction of
senescence as seen in the premature aging syndrome HGPS [33]. However, no difference in
doubling time was measured for these cells (data not shown). A more extended analysis of cell
cycle progression by visualization of cell cycle specific markers, e.g. cyclins or Ki67, could give
a more decisive answer on the effect of ZMPSTE24 and LMNA knockout.
Despite their clear benefit as easily accessible resource for cell-based studies, the knockout
cell lines also have disadvantages. Although the genetic background for all the colonies should
be identical, except for the mutation inserted, significant variability between the individual
colonies was observed in multiple parameters. This might be explained by the cell selection
executed to obtain single cell colonies. The start populations might already comprise certain
heterogeneity. Especially because both cell types are cancer cells which may exhibit
(epi)genetic drift over time [34]. Therefore, it is important to combine multiple colonies when
executing experiments. Another important consideration is that cells may adapt to the
knockout of the gene. Over time, cells that cope best in a knockout background will survive.
Therefore, cells that might have developed compensation strategies have a bigger chance to
survive. For instance, although no elevation of lamin B levels was observed in HT-LKO cells,
other proteins involved with the nuclear lamina and nuclear structure may partially take over
the function of the A-type lamins. To tackle the problem of genetic variability in cancer cells,
primary cells could offer a solution but these have limited life span and low transfection
efficiency. The use of stem cells could allow circumventing these problems. By genetically
modifying stem cells, a cell pool would be available that maintains proliferative capacity and in
addition can be differentiated to several cell types. Another solution to the problem of
adaptation would be the use of conditional knockout cell models [35].
Most laminopathies are not caused by complete knockout of LMNA or ZMPSTE24 but rather by
the introduction of a heterozygous point mutation which often results in the presence of
aberrant lamin isoforms. Previous studies have focused on overexpression of mutant lamins,
but the expression level is often higher than that of the endogenous lamin [36, 37]. Targeted
genome editing can induce specific mutations in the native locus resulting in endogenous
expression levels of the mutant lamins. Alternatively, induced pluripotent stem cells
originating from patient cells [38-40] can be used to study the effect of specific mutations.
However, in this case the problem of genetic heterogeneity rises again. This might be solved by
genetic correction of the mutation leading to a good control model. Correction of multiple lamin
mutations has already been executed in patient derived induced pluripotent stem cells [41].
Although induced pluripotent stem cells can be differentiated to virtually all cell types, this
might be impaired in lamin mutated cells as reduced differentiation has been shown in lamin
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mutated cells [42, 43]. Conditional expression of the mutated lamin forms could offer a solution
to this problem.
Altogether, genome editing allows fairly easy generation of isogenic model cells which despite
the limitations can be used in scientific research. They can, as illustrated in the rest of this
work, contribute to the fundamental understanding of laminopathies and offer a standardized
platform for research.

53

2

2.5 Materials and methods
Cell Culture

2

The human fibrosarcoma cells or HT1080 (kindly shared by Prof. Katarina Wolf , Radboud
University Medical Centre, Nijmegen, The Netherlands) and Hela cells (kindly provided by An
Wouters, University of Antwerp) were cultured in DMEM high glucose with L-glutamin (Lonza,
BE12-604F/12) supplemented with 10% fetal bovine serum (Gibco, 10270-106), and 1%
penicillin/streptomycin (Gibco, 15140-122), according to standard procedures. Proliferative
capacity was monitored by cell counting with every passage and cultures were tested for
mycoplasma infection using a PCR test kit (Bio-connect, PK-CA91-1024) every few months.

Generation of knockout cell lines
To obtain stable knockout HT1080 or Hela cell lines for LMNA (LKO) or ZMPSTE24 (ZKO) with
matched controls (CON), CRISPR/Cas9 genome editing was used. The general principle of the
CRISPR/Cas9 technology and the workflow are illustrated in Figure 7.

Figure 7: Genome editing mechanism and workflow (A) General principle of CRISPR/Cas9 genome editing
technology. The target DNA is recognized by the guide RNA (gRNA) which is followed by Cas9 recruitment and
double stranded break formation. Without repair template present, non-homologous end joining can create
insertion or deletions (indels) possibly resulting in gene knockout. With a repair template present, gene knock-in
can be accomplished. (B) General experimental workflow followed for CRISPR/Cas9 validation and knockout colony
formation. The starting cell population is treated with CRISPR/Cas9 resulting in an inhomogeneous cell population.
Validation of the CRIPSR/Cas9 system is achieved by high resolution melt (HRM), sequencing and
immunofluorescence (IF) staining. Subsequently the transfected cells are selected and grown to colonies starting
from single cells. The colonies are characterized by qPCR, sequencing, IF and western blot (WB).
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Knockout cells were created by guiding a Cas9 protein to a specific position in the DNA by the
guide RNA (gRNA). No repair template was supplied resulting in non-homologous end joining
which can lead to insertion or deletions (indels), possibly resulting in gene knockout. The gRNA
and Cas9 protein were delivered to cells by plasmid transfection (lipofectamin 2000,
Invitrogen, according to manufacturer’s instructions). The plasmids were constructed starting
from pSpCas9(BB)-2A-GFP (PX458) or pSpCas9(BB)-2A-Puro (PX459) (from Feng Zhang [44],
Addgene # 48138 and 48139). The gRNA sequence which targets the first exon of the gene was:
5’- CCTTCGCATCACCGAGTCTGAAG - 3’ for LMNA and 5’- GGCCGAGAAGCGTATCTTCGGGG- 3’
for ZMSPTE24. They were designed with the CRISPR oligo design tool (Feng Zhang, [44]). The
constructs were made based on the protocol of Ran et al. [44] and tested for their knockout
potential by high resolution melt analysis (HRM) (Figure 2A) and sequencing (Figure 2B) of the
DNA around the cut position of the Cas9 protein and immunofluorescence (Figure 2C). 48 h
after transfection, cells were selected either by puromycin (1 µg/ml) or by GFP signal with
FACS (with kind assistance from Prof. Nathalie Cools, University of Antwerp). Control cells
underwent the same treatment mentioned above but with a construct containing no gRNA.
Individually selected cells were grown to colonies and screened by quantitative
immunofluorescence for absence of lamin A/C and by Sanger sequencing for the detection of a
frame shift. Four of the most abundant potential off-target sites (determined with the CRISPR
oligo design tool mentioned above) were amplified and analyzed with Sanger sequencing
(sequences and primers in Table 1).

ZMPSTE24

LMNA

Table 1: Off target positions tested for Cas9 aspecificity with corresponding primers

Off Target sequence (5'-3')

Forward primer (5'-3')

Reverse primer (5'-3')

CTGGAGACTGGGTGATGCGCAGG

TTGTCCAGGTAGGTGGTGGT

GGTGGTGATGTCGCTGTTC

TTGCAGAGTCGGTGATGCTATGG

CGTGCATGGGAGTGTACTTG

ATGTCTGCTGGGGACTGAAT

CCTCAGACAGGATGATGCGATAG

CTCGTCAAGGTAGGGAACTGA

CCCTTCGCTCTTTCTCTCTG

CCACAGACTCACTGATGCGAAGG

ACGGGAAACAACACCATCAG

GCTGAATGCCTAAGCTGGAG

CTTCAGACAGGGTGATGTGAAAG

AGGATGATAGTCCCGAAGCA

GGGAGGAAATCAAATCAGCA

GTCTGATAAGCGTATCTTCCCAG

TGCGTCACACTTTAGCATGTC

AACAGAAAGCTGCCGTGACT

GGGTGAGAAGGGTATCTTCCGGG

GTCAGGAAAGCTCAGGCAAG

CACAAAGCGGTCTCTCCACT

GGCAGAGAAACATATCTTCATGG

TTCCAGAGGATGGGTGAGAC

TCTATCGTTGTTGGGCCTTT

GTCCGAGAACAGTATCTTTGTGG

TACCGTGCTTCTGCTGACAT

CAGGAAAGAAACCCCTGACA

Knockdown
SiRNA-mediated knockdown of LMNA was performed using Lipofectamine® RNAiMAX
(Thermo fisher scientific, 13778075) according to manufacturer’s instructions with the lowest
siRNA concentration (10 nM) that resulted in 75% downregulation. Cells transfected with nontargeting siRNA were used as controls (HT-NT) (Thermo fisher scientific, 12935300). To obtain
a sufficiently robust knockdown, two subsequent transfection steps were executed 48 h apart.
The experimental setup is visualized in Figure 1A. Briefly, cells were seeded and after 24 h the
first knockdown was executed (time point 0). 24 h later cells were split and 48 h after the first
knockdown a second knockdown was executed. For downstream analysis cells were
harvested at 48, 72, 96 and 192 h after the first knockdown.
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High resolution melt analysis

2

To check the capability of a specific gRNA sequence to target the Cas9 protein and lead to a
mutation, HRM analysis was performed. With this technique differences in nucleotide
composition (aka mutations) can be detected by differences in the melt curve of the fragments
[45]. DNA was extracted from the cells (DNeasy Blood and Tissue Kit, Qiagen, 69504) and the
DNA fragment surrounding the Cas9 cut position was amplified by PCR (Precision melt
supermix, bio-rad, 172-5112, Bio-Rad, CFX connect) by using primers 1 to 4 (Table 2).
Subsequently, the fragments were melted by slowly raising the temperature whilst tightly
following the fluorescence decay. After normalization, by setting pre-melt conditions to 1 and
post melt conditions to 0, difference curves were generated by subtracting each curve form
the control curve, to clearly visualize the differences in melting behavior (Figure 2A). These
results were obtained with Bio-Rad precision melt analysis software.
Table 2: Overview of primers used for PCR and qPCR

1
2
3
4
5
6
7
8
9
10

Name

Primer sequence (5'-3')

HRM_LMNA_F
HRM_LMNA_R
HRM_ZMPSTE_F
HRM_ZMPSTE_R
Seq_LMNA_ex1_F
Seq_LMNA_ex1_F
Seq_ZMPSTE_ex1_F
Seq_ZMPSTE_ex1_R
qPCR_LMNA_F
qPCR_LMNA_R

GCATCACCGAGTCTGAAGAG
ACTGAGTCAAGGGTCTTGCG
CTGGACGCTTTGTGGGAGAT
CGCTGTGCTAGGAAGGTCTC
CTACACCAGCCAACCCAGAT
AACTCCTCACGCACTTTGCT
TGTTGATGCAACACAGCTCA
GATTGGGTCCCATGATAACG
TGGACGAGTACCAGGAGCTT
ACTCCAGTTTGCGCTTTTTG

11
12
13
14
15
16
17
18
19
20

Name

Primer sequence (5'-3')

qPCR_ZMPSTE_F
qPCR_ZMPSTE_R
qPCR_ActB_F
qPCR_ActB_R
qPCR_GAPDH_F
qPCR_GAPDH_R
qPCR_TBP_F
qPCR_TBP_R
qPCR_HPRT_F
qPCR_HPRT_R

CGAGAAGCGTATCTTCGGGG
TGTGCTAGGAAGGTCTCCCA
CCTTGCACATGCCGGAG
GCACAGAGCCTCGCCTT
TGCACCACCAACTGCTTAGC
GGCATGGACTGTGGTCATGAG
CACGAACCACGGCACTGATT
TTTTCTTGCTGCCAGTCTGGAC
TGACACTGGCAAAACAATGCA
GGTCCTTTTCACCAGCAAGCT

PCR and Sequencing
After DNA extraction, the fragments of interest were amplified by PCR in a MJ Mini Thermal
cycler (Bio-Rad) with the use of Taq DNA-polymerase (VWR, 733-1300). Primers were obtained
from Biolegio and are listed in Table 2. The length of the PCR product was checked by gel
electrophoresis (1% Agarose gel, gelred nucleic acid gel stain, Biotium) and subsequently
purified (Nucleospin Gel and PCR Clean-up, Macherey-Nagel). Sequencing was performed at
the genetic service facility, VIB, Antwerp. To get some insight in the frameshifts that occurred
in individual genome edited colonies, tracking of indels by decomposition (TIDE) analysis was
performed on the sequencing data [46] with the online tool (https://tide.deskgen.com/).

Quantitative PCR (qPCR)
To determine the RNA expression levels of the gene of interest, RNA was extracted from cell
pellets 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 Bio-Rad) with GAPDH and ActB as reference
genes for the knockout experiments and TBP and HPRT for the knockdown experiments. The
primers (Table 2, 9-20) were obtained from Biolegio and were tested by PCR and gel
electrophoresis for specificity before proceeding to qPCR. Three technical replicates were
executed for each reaction. If the Cq value from one of the reactions deviated more than 0.5
cycles from the others, it was removed from the analysis.
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Immunofluorescence staining
Cells were fixed with 4 % paraformaldehyde for 15 min followed by 3 x 5 min wash steps with
PBS (Life technologies, 14190-169). After permeabilisation in 0.5 % triton X-100 (Sigma-Aldrich,
T8787) and blocking for 30 min, primary antibodies were added for 1 h. Cells were either
stained with mouse anti-lamin A/C (Santa Cruz, sc-376248, 1/200), mouse anti-lamin A
(Abcam, ab26300, 1/1000), rabbit anti-lamin B1 (Abcam, ab16048, 1/1000) and goat antiprelamin A (Santa Cruz, sc-6214, 1/150). After 3 x 5 min wash steps with PBS, secondary
antibodies were added for 1 h. The following secondary antibodies were used: donkey antimouse CY3 (Jackson, E00582, 1/1000) and donkey anti-rabbit AF488 (Jackson, E00586, 1/1000).
After an additional series of wash steps, DAPI (1 µg/ml) was added for 15 min to the cells and
slides were mounted with Vectashield (Vector Labs) or after additional washing the plates
were maintained in PBS at 4 °C. For each experiment at least three different wells were stained
per condition and averages per well were used as datapoints. When multiple colonies were
visualized the average well values were pooled per colony type (LKO, ZKO, CON).

Western blot
Cells were lysed using the Nucleospin Triprep kit (Macherey-Nagel, 740966). 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). The following primary antibodies were used: mouse
anti-lamin A/C (131C3, Santa Cruz Biotechnology Inc., sc-56139, 1/500), mouse anti-lamin A/C
(Santa Cruz Biotechnology Inc., sc-376248, 1/2000), and rabbit anti-nucleolin (Novus
Biologicals, NB600-241, 1/4000). HRP conjugated goat anti-mouse (Sigma-Aldrich, A4416) and
HRP conjugated goat anti-rabbit (Sigma-Aldrich, A6154) were used as secondary antibodies.
Proteins were detected by chemiluminescence with Immobilon Western chemiluminescent
HRP substrate (Millipore, WBKLS0100) using a Western Blot Imager (Bio-Rad, ChemiDocTM
XRS+).

Cell cycle staging
The cell cycle profile of a given cell type or colony was determined using a microscopy-based
approach based on staining of the nuclear DNA of cells seeded in 96 well plates (Greiner BioOne, 655090) [47]. The intensity of the staining correlates with the amount of DNA present in
the nucleus [47]. After fixation cells were stained with DAPI and images were acquired with a
widefield fluorescence microscope (Nikon Ti, Nikon). For background correction, one well was
filled with an anti-chicken 405 secondary antibody (Jackson, 303-475-003, 1/1000).
Subsequently, a flatfield image was created by taking a mean Z-projection of 20 images from
this well. Every image was divided by this flatfield image to correct for illumination
heterogeneity. The integrated density, the product of the area and the mean grey value, for
each cell was determined with a home written Fiji script. The G1 peak was set by visually
splitting the cell cycle profile in the different cell phases (sub G1, G1, S and G2).
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Microscopy

2

Confocal images were captured with a Perkin Elmer Ultraview Vox dual spinning disk confocal
microscope, mounted on a Nikon Ti body using a 20×/0.75 dry lens or a 40x/0.95 dry lens. Image
acquisition was done using Volocity software with a Hamamatsu C9100-50 camera. The
widefield microscope consists of a Nikon Ti body equipped a CS-Ri2 scientific CMOS camera,
automated stage, filters and shutters, perfect focus system with a 0.75 20x objective and a 0.75
40x objective. Images were captured with the NIS-elements software AR (version 4.51.01)
using the JOBS explorer (Nikon).

Image Analysis and Statistics
Home written Fiji-scripts (Fiji is just imageJ [48]) were used for automated image analysis and
subsequent data analysis was performed with R [49] in R studio [50]. The assessment of
nuclear morphology was done with the Blebbed Nuclei Detector (BLeND) plugin [51]. Nuclear
circularity, area and nuclear irregularity were derived from a general DAPI stain. Nuclear
irregularity was determined by the sum of 50 Elliptic Fourier Descriptors (EFD) of the contour
of the nucleus. A higher value indicates more deviation from an elliptic from. Based on the
lamin B signal, the occupancy of folds and intranuclear tubules in the lamina was determined.
For statistical analysis of quantified microscopy images average values were calculated per
well separately. The average well data from biological replicates (different colonies with the
same knockout type) were pooled resulting in a minimum of 9 data points per condition (3
biological x 3 technical). Statistics was performed on this combined data set resulting in a
comparison of CON versus LKO or CON vs ZKO. Homoscedasticity and normality were
assessed with Bartlett’s and Shapiro-Wilk’s tests respectively. Followed by parametric ttesting or non-parametric testing with Kruskal-Wallis’ and Wicoxon Rank sum tests.
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In silico synchronization reveals
regulators of nuclear envelope
ruptures in lamin A/C deficient
model cells
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3.1 Abstract

3

The nuclear envelope is crucial for the maintenance of proper nuclear compartmentalization. In
laminopathy patient cells and cancer cells local rupture of the nuclear envelope during interphase
has been observed. These nuclear envelope ruptures (NERs) can result in intermingling of the nuclear
and cytoplasmic content thereby influencing cellular homeostasis. To elucidate the drivers and
consequences of NERs, robust techniques for detection and quantification are necessary. Here, a live
cell imaging approach combined with automated image analysis is used to extract information of the
frequency and kinetics of spontaneous NERs. This setup was used in combination with LMNA and
ZMPSTE24 knockout model cells and revealed higher NER frequency in A-type lamin depleted cells.
Actomyosin contractility was defined as one of the major inducers of NER and the ESCRT-III
machinery was shown to be involved in the repair of the nuclear envelope after NER. In conclusion,
this approach revealed regulators of NER induction and repair, which may have critical roles in
disease development.
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3.2 Introduction
The nuclear envelope (NE) is the principal barrier dictating bidirectional communication
between the nucleus and cytoplasm of the cell. Directly underneath the lipid bilayer resides a
dense meshwork of intermediate filaments, the nuclear lamina, which provides structural
support for the nucleus and has a central role in nuclear organization and gene regulation [1].
Defects in one of its major protein constituents, the A-type lamins, cause a broad spectrum of
tissue-specific and systemic diseases collectively referred to as laminopathies. Disease
manifestations include muscular dystrophies, lipodystrophies and the premature aging
syndrome Hutchinson-Gilford Progeria (HGPS).
Several hypotheses have been proposed to explain disease development at the cellular level.
These are based on either the involvement of lamins in maintaining the mechanical integrity of
the nucleus or their role in modulating transcription and signalling pathways by serving as
docking sites for regulatory proteins [1]. Previously, our group discovered a novel mechanism
that unites aspects of both aforementioned hypotheses, namely temporary loss of nuclear
compartmentalization due to ruptures of the NE, causing inappropriate exchange of
components between the cytoplasm and the nucleus [2, 3]. Nuclear envelope ruptures (NER)
occur at weak spots of the nucleus, i.e. protrusions and regions devoid of lamins, pointing to
mechanical defects, while the uncontrolled translocation of transcription factors during those
events alter gene expression programs [2]. Moreover, NERs are not only accompanied by
transient shifts in regulatory protein distribution, but also seem to provoke more permanent
translocations of macromolecular complexes (e.g. of PML bodies) [2, 3]. NERs have also been
observed in viral infections, where they are considered to represent hallmarks of nuclear
entry and/or egress [4, 5]. Since similar defects in nuclear compartmentalization have
recently also been described in aging and cancer cells [6-9]– both associated with abnormal
expression of lamins or their precursors [10, 11] – it most likely represents a
pathophysiological mechanism with generic relevance.
As yet, not much is known about the exact causes of NER, or the specific functional
consequences for the cell. It has been shown that growing cells on soft substrates reduces
NER frequency [12], and cell confinement promotes NER incidence [8], suggesting involvement
of the cytoskeleton. However, deregulated phosphorylation by protein kinase C family
members has also been proposed as a potential causative mechanism [4]. Considering the
consequences, it is important to note that NER-prone cells do not necessarily die. On the
contrary, even after repetitive NER, cells continue to divide [2], which implies they are able to
repair the damaged NE. Pinpointing the exact processes that precede, accompany or directly
follow NER is essential to better understand disease progression and to reveal novel
biomarkers or targets for therapeutic interventions. Unfortunately, studying the causes and
consequences of spontaneous NERs is hampered by their stochastic nature and variable
frequency. Here we describe a quantitative approach to study NER induction and repair in a
systematic manner. Using this approach we revealed novel regulators of NER events.
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3.3 Results
Robust quantification of NER events

3

NERs are characterized by temporary loss of nuclear compartmentalization. This can be
visualized by transient relocation of fluorescently labeled nuclear proteins to the cytoplasm
[2]. A convenient marker that is relatively inert with respect to nuclear function and readily
translocates during NERs is a fluorescent protein coupled to a nuclear localization signal.
Indeed, when monitoring the NLS-mCherry signal through time, the nuclear intensity
dramatically decreases during a NER event (Figure 1B/D). When nuclear signals restore
quickly, i.e. within 10-15 min, and cells are not very mobile, nuclei can be tracked automatically
solely based on the NLS-mCherry signal by allowing temporal gaps in the tracking algorithm.
However, quite often recovery of the nuclear signal takes much longer, precluding proper
track assignment. In addition, highly mobile cells may temporarily move out of focus, causing
transient decreases in nuclear intensity, which are not related to NER and therefore add noise
to the detection process. To bypass these problems, we co-expressed a marker that is not
translocated during NER events, H2B-GFP, and to which NLS signals could be normalized
(Figure 1A). When a NER occurs, the nuclear NLS signal drops, while the H2B signal remains
constant, causing an increase in the H2B/NLS ratio. As such, NERs are robustly detected when
the derivative of the H2B/NLS signal ratio (ΔH/N) exceeds a fixed threshold value,
corresponding to a > 20% decrease in nuclear NLS signal (Figure 1C).

Figure 1: Robust detection of NERs. MEF-LKO cell transfected with (A) H2B-GFP and (B) NLS-mCherry
demonstrating repetitive NERs (time point of NERs marked by red dots) as witnessed by a sudden decrease in
average intensity of the nuclear signal (C) the temporal derivative of the H2B/ NLS signal ratio (ΔH/N) shows a
strong concurrent increase. The dotted line indicates the cutoff value, above which NERs are detected (D)
kymograph of the full temporal recording of the NLS channel (arrowheads indicate NER events).

NER frequency correlates with nuclear deformation in MEF-LKO cells
Using this co-expression system, time-lapse image data sets of LMNA knockout mouse
embryonic fibroblasts (MEF-LKO) were acquired, which have previously been shown to
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experience NERs [2]. Figure 2A shows the intensity profiles of ~200 cells that were tracked
throughout a 15 h time frame. On average, approximately two NERs occurred per tracked
nucleus, with a maximum of 15. However, 45% of the nuclei did not experience NERs within this
time frame, almost doubling the actual NER frequency for those cells that were NER-prone.

3

Figure 2: In silico synchronization of NERs. (A) Time tracks of individual MEF-LKO cells (n = 216 tracks) showing
fluctuations in nuclear intensity and multiple NER events (red marks). Magnified view of rectangular selection
below (B) Individual NER events extracted from all time tracks synchronized to the moment of NER (red) and
marked with recovery halftime (yellow). Magnified view of rectangular selections below (C) Histogram of recovery
halftimes, superimposed with the individual components of the best-fit bimodal density distribution showing two
distinct populations corresponding with fast (red) and slow (orange) recovery (D) Scatterplot with linear fit (R2 =
0.519) and 99% confidence interval showing that recovery halftime partially scales with the severity of NER
(expressed as extent of nuclear intensity drop). (E) Bimodal recovery kinetics of nuclear signal after NER,
represented as average normalized signal ± standard error (shaded ribbon) of fast (Tr ≤ 30 min) and slow
populations (Tr > 30 min). Black dotted line indicates moment of NER.

NER events for which the nuclear NLS signal restored completely to the pre-NER level within
the imaging time frame were synchronized in silico to analyze the recovery kinetics (Figure
2B). The average recovery halftime (Tr) for MEF-LKO cells was 54±44 min. When put under
scrutiny, the recovery halftime showed a bimodal histogram (Hartigan’s dip test: p < 0.05),
pointing to the presence of two populations (Figure 2C). Unsupervised clustering based on
maximum likelihood estimation identified a population with fast (Tr = 13 ± 6 min) and one with
slow (Tr = 67 ± 43 min) recovery halftime (p < 0.01). The tipping point, i.e. the value with equal
probability of belonging to one of both populations, was 30 min. The recovery halftime roughly
scaled (R2 = 0.519) with the magnitude of the intensity drop witnessed directly after NER,
suggesting that the recovery at least in part correlates with the severity of the NER event
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(Figure 2D). However, the initial rise of the recovery curve showed a significantly steeper slope
(p < 0.001) for the fast population (Tr ≤ 30min) than for the slow population (Tr > 30min) (Figure
2D), pointing to the presence of additional determinants (Figure 2E).
Interestingly, NER-prone cells showed significantly more nuclear deformation (measured as
nuclear circularity fluctuations [13]) than MEF-LKO cells that did not undergo NERs (Figure
3A/B).

3

Figure 3: Consequences of NER. (A) MEF-LKO nuclei that experience nuclear ruptures (Nr>0) in a 15 h time span
show larger nuclear circularity fluctuations than nuclei that do not (Nr = 0), as shown by the larger range across
time (grey) (B) this results in a significantly (p<0.001, kruskal) larger coefficient of variation (CoV) for the circularity
across time for rupture-prone cells (C) The repair halftime is significantly (p<0.001, kruskal) larger for nuclei that
experience multiple ruptures (Nr >1), than for nuclei that experience only one rupture event in 15 h. Bar graphs
reflect mean ± standard error (n = 218 tracks). (D) Montage of a MEF-KO cell, transfected with H2B-GFP and NLSmCherry, showing pronounced nuclear deformation after nuclear rupture (red dot) and adjoined chromatin
condensation, as shown by the concomitant increase in H2B signal intensity. Selected time points of individual
channels are shown in grayscale and as merge with the NLS channel in cyan and the H2B channel in red (E) XYT
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kymographs (rendering of a single confocal section through time) showing the pronounced deformation after
nuclear rupture (red arrowhead) and the subsequent local increase in H2B signal intensity.

Notably, nuclei that ruptured repetitively showed a higher average recovery halftime, than
those that only ruptured once within the same time frame (Figure 3C). Moreover, local
contractions of the nucleus were observed after severe NER events, i.e. those with a strong
NLS intensity decrease and long recovery time. Such contractions were accompanied by focal
chromatin condensation, as evidenced by temporarily increased H2B signal intensity at the
site of contraction (Figure 3D/E).

Lamin A/C depletion increases NER frequency in human model cells but prelamin A does not
To ascertain that NER events are truly caused by LMNA deficiency in human cells, LMNA and
ZMSPTE24 knockout human HT1080 cell lines (HT-LKO) were used. Live cell imaging revealed
a higher plasticity in HT-LKO cells over time (Figure 4A/B). NERs were not lethal, (Figure 4D)
and were accompanied by local nuclear deformation, sometimes followed by temporary
chromatin condensation as witnessed in MEF-LKO cells (Figure 4E). After automated cell
tracking and synchronization (Figure 5A), NER frequency and repair time could be determined.
While HT-CON cells ruptured infrequently (5-10%), HT-LKO clones experienced significantly
more spontaneous NER events (p < 0.0001), up to 40% in a 3 h time span
To find out whether accumulation of prelamin A had a similar effect on NER frequency, similar
analyses were performed on HT-ZKO cells with ZMPSTE24 knockout. However, we did not
observe a significant increase in NER frequency compared to HT-CON cells (Figure 5B). No
significant difference was observed in repair time between HT-CON and HT-LKO or HT-ZKO
(Figure 5C/D). On average, nuclear signal recovery in HT-LKO was much faster than in MEFLKO cells (Tr = 23±2 min for HT-CON; Tr = 23±1 min for HT-LKO; Tr = 13±3 for HT-ZKO).

Experimental modulation exposes regulators of NER induction and repair
Since all HT-LKO colonies experienced significantly increased NER frequency with
comparable recovery halftimes (Figure 5C/D), subsequent experiments were performed with
one HT-LKO (L2) and HT-CON (C4) clone. Since cells grown on soft substrates experience less
NERs [12] and confinement increases NER incidence [8, 14], mechanical forces exerted by the
cytoskeleton are presumed to play an important role in NER events. To test this hypothesis,
selective inhibition of actomyosin contractility by blebbistatin [15] was performed. This
significantly reduced NER frequency in HT-LKO cells and HT-CON cells (Figure 6B). Since actin
microfilaments are anchored to the nuclear lamina through the LINC complex, we assessed
whether perturbing this connection using a dominant negative KASH construct (DN-KASH)[16]
affected NER incidence (Figure 6C). However, DN-KASH overexpression led to a nonsignificant decrease in NER incidence in HT-LKO and HT-CON cells (Figure 6C).
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Figure 4: NER in HT1080 model cells. (A) Time-lapse recordings after H2B-GFP transfection illustrate increased
nuclear plasticity of HT-LKO vs. HT-CON cells, as evidenced by their larger projected area (ΣArea) and contour
changes (ΣOutline) across time (B) HT-LKO nuclei have a lower average nuclear circularity (dotted white line
indicates a circularity of 0.85) and higher nuclear circularity fluctuations (average + 95% confidence interval) than
HT-CON cells. This translates into a significantly larger coefficient of variation (CoV) for the circularity across time
(p < 0.001, kruskal), Bar graphs reflect mean ± standard error (C) Representative montages of the NLS channel of a
C4 HT-CON and L2 HT-LKO cell, with corresponding NLS/H2B ratio measurements (grey-coded bar plots). The
moment of NER is indicated as a red dot (D) Montage of an HT-LKO (L2) cell transfected with H2B-GFP and NLSmCherry successfully progressing through mitosis after undergoing a rupture event (red dot). Selected time points
of individual channels are shown in grayscale and as merge in red (NLS) and cyan (H2B) (E) Montage of an L2 HTLKO cell transfected with H2B-GFP and NLS-mCherry, undergoing NER (red dot) and local chromatin deformation.
The second montage shows a magnified view of the rectangular region indicted in the first one with outline of the
pre-NER nuclear shape.

72

3

Figure 5: NER quantification in HT1080 model cells. (A) Individual rupture events synchronized to the moment of
nuclear rupture (T0, red) and marked with recovery halftime (Tr, yellow), grouped per clone. HT-CON clones (C2, C4,
C5, n=250) are labeled in grey tones, HT-LKO clones (L2, L45, L47, n=433) in red tones and HT-ZKO (Z29, Z34, Z39,
n=16) in blue tones (B) NERs occur more frequently in HT-LKO cells than in HT-CON cells (p < 0.001, Anova). There is
no significant difference between HT-CON and HT-ZKO (data were pooled per condition leading to a total of 9
repeats, 3 technical and 3 biological) (C) Repair halftimes of individual colonies (Dunnett) (D) Repair curves of HTCON and HT-LKO showing an intensity drop at the moment of NER (vertical grey line) followed by recovery of the
signal. Error bars represent standard errors.

Given the overt nuclear dysmorphy and nuclear plasticity in HT-LKO cells, the question rose
whether normalization of nuclear shape could alleviate the NER phenomenon. To verify this,
HT-LKO and HT-CON cells were exposed to the NAT10 inhibitor remodelin. This compound has
been shown to normalize nuclear shape in LMNA knockdown cells and HGPS patient cells [17].
Remodelin significantly (p < 0.001) increased nuclear circularity in HT-CON and in HT-LKO cells
(Figure 6D), supporting normalization of nuclear shape, and it specifically reduced nuclear
circularity fluctuations across time in HT-LKO (Figure 6E) and MEF-LKO cell types (Figure 6G),
suggesting a decrease in nuclear plasticity. In line with this, remodelin treatment significantly
(p < 0.05) reduced NER frequency in HT-LKO (Figure 6F) and MEF-LKO cells (Figure 6G) but not
in HT-CON cells (Figure 6F).
Recovery of the nuclear signal after NER implies that the barrier function of the NE is restored.
Since resealing of a broken membrane is a thermodynamically inefficient process – especially
when it involves large gaps [18] – a repair machinery may facilitate NE repair. Since the
endosomal sorting complexes required for transport–III (ESCRT-III) have recently been
suggested to play a key role in NE quality control and repair [14, 19, 20], we selectively knocked
down CHMP4B, which encodes a critical component of ESCRT-III (Figure 6H-J). Knockdown
resulted in a consistent 95% decrease of CHMP4B mRNA levels (Figure 6H) and 50% decrease
in protein levels with respect to a non-targeting control (Figure 6I). After CHMP4B knockdown,
we found a significant (p < 0.05) increase in Tr in HT-LKO cells but not in HT-CON cells (Figure
6J).
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Figure 6: Effect of perturbations on NERs. (A) Overview of perturbations visualized in cell. The cellular component
influenced by the perturbation is visualized in red (B) Blebbistatin reduces actomyosin contractility and NER
frequency in both L2 HT-LKO and C4 HT-CON cells (p < 0.001, Dunnett) (C) Expression of a dominant-negative KASH
construct (DN-KASH) abolishes normal nesprin localization, shown by absence of nuclear rim staining
(arrowheads). This does not significantly affect NER frequency (Dunnett) (D) Remodelin significantly increases the
circularity (p < 0.001, Dunnett) in L2 HT-LKO or C4 HT-CON cells (E) Remodelin significantly reduces the coefficient
of variation (CoV) for the circularity across time L2 HT-LKO cells (p < 0.001, Dunnett) but not in C4 HT-CON cells (F)
Remodelin reduces NER frequency in L2 HT-LKO cells (p < 0.05, Dunnett) but not in C4 HT-CON cells (G) Remodelin
significantly reduces the coefficient of variation (CoV) for the circularity across time (p<0.001, kruskal) and NER
frequency in MEF-LKO (p<0.05, kruskal) (H) Knockdown of CHMP4B (siCHMP4B) causes >95% reduction (expressed
as log2 fold change of ddCt value) of CHMP4B transcript levels as compared to the non-targeting control siRNA
(siNT) (I) knockdown of CHMP4B causes >50% reduction of CHMP4B protein levels as compared to the nontargeting control siRNA (J) knockdown of CHMP4B increases nuclear recovery halftimes (p < 0.05, Dunnett). Bar
graphs reflect mean ± standard error, tracks were used as data points and at least 3 technical repeats were
executed per condition.
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3.4 Discussion
NER is an emerging hallmark of various pathologies, including laminopathies, viral infection
and cancer [2, 5, 7]. In this work, we presented a robust approach for interrogating NER
kinetics in a systematic and quantitative manner. In contrast with previously described
methods to gauge nucleocytoplasmic shuttling [21], our approach relies on an internal
reference – a tightly bound histone protein – that covers for long-term loss of
compartmentalization and focus fluctuations. This proved to be essential, especially for
accurately tracking and measuring HT1080 cells, which are notoriously mobile [22]. Individual
NER events were readily detected by differentiating the H2B/NLS ratio as a function of time,
and they were synchronized in silico to determine their recovery kinetics.
The approach was first validated in MEF-LKO cells. The automatically determined NER
frequency of ~55% aligned well with previously performed manual quantifications [2]. We also
observed increased nuclear plasticity in NER-prone cells, possibly due to local contractions of
the nucleus following spontaneous NER events. Since we have only acquired single confocal
sections, we cannot exclude that local Z-axis torsions occur, but the extent of deformation and
the fact that fibroblasts on a hard substrate have very flat nuclei (5-7 µm height) even in the
absence of A-type lamins [23, 24], strongly supports lateral contractions. The local
contractions were often accompanied by focal chromatin condensation, triggered at the site of
NER. Chromatin condensation and nuclear shrinkage have previously been reported to
precede apoptotic events [25]. However, we have shown that NERs are not lethal per se.
Chromatin compaction may occur in a regulated manner independent of apoptosis, for
instance by local remodeling of chromatin compaction-inducing proteins such as NET23 [26].
Alternatively, since chromatin condensation has been associated with migratory phenotypes
[27] and chromatin rapidly remodels upon external force application [28-30], it may represent
a protective response towards a mechanical insult. In effect, it resembles the compaction
observed after mechanical stimuli, which have been attributed to ATR-mediated
disengagement of chromatin from the NE [31].
The severity of NER events in MEF-LKO cells varied both in terms of extent (relative signal
decrease) and recovery halftime. Assuming that the recovery halftime reflects a combination
of two processes, namely repair of the damaged NE and re-import of cytoplasmic GFP-NLS,
one could argue that more severe NERs, i.e. those with stronger nuclear signal losses,
automatically lead to larger recovery halftimes. For, larger punctures cause more leakage and
might be more difficult to repair. But, while we indeed found a positive correlation between
NER extent and recovery halftime, the correlation was far from perfect: many NER events with
a modest extent still showed a larger recovery halftime. In addition, fast and slow populations
were typified by different initial recovery rates, reflecting differential import behavior. This
implies that the NE is not always easily resealed after NER, irrespective of the severity of the
event, or that simultaneous leakage slows down signal restoration. Such a severe state of
compromised nuclear compartmentalization may be attributed to the occurrence of additional
(weak, sub-threshold) NERs and/or generalized increased nuclear permeability. Favoring this
hypothesis, nuclei that ruptured repetitively showed a higher average recovery halftime, than
those that only ruptured once within the given time frame. In this respect, we also note that
local depletion of NE components, such as B-type lamins and nuclear pore complexes, is not
75

3

omnipresent in a population of MEF-LKO cells, plausibly revealing a fraction of more
susceptible cells [32]. A general reduction of nuclear pore complexes may further reduce
nuclear import, as also observed after overexpression of laminopathy-causing prelamin A
forms [33, 34].

3

MEF-LKO cells have been extracted from a single mouse [32] and lack isogenic controls, which
is why we cannot rule out cell- or genotype-specific effects. To guarantee controlled
evaluation of A-type lamin deficiency, we therefore established human LMNA knockout cell
lines (HT-LKO) and genotype-matched controls (HT-CON). In contrast with normal (LMNA+/+)
fibroblasts - in which we had never observed spontaneous NERs [2] - HT-CON cells displayed
spontaneous NER events, albeit at low frequency. Nevertheless, we found HT-LKO cells to
clearly recapitulate the hallmarks of lamin A/C deficiency, including nuclear dysmorphy,
nuclear plasticity [13, 35], and most importantly, increased NER frequency. The latter suggests
that absence of A-type lamins indeed increases nuclear fragility. Mere absence of mature
lamin A is not a prime determinant since NER frequency was not significantly increased in
ZMPSTE24 knockout cells (HT-ZKO). HT-ZKO cells still produce normal levels of lamin C, which
may balance the lack of mature lamin A. Indeed, lamin A and lamin C have been shown to
regulate nuclear mechanics and nuclear stiffness equally well [36]. While the accumulation of
prelamin A in these cells may further enhance nuclear stiffness – thus exerting a protective
effect to NERs – it may also render them more vulnerable to mechanical strain, as observed in
HGPS patient cells, which accumulate a farnesylated form of prelamin A, termed progerin [37].
Thus, prelamin A might have an ambivalent role. In previous work [2] we found that fibroblasts
from patients suffering from HGPS and restrictive dermopathy demonstrate much less NERs
than lamin A/C deficient fibroblasts, but still significantly more than control fibroblasts from
healthy individuals. However, HT-CON cells already demonstrate NERs by default, whereas
normal fibroblasts do not. This may also explain the lack of detectable difference between HTCON and HT-ZKO cells.
We next probed for potential NER-inducing mechanisms. Given the putative role of the
cytoskeleton, we first blocked actomyosin contractility using blebbistatin. This treatment
dramatically reduced NER frequency in both HT-CON and HT-LKO cells. This aligns well with
recent findings on actomyosin-driven NERs in cells migrating through confining spaces [8] and
explains why soft substrates – which are also presumed to reduce actomyosin tension [38] reduce NER frequency [12]. In many adherent cells, the nucleus is shaped by an apical actin cap
composed of stress fibers, which is physically connected to the NE through linkers of
nucleoskeleton and cytoskeleton (LINC) complexes [39, 40]. We therefore tested whether
disruption of these connections using a truncated nesprin construct (DN-KASH), which
competitively binds SUN domain proteins [16], could alter NER frequency. However no
significant effect was observed. Since A-type lamins are major intra-nuclear binding partners
of nesprins, it is highly plausible that both LINC complexes and the actin cap are severely
perturbed in HT-LKO cells [40-42], thus explaining the lack of effect in these cells. The
insensitivity to DN-KASH in HT-CON cells on the other hand, seems to suggest that neither the
LINC complex nor the actin cap play a major role in spontaneous NER induction. In line with
this, it has recently been shown that the LINC complex is not required for maintaining a flat
nuclear shape [23, 38], thus pointing towards the involvement of indirect compressive or
tensile forces, possibly mediated by lateral actin fibers. In addition, it has been shown that loss
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of nesprins 1 and 2 can trigger typical features of nuclear dysmorphy and compromised NE
integrity [43], thereby arguing against a causal role in NER induction.
Hallmarks of lamin A/C deficiency include nuclear dysmorphy and nuclear plasticity. When
using the selective shape-normalizing compound remodelin [17], we found a marked decrease
in NER incidence in both MEF-KO and HT-KO cells, which correlated with a significant
decrease in nuclear plasticity. Remodelin targets the acetyl-transferase NAT10, which has
been proposed to regulate microtubule stability [44]. Microtubules exert compressive forces
as well as indirect tensional forces (via dynein [20]) on the nucleus and it has also been shown
that microtubule polymerization induces NE folding in interphase cells [45]. Since lamin A/Cdeficient cells have fragile nuclei [35], they may be more susceptible to such forces than
control cells with a more rigid NE. However, we cannot rule out whether the effect is solely
mediated by microtubule reorganization or also involves functions related to the histone
acetylation activity of NAT10 or its responsiveness towards oxidative stress [46] – yet another
hallmark of A-type lamin deficiency [47, 48].
Finally, NER is non-lethal and nuclear intensity recovers, suggesting the involvement of repair
machinery. ESCRT-III has been shown to play an essential role in NE resealing during late
stages of cell division and its depletion disrupts NE integrity [20, 49]. In line with very recent
findings [14], depletion of the ESCRT-III component CHMP4B, increased recovery times
significantly, highlighting the pivotal role of this complex, not only for mitotic but also for
interphase surveillance of the NE.
It is important to note that the above mentioned perturbations were only executed on one
colony for each condition (HT-LKO, HT-CON). To confirm the conclusions drawn from these
analyses and strengthen the statistical relevance, additional experiments should be executed
that consider multiple colonies of the same cell type as well as experiments on different cell
types.
In conclusion, we have established a robust approach for quantifying NER kinetics with which
we have revealed novel regulators of NER induction and repair. Scrutinizing the driving forces
behind these events will further our understanding of the rapidly expanding tree of
laminopathies, and may help identifying new therapeutic entry points for an even broader
spectrum of disorders in which the nuclear barrier function has become compromised.
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3.5 Materials and methods
Cell Culture
LMNA knockout mouse embryonic fibroblasts (MEF-LKO) and human fibrosarcoma cells
(HT1080, kindly shared by Prof. Katarina Wolf) with LMNA knockout (HT-LKO), ZMPSTE24
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knockout (HT-ZKO) and controls (HT-CON) were cultured in DMEM high glucose with Lglutamin (Lonza, BE12-604F/12) supplemented with 10 % fetal bovine serum (Gibco, 10270-106),
and 1 % penicillin/streptomycin (Gibco, 15140-122), according to standard procedures.
Proliferative capacity was monitored by cell counting with every passage and cultures were
tested for mycoplasma infection using a PCR test kit (Bio-connect, PK-CA91-1024) every few
months.

Compound treatment
Cells were treated with remodelin dissolved in DMSO (VWR, CAYM16066-1) 24 h before live cell
imaging. Remodelin was supplied in DMEM with supplements at a 50 μM concentration. Before
live cell imaging the medium was refreshed with the same dose of remodelin. Blebbistatin
(dissolved in DMSO, Enzo Life Sciences, BML-EI315-0005) treatment was started one h before
live cell imaging at a concentration of 100 μM. Controls were supplied with the same amount of
DMSO as was present in the treated cells and was always ≤0.5 % of the total volume.

Transfection
The following constructs were used: NLS-mCherry, H2B-GFP (both generous gifts from Dr. J.
Goedhart, University of Amsterdam, the Netherlands) and DN-KASH-EGFP (a generous gift
from Prof. G. Gundersen, Columbia University, New York [16]). For transfection of expression
plasmids, Lipofectamine 2000 (Life Technologies, 11668027) was used according to the
manufacturer’s instructions. siRNA mediated knockdown of CHMP4B (Dharmacon, M-01807500-0005) was executed with lipofectamin RNAiMAX (Life technologies, 13778075) according to
the manufacturer’s instructions with the lowest siRNA concentration (5 nM) that elicited 95 %
downregulation. Stealth RNAi siRNA Negative Control, Med GC (Life Technologies, 12935-300)
was used as a negative control as it is not homologous to and therefore does not target any
vertebrate sequence. After 72 h cells were subjected to live cell imaging.

Western blot
Cells were lysed using the Nucleospin Triprep kit (Macherey-Nagel, 740966). 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). The following primary antibodies were used: rabbit
anti-CHMP4B (Abcam, ab105756, 1/500), mouse beta-actin (Abcam, ab8226). HRP conjugated
goat anti-mouse (Sigma-Aldrich, A4416) and HRP conjugated goat anti-rabbit (Sigma-Aldrich,
A6154) were used as secondary antibodies. Proteins were detected by chemiluminescence
with Immobilon Western chemiluminescent HRP substrate (Millipore, WBKLS0100) using a
Western Blot Imager ( Bio-Rad, ChemiDocTM XRS+). Quantification was executed in Fiji by
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measuring the integrated density of the intensity of each band. After subtraction of the
background signal, the ratio was determined of CHMP4B to beta-actin.

Microscopy
For live cell imaging, cells were seeded in 4-well glass-bottom dishes (CELLview™, Greiner),
and transfected with H2B-GFP and NLS-mCherry 24–48 h prior to imaging. At least three
different replicates (i.e. dishes) were used per experiment, and wherever experimental
manipulations (compound or siRNA) were used, every dish contained one control and
treatment well per cell type (HT-CON and HT-LKO). Time-lapse imaging was performed on a
Perkin Elmer Ultraview Vox dual spinning disk confocal microscope, mounted on a Nikon Ti
body, equipped with a perfect focus system and a microscope incubator equilibrated at 36.5 °C.
Recordings were made every 2–3 min, using a 20×/0.75 Plan Achromat dry lens. Image
acquisition was done using Volocity software. Per well (condition), 10 regions were monitored,
allowing acquisition of 40 different regions in a 2 min time frame. Care was taken to only select
cells with moderate expression levels and correct initial localization patterns. Cellular
condition was also verified by phase contrast microscopy, to assure that cells showed a
normal morphology without excessive vacuole formation.

Image analysis

Figure 7: Image analysis and nuclei tracking. (A) Image analysis workflow (IN: intensity normalization, CE: local
contrast enhancement, TS: temporal smoothing, LS: lateral smoothing, LG: Laplacian of Gaussian, T: threshold, CW:
conditional watershed, NN: nearest neighbor assignment, GF: gap fill, MC: manual curation, TD: track detection) (B)
Left: Example result of nuclei tracking in an image data set of MEF-LKO cells, with individually tracked nuclei
outlined in distinct colors and superimposed with their resp. tracks. Rupture events are indicated with white
arrowheads. Right: Time-projection of the nuclear outlines of the time series, superimposed with their respective
tracks in yellow. Rupture events are indicated as red dots on the tracks.
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A dedicated script (trackRuptures.ijm; https://www.uantwerpen.be/en/staff/winnokdevos/cell-systems/scripts/) was written for FIJI image analysis freeware (http://fiji.sc)[50],
to automatically track nuclei and measure their signal intensity through time. It runs on images
that contain either one single marker (NLS-mCherry) or two markers (NLS-mCherry and
H2B-GFP). The analysis workflow is composed of four blocks: image preprocessing, object
detection, object tracking and track analysis. Image preprocessing is limited to an intensity
normalization step (IN) to cover for temporal variations in illumination intensity.

3

Object detection initiates with local contrast enhancement to cover for intercellular variations
in fluorescent protein expression level across the field of view. Next, a smoothing step is
performed with a 3D (2D+time) kernel, of which the dimensions depend on the construct that is
visualized: H2B-GFP images typically only require a small 2D Gaussian filter to reduce noise
(lateral smoothing, LS), whereas NLS-mCherry images benefit from a combined lateral and
temporal smoothing (TS) to buffer the intensity variations due to NERs. The temporal
smoothing may also be of use for the H2B-GFP signal in case of highly mobile nuclei or focus
fluctuations, but can never have too large an extent (max. 10 min); otherwise overt smudging
will complicate segmentation. Subsequently, nuclei are detected using a Laplacian of
Gaussian blob detector (LG), binarized using an automatic threshold algorithm (T) and
touching nuclei are separated using a conditional watershed algorithm which is based on size
and intensity criteria. 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 (gap filling, GF). After, this
automatic procedure, the operator can manually check and correct tracks (manual curation,
MC), after which the actual signals are analyzed in one or both channels and listed for further
data analysis.

Statistics
Data analysis and statistics were performed in R Studio [51], specifically expanded with
packages for data structuring (gtools, reshape, plyr), statistics (car, nparcomp), model fitting
(diptest, mixtools, fitdistrplus) and visualisation (Hmisc, ggplot2). In brief, raw track analysis
output files containing signal intensities per time for every tracked nucleus, were imported in a
data frame and cleaned up by removing short tracks (<60 min). The derivative was calculated of
the H2B/NLS signal ratio (∆H/N) and NER events were detected above a threshold value of 1.2
(20% increase). After in silico synchronization, parameters such as average NER frequency
and average recovery halftime (Tr) were statistically compared with parametric (ANOVA) or
non-parametric (Dunnett or Kruskal Wallis) tests, depending on normality and
homoscedasticity checks. For these analyses, at least 3 technical repeats, separated in time,
were executed. Averages per repeat were calculated and used as data points. Distributions of
recovery halftimes were checked for absence of unimodality using Hartigan’s dip test and an
optimal fit for the density distributions was obtained by maximum-likelihood and goodnessof-fit estimation via cross-validation or bootstrap sampling.
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4.1 Abstract

4

Nuclear envelope ruptures (NERs) are observed in laminopathy patient cells and cancer cells
but the consequences remain poorly characterized. That is because detailed analysis of these
events is hampered by their stochastic occurrence. By inducing NERs in a controlled manner,
follow-up of the downstream events can be facilitated. As compression is one of the prime
causative factors for NER induction, this feature can be exploited for NER induction. Here, we
show that cell compression with atomic force microscopy can induce transient NER in
individual cells. Moreover, compression-induced NER could be expanded to the cell population
level using a dedicated confinement device. Compression induced NERs recapitulate the
hallmarks of spontaneous NER such as repair, cGAS binding and higher NER frequency upon
LMNA knockout. Moreover, by using this method it was possible to elucidate the effect of Atype lamin loss and prelamin A accumulation on NER frequency and repair kinetics.
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4.2 Introduction
Nuclear envelope rupture (NER) has emerged as a novel pathogenic hallmark of laminopathy
patient (-like) cells [1, 2] and cancer cells [3]. During NER illegitimate exchange of nuclear and
cytoplasmic content can occur. Small molecules and even whole organelles like mitochondria
can be translocated between the nucleus and the cytoplasm [1]. Despite this loss of nuclear
compartmentalization, cells manage to repair the damage to the NE and continue dividing [2].
However, recent data suggests that cells do not go through NER completely unharmed, as
DNA damage can accumulate after NER [4, 5]. Rapid progress in the field is made but the exact
consequences are not well understood. This is partially due to the sporadic and stochastic
occurrence of spontaneous NERs. If the exact moment of NER could be controlled, more
resolved insights could be obtained in the short and long-term consequences of NER. At the
same time it would become more feasible to perform timed molecular analyses at longer
intervals of sufficiently large cell populations.
Since compressive force has been shown to play an important role in NER induction [6],
mechanical confinement is a plausible strategy to cause NERs. In the past, several approaches
have been conceived to apply pressure on cells. For example, Broers at al. developed a device
to compress cells and simultaneously measure the mechanical stiffness [7]. They showed that
cell compression could induce loss of nuclear compartmentalization albeit in a non-reversible
manner. Moreover they showed that a lower force was needed to rupture LMNA knockout MEF
nuclei as compared to their LMNA positive counterparts. More recently, Le Berre et al.
developed a confinement device to compress cell populations in between two slides [8]. Using
this device, they found morphological changes of the nucleus and observed NERs. The
question remains if these induced NERs mimic the spontaneous NERs observed in
laminopathy patient cells and cancer cells and if they can be used to investigate NER in more
detail.
Here, the potential of compressive force to trigger NERs in a spatiotemporal manner was
explored. A proof-of-concept is given on the single cell level using atomic force microscopy
(AFM) with wedged cantilevers. The principle is extended to the population level by using the
afore-mentioned confinement device. Using this last technique, significant differences were
found in NER propensity and recovery kinetics in LMNA knockout and ZMPSTE24 knockouts as
compared to their controls.

89

4

4.3 Results
AFM-mediated compression can trigger transient NER in individual cells

4

To verify whether transient NERs could be induced at the single cell level, AFM micrsocopy
was exploited. When applying a 150 nN force with a cantilever (k = 0.84N/m) functionalized with
a 10 µm sized colloidal bead, uneven compression of the nucleus was observed , as evidenced
by an anisotropic lateral expansion of the nuclear contour (Figure 1A). Despite the application
of different force and contact time regimes, no NERs could be elicited using this cantilever.
When applying force (2000 nN) onto the HT1080 cells with a wedged cantilever (k = 8 N/m)
uniaxial compression was achieved shown by isotropic expansion of the nuclear contour
(Figure 1A). Interestingly, the nucleus compressed by the wedged cantilever shows a smaller
nuclear surface after release of the confinement suggesting compaction of the chromatin.
Using wedged cantilevers, several transient NERs were successfully induced as evidenced by
the instantaneous efflux of nuclear NLS-GFP signal to the cytoplasm (Figure 1B). Importantly,
the nuclear signal restored after removal of the compressive force, illustrating the transient
nature of the induced NER. The modalities for inducing NER were inconsistent between
individual cells with applied forces ranging from 2 to 2000 nN and contact time between 1 and 10
s. No upper threshold was found at which all nuclei showed NER with the current setup. The
time needed for full recovery of the nuclear signal ranged from 5 to 22 min with an average of 11
min ±6 min (n=7) with no clear correlation with force and contact time. It can be concluded that
transient NERs can be induced using uniaxial compressive force delivered by a wedged
cantilever.

Figure 1: NER induction with AFM: (A) The extent and uniformity of compression by a cantilever with bead versus a
wedged cantilever, visualized by H2B-mCherry signal before during and after compression, nuclear outline in
green, red and white respectively. (B) General principle of NER induction with AFM. Cells are compressed by a
wedged cantilever causing transient NER as shown by the temporary relocation of nuclear NLS-GFP (arrowhead)
to the cytoplasm followed by gradual restauration. The cellular outline is shown by the red dashed line and the
nuclear outline by the white dashed line.
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Nuclear height of HT-LKO, HT-ZKO and HT-CON cells
To extend the uniaxial compression to a population of cells, the 4D cell confinement device [8],
hereafter referred to as the cell confiner, was used. To determine the optimal extent of
confinement for inducing NER, the nuclear height of HT1080 cells was determined. This was
done using high-resolution confocal 3D microscopy of nuclei of adherent cultures,
counterstained with Hoechst. The setup was first benchmarked by addition of a low trypsin
dose (0.016% final concentration) to cells, which results in nuclear rounding as cell gradually
detach from the substrate and thereby release contractile forces from the cytoskeleton onto
the nucleus [9]. A significant increase (>60 % from 3.5 to 5.4 µm) in nuclear height was observed
starting from 33 min after trypsin addition (p < 0.01) (Figure 2A). Blocking microtubule
organization with nocodazole did not induce significant height increase, but abolishing
actomyosin contractility with blebbistatin did (p < 0.01) (Figure 2B). This suggests that the
approach allows detecting more subtle deviations in nuclear height as well. Therefore, the
nuclear height of HT-CON, HT-LKO and HT-ZKO cells was determined with this technique. High
variability within and between different cell colonies could be observed (ranging from 2.2 to 8.3
µm for individual cell nuclei) with an average nuclear height of 4.2 µm. No significant
differences were found between HT-CON and HT-ZKO cells, but HT-LKO (4.5 µm) had
significantly higher nuclei than HT-CON (4.1 µm) (p < 0.01).

Figure 2: Nuclear height (A) Up: Time dependent increase in nuclear height after addition of trypsin (0.016% final
concentration) with standard error in grey (n=10, p<0.01, p<0.001, p<0.001 for subsequent significant results, wilcox).
Down: XZ projection of representative cell showing rise in nuclear height over time after addition of trypsin, scale
bar = 5 µm (B) Left: Bar plot of cell treated with 500 nM nocodazole which interferes with microtubule
polymerization and blebbistatin (bleb1 = 100 µM, bleb2 = 200 µM) which inhibits myosin shows significant increase in
nuclear height upon blebbistatin treatment (p<0.05, p<0.01 for the resp. concentrations, wilcox). Controls were
treated with the DMSO in which the compounds were dissolved, cells were used as data points. Right:
Representative XZ projections showing the increase in nuclear height upon treatment, scale bar = 5 µm (C) Nuclear
height for different knockout colonies show significant higher nuclei for HT-LKO as compared to HT-CON (p<0.001,
wilcox) for the pooled datasets.

Transient NERs induced by population-wide confinement recapitulate characteristics of
spontaneous NER
Given that the average nucleus was slightly higher than 4 µm, a confinement height of 4 µm
was selected. The assumption underlying this choice was that a modest reduction in height
would exert a fairly gentle compressive force on a large number of cells. Hereby it was
assumed that, the differences in nuclear height between the cell types would not affect the
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impact too much, because the variation in nuclear height was in the same range as the
variation of the pillar height in the cell confiner which determines the extent of compression in
this device (Figure 3A) [8]. When applying negative pressure to the confinement device, many
cells experienced a reversible compression (Figure 3B). In line with the observations upon
application of compressive force with AFM, transient NERs induced by the cell confiner could
be detected (Figure 3C). The nuclear signal recovered after induced NER emphasizing its
transient character. The NER frequency in HT-CON cells was on average 8.5% (±3%) and thus in
the same range as that detected for spontaneous ruptures in a 4 h time frame (5-10%, chapter
3). During spontaneous NERs, nuclear chromatin becomes temporarily exposed to the
cytoplasm [4]. This can be visualized using a mutant version (with abolished enzyme activity) of
the cytosolic DNA-binding protein Guanosine 3′,5′-monophosphate–adenosine 3′,5′monophosphate (cyclic GMP-AMP) synthase (cGAS), fused to Red Fluorescent Protein (RFP).
When using this reporter, the formation of cGAS-RFP positive foci at the nuclear border upon
NER was observed (Figure 3D). Moreover, cells were shown to proceed to mitosis after
induced NER followed by repair (Figure 3D), showing that the compression is not toxic to
normal cell growth. These observations indicate that NERs induced by compression
recapitulate features of spontaneous NERs.
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Figure 3: Population wide NER induction with cell confiner: (A) Representation of the cell confiner. The suction cup is
connected to a vacuum pump and upon negative pressure the piston in the middle will move downwards. Onto the
piston a confinement slide containing pillars of a defined height (4 µm) is placed. Cells are compressed to a height
determined by the pillar height of the confinement slide. (B) Brightfield image showing cell before, during and after
confinement. (C) Rupture and repair of nuclei from colony HT-C02 on population level expressing H2B-GFP and
mCh-NLS. Disappearance of the mCh-NLS signal indicates NER while the DNA remains intact as shown by the H2BGFP staining. (D) cGAS accumulates after rupture at a side where the DNA is exposed to the cytoplasm in HT1080
cells transfected with a sir-DNA staining, expressing cGAS-RFP and NLS-GFP (D) Induced NER (t=2 min) followed
by mitosis with mCh-NLS in red and H2B-GFP in green.
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Loss of A-type lamins makes cells vulnerable to NER induced by compression
A-type lamins have previously been shown to protect cells from NER as cells with A-type
lamin reduction show a higher sensitivity for spontaneous NER [2] and NER caused by confined
migration [4]. To determine if loss of A-type lamins renders cells more susceptible to NERs
induced by compression, NER frequency was determined in HT-LKO cells in the confinement
device. This revealed that HT-LKO cells have a more than 5 times higher NER frequency
(p<0.01) as compared to the HT-CON cells with an average rupture frequency of 45 % (±11 %) and
8.5 % (±3 %) respectively (Figure 4A). Accumulation of prelamin A, on the other hand, did not
result in a significant increase in compression-induced NER frequency (11% ±5 %) consistent
with the results observed for spontaneous NERs.

4

Figure 4: NER with cell confiner: (A) Rupture frequency of separate colonies for HT-CON, HT-LKO and HT-ZKO.
Individual experiments were used as data points and pooled per condition (n = 21, 9, 12, respectively) and error bars
represent standard errors (p<0.01, wilcox). (B) Synchronized average repair curves of HT-CON (green), HT-LKO
(red) and HT-ZKO (blue) visualized by plotting the ratio of NLS to H2B signal. Cells are used as data points. The line in
each track indicates the mean value over all tracks per condition (n = 57, 40 and 24 respectively), the colored
surface shows the standard error (C) Repair half time of colonies with cells as data points is significantly enlarged
in HT-LKO and HT-ZKO as compared to HT-CON (p<0.001, p<0.01 resp., wilcox). Error bars represent standard
errors, n = 57, 40 and 24 for pooled HT-CON, HT-LKO and HT-ZKO respectively.

In contrast to spontaneous NER, induced NER did show significant differences in repair for
both HT-LKO and HT-ZKO as compared to HT-CON (Figure 4B). Both showed significantly
(p<0.01) slower recovery kinetics quantified by the repair half time (the time point at which the
nuclear signal has reached half of the intensity of the time point just before NER). HT-LKO cells
on average needed 15 min more to reach this point as compared to the HT-CON cells (25.8 min
±2.7, 11 min ±1.1 resp., p<0.01) (Figure 4C). The HT-ZKO had an average repair half time of 18 min
±2.3. It is important to note that the HT-ZKO data originates from two colonies only as the Z39
colony did not show any traceable NERs. Prelamin A accumulation thus has no influence on
NER frequency, but when a NER occurs, it does impair the normal repair kinetics. No
correlation was found between the severity of the NER (represented by the depth of the drop in
ratio at the moment of NER) and the repair half time.
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4.4 Discussion
Successful, transient NERs were induced with AFM using wedged cantilevers that apply
uniaxial compression. The inability to induce NER with the cantilever with bead might be due to
the lower spring constant. With this cantilever forces up to 150 nN could be applied on the
nucleus. Moreover, owing to its non-uniform contact surface, bead-based cell compression
can lead to redistribution of nuclear content to a non-confined part of the nucleus as shown
before in HT1080 cells [10]. This is not observed when using a wedged cantilever due to its big
(1600 µm2) flat surface that ensured complete flattening of the nucleus without the possibility
to relocate nuclear content to compensate for the applied pressure. In line with this,
successful NER was obtained by a wedged cantilever already at a force of 2 nN in some cells.
The use of a stiffer cantilever with a larger bead might partially circumvent this problem. Of
note, compression of nuclei with a pyramidal cantilever resulted in an anisotropic
compression similar to the cantilever with bead [11]. Therefore, the wedged cantilever is the
preferred method to obtain uniform compression.
AFM offers meticulous control over the force and height conditions and can be used to probe
multiple cells sequentially. This makes simultaneous confinement, force measurement,
nuclear height determination and confocal imaging possible. An important limitation of the
technique is the inability to treat multiple cells at the same time. This makes the generation of
statistically relevant data very labor intensive and precludes its use for comprehensive
biochemical/molecular interrogation. Therefore, similar uniaxial compression on a population
of cells was exploited by using a confinement device.
To know to what extent nuclei should be confined and to look at differences between HT-LKO,
HT-ZKO and HT-CON, the height of the nuclei was determined. A large spread of nuclear height
within the colonies was observed. Although it seems logical that nuclear size is related to the
cell cycle state, as bigger nuclear DNA content might enlarge the nucleus, this hypothesis is
not supported by literature. For, different tissues in the body have the same DNA content but
different nuclear sizes [12]. Moreover, it seems that the nuclear size is more related to the size
of the cytoplasm as the ratio of the nuclear to cytoplasmic volume is kept constant throughout
a cells’ lifespan independent of DNA content, as shown in yeast [13, 14]. Nuclear size seems to
be more dependent on membrane synthesis and proper nuclear transport [15, 16].
In cell culture, the major determining factor of nuclear height is the amount of cell spreading.
Upon cell spreading the nucleus becomes more flat [9, 17]. In close relation with this is the cell
density shown by the uniform nuclear height in cells closely connected through cadherin in
monolayers [18]. In monolayers, LMNA knockdown resulted in more spread cells with reduced
nuclear height [18]. On the other hand, LMNA mutations can cause defective cell spreading [19]
and culturing cells on soft substrates leads to lower lamin abundance and less cellular
spreading [20] suggesting enlarged nuclear height in cells with lower lamin levels. Our results
show a modest yet significantly larger nuclear height in LMNA knockout cells but with minimal
differences and high variability between individual cells. In the context of NER induction the
differences in nuclear height are in the same range of the variation of the pillar height in the
cell confiner [8] making them negligible for these experiments. This is supported by the
observation that there is no one to one relation between the NER frequency of a colony and its
nuclear height.
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Successful NER was obtained by dynamic confinement of cells down to 4 µm with the cell
confiner. Importantly, the induced NERs mimic spontaneous ruptures as illustrated by their
transient nature. Moreover, repair times are in the same range and genomic chromatin
becomes exposed to the cytoplasm, as revealed by cGAS-RFP accumulation.

4

From our data two important conclusions can be drawn. First of all, absence of A-type lamins
results in a higher NER frequency and prelamin A accumulation does not. This feature has also
been documented for spontaneous ruptures [2, 3] and during confined migration [4]. The
confirmation of these results in different setups strengthens the idea of the protective role Atype lamin play in NER prevention. Interestingly, nuclear height might play a role in the NER
frequency induced by the cell confiner. The Z39 colony shows a significant lower nuclear height
and NER frequency. In other colonies this connection is not visible which might mean that
below a certain threshold of nuclear height, NERs cannot be induced with the cell confiner.
Secondly, the data suggests that A-type lamins play a role in the repair of the NE after rupture.
This is illustrated by the elongated repair times in HT-LKO cells and has also been
demonstrated in lamin depleted cells migrating through small pores [5]. In addition, HT-ZKO
cells also exhibited elongated repair times, strengthening the hypothesis that normal A-type
lamin function is required for proper NE repair. In spontaneous NER this difference was not
observed, suggesting that lamins are more important in facilitating repair after NERs induced
by confining forces. The exact role of A-type lamins in repair of the NE is not yet fully
understood. One possible explanation involves the lamin binding protein LEM2. It has been
shown that upon NE reformation during anaphase, LEM2 can interact with CHMP7 to start the
formation of the ESCRT-III complex thereby initiating NE reformation [21]. In normal conditions
CHMP7 is not present inside the nucleus but upon NER it might be able to enter the nucleus and
aggregate with LEM2 to initiate NE repair. Defects in A-type lamins might lead to a disturbance
of this pathway as altered LEM2 localization has been observed upon expression of a mutant
lamin A form in C. elegans [22]. Next to the ESCRT-III machinery other pathways may be
involved in NE repair and may be influenced by the nuclear lamina.
An interesting phenomenon observed in spontaneous NER and confinement induced NER, is
chromatin compaction [2]. With AFM confinement, chromatin compaction was even observed
in nuclei that did not show NER, indicating that compression alone is sufficient to induce
chromatin compaction. This compaction may serve as a protective measure because
compacted chromatin is less sensitive to DNA damage from irradiation and chemicals [23].
Chromatin compaction observed in cardiomyocytes might illustrate this protective function.
Upon ischemic conditions reversible chromatin compaction was observed [24] and ischemia
has been associated with increased ROS levels and DNA damage. Moreover, there might be a
connection between ROS and chromatin compaction. Glutationylation of histon H3 leads to
more open chromatin [25]. Thus reduced levels of glutathione, due to oxidative stress [26],
might result in less glutationylation of histon H3 leading to reduced open chromating structure
[27]. Altogether this suggests that chromatin compaction upon NER might be a measure of the
cell to protect its genome from damage.
The NER induction techniques described in this chapter are useful tools to get more insights
into NER, though improvements can still be made. Both techniques need to be optimized
further to govern consistent results with reduced variability. In case of the AFM, its strength of
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very precise measurements also harbors its weakness making it sensitive to noise both from
the sample and the environment. Moreover, this setup has a low throughput making the
gathering of sufficient large datasets challenging. An important problem that has to be tackled
in the cell confiner is the loss of focus during confinement. This hampers image acquisition at
the exact moment of NER. The problem can be resolved by using a microscope with a better
autofocus system or dishes with a bottom that is less susceptible to the applied negative
pressure. Although the induction of ruptures with these techniques does not completely mimic
the spontaneous ruptures, it may facilitate unraveling the mechanisms of NE repair because
the induction is similar to induction by cytoskeletal forces [6]. In combination with advanced
microscopy the triggers and proteins involved in NE repair can be elucidated in more detail.
Moreover, the effect of different lamin types and mutations on the vulnerability to induced NER
can be assessed.
In summary, compression can be used to evoke NER events in a controlled manner with AFM
and the cell confiner. Although compression may not exactly mimic the trigger of spontaneous
NERs, the technique permits following up the rapid as well as the long term consequences
with high resolution. Further optimization will offer an attractive platform to uncover the
molecular pathways that become altered upon temporary loss of nuclear
compartmentalization.
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4.5 Materials and methods
Cell culture
Parental HT1080 cells, HT1080 cells stably expressing NLS-GFP and H2B-mCherry and LMNA
and ZMPSTE24 knockouts (HT-LKO, HT-ZKO) with their controls (HT-CON) were cultured in
DMEM (Lonza, 12-604F) with 10% FBS (Gibco, 10270-106) and 1% penicillin-streptomycin
(Thermo Fisher Scientific, 15140122). Cells were seeded onto a glass bottom dish (Willco wells,
HBST-5040, ±20 cm2) at a density of about 35 000 cells/cm2. The HT-LKO colonies used were
L02, L45, L47, the HT-ZKO colonies were Z29, Z34, Z39 and the HT-CON colonies were C02, C04
and C05 as described in chapter 2.

4

Compound treatment
Cells were treated with nocodazole (500 nM) and blebbistatin (100 and 200 µM, Enzo Life
Sciences, BML-EI315-0005) diluted in DMSO. Controls were subjected to the same amount of
DMSO as was present in the treated samples. After 1 h incubation the cells were washed once
with DMEM with supplements and new media containing the compounds was added.

Transfection
24 h after seeding cells were transfected by using lipofectamin 2000 (Thermo Fisher Scientific,
11668027) according to manufacturer’s instructions. For one dish 2 µg of DNA and 2.6 µl of
lipofectamin 2000 was used and 6 to 8 h after transfection the medium was changed to DMEM
with supplements. If multiple plasmids were used, the total amount of DNA was kept constant
and divided by the number of plasmids. Next to mCherry-NLS, and H2B-GFP (generous gifts
form J; Goedhart, University of Amsterdam, the Netherlands), NLS-GFP and cGAS-RFP (a kind
gift from J. Lammerding, Cornell University, USA) were used.

Determination of nuclear height
The height of the cell nuclei was determined by obtaining Z-stacks with a Leica SP8 confocal
microscope equipped with a white light laser, using a 63x water objective (NA = 1.2). The
nuclear DNA was stained with sir-DNA (1/2000, Spirochrome) or Hoechst (1/1000) for 30 min
followed by a single wash with DMEM with supplements. Subsequently, the cells were put onto
the confocal microscope and Z-stacks were acquired with optimal Z-spacing (0.36 µm). The
nuclear height was determined with image analysis in Fiji freeware [28] by calculating the
vertical extent of the nuclear signal on a maximum XZ projection.

Atomic force microscopy (AFM)
For NER induction with AFM, a catalyst AFM (Bruker) was used, which was mounted on a Leica
TCS SP5 II confocal laser-scanning microscope with a Hamamatsu (ORCA-05G) brightfield
camera and a 40x 0.85 NA air objective. The cantilevers used are listed in Table 1 and had a
spring constant ranging from 0.8 to 8 N/m. The wedged cantilevers were obtained from Daniel
Muller [29]. To the non-wedged cantilevers (MLCT-010-A/F) a polystyrene bead of 10 µm
diameter was attached (Polysciences, Inc 18133).
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Nuclei were localized based on the H2B signal Forces applied on the nuclei ranged from 2 –
2000 nN and were applied for up to 10 s for NER induction. Cells were washed with imaging
medium and the dish was filled with 4 ml of imaging medium followed by 30 min incubation in
an incubator without C02. The imaging medium contained no bicarbonate or phenol red and was
supplemented with 20 mM HEPES.
Table 1: Overview of cantilevers used for AFM

Number
1
2
4
5

Type
Non-wedged with bead
Non-wedged with bead
Wedged
Wedged

Spring constant (N/m)
0.1013
0.8431
2.2039
8

4

Cell confinement
The commercial 4D cell confinement device (Dynamic cell confiner, 4D cell) (Figure 3A) [8, 30],
consists of a suction cup with a piston in the middle that will move down when negative
pressure is applied by a vacuum pump. At the bottom of the piston a confinement slide is
attached that contains pillars which determine the extent of cell confinement. In these
experiments a pillar height of 4 µm was used to confine the cells. The whole system was put
onto the cells while a low vacuum was applied so as to attach the suction cup to the cells
without confinement taking place. For time lapse imaging a Leica SP8 confocal microscope
was used, equipped with a white light laser, using a 20x water objective (NA = 0.75). 10 fields of
view were chosen with cells showing proper localization of the fluorescence signals and
where the pillars of the confinement slide would not touch the cells. Time lapse imaging was
performed with an interval of one min for one hour. After the second acquisition vacuum was
applied for 5 s. Subsequently, the pressure was set back to baseline which keeps the suction
cup in place without confinement. This resulted in a short temporary compression of the cells
down to a height of 4 µm. For each condition three technical replicates were performed.
Analysis of rupture kinetics was executed as described in chapter 3.

Statistics
Statistical analysis of the data was executed with R statistical software [31] in R studio [32]. For
every condition three biological replicates were used (colonies) and for each biological
replicate a minimum of three technical replicates were executed. Statistical tests were
performed on the pooled data, resulting in at least 9 values for each condition (3 biological x 3
technical). Homoscedasticity and normality were assessed with Bartlett’s and Shapiro-Wilk’s
tests respectively. If case of deviation from normality criteria a non-parametric Wilcoxon rank
sum test was performed. For accurate calculation of the p-value in samples with ties the
wilcox.exact test was used from the exactRankTests package. Significance of correlations was
tested with Spearman’s rank correlation for non-parametric data and Pearson’s correlation
for normally distributed data.
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Chapter 5:
Mining the cellular proteome for Atype lamin regulated pathways
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5.1 Abstract
Mutations in the LMNA gene cause a broad range of diseases termed laminopathies. These
diseases are associated with (partial) loss of lamin A or accumulation of immature,
permanently farnesylated prelamin A variants. A newly arising disease hallmark is the
occurrence of transient nuclear envelope ruptures (NERs). To unravel the pathways that
become specifically altered in both conditions and their possible connection to NER, the
proteome of cells lacking A-type lamin and cells accumulating prelamin A was compared with
control cells that display normal A-type lamin levels. A mass spectrometry-based shotgun
proteomics approach revealed dysregulation of normal mitochondrial function in both
conditions. Since the assessment of protein abundance does not inform on their actual activity,
shotgun proteomics was complemented with a broad-spectrum kinase activity profiling. This
showed lower activity of PKC in lamin depleted conditions and deregulation of the MAPK
pathway.
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5.2 Introduction
Laminopathies are phenotypically diverse diseases caused by mutations in genes that encode
lamins. Lamin proteins form a dense network at the inner side of the NE where they provide
structural support and regulate gene expression. Mutations lead to two main disease causing
principles, the loss of normal lamin function or a gain of function that is toxic for the cell. The
first is caused by mutations in the LMNA gene, coding for A-type lamins, that result in a
disturbed functionality of the protein. The gain of a toxic function is a result of the accumulation
of permanently farnesylated prelamin A variants as a result of impaired lamin A maturation.
This can be caused by a specific mutation in LMNA (G608G) [1] or by dysfunction of the
ZMPSTE24 protein involved in the final cleavage step during lamin A maturation [2].
Two main hypotheses have been suggested to explain the origin of laminopathies. The
structural hypothesis focusses on the supporting role of lamins, postulating that altered lamin
composition makes nuclei more vulnerable to forces from the environment. The role of lamins
in gene regulation is at the basis of the second hypothesis in which deregulated gene
expression is seen as the most important factor. Although evidence has been provided for both
hypotheses, the exact disease-causing mechanisms remain elusive. The discovery of nuclear
envelope ruptures (NERs) in laminopathy patient cells [3] has opened a new entry route in the
laminopathy research field. Moreover, these NERs have also been observed in cancer cells [4,
5], making it a more broadly applicable phenomenon. These NERs have been shown to be more
prominent in cells lacking A-type lamins whereas prelamin A accumulation shows a less
pronounced effect [3, 6]. This suggests that different pathways might be active in loss of lamin
function as opposed to a gain of a toxic function.
A starting point to investigate changes in cellular pathways is the assessment of the cells
proteome. To get a holistic view on the proteins disturbed in laminopathies that might be
involved in NER, a proteomics study was executed. A limited amount of proteomics studies
have been executed in the laminopathy field on ZMPSTE24 knockout mice [7], progerin
expressing mice [8] and LMNA knockdown fibroblasts [9]. These demonstrated mitochondrial
dysfunction [7, 8] and dysregulation of normal cytoskeletal tension and focal adhesion [9].
To add to the existing knowledge and uncover new interesting pathways possibly relating to
NERs, a comparative shotgun proteomics study was executed on knockout cell lines for LMNA
and ZMPSTE24. As protein levels only show part of the picture, protein activity was measured
to unravel effects that are not observed when looking only at abundancy. More specifically, an
exploration of protein activity was performed by looking into peptide phosphorylation and
differences in kinase activity.
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5.3 Results
LMNA knockout predominantly alters mitochondrial proteome
A shotgun mass spectrometry (MS) proteomics experiment was performed on HT-LKO, HTZKO and HT-CON cells. The analysis confirmed the absence of A-type lamins in the HT-LKO
cells as no A-type lamin protein was detected in the HT-LKO whereas a high protein
abundance was observed for the HT-CON (Figure 1A). This provides a validation of the accuracy
of the methodology. The strong depletion of A-type lamins was also confirmed by the highly
significant negative log 2 fold change value, visualized by the gene name LMNA in the volcano
plot (Figure 1B).

5

Figure 1: Shotgun proteomics of HT-LKO cells (A) The profile plot shows the log2 normalized protein intensity for all
detected proteins for the HT-CON (C) and HT-LKO (L). The different numbers indicate biological replicates. In red the
measured intensities per replicate for the A-type lamins are shown (B) Volcano plot showing the log2 fold change of
protein levels and associated significance levels (expressed as –log(p-value) in HT-LKO vs HT-CON cell. Proteins
with significantly different abundancy are outside of the hyperbolic lines. The borders are determined based on a
false discovery rate of 0.05. Negative values indicate a lower abundance in HT-LKO. For ease of visualization gene
names corresponding to the proteins are displayed (C) Western blot of HT-CON (C) and HT-LKO (L) showing protein
abundance with nucleolin as reference protein. The ratio of the protein signal and the nucleolin signal, determined
from one blot, is written below (D) Word cloud visualization of enriched gene ontology (GO) terms in Enrichr for
“cellular component”. The size of the word corresponds with its frequency in the GO terms (E) Enriched GO term for
“biological process” based on Enrichr and visualized in a word cloud. The size of the word corresponds with its
frequency in the GO terms.

Apart from LMNA, a number of additional putative hits was detected as strongly differing
between the two conditions and this with high significance. A total of 159 proteins showed
significantly different abundance in HT-LKO as compared to HT-CON from which 56 were
lower in HT-LKO and thus 103 had a higher abundancy in HT-LKO as compared to HT-CON. Four
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top hits were selected for validation with western blot. Not all differences could be confirmed
except for MAP2K1, which showed a higher protein abundance in HT-LKO (Figure 1C).
Enrichr gene ontology (GO) [10] for the proteins with significantly different protein levels
revealed a strong presence of mitochondrial associated terms for “cellular component”. The
gene ontology terms that had a p-value<0.01 are represented in a word cloud where the biggest
words show the highest frequency in the GO terms (Figure 1D/E). Different pathways in
mitochondrial function were found enriched in the HT-LKO proteome: beta oxidation (ACAA2,
ECI2), protein processing and degradation (CLPP, DNAJA3, IDE, NIF3L1), mitochondrial protein
synthesis (MRPL14/44/50) and the respiratory chain (COX20, NDUFA4/8/9, NDUFAS2,
NDUFV1). Next to the mitochondrial component, lysosomal associated proteins (SCARB2,
RHEB, AP1G1, LAMTOR3, ARL8B) showed a differential abundance in HT-LKO. When exploring
“biological process” in the GO analysis, mitochondria surfaced again as dominant term, but
here also terms related to the transport of RNA and viruses emerged. Large contributors in
these ontology terms are nucleoporins (NUP188, NUP85), RNA export factor (RAE1) and the
ESCRT-0 complex component TSG101. Furthermore, transcription is represented by changes
in transcription factor abundancy for mitochondrial transcription factors, viral transcription
and transcription regulation.

Figure 2: (A) The profile plot shows the log2 normalized protein intensity for all detected proteins for the HT-CON (C)
and HT-ZKO (Z). The different numbers indicate biological replicates. In blue the measured intensities for ZMPSTE24
is shown. (B) Proteins with significantly different abundancy are on the extremes from the black lines in the volcano
plot. The borders are determined based on a false discovery rate of 0.05. Negative values indicate a lower
abundance in HT-ZKO (C) Western blot of HT-CON (C) and HT-ZKO (Z) showing protein abundance with nucleolin as
reference protein. The ratio of the protein signal and the nucleolin signal, calculated from one blot, is written below.
Segments are derived from the same blot as figure 1C but repositioned for clarity of representation (D) Word cloud
visualization of enriched GO terms in Enrichr for cellular component (E) Enriched GO term for biological process
based on Enrichr and visualized in a word cloud.

109

5

ZMPSTE24 knockout affects mitochondrial proteome
The profile plot for HT-ZKO and HT-CON shows no detected ZMPSTE24 protein in HT-ZKO cells
but also in one repeat of the HT-CON cells the protein is not detected (Figure 2A). This results in
the exclusion of the protein from further analysis as only proteins with at least three detected
values are retained in the analysis. However, from the profile plots it can be deduced that
ZMPSTE24 has a lower protein abundance in control cells as compared to A-type lamins
(Figure 1A ,Figure 2A). When applying a similar analysis to pooled colonies of the HT-ZKO cell
line, 159 proteins were significantly different in abundancy as compared to the HT-CON, with 66
up- and 93 downregulated. Three top hits were selected for validation with western blot but
only the higher abundance of MAP2K1 could be confirmed (Figure 2C). When comparing the HTZKO to the HT-LKO results, 38 proteins were significant in both experiments of which the
majority (34/38) was changed in the same direction as compared to HT-CON.
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GO analysis of those proteins with significantly different levels revealed again an enrichment
of mitochondrial terms for “cellular component”. This is attributed to overrepresentation of
proteins with a broad range of function in the mitochondrion including the lipid metabolism
(AGK), the respiratory chain (NDUFA8, DNUFB11, NDUFS8) and redox homeostasis (TXNRD2).
In contrast with HT-LKO, the term “nuclear’ was now also retrieved. When analyzing the
factors that gave weight to this component, mostly proteins involved in transcription (TOP2A,
USP36) and RNA interaction (DDX23, NUFIP2, GEMIN5) were found. When looking into the
“biological process” GO, most processes are related to the nucleus, mRNA and viruses. The
attributors for mRNA and nucleus are often the same as they are involved in export of mRNA
from the nucleus. Similarly, the viral GO terms show the nucleoporins (NUP214, NUP88) as
important proteins

Basal and induced ROS levels are elevated in HT-LKO and HT-ZKO as compared to HT-CON
One striking similarity between the proteome of HT-ZKO and HT-LKO as compared to HT-CON
cells, was the strong dysregulation of proteins involved in mitochondrial function. Since
mitochondrial dysfunction leads to elevated ROS levels [11, 12] and sustained knockdown of
LMNA and ZMPSTE24 have both been found to increase the levels of reactive oxygen species
[13], ROS measurements were performed on all three cell types. Basal ROS levels, detected by
CM-H2DCFDA staining, were significantly higher in HT-LKO (p<0.01) and HT-ZKO (p<0.01)
colonies as compared to the HT-CON (Figure 3A). Moreover, in both cell types sensitivity to
induced ROS (as elicited by TBHP treatment) was increased in HT-LKO (p<0.01) and HT-ZKO
(p<0.01).
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Figure 3: ROS levels are increased in HT-ZKO and HT-LKO (A) Basal ROS levels are elevated in the pooled HT-LKO
colonies and pooled HT-ZKO colonies as compared to the pooled HT-CON colonies (n=9 per condition, p<0.01,
Wilcox)(B) Higher induced ROS levels were detected for the pooled HT-LKO colonies and pooled HT-ZKO colonies as
compared to the pooled HT-CON colonies (n=9 per condition, p<0.01, Wilcox) (C) Fluorescent images showing basal
and induced ROS levels for one HT-CON, HT-LKO and HT-ZKO colony. Individual data points are corresponding
wells, error bars are standard errors.

Differential peptide phosphorylation in HT-LKO and HT-ZKO
The abundance of a protein does not necessarily imply that it is functional or active. To shed
light on the functionality of at least one part of the proteome (namely the kinome), an analysis
of peptide phosphorylation was performed with the Pamgene serine/threonine kinase chip on
the knockout cell lines. To increase the probability of detecting A-type lamin specific pathways,
sustained knockdown of LMNA (HT-LKD) was also performed as described in chapter 2.
This chip contains 144 different peptides each present in high number at a localized spot in the
chip. These peptides can be phosphorylated by kinases present in the cell lysate administered
to the chip. This results in a fluorescent signal for each peptide spot indicative of the amount of
phosphorylations (Figure 4A). A heatmap based on Z-scores of detected peptide intensities
shows similarities between repeats of one condition and differences as compared to the other
condition (Figure 4B). However, there is also very high variability between different replicates
of one sample.
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Figure 4: (A) The principle of the Pamgene technology showing a PamChip which consists of four arrays with 144
different peptides each. These peptides can be phosphorylated by kinases present in the sample. The
phosphorylated peptide can be bound by a general antibody resulting in signal intensities depending on the
phosphorylation status of the peptides. (B) Heatmaps of Z-score normalized peptide intensities from 3 replicates of
HT-CON, HT-LKO, HT-NT and HT-LKD on the left and HT-CON and HT-ZKO on the right.

When comparing HT-LKO with HT-CON, no peptides were found with a log2 fold change higher
than one and a p-value of pairwise t-testing <0.05 (visualized in a volcano plot, Figure 5A). HTLKD did show significantly different peptide phosphorylation events as compared to its nontargeting treated control (HT-NT). When combining both datasets (LKO and LKD), in an attempt
to filter out specific A-type lamin regulated pathways, 12 significant peptide hits were picked
up. All of these showed reduced phosphorylation as compared to the pooled controls (Figure
5B/C). Conversely, all significant peptides showed higher phosphorylation in the HT-ZKO as
compared to the HT-CON (Figure 5D). An overlap of the significant peptides from the combined
HT-LKD/HT-LKD readout (Figure 5C) and HT-ZKO (Figure 5D), revealed 5 peptides that were
significantly dysregulated, albeit in the opposite sense, in both conditions: KAP3, CFTR, CAC1A,
VTNC and VASP (Figure 5E).
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Figure 5: (A-D) Volcano plots of a pairwise t-test for the peptides of showing the log2 fold change on the x-axis with
positive values indicating lower intensity for the control. Red/Blue dots indicate peptides with a p-value < 0.05 and a
log2 fold change > 1 (A) HT-CON vs HT-LKO (B) HT-NT vs HT-LKD (C) Combined dataset (HT-CON/HT-NT vs HTLKO/HT-LKD. The peptides overlapping with (D) are named and are indicated with a black circle (D) HT-CON vs HTZKO. The peptides overlapping with (C) are named and are indicated with a black circle (E) Venn diagram showing
overlap between C and D.

Principal component analysis of peptide phosphorylation fingerprints allows distinction of cell
types
Principal component analysis (PCA) on the Z-score of the peptide phosphorylation signal
intensities revealed that replicates of HT-LKO could be separated from those of HT-CON
(Figure 6A). Likewise, HT-LKD replicates form a distinct cluster separated from the HT-NT
(Figure 6B). A combination of both datasets revealed that the HT-LKO and HT-LKD could be
distinguished from their controls in one direction of the PC space (PC2) (Figure 6C). A similar
analysis was performed for HT-ZKO cells and their controls (HT-CON) (Figure 6D). Again, the
PCA plot showed a separation of HT-ZKO and HT-CON based on PC2. This PC2 dimension may
provide the most discriminatory information. Therefore, the dominating peptides of PC2 (those
with the strongest eigenvalues) in both conditions were selected. An overlap of the selected
peptides from the combined HT-LKO/LKD readout (Figure 6C) and the HT-ZKO readout (Figure
6D), revealed 2 peptides (KCNA6 and PP2AB) that were common in both conditions (Figure 6E).
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Figure 6: (A) PCA plot of peptide intensities of the LMNA knockout (HT-LKO versus HT-CON) (B) PCA plot of peptide
intensities of the LMNA knockdown (HT-LKD versus HT-NT) (C) PCA plot of peptide intensities of the combined
LMNA knockout and knockdown dataset (HT-LKO, HT-CON, HT-LKD, HT-NT) (D) PCA plot of peptide intensities of
the ZMPSTE24 knockout (HT-ZK vs HT-CON) (E) Venn diagram showing overlap between C and D.

Upstream kinase analysis shows involvement op PKC and MAPK pathway in HT-LKO
An upstream kinome activity analysis based on significant peptides from the pairwise t-testing
reveals bidirectional changes in kinase activity for HT-LKO as compared to HT-CON (Figure 7).
For this test, HT-NT replicate 3 and HT-ZKO replicate 3 were removed from the analysis. HTLKO show higher activity in cell cycle involved kinases (CDK) and multiple MAPK involved
kinases (MAPK7/12/13/14, JNK1/2/3, ERK1/2). Moreover, general PKC and AKT activity was
lower in HT-LKO as compared to HT-CON. The reduction of PKC activity was also observed in
HT-LKD cells making it a general observation in lamin depleted conditions. HT-ZKO showed a
unidirectional higher kinome activity as compared to the controls (HT-CON).
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Figure 7: Upstream kinase analysis based on the total peptide datasets showing the most significant (represented
by the normalized kinase statistic) and specific (represented by the specificity score) kinases found based on the
peptides. Values > 0 represent kinases that showed a higher activity in the treated group (HT-LKO, HT-LKD, HT-ZKO)
as compared to the controls (HT-NT, HT-CON).
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5.4 Discussion

5

In this chapter an exploratory analysis was performed to obtain a comprehensive view on
protein abundance and kinome activity in relation to A-type lamin depletion and prelamin A
accumulation. Shotgun proteomics revealed a range of proteins that were significantly
dysregulated in both models though in different directions. While the MS-based analysis
proved reliable by confirming absolute depletion of A-type lamin or ZMPSTE24 in HT-LKO and
HT-ZKO respectively, validation of MS hits by western blot proved more difficult. This can be
explained by differences in detection for both MS and WB. Whereas the first detects different
small peptides originating from one and the same protein, the latter is based on specific
antibody binding to one specific position in the protein. When comparing the antibody binding
position to the peptides detected by MS, it became apparent that in all cases, except for
MAP2K1, the antibody bound to peptides that did not show a difference in abundancy while
other peptides from a different position in the protein did. This can be attributed to posttranslational modification or possible cleavage of the terminal parts of the protein. Using other
antibodies with different binding position can help to further unravel and confirm the results
found by MS. Moreover, the protein extraction procedure was different for both methods.
Where the western blot was executed on crude extracted cellular protein, the peptides
subjected to MS were more intensively processed thereby risking loss of material.
GO analysis revealed significantly enriched terms in the altered proteome. Many of these
terms aligned well with previously published findings. For instance, alterations in the energy
metabolism and oxidative stress were found in patient cells with LMNA mutations [14] hinting
towards dysregulations of the mitochondria. Mitochondrial dysregulation and oxidative stress
have been reported before in cells with A-type lamin mutations and LMNA knockdown [13, 15]
and were confirmed in the HT-LKO as compared to HT-CON. Another interesting GO term in the
HT-LKO data set was “focal adhesion”. A previous SILAC based proteomics experiment from
our lab on human fibroblasts showed dysregulation of focal adhesion formation and
cytoskeletal tension upon sustained LMNA knockdown [9]. Another proteomics study on
patient cells with LMNA mutations also found alterations in cytoskeletal proteins [14].
When looking at the accumulation of prelamin A, proteomics analysis has been executed in
HGPS cells [7], progerin expressing cells [16] and in a ZMPSTE24 knockout mouse model [8].
These studies all showed alterations in normal mitochondrial functioning similar to our
observations. The higher basal and induced ROS levels for HT-ZKO and HT-LKO as compared
to HT-CON further confirm these findings. Our group previously showed altered ROS levels in
sustained LMNA and ZMPSTE24 knockdown cells as well as patient cells. Basal and induced
ROS levels were increased in LMNA knockdown cells whereas ZMPSTE24 knockdown only
resulted in a moderate rise of basal ROS and no significant change in induced ROS. [13]. But
HGPS patient cells did show a higher basal ROS content. Moreover, lamin A has been shown to
be important to maintain proper redox homeostasis [15] The discrepancy between the
knockdown and knockout models for ZMPSTE24 might be explained by the shorter time
between depletion and measurement. Where the knockdown cells were measured at a
maximum of 11 days after the first knockdown, knockout cells have been grown for several
weeks with gene knockout (due to single cell selection and clonal expansion). This suggests
that the effect of prelamin A expression accumulates over time when looking into cellular ROS
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levels. Moreover, different cell types were used for both analyses which might explain the
differences observed.
The strong presence of viral GO terms can be explained by dysregulation of nucleoporins.
These components of the NPC interact with the nuclear lamina [17, 18] and disturbed
localization has been found upon LMNA mutation [19, 20]. Multiple viruses interact with the
NPC to enter or exit the cell nucleus [21-23]. Therefore lamin related nucleoporin redistribution
can lead to viral related GO terms. Another interesting contributor is the ESCRT-0 complex
component TSG101. The ESCRT machinery is involved in membrane remodeling in endosomes,
the NE and the cell membrane. Moreover, impaired autophagy is observed in LMNA mutated
mice [24, 25] and ESCRT complexes are involved in endosomal and lysosomal fusion [26]. Also,
viruses exploit the lysosomal pathway in their cellular life cycles [27, 28]. Thus, the occurrence
of the viral and lysosomal term in GO might be attributed to disturbance of the autophagic
pathway in lamin mutated conditions. On the other hand, disturbance of nucleoporins suggests
dysregulation of nuclear transport and thereby possibly nuclear compartmentalization.
Together with the fact that viruses are known to cause local break down of the nuclear lamina
[29] and viral proteins have been shown to induce NER [30], this might suggest that the viral GO
terms arise from effects related to NER. Moreover, the ESCRT-III machinery has been shown
to repair the NE after NER [5, 6, 31]. Thus again suggesting a possible connection between NER
and the observed changes in protein abundancy.
Important contributors to the GO terms related to RNA and transcription are transcription
factors including RelA. NERs have been shown to result in uncoordinated transcription factor
shuttling. Specifically relocation of RelA has been shown in lamin mutated patient cells upon
NER [3]. Nucleoporins are involved in RNA export from the nucleus. Thus disturbance of
normal NPC function observed in LMNA mutant cells might be at the origin of this GO term.
Moreover, inhibition of RNA polymerase II dependent transcription has been observed in cells
expressing truncated lamin forms [32]. To determine which of the above mentioned events are
truly applicable, the obtained data has to be elucidated by further validation of the differentially
abundant proteins.
Next to protein abundance, we wanted to look into protein activity. Despite huge variability
between replicates, some interesting peptides were observed with significantly differential
phosphorylation quantities. The peptides significant in both HT-LKO/HT-LKD and HT-ZKO as
compared to their controls were changed in the opposite direction, illustrating the difference
between loss of lamin function on one hand and the gain of a toxic function on the other hand.
VTNC and VASP are especially interesting as they are involved in cell adhesion which has been
shown to be deregulated in lamin depleted cells [9].
Further data analysis revealed that it was possible to separate the cell types based on PCA
analysis. This separation was primarily based on the second principal component which might
imply that the first principal component encompasses the experimental variation thereby
masking the actual biologically relevant differences. Running the upstream kinase analysis
with only the information from peptides that contributed most to the second principal
component could show which kinases are specifically involved. When looking only into the
phosphorylation data without making the connection to kinase activity, one interesting peptide
appeared from the PCA analysis in both HT-LKO and HT-ZKO namely PP2Ab. This is the
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regulatory subunit of the phosphatase PP2A which has been described to associate with Atype lamins [33]. Disturbed interaction of the phosphatase PP2A with lamins due to LMNA
knockout in MEFs has been shown to result in altered phosphorylation of its downstream
targets including pRb [33]. Interestingly, this phosphatase is involved in the regulation of NE
reassemble after mitosis by dephosphorylation of BAF [34], making it a possible influencer of
NER. In our data, both HT-LKO and HT-ZKO show a higher phosphorylation of PP2Ab but it
remains difficult to determine the actual consequence of lamin dysregulation on PP2A activity.
Phosphorylation has shown to enhance its activity [35] but the exact effect of phosphorylation
on the position detected in this assay is not described.

5

Determining kinase activity based upon peptide phosphorylation is a difficult process. Due to
the complexity of pathways, no solid one-to-one relation between one phosphorylation site
and one kinase exists. Therefore predictions for upstream kinases are made based on the
phosphonet database. Phosphonet itself is also based on prediction of the phosphorylation
activity of kinases. Pamgene has recently expanded their database with data from HPRD,
phosphosite plus, phosphoelm and uniprot. Rerunning the analysis with this expanded
platform may possibly lead to more clear and robust results.
Before firm conclusions can be drawn from the kinase activity analysis, proper validation has
to be executed. However the complexity of the pathways hampers simple validation.
Phosphorylation of downstream kinase targets can be determined by phosphorylation specific
antibodies in western blot. A complementary technique that might help to unravel the changes
is quantitative phosphoproteomics where phosphorylated peptides are enriched and detected.
Some interesting kinases did pop-up from the HT-LKO upstream kinase prediction. CDK1 and 2
show higher activity in HT-LKO as compared to HT-CON. Lamins are phosphorylated by CDK1
during mitosis to disassemble the nuclear lamina [36]. Moreover, controlled lamin A
phosphorylation is important for its proper integration in the nuclear lamina in interphase [37].
It could be that lamin depletion has an effect on cell cycle progression and thereby on the
activity of one of the most prominent regulators of cell cycle progression, CDK [38]. Another
kinase that has been associated with lamin phosphorylation is PKC. Multiple PKC
phosphorylation sites have been predicted on lamin A [37] and phosphorylation has been
confirmed on B-type lamins [39, 40]. PKC activity was reduced in both HT-LKO and HT-LKD
compared to their controls. PKC activity might be reduced in this situation because no A-type
lamin phosphorylation is necessary. An important next step is to validate this result e.g. by
directly measuring PKC kinase activity (using commercially available kits) or by performing a
complementary phosphoproteomics analysis. If PKC is truly dysregulated, targeted
(pharmacological or genetic) inhibition or activation experiments may allow validating the
specific influence of PKC activity in NER propensity and kinetics.
Finally, by cross-comparing the proteome and kinome data, one interesting pathway emerged
in both cases, namely the MAPK pathway. Increased ERK1/2 activity is observed in mice
models with LMNA mutations leading to cardiomyopathy [41]. The kinase responsible for
ERK1/2 activation MEK1 (MAP2K1) had a higher abundance in HT-LKO and HT-ZKO as compared
to controls in the proteomics results. Moreover, we found elevated ERK1/2 kinase activity in
HT-LKO cells as compared to HT-CON. Inhibition of the MEK1/2 kinases has been shown to
ameliorate the phenotypes of mice with LMNA related dilated cardiomyopathy [42].
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In conclusion, a first exploratory analysis of the proteome-wide changes of genome edited cell
lines was performed. This exposed several, A-type lamin-related pathways including
mitochondrial function and the MAPK pathway. The latter was also highlighted when looking
into kinase activity as multiple enzymes involved in this pathway had a differential activity.
Functional validation should provide more detailed insight in the underlying pathways and
their putative involvement in NER.
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5.5 Materials and methods
Cell culture
HT1080 human fibrosarcoma cells (kindly shared by Prof. Katarina Wolf), HT1080 knockout cell
lines for LMNA (HT-LKO), ZMPSTE24 (HT-ZKO) with their controls (HT-CON) and LMNA
knockdown cells (HT-LKD) with their control (HT-NT) (chapter 2) were cultured in DMEM high
glucose with L-glutamin (Lonza, BE12-604F/12) supplemented with 10% fetal bovine serum
(Gibco, 10270-106), and 1% penicillin/streptomycin (Gibco, 15140-122), according to standard
procedures. Per knockout cell type, three colonies were used (HT-CON: C02, C04, C05; HTLKO: L02, L45, L47; HT-ZKO: Z29, Z34, Z39). Proliferative capacity was monitored by cell
counting with every passage and cultures were tested for mycoplasma infection using a PCR
test kit (Bio-connect, PK-CA91-1024) every few months.

Western blot

5

Cells were lysed using the Nucleospin Triprep kit (Macherey-Nagel, 740966) and the 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). The primary antibodies used were rabbit antiacylglycerol kinase (AGK) (Abcam, ab137616, 1/500), rabbit anti-DNAJA3 (Abcam, ab137419,
1/500), rabbit anti-DAK (Abcam, ab137623, 1/500), rabbit anti-MAP2K1 [E342] (Abcam, ab32091,
1/1000) and rabbit anti-nucleolin (Novus Biologicals, NB600-241, 1/4000). HRP conjugated goat
anti-mouse (Sigma-Aldrich, A4416) and HRP conjugated goat anti-rabbit (Sigma-Aldrich,
A6154) were used as secondary antibodies. Proteins were detected by chemiluminescence
with Immobilon Western chemiluminescent HRP substrate (Millipore, WBKLS0100) using a
Western Blot Imager (Biorad, ChemiDoc).

Microscopy
Fluorescence images were acquired with a Nikon Ti body equipped a CS-Ri2 scientific CMOS
camera, automated stage, filters and shutters, using a 20x objective (NA = 0.75) and a 40x
objective (NA = 0.75). Images were captured with the NIS-elements software AR (version
4.51.01) using the JOBS explorer (Nikon).

Shotgun proteomics
Pooled cell pellets were provided to the VIB-UGent Center for Medical Biotechnology who
performed the experiments and part of the analysis. Cell pellets consisted of pooled colonies
for the different cell models: HT-LKO (L02, L45, L47), HT-ZKO (Z29, Z34, Z39) and HT-CON (C02,
C04, C05). The cell harvest was repeated at three different time points to obtain three
biological replicates. For harvesting the cells, medium was removed followed by washing with
ice cold PBS. Subsequently, cells were scraped off and collected for centrifugation at 250 g for
5 min at 4 °C. The pellet was dissolved in one ml cold PBS and the centrifugation was repeated.
After another resuspension and centrifugation step the pellet was stored at -80 °C until further
use.
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Cell pellets were lysed in a buffer containing 8 M urea, 20 mM HEPES pH 8.0 and PhosSTOP
phosphatase inhibitor cocktail (Roche, 1 tablet/10 ml buffer). The samples were homogenized
by sonication with 10 cycles of 30 s at 4°C using a Diagenode Bioruptor Plus instrument with
high intensity power output. The protein concentration in the cleared lysates was measured
using a Bradford assay (Bio-Rad) and from each sample 2 mg of protein was used for further
analysis. Proteins in each sample were reduced by adding 4.5 mM DTT and incubation for 30
min at 55˚C. Alkylation of the proteins was performed by addition of 10 mM iodoacetamide for 15
min at room temperature in the dark. The samples were then diluted with 20 mM HEPES pH 8.0
to a urea concentration of 4 M and proteins were digested with 20 µg lysyl endopeptidase
(Wako) (1/100, w/w) for 4 h at 37°C. All samples were further diluted with 20 mM HEPES pH 8.0
to a final urea concentration of 2 M and proteins were digested with 20 µg trypsin (Promega)
(1/100, w/w) overnight at 37˚C. Peptides were then purified on a SampliQ SPE C18 cartridge
(Agilent) and an aliquot containing 100 µg of peptides was dried completely under vacuum for
LC-MS/MS analysis.
Peptides were re-dissolved in loading buffer (0.1% TFA in water/ acetonitrile, 2/98 (v/v)) and 2
µg of peptides was injected for LC-MS/MS analysis on an Ultimate 3000 RSLC nano-LC
(Thermo) in-line connected to an LTQ-Orbitrap Elite (Thermo). Peptides were first loaded on a
trapping column (made in-house, 100 µm I.D. x 20 mm length, 5 µm beads C18 Reprosil-HD, Dr.
Maisch) and after flushing from the trapping column, the sample was loaded on a reversephase column (made in-house, 75 µm I.D. x 400 mm length , 1.9 µm beads C18 Reprosil-HD, Dr.
Maisch). Peptides were loaded on the trapping buffer in loading buffer and separated with a
non-linear 150 min gradient from 98% solvent A (0.1% formic acid in water) to 56% solvent B
(0.1% formic acid in water/ACN 20:80 (v/v)) at a flow rate of 250 nl/min followed by a 10 min
wash reaching 99% buffer B.
The mass spectrometer was operated in data dependent, positive ionization mode,
automatically switching between MS and MS/MS acquisition for the 20 most abundant peaks in
a given MS spectrum. The source voltage was 3.1 kV, and the capillary temperature was 275°C.
In the LTQ-Orbitrap Elite, full scan MS spectra were acquired in the Orbitrap (m/z 300−2,000,
AGC target 3 × 106 ions, maximum ion injection time 100 ms) with a resolution of 60,000 (at 400
m/z). The 20 most intense ions fulfilling predefined selection criteria (AGC target 5 × 103 ions,
maximum ion injection time 20 ms, spectrum data type: centroid, exclusion of unassigned and 1
positively charged precursors, dynamic exclusion time 20 s) were then isolated in the linear
ion trap and fragmented in the high pressure cell of the ion trap. The CID collision energy was
set to 35 V and the polydimethylcyclosiloxane background ion at 445.120028 Da was used for
internal calibration (lock mass).
Data analysis was performed with MaxQuant (version 1.6.1.0 [43]) using the Andromeda search
engine with default search settings including a false discovery rate set at 1% on both the
peptide and protein level. Spectra were searched against the human proteins in the SwissProt database (database release version of January 2018 containing 20,243 human protein
sequences) downloaded from www.uniprot.org. The mass tolerance for precursor and
fragment ions was set to 4.5 and 20 ppm, respectively, during the main search. Enzyme
specificity was set as C-terminal to arginine and lysine (trypsin), also allowing cleavage at
arginine/lysine-proline bonds with a maximum of two missed cleavages.
Carbamidomethylation of cysteine residues was set as a fixed modification and variable
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modifications were set to oxidation of methionine residues (to methionine sulfoxide),
acetylation of protein N-termini and phosphorylation of serine, threonine or tyrosine residues.
Proteins were quantified by the MaxLFQ algorithm integrated in the MaxQuant software [44].
Only proteins with at least one unique or razor peptide were retained for identification, while a
minimum ratio count of two unique or razor peptides was required for quantification. Further
data analysis was performed with the Perseus software (version 1.5.5.3, [45]) after loading the
protein groups file from MaxQuant. Proteins only identified by site, reverse database hits and
potential contaminants were removed and replicate samples were grouped. Proteins with less
than three valid values in at least one group were removed and missing values were imputed
from a normal distribution around the detection limit. Then, t-tests were performed (FDR=0.05
and S0=1) for pairwise comparison and to generate volcano plots [46]. The volcano plot shows
these two conditions by plotting the log2 fold change detected between the conditions, and the
–log pvalue of the pairwise t-test between the conditions. The significant proteins are on the
extremes of the plot and are indicated by the black line showing the optimal p-value border
based on a false discovery rate of 0.05. Negative log2 fold changes indicate a lower abundance
in the HT-LKO/HT-ZKO comparted to the HT-CON. Gene ontology (GO) analysis was performed
on the protein sets with significantly different abundancy in Enrichr [10].

ROS measurements
Intracellular ROS was measured after staining with the fluorescent cell-permeable probe 5(and-6)- chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Life
Technologies, C6827) [13, 47]. Right before measurement cells were washed in HBSS/Hepes
(HH) (pH 7.2), incubated for 25 min in the dark at room temperature in HH-buffer containing 2
mM CM-H2DCFDA, washed again in HH-buffer and then imaged (also in HH-buffer). After the
complete plate was imaged, 20 mM tert-butyl peroxide (TBHP, Sigma-Aldrich, 458139–100 mL)
was added to all wells to induce ROS formation and after a 3 min interval the acquisition was
repeated. A more detailed description of the protocol can be found in Sieprath et al. [47]. For
statistical analysis three technical replicates for each colony were pooled per condition
resulting in a total of 9 measurements per condition (3 biological x 3 technical).
Homoscedasticity and normality were assessed with Bartlett’s and Shapiro-Wilk’s tests
respectively. Followed by non-parametric testing with Wicoxon Rank sum tests.

Kinase activity measurements
The Pamgene technology comprises of a 3D microarray with 144 peptides immobilized on a
porous membrane, a PamChip® which is read out by the dedicated PamStation 12 (Figure 4A).
Each peptide contains a unique phosphorylation site that serves as a substrate for one or more
kinases. Phosphorylation events are visualized using fluorescently labeled antibodies that
recognize phosphor-sites.
Proteins were extracted from three colonies of HT-LKO, HT-ZKO and HT-CON cell lines and
from HT1080 cells after LMNA knockdown (HT-LKD) and the control treated with non-targeting
siRNA (HT-NT) 96 h after the first transfection (Chapter 2). Cells were grown in T75 culture
flasks and in a first step the media was removed and cells were washed with ice cold PBS.
Subsequently three ml of ice cold PBS was added to the flask and cell were harvested with a
cell scraper. The suspension was centrifuged for 5 min at 250 g at 4 °C and cells were counted.
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The pellet was dissolved in 1 ml cold PBS and equal amounts of each colony were added
together. After another centrifugation step, the pellet was suspended in M-PER Mammalian
extraction buffer (Thermo fisher scientific, 78501) containing phosphatase (Halt™ Phosphatase
Inhibitor Cocktail, Thermo fisher scientific, 78420) and proteinase inhibitors (Halt™ Protease
Inhibitor Cocktail, EDTA-Free (100X), 87785) which were both 100 times diluted. Extracted
proteins were aliquoted and stored at -80°C.
Protein concentrations were quantified with Pierce™ BCA Protein Assay Kit (Thermo fisher
scientific, 23225) with standard curves generated from Pierce™ Bovine Gamma Globulin
Standard Pre-Diluted Set (Thermo fisher scientific, 23213). Equal amounts of proteins were
administered to serine-threonine kinase chips (Pamgene) and processed on the PamStation 12
(Pamgene). Three technical replicates were executed in the same run but on other chips for
each condition. All Pamgene experiments were executed at the laboratory of protein science
proteomics & epigenetic signalling (PPES). Data analysis was executed in BioNavigator
(Pamgene) and R. Peptides with detected intensities below one were removed from the data
set before analysis.
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Chapter 6:
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In this work we sought to contribute to a better understanding of the pathogenic mechanism of
laminopathies, and in particular of NER. To bypass the scarcity of patient material, isogenic
knockout model cells for ZMPSTE24 and LMNA were created. Next, an automated live cell
imaging pipeline with automated quantitative analysis was developed to detect and quantify
the kinetics of spontaneous NERs in those cells. To gain better control over NER timing,
compression as NER inducer was exploited. Finally, both proteomics and kinomics analysis
was executed to identify putative pathways related to NER.

6.1 Models cells: benefits, limits and possible improvements
The model cells developed in this work are a valuable resource and can be used to unravel the
function of A-type lamins in cellular (dys-)function. For example, they can be integrated in a
drug discovery pipeline to screen for compounds that can ameliorate some of the
morhopfunctional defects that are also observed in laminopathy patient cells. Interesting
parameters to screen for would be nuclear shape, lamin B abundancy and the occurrence of
NER. Similar screening strategies have already been shown to successfully identify
interesting compounds with relation to laminopathies.

6

Kubben et al. used a high-content imaging-based screening pipeline with immortalized human
skin fibroblasts, that conditionally express progerin, to identify interesting compounds [1]. The
cells showed reduced lamin B levels and DNA damage. These characteristics, together with
the progerin expression level, were used as readout for screening. With this method 27
compounds could be detected that ameliorated one or multiple of the readouts. The selected
compounds were subsequently tested in HGPS patient cells where two retinoids showed
improvement of all the above mentioned readouts. The model cell lines developed in this work
could be used in a similar compound detection workflow. Similarly, Blondel et al. found new
modulators of farnesylation in iPSCs derived from HGPS patients by looking at the localization
of progerin [2] and Lo Cicero et al. uncovered interesting compounds based on alkaline
phosphatase activity of HGPS iPSC derived mesenchymal stem cells [3].
Next to lamin B, progerin and DNA damage, nuclear shape could be used as an important
readout. This can be accurately determined by image analysis [4, 5] and has already led to the
identification of a shape normalizing compound, Remodelin, in LMNA knockdown model cells
[6]. Similarly, genetic screening with siRNA can be used in combination with these, easy-to transfect, cells to identify genes involved in NER induction and repair. This strategy is
supported by the work of Kubben et al. who identified the oxidative stress related NRF2
antioxidant pathway as a driver mechanism in HGPS with relation to oxidative stress by siRNA
screening with the use of high-content microscopy [7].
When interested in specific laminopathies, it is essential to have the best possible mimic. This
can be accomplished by inducing specific point mutations with CIRSPR/Cas9 knock-in
strategies. Once optimized, such an approach could be parallelized to generate a library of
cells harboring different mutations in LMNA. Ideally this kind of library would be generated in
stem cells as these can be differentiated to virtually any cell type of interest. In this case, the
tissues most targeted by laminopathies are of special interest. For example, the contribution
of different mutations to the muscular dystrophy phenotypes can be uncovered by
differentiating the stem cells into spontaneous contracting myotubes [8]. Similarly, the effect
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of individual mutations on nuclear stiffness or vulnerability to NER could be easily assessed
with such a panel of cell lines. Important to note is that lamins have been shown to be involved
in cell differentiation [9-12] and lamin mutations might hamper the differentiation of stem cells
to the cell type of interest [13-15].
The high variability observed between the different colonies of the knockout cell lines is a
major drawback. This might partially be attributed to differences in the actual mutations that
were induced by the CRISPR/Cas9 treatment. As TIDE analysis revealed different sizes of
insertions and deletions in the LMNA gene, these might have different effects on the cell.
However, all colonies did show a similar drop in A-type lamins. In the case of the ZMSPTE24
knockout colonies, variations in ZMPSTE24 RNA levels and prelamin A protein levels could be
observed. Thus, some colonies might still translate an inactive ZMPSTE24 protein product. This
could explain part of the variability observed between colonies. Because cancer cells can
exhibit genetic [16] and epigenetic drift, there is an inherent heterogeneity in a population of
cells. Selecting single cells from such a pool is bound to lead to variability between colonies.
Moreover, by working in cell lines, the translational potential of the findings to the in vivo
situation is per definition limited. For example, immortalized cell lines cannot be used to study
features of accelerated aging, as they will not exhibit the typical aging defects. Therefore,
these models should not be used as a stand-alone technique but should be combined in a
research pipeline preceding in vivo experiments.

6.2 Mechanisms of NER
Factors involved in NER initiation
Through automated live cell imaging and image analysis, insights were obtained into the
induction of NER (Figure 1B). By physically compressing cells, NERs could be induced in a
controlled manner. The depletion of A-type lamins showed higher NER frequency both in
spontaneous and induced NER, highlighting their role in NER induction. Moreover, abolishment
of actomyosin contractility drastically reduced NER frequency, showing the importance of
cytoskeletal force for NER induction. These findings have also been shown for U2OS cells [17]
and for HT1080 cells upon confined migration [18].
Next to forces from outside the nucleus, intranuclear forces can play a role as well. For
example, chromatin decompaction has been shown to induce NER [19]. An alternative source of
intranuclear force may be generated through nuclear actin [20, 21]. Indeed, in response to
extracellular cues and upon cell spreading, F-actin filaments assemble in the nucleus, which
depend on integrin signaling and components of the LINC complex. This nuclear actin
assembly could alter chromatin organization and nuclear shape [22]. Since NE breakdown
during mitosis has been shown to require several phosphorylation events of the nuclear
lamina [23, 24] and various viruses such as herpesvirus and parvovirus have been shown to
promote local lamin phosphorylation by activating host kinases (e.g. PKCα, Cdk-2) [25, 26],
activation of similar enzymatic activities may be another trigger for NER induction. However,
evidence for such mechanism has yet to be provided.
Conceptually, deregulation of proteins directly involved in NE remodeling [27], and by
extension any membrane (de-)forming factor, could also have an influence on NER induction
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by raising NE curvature or altering its composition [28]. For example, targeting torsin to the NE
has been found to induce the formation of stacks and swirls of membrane inside the nucleus
[29]. Likewise, dysregulated activity phosphocholine cytidylyltransferase contributes to the
expansion of the nucleoplasmic reticulum by changing lipid integration kinetics [30]. Moreover,
a very recent study revealed that the tumor suppressor genes p53 and Rb inhibit NER in RPE-1
cells. Since downregulation of either gene did not increase cell migration or alter the levels of
NE components, these observations may point to another, but as yet unknown, regulation
mechanism for NER [31].
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Figure 1: Current knowledge on NER (A) Visualization of the basal NE supported by the nuclear lamina and in contact
with microtubules and actin through the LINC complex (B) Induction of NER by compression, forces of actin on the
NE and as a consequence of lamin depletion (C) Consequences of NER include the exchange of nuclear and
cytoplasmic factors, accumulation of genome damage (not addressed in this work) and exposure of the DNA to the
cytoplasm resulting in DNA binding by cGAS (D) NER repair is accomplished by the ESCRT-III machinery and lamin
isoforms influence NE repair but how remains unclear.

What happens after NER?
When looking into the consequences of NER (Figure 1C), the first immediate result is the
exchange of cytoplasmic and nuclear compounds. At the same time, chromatin will be exposed
to the cytosolic environment. This may induce the binding of cytosolic nucleotide binding
molecules such as cGAS to the chromatin. This in turn, can lead to production of type I
interferon and inflammatory cytokines [32, 33]. Chromatin may also become damaged during
NER, as evidenced by the formation of 53BP1 foci after confined migration induced NER [18, 34].
Whether this is a result of cytoplasmic exposure, or rather a consequence of mechanical insult
remains subject of debate.
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Downstream of the NER event there are still many unknowns. For one, it is not yet certain
whether changes in transcription factor localization elicit measurable changes in gene
expression and, by extension, cell fate decisions. This demands targeted reporter studies, for
example by using fluorescent proteins under control of transcription factor responsive
elements. Similarly, the causal connection of NER with redox imbalance has yet to be explored
and it has not yet been irrefutably proven that NER-induced DNA damage contributes to
genome instability. Indeed, while a variety of factors could promote DNA damage during NER
(mechanical damage, exposure to cytoplasmic nucleases and ROS, and depletion of repair
factors, as recently compiled in [35, 36]), targeted experiments are required to determine the
contribution of these individual factors to the long-term genetic markup of individual cells in
vitro and in vivo.
Even though NER has drastic influences on the compartmentalization of the nucleus, cells
manage to survive and repair the hole in the NE. Findings from this work contributed to the
understanding of the NE repair after NER (Figure 1C). By knockdown of an important ESCRT-III
component, CHMP4B, an elongation of the time needed for repair was shown. Similarly,
knockdown of other ESCRT-III components (CHMP3, CMHP2A and CHMP7) elongated repair
time after NER due to confined migration [18, 34]. However, the exact principles of repair
initiation and progression remain unknown. Through the NER induction experiments by
confinements, it was shown that A-type lamin depletion and prelamin A accumulation lead to a
longer repair time after NER. This suggests that the nuclear lamina is somehow involved in the
repair of the NE but the exact mechanisms remain to be elucidated.
Because the ESCRT machinery was first found to reseal the plasma membrane, it is
conceivable that other plasma membrane repair processes also act at the level of the NE. The
main plasma membrane repair mechanism relies on calcium-induced exocytosis, a process in
which lysosomes fuse with the membrane at the wounded site, thereby suppling membrane
material for repair [37]. This fusion process is mediated by calcium-dependent lipid-binding
proteins such as annexins, dysferlins and SNAREs [38-40]. Given the continuity between the
NE and the ER and the presence of nuclear Ca2+ stores [41], a smaller yet significant calcium
flux may initiate a similar trigger for NE repair. Although purely speculative, the presence of
cytoplasmically exposed DNA or nuclear transcription factors in the cytosol may equally well
serve as putative activators.

6.4 Getting a grip on NER
Because of the transient and stochastic appearance of NER, high-throughput end-point
analysis of NER influencing compounds is challenging. Development of a NER marker that
permanently highlights cells that have undergone NER would make a valuable addition in this
context. After induced NER the accumulation of cGAS at DNA exposed to the cytoplasm was
detected. This is a putative marker for NER but might only indicate the overt NERs. Moreover,
this signal can disappear over time making it less suited for long term follow-up. Another idea
could be to develop a protein or compound that shows no fluorescence upon nuclear
localization but is permanently activated upon cytoplasmic exposure. This might be
accomplished by using a quenched fluorescent protein in the nucleus that will become
fluorescent upon exposure to cytosolic proteins during NER [42]. The observed translocation
of proteins during NER could offer another strategy by permanently removing the NLS peptide
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of a fluorophore upon cytoplasmic exposure. This way NERs could be detected even after
repair occurred, thereby circumventing the transient nature of NERs. Care should be taken
that cell division on its own does not result in a similar signal. With a marker like this, highthroughput screening for compounds influencing NER frequency could become much more
convenient.
Another difficulty linked to the stochastic and scarce occurrence of NERs is the difficulty to
study rapid and long-term consequences at the level of the individual cell. That is why
strategies for NER induction were explored in this work to get a better grip on NERs. The most
direct way to induce NER is to subject cells grown on flat surfaces to compressive force. In this
work NER induction on the single cell level by atomic force microscopy was shown (Figure 2A).
Population wide NER induction by compression has been described before (Figure 2B)[17, 43]
and its use allowed to demonstrate the crucial role of A-type lamins in NER prevention as well
as their possible role in NE repair. This technique might be used to study population wide
effects of NER by looking into gene expression, protein abundance and protein localization.
Both immediate and long term effects can be studied by extracting RNA and proteins at
different time points after NER induction.

6

Figure 2: Induction of NERs (A) Atomic force microscopy can be used to confine cell until the NE breaks (B) A whole
cell population can be confined with a cell confiner to induces NER [17, 43] (C) Micropipet aspiration of cells and
nuclei can induce NER [44] (D) Cells subjected to confined migration through small pores exhibit NER [18, 34] (E)
Photoablation uses strong laser powers to make small holes in the NE [18, 34, 45] (F) Population wide NER induction
with laser power can be accomplished by photoporation were irradiated gold nanoparticles generate vapor
nanobubbles that can damage the NE thereby inducing NER (G) Stretching of cells grown on silicone membranes
could be used for NER induction.

Other techniques that have been shown to induce NERs by external forces are micropipette
aspiration [44] and confined migration [18, 34] (Figure 2C/D). A disadvantage of these
techniques is their rather low throughput. Photoablation allows inducing sub-micron pores in
the NE in a targeted manner (Figure 2E) [18, 34, 45]. However, this technique also has a low
throughput, and the high energy input needed can create potential artefacts. In order to
increase throughput and decrease energy load, nanoparticle-assisted photoporation can be
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used, which has already proven successful at the level of the plasma membrane [46, 47].
Moreover, our group has succeeded in translating this method to the NE providing a new
strategy for NER induction (Figure 2F) [48]. Another technique that might be used for NER
induction is the subjection of cells to biaxial stretching so as to increase the cytoskeletal
tension on the nucleus. This can be accomplished by growing cells on a silicone membrane
which can be stretched with even force using a biaxial strain device (Figure 2G)[49]. Next to the
above mentioned physical induction methods, NER can also be induced by chemical
compounds. For example, induction of chromatin decompaction has been shown to induced
local bleb formation and subsequent NER [19].
By combining NER induction with advanced microscopy techniques, the repair mechanisms
after NER can be studied in detail. By expressing components of the ESCRT-III machinery at the
endogenous level, the sequential recruitment of the different proteins can be determined. One
interesting mechanism to unravel is the interaction between LEM2 and CHMP7 upon NER. By
inducing NER this interaction can be studied in great spatiotemporal detail. Moreover, insight
into the triggering mechanism of repair can be unraveled. Sensitive calcium sensors can
resolve if calcium fluctuations are involved in repair initiation. Also, the effect of NER on DNA
damage and in the long term genomic instability can be investigated after NER induction.
Proper controls are very important in this case to ensure that the damage is truly a result of
NER and not just due to the confinement. For example DNA damage was found in cells moving
through small pores without NER taking place [50].
An important limitation of NER induction is that the events preceding spontaneous NER cannot
be investigated. Although artificially induced NER may not recapitulate all the features of
spontaneous NER, it allows studying the downstream molecular mechanisms independent of
the disease context.

6.5 Translational value of NER
Current treatments for laminopathies have been limited to symptom relief rather than really
attacking the core disease causing defects. In the context of HGPS, advances have been made
by inhibiting farnesyltransferases [51-56], normalizing nuclear shape [6, 57] and influencing
autophagy [58-60] and proteasome activity [61]. The first category has already been
implemented in phase 3 clinical trials [62-64]. Yet, many questions remain to be answered.
Possibly a new angle of approach could be found in NER research. Up until now, most available
data on NER originates from in vitro cell-based experiments. However, first lines of evidence
now also point to their occurrence in vivo: fibrosarcoma cells that were injected in living mice
tumors experienced NER during migration [18], and NER as a consequence of lamin depletion
has been shown in developing C. elegans embryos [45]. Moreover, mitochondria have been
detected inside the nucleus of cardiomyocytes from a laminopathy patient heart biopsy, which
could represent a remnant of NER [65, 66]. These observations raise the clinical relevance of
NERs. NERs could be exploited in disease treatment for laminopathies by NER prevention
and/or promotion of NE resealing. For the latter, candidate compounds may be sought among
those enhancing plasmalemmal repair such as poloxamer 188 [67, 68] and Pluronic F-68 [69].
Moreover, given their occurrence in cancer cells, targeting NER might offer an avenue for
developing novel cancer therapeutic strategies. One option would be to exploit NER as a
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synthetic lethal target. Assuming that NER represents a means to reduce intranuclear
pressure during confined migration, blocking this effect may reduce metastatic potential of
migrating cancer cells. Alternatively, interfering with NE resealing by selectively blocking NE
repair components could allow specifically targeting NER-prone cells. Inhibition of ESCRT-III
mediated NE repair does not reduce cell viability as such, but simultaneous inhibition of DNA
repair does substantially increase cell death after NER [18], thus providing a potential entry
point for combination therapies. Several compounds that work in on the DNA damage
response are already in clinical trials [70]. Finally, the notion that NER transiently increases NE
permeability could also be exploited for selective delivery of large compounds and
nucleotides, which would otherwise not be transported into the nucleus for example in the
context of gene therapy [71].

6.6 General conclusion

6

The goal of this work was to add to the growing knowledge of NERs in the context of
laminopathies. By developing isogenic knockout cell lines and subjecting them to automated
imaging and analysis, important factors in NER induction and repair were uncovered. To gain
more control, NER induction methods based on compression have been optimized. Moreover,
to obtain more comprehensive insights, exploratory protein and kinome analyses of the
established cell lines have been performed. Continued development of advanced in vitro
techniques for targeted induction and investigation of NER, combined with high-throughput
compound screening, will allow for uncovering novel modulators that may have therapeutic
value for both laminopathies and cancer. Moreover, long-term follow-up studies in model
organisms will allow for evaluating the true pathophysiological impact of the phenomenon. In
conclusion, this work added to the growing knowledge about NER which might lead to disease
treatments in the future.
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