Technische Universitat Miinchen
Fakultat fir Medizin m

Nuclear Pore Complex clustering in HGPS and Replicative Senescence

Jennifer Marie Rohrl

Vollstandiger Abdruck der von der Fakultat fur Medizin der Technischen Universitat Miinchen
zur Erlangung einer
Doktorin der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Carsten Schmidt-Weber
Prufer*innen der Dissertation:

1. Prof. Dr. Karima Djabali
2. Prof. Dr. Thomas Brick

Die Dissertation wurde am 04.05.2022 bei der Technischen Universitdt Minchen eingereicht

und durch die Fakultat fur Medizin am 09.08.2022 angenommen.



ACKNOWLEDGEMENTS

While working on my thesis, | received a great deal of support from a multitude of people,

without whom | would have never been able to finish.

First of all, I would like to thank Professor Karima Djabali for granting me the opportunity
to work on this thesis in her laboratory. Her guidance and insight helped me immeasurably to
complete my dissertation and | will be forever grateful.

I also wish to thank Professor Thomas Briick and Dr. Alexander Konstantinow for their

support throughout the course of my thesis.

I want to thank my fellow PhD students as well, without whom life in the lab would not
have been nearly as much fun or as successful. You were the best colleagues | could hope for,
and | already miss you so much.

Rouven, you are without the doubt the Master of the Western Blot and SingStar. Farah, you
were the best office partner I could wish for! I will miss your questions and your never-ending
optimism. Chang was one of the best discussion partners I ever had, and I really miss our little
political skirmishes. Elena, 1 will miss our little chats and your ability to create fun out of no-
where. Peter, I will miss your wild stories, you definitely expanded my horizons! Last but not

least, | want to thank Leithe, Lu Xiang, Eva and Hannah, you are awesome!

In addition, | would like to thank my entire family for their support, sympathetic ear, and
wise counsel. Without your faith in my abilities, | would have never made it this far and I cannot
thank you enough.

Lastly, I wish to dedicate this thesis to my grandfather. To my never-ending regret he can-

not be here to witness the completion of my dissertation.



ABSTRACT

Hutchinson-Gilford progeria Syndrome (HGPS) is a rare premature aging disease in which
patients have an average lifespan of only 14.6 years, with the major cause of death being cardi-
ovascular defects. The disease is caused by a single-base mutation in the LMNA gene G608G
(GGC—GGT), which introduces a cryptic splice site into exon 11 of LMNA. Aberrant splicing
of the mutated Lamin A gene deletes 50 amino acids from the C-terminus of pre-LA, removing
the recognition site of the protease Zmpste24. As a result, pre-Lamin A is not processed cor-
rectly and remains permanently farnesylated and therefore erroneously attached to the nuclear
envelope. This mutant version of pre-Lamin A is called progerin and it causes a variety of
cellular defects such as nuclear dysmorphism, loss of heterochromatin, premature senescence,
faulty DNA repair, and clustering of Nuclear Pore Complexes (NPCs).

To identify the mechanism behind NPC clustering in HGPS, | first evaluated postmitotic
NPC reassembly in control and HGPS fibroblasts and could not identify any defects in mitotic
HGPS cells. Unlike progerin, the components of the NPC | analyzed did not aggregate and
incorporation into the nuclear envelope was not delayed.

Since | found no defects in post-mitotic NPC reassembly, | examined the incidence of NPC
clustering in control and HGPS fibroblasts undergoing replicative senescence. | observed that
NPC clustering solely occurred in dysmorphic nuclei of control and HGPS fibroblasts. In addi-
tion, I detected a higher number of clustered NPCs in young (<5% senescence) or early passage
HGPS fibroblasts, compared to control fibroblasts. In old cultures (>30% senescence) with a
similar senescence index, the number of clustered NPCs was nearly identical in control and
HGPS. To determine why a higher number of NPCs clustered in dysmorphic HGPS nuclei, |
evaluated the relationship of progerin content and NPC clustering. | discovered that on average
87% of dysmorphic nuclei with clustered NPCs had an elevated progerin signal independent of
cellular senescence. This observation offered an explanation as to why more pores cluster in
young HGPS cells than in control.

However, the control fibroblasts | analyzed did not express progerin, raising the question,
why NPCs clustered in them as well. This led to the conclusion that the disruption of the NE
composition by mechanisms of replicative senescence e.g., downregulation of LB1 was the
likely cause of NPC clustering in dysmorphic control nuclei.

In conclusion, | determined that NPC distribution depends on an intact nuclear envelope
and any changes to its composition, such as the presence of progerin or reduction of LB1, can

result in abnormal NPC localization or clustering.



ZUSAMMENFASSUNG

Hutchinson-Gilford-Progerie-Syndrom (HGPS) ist eine seltene Krankheit des vorzeitigen
Alterns, bei der die Patienten eine durchschnittliche Lebenserwartung von nur 14,6 Jahren ha-
ben, wobei die Haupttodesursache kardiovaskuldre Defekte sind. Die Krankheit wird durch eine
Basen-Mutation im LMNA-Gen G608G (GGC—GGT) verursacht, die eine kryptische Splice-
stelle in Exon 11 der LMNA einfuhrt. Durch das abweichende Splicen des mutierten Lamin-A-
Gens werden 50 Aminosduren aus dem C-Terminus von pre-LA entfernt, wodurch die Erken-
nungsstelle der Protease Zmpste24 wegfallt. Infolgedessen wird pra-Lamin A nicht korrekt pro-
zessiert und bleibt permanent farnesyliert und daher féalschlicherweise an der Kernhtlle befes-
tigt. Diese mutierte Version von Pre-Lamin A wird Progerin genannt und verursacht eine Reihe
von Zelldefekten wie Zellkern-dysmorphismus, Verlust von Heterochromatin, vorzeitige Se-
neszenz, fehlerhafte DNA-Reparatur und Clustern von Kernporenkomplexen (NPCs).

Um den Mechanismus hinter der NPC-Clusterung bei HGPS zu identifizieren, habe ich
zunéchst die postmitotische NPC-Neubildung in Kontroll- und HGPS-Fibroblasten untersucht
und konnte in mitotischen HGPS-Zellen keine Defekte feststellen. Im Gegensatz zu Progerin
aggregierten die Komponenten des von mir untersuchten NPC nicht und der Einbau in die Kern-
hille war nicht verzogert.

Da ich keine Defekte in der postmitotischen NPC-Neuzusammensetzung fand, untersuchte
ich das Auftreten von NPC-Clustering in Kontroll- und HGPS-Fibroblasten, die eine replikative
Seneszenz durchlaufen. Ich stellte fest, dass NPC-Clustering ausschliel}lich in dysmorphen
Kernen von Kontroll- und HGPS-Fibroblasten auftrat. Dartiber hinaus entdeckte ich in jungen
(<5% Seneszenz) oder frihen HGPS-Fibroblasten eine hohere Anzahl von NPC-Clustern im
Vergleich zu Kontroll-Fibroblasten. In alten Kulturen (>30% Seneszenz) mit einem ahnlichen
Seneszenz Index war die Anzahl der geclusterten NPCs in Kontroll- und HGPS-Fibroblasten
fast identisch. Um herauszufinden, warum in dysmorphen HGPS-Nuklei eine hohere Anzahl
von NPCs geclustert waren, untersuchte ich die Beziehung zwischen Progerin Gehalt und NPC-
Clustering. Ich entdeckte, dass im Durchschnitt 87 % der dysmorphen Kerne mit geclusterten

NPCs ein erhdhtes Progerin-Signal aufwiesen, unabhangig von der zelluléren Seneszenz. Diese



Beobachtung bot eine Erklarung daftr, warum sich in jungen HGPS-Zellen mehr Poren anhdu-
fen als in Kontrollzellen.

Die von mir untersuchten Kontroll-Fibroblasten exprimierten jedoch kein Progerin, was die
Frage aufwirft, warum sich auch in ihnen NPCs anhduften. Dies fiihrte zu der Schlussfolgerung,
dass die Storung der NE-Zusammensetzung durch Mechanismen der replikativen Seneszenz, z.
B. die Herunterregulierung von LB1, die wahrscheinliche Ursache fir die Anhaufung von NVZ
in dysmorphen Kontrollkernen ist.

Zusammenfassend habe ich festgestellt, dass die Verteilung der NPC von einer intakten
Kernhille abhdngt und dass jede Veranderung ihrer Zusammensetzung, wie z. B. das Vorhan-
densein von Progerin oder die Reduzierung von LB1, zu einer abnormalen NPC-Lokalisierung

oder -Clusterung fihren kann.
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1. Introduction

1. Introduction

1.1 The nuclear Lamina

The nucleus is an essential compartment of eukaryotic cells that encapsulates our genetic
information inside a double-lipid membrane. The outer nuclear membrane (ONM) facing the
cytoplasm is continuous with the endoplasmic reticulum (ER) and is separated by the peri-
nuclear space (PNS) from the inner nuclear membrane (INM). The ONM is similar in compo-
sition to the ER, whereas the INM has a unique set of peripheral and integral proteins e.g.,
lamins, emerin, Lap2B, MAN1, Lamin B receptor (LBR) and the Nuclear Pore Complex (NPC).
The outer and inner nuclear membrane are fused at multiple sites, creating ‘holes’ in which
NPCs are anchored, allowing for transport across the nuclear envelope (Lin and Hoelz 2019).
Spacing of the PNS is regulated by the LINC complex (linker of the nucleoskeleton and cyto-
skeleton), which is also involved in mechanotransduction and connects the nuclear lamina to
the cytoskeleton of the cell (Rothballer, Schwartz et al. 2013). Below is a schematic represen-

tation of some of the components found in the nuclear envelope (NE)(Figure 1.1).

cytoplasm

nucleoplasm
Chromatin LINC NPC Emerin LBR Lamin B Lamin A

Figure 1.1 Schematic representation of the nuclear envelope

The lipid bilayer of the NE and ER is shown in grey. The LINC complex connects the lamina to the cyto-
skeleton, the NPC allows transport across the NE, emerin associates with the lamina, LBR anchors LB and
chromatin (Olins, Rhodes et al. 2010) to the NE and Lamin B/A create the nuclear lamina. Not all components
of the NE are depicted.
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The nuclear lamina is a protein network made up by so-called lamins, creating a filamen-
tous meshwork underlying the INM of the nuclear envelope, ensuring stability, flexibility and
shape of the nucleus (Pappas 1956, Fawcett 1966, Aebi, Cohn et al. 1986, de Leeuw,
Gruenbaum et al. 2017). Lamins are type V intermediate filament proteins with a short N-ter-
minal head domain, a central rod domain composed of four a-helical domains that are separated
by Linker regions and a globular C-terminal domain, containing motifs that distinguish lamins
from other intermediate filaments: a nuclear localization sequence (NLS), an immunoglobulin
(1g) fold motif and a C-terminal CaaX motif (C = cysteine, a = aliphatic amino acid, X = any
amino acid) (Fisher, Chaudhary et al. 1986, McKeon, Kirschner et al. 1986, Krohne, Wolin et
al. 1987, Gruenbaum, Landesman et al. 1988). Mammalian cells have two types of lamins,
Type-A and B. The two A-type lamins, Lamin A and C (LA, LC), are both encoded by the
LMNA gene and generated by alternative splicing (Lin and Worman 1993). B-type Lamins
Lamin B1 (LB1) and B2 are encoded by two different genes, namely LMNB1 and LMNB2
(Parry, Conway et al. 1986, Peter, Kitten et al. 1989, Vorburger, Lehner et al. 1989, Lin and
Worman 1993). All mammalian cells express at least one B-type lamin, whereas A-type lamins
are mainly expressed in differentiated cells (Lehner, Stick et al. 1987, Stewart and Burke 1987,
Rober, Weber et al. 1989).

A- and B-type lamins create separate networks, but both assemble into 3.5 nm thick tetram-
eric filaments (Shimi, Kittisopikul et al. 2015, Turgay, Eibauer et al. 2017). A-type lamins
stiffen the nucleus to protect it from deformation, whereas B-type lamins are involved in provid-
ing the nucleus with elastic properties. (Xie, Chojnowski et al. 2016, de Leeuw, Gruenbaum et
al. 2017). Mutations or loss of A- and B-type lamins can cause nuclear abnormalities and have
a negative effect on overall health. Reduction of LA/C increases susceptibility to mechanical
stress, while LB1 reduction increases NE blebbing, but not mechanical stress (Sullivan,
Escalante-Alcalde et al. 1999, Lammerding, Fong et al. 2006). LMNA mice are born healthy,
but soon suffer from severe muscle wasting and have an average lifespan of 8 weeks (Sullivan,
Escalante-Alcalde et al. 1999). Their cells display increased nuclear fragility, deformability and

impaired activation of transcription (Lammerding, Schulze et al. 2004). Mice with mutated
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LMNBL1 die at birth and their fibroblasts senesce prematurely, have abnormal nuclei and an
increased incidence of polyploidy (Vergnes, Péterfy et al. 2004).

Both B-type lamins and Lamin A undergo post-translational modifications at their C-ter-
minal CaaX motif (de Leeuw, Gruenbaum et al. 2017). Lamin A (LA) is synthesized as a pre-
cursor called pre-Lamin A (pre-LA) and is farnesylated and methylated at its’ CaaX motif to
ensure targeting to the nuclear membrane (Weber, Plessmann et al. 1989, Sinensky, Fantle et
al. 1994) (Figure 1.2 a). Once pre-LA is properly localized to the INM, it is cleaved by the
Zmpste24 metalloproteinase at Tyr646, which deletes 15 amino acids including the modified

CaaX motif (Pendéas, Zhou et al. 2002, Corrigan, Kuszczak et al. 2005) (Figure 1.2 a). Unlike

(a) pre-LA (b) pre-Progerin
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Figure 1.2 Schematic representation of the Lamin A and Progerin processing pathway

Lamina A is synthesized as a precursor called pre-LA. (a) Pre-LA is farnesylated by Farneslyltransferase
(FT) and methylated by Isoprenylcysteine carboxyl methyltransferase (ICMT) at its CaaX motif before im-
port into the nucleus. Once pre-LA is integrated into the nuclear lamina, the farnesyl- and methyl-group are
cleaved by Zmpste24, and LA is no longer attached to the NE. (b) Due to the cryptic splice site in exon 11
of LMNA in HGPS patients, pre-Progerin lacks the recognition site of Zmpste24. Pre-progerin is methylated
and farnesylated, but retains both groups and progerin permanently attaches to the NE.
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Lamin A, B-type lamins retain the farnesyl- and methyl group following post-translational mod-
ification, permanently attaching them to the INM (Adam and Goldman 2012).

Lamins are not only structural components of the nuclear envelope, they interact with var-
ious proteins, such as LEM domain proteins, SUN1-domain proteins, Lamina-associated poly-
peptide 1 (LAP1) and LBR. These interactions allow mechanosignal transduction via their con-
nection with the LINC complex and they are involved in chromatin organization (Swift,
Ivanovska et al. 2013, de Leeuw, Gruenbaum et al. 2017). Mechanotransduction happens via
the connection of the lamina to the LINC-complex. The LINC-complex is comprised of two
transmembrane protein families in mammalian cells: two SUN domain proteins reside in the
INM (SUN1/2) and the six KASH domain proteins in the ONM (Lee and Burke 2018). The
SUN proteins create dimers, which bind to KASH domain proteins in the PNS (Crisp, Liu et al.
2006, Sosa, Rothballer et al. 2012). SUN1 and SUN2 associate with the nuclear lamina and
KASH domain proteins connect to the cytoskeleton, allowing mechanosignal transduction
across the NE (Crisp, Liu et al. 2006, Haque, Lloyd et al. 2006, Janota, Calero-Cuenca et al.
2020). Alterations in this relationship can disrupt nuclear and chromatin positioning, cell mi-
gration, gene expression, perinuclear actin and nuclear shape (Lombardi, Jaalouk et al. 2011,
Banerjee, Zhang et al. 2014, Chen, Wang et al. 2014, Tajik, Zhang et al. 2016).

On the periphery of the nucleus one can find a dense layer of heterochromatin, close to the
nuclear lamina. These so-called Lamina-associated domains (LADs) are usually heterochro-
matic with low transcriptional activity and often contain repressive histone modifications
(Buchwalter, Kaneshiro et al. 2019). In some cases chromatin can bind directly to the lamina,
whereas some interactions are regulated by other lamina-associated proteins such as LBR,
MANL1, lamina-associated polypeptide 2 (LAP2) and emerin (Buchwalter, Kaneshiro et al.
2019). Changes in the interaction of the lamina with LADs can have dramatic effects e.qg.: re-
duction of Lamin B1 during replicative senescence induces genome reorganization or mutations
in LMNA can cause loss of heterochromatin (Shumaker, Dechat et al. 2006, Sadaie, Salama et
al. 2013).

At least 15 diseases, so-called laminopathies, are linked to mutations in lamins or lamin-

binding proteins, demonstrating their importance (Worman, Ostlund et al. 2010). They can be
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divided into four major sub-types: one peripheral neuropathy, striated muscle disorders, lipo-
dystrophy syndromes and pre-mature aging disorders. Examples include Charcot-Marie-Tooth
Disorder Type 2B1, autosomal-dominant Emery-Dreifuss Muscular Dystrophy, Dunnigan-type
Familial Partial Lipodystrophy, Atypical Werner Syndrome and Hutchinson-Gilford Progeria
Syndrome (Worman and Bonne 2007). Intriguingly, laminopathies do not affect all tissues
equally or at all, despite lamins being ubiquitously expressed. A factor might be that changes
in the lamina affect chromatin organization and thereby alter gene expression, which would
vary depending on the cell type/tissue (Gonzalo, Kreienkamp et al. 2017). Some also propose
that the resulting changes in mechanotransduction would have a greater effect on tissues ex-
posed to mechanical tension such as muscles and bones, as seen e.g., in Hutchinson-Gilford

Progeria Syndrome.
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1.2 Hutchinson-Gilford progeria Syndrome

Hutchinson-Gilford progeria Syndrome (HGPS) is a rare premature aging disease in which
patients have an average lifespan of only 14.6 years (Ullrich and Gordon 2015). The syndrome
occurs in about 1 in 8 million births (DeBusk 1972, Eriksson, Brown et al. 2003, Hennekam
2006) and the major cause of death is cardiac defects. Vascular smooth muscle cell degeneration
and calcification leads to accelerated arteriosclerosis, resulting in stroke or myocardial infarc-
tion (Merideth, Gordon et al. 2008, Salamat, Dhar et al. 2010). Other symptoms include alope-
cia, lipodystrophy, osteoporosis, wrinkled skin, joint contractures and weakened muscles
(Merideth, Gordon et al. 2008, Gerhard-Herman, Smoot et al. 2012, Gordon, Massaro et al.
2014, Ullrich and Gordon 2015). The cause is a single-base mutation in the LMNA gene G608G
(GGC—GGT), which introduces a cryptic splice site into exon 11 (De Sandre-Giovannoli,
Bernard et al. 2003, Eriksson, Brown et al. 2003). Aberrant splicing of mutated LMNA deletes
50 amino acids from pre-LA C-terminus, (Kreienkamp and Gonzalo 2019) removing the Zmp-
ste24 recognition site and pre-LA cannot be processed correctly (Figure 1.2 b).

Since Zmpste24 no longer removes the farnesylated C-terminus of pre-LA, we now have a
permanently farnesylated toxic pre-LA protein in the nucleus, which is called “progerin”
(Capell, Erdos et al. 2005). Due to the farnesyl-anchor, progerin is stably attached to the nuclear
envelope, unlike LA (Capell, Erdos et al. 2005, Young, Fong et al. 2005). This leads to an
accumulation of progerin over time and consequent stiffening of the NE, resulting in a dys-
morphic nuclear morphology (Goldman, Shumaker et al. 2004, Toth, Yang et al. 2005) (Figure
1.3, Figure 3.1 & Figure 3.2). Cellular symptoms of progerin include not only abnormal nuclear
morphology, but also deregulated gene expression, binucleation, lagging chromosomes in mi-
tosis, loss of peripheral heterochromatin, faulty DNA repair, shortened telomeres, mitochon-
drial dysfunction, premature senescence and clustering/altered distribution of multiple NE pro-
teins (Figure 1.3) (Goldman, Shumaker et al. 2004, Cao, Capell et al. 2007, Chen, Chi et al.
2012, Rivera-Torres, Acin-Perez et al. 2013, Eisch, Lu et al. 2016).
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Progerin is not exclusively detectable in HGPS patients, it also accumulates in aging dermal
fibroblasts (McClintock, Ratner et al. 2007). Aberrant splicing can occur at low levels in vivo
and while mRNA levels are low, progerin can accumulate in the skin of aging individuals
(McClintock, Ratner et al. 2007). Pre-LA has also been detected in vascular smooth muscle
cells (VSMC), where it interferes with mitosis and induces DNA damage, leading to genomic

instability and premature senescence (Ragnauth, Warren et al. 2010, Cobb, Larrieu et al. 2016,
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Figure 1.3 Schematic representation of the nuclear envelope in HGPS

The lipid bilayer of the NE and ER is shown in grey. Unlike in a healthy cell, the NE is deformed in HGPS
cells. The LINC complex connects the lamina to the cytoskeleton, the NPC allows transport across the NE,
emerin associates with the lamina, LBR anchors LB and heterochromatin to the NE (Olins, Rhodes et al.
2010) and Lamin B/A create the nuclear lamina. Progerin’s presence stiffens the NE, leading to folds, blebs
and invaginations of the NE. Numerous proteins cluster or are trapped in these folds, e.g., SUN1 and the

NPC. Not all components of the NE are depicted, nor all proteins affected by progerin.

In 2013 L6pez-Otin postulated nine hallmarks of aging: “[...] genomic instability, telomere

attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial
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dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communica-
tion” (LApez-Otin, Blasco et al. 2013). HGPS represents most of these hallmarks, allowing re-
searchers to use it as a model of accelerated aging.

However, there are a few key differences between natural aging and HGPS. HGPS can be
called a segmental aging disease, since not all features of natural aging are present in this dis-
ease. Some notable exceptions are a healthy liver, lung, kidney and gastrointestinal tract
(Ullrich and Gordon 2015, Gonzalo, Kreienkamp et al. 2017). In addition, HGPS patients do
not suffer from neural degeneration and do not have an elevated cancer risk compared to their
healthy peers, despite their increased DNA damage levels (Ashapkin, Kutueva et al. 2019). Not
only does progerin not lead to an elevated incidence of cancer, overexpression of progerin in
lung cancer cells inhibits proliferation, invasion, and migration of lung cancer cells (Hu, Song
et al. 2020). It has also been shown that by altering distribution of the transcriptional regulator
BRD4, progerin mediates cellular resistance to oncogenic challenges (Fernandez, Scaffidi et al.
2014). An explanation why progerin does not affect brain function in HGPS patients is the post-
translational down-regulation of LMNA by miRNA 9, but further research is required to eluci-
date why progerin expression only affects some cell types and tissues (Jung, Coffinier et al.
2012).

In this thesis, the focus lies on the changes of the nuclear envelope following progerin ex-
pression. These nuclear abnormalities caused by progerin go hand in hand with increased nu-
clear stiffness and HGPS cells do not respond to mechanical strain in the same fashion as
healthy cells (Dahl, Scaffidi et al. 2006, Verstraeten, Ji et al. 2008). The nuclear lamina in HGPS
cells has a reduced ability to rearrange following mechanical stress and cannot return to its
previous state after stretching. This does not translate into increased mechanical sensitivity of
the nucleus, since HGPS nuclei are somewhat more resistant to pressure than healthy nuclei
(Dahl, Scaffidi et al. 2006). However, upon application of mechanical strain HGPS fibroblasts
display a higher number of apoptotic cells and do not activate cell cycle progression compared
to control cells (Verstraeten, Ji et al. 2008). This increased sensitivity could potentially affect
regeneration or repair of for example tissues that are regularly exposed to mechanical strain

such as blood vessels, contributing to arteriosclerosis in HGPS.
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Changes in nuclear morphology caused by progerin are dependent on farnesylation, since
treatment with FTI (Lonafarnib) and mutation of the CaaX motif preventing farnesylation can
restore nuclear shape (Capell, Erdos et al. 2005, Mallampalli, Huyer et al. 2005, Lu and Djabali
2018). Yet, FTI treatment does not improve resistance to mechanical strain-induced cell death
(Verstraeten, Ji et al. 2008). This could have a direct effect on HGPS pathophysiology, as im-
pacted nuclear mechanics due to progerin could be conducive to the development of arterio-
sclerosis due to loss of vascular smooth muscle cells (Stehbens, Wakefield et al. 1999, Stehbens,
Delahunt et al. 2001). Since at the moment only Lonafarnib has been approved by the FDA as
treatment of HGPS, additional measures have to be identified to completely ameliorate the sen-
sitivity to mechanical strain (Dhillon 2021).

However not only the shape of the nucleus is altered, but also various nuclear and nuclear
envelope proteins are mislocalized or clustered, such as emerin, nesprin-2, SUN1, Ran and the
NPC (Goldman, Shumaker et al. 2004, Kelley, Datta et al. 2011, Chen, Wang et al. 2014, Sola-
Carvajal, Revéchon et al. 2019).

One consequence of this clustering or mislocalization is that in HGPS cells the concentra-
tion of nuclear Ran is reduced, changing the ratio from 3:1 to 1:1 (nuclear/cytoplasmic Ran)
(Kelley, Datta et al. 2011). Progerin reduces RCC1 (Ran guanine exchange factor ) mobility,
likely affecting RanGDP to RanGTP transformation in the nucleoplasm and thereby disrupting
the Ran gradient. This mainly affects import of large proteins, such as the nucleoporin Tpr (535
kDa), that are imported to a lesser degree in HGPS (Kelley, Datta et al. 2011, Snow, Dar et al.
2013). However, not just the disruption of the Ran gradient could influence nuclear import/ex-
port, clustering of NPCs in HGPS cells might also play a role, raising the question how progerin

causes NPC clustering.
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1.3 The Nuclear Pore Complex

1.3.1 Structure and function of the Nuclear Pore Complex

The human NPC is a ~112 MDa large protein complex (Reichelt, Holzenburg et al. 1990)
spanning the nuclear envelope to ensure transport between the nucleus and cytoplasm, while
preserving the integrity of nuclear compartmentalization (LIN AND HOELZ 2019) (Figure
1.4). Human NPCs are made up of 32 subunits, so-called nucleoporins (NUP) and it has an
eightfold rotational symmetry (Gall 1967, Hoelz, Glavy et al. 2016) occupying a ~ 800 A “hole’
created by the fusion of outer and inner nuclear membrane (Watson 1959). The NPC has 6

major subcomplexes: eight cytoplasmic filaments, the inner/outer rings (Nup107-160 complex),

Cytoplasmic FG-NUPs NUP107-NUP160 complex

NUP358/RANBP2 NUP8S5 (NUP75)
NUP214 NUP160
NUP42/hCG1
NUPS88 NUP96
ALADIN NUPI133
GLEI SEC13
NUP62 NUP37
RAEI NUP43
SEHI
Central FG — Nups/NUP62 complex | Transmembrane Nups
NUP62 / NDCl1
NUP54 NUP210 (GP210)
NUPS5S8 -_P OM121
NUP98 Basket FG-NUPs NUP93 complex T.\(V]E.\IN

' NUP153 NUP93

NUP50 NUP188

TPR NUP205

NUP155

NUP35/53

Figure 1.4 Schematic representation of the Nuclear Pore Complex structure

The cyto- and nucleoplasmic rings (NUP107-160 complex, blue) and the central channel (NUP93, red) are
the scaffolding subunits of the NPC. The transmembrane nucleoporins (green), anchor the pore withing the
NE. The cytoplasmic filaments (brown) are attached to the cytoplasmic ring, the nuclear basket (orange) is
connected to the nucleoplasmic ring. The central FG-NUPs line the channel creating a permeability barrier.
Boxes indicate NUPs analyzed in this thesis.
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the central channel (Nup93 complex) lined with Phenylalanine-Glycine-repeat NUPs (FG-re-
peat NUPSs) (Nup62 complex), the transmembrane NUPs and the nuclear basket (Beck and Hurt
2017) (Figure 1.4).

The architecture of the pore is created by the scaffolding subunits, that make up the central
channel (NUP93) within the NE, which is enclosed by the inner and outer ring complex
(NUP107-160). Attached to the cytoplasmic ring are the cytoplasmic filaments and to the nu-
cleoplasmic ring the so-called nuclear basket. The transmembrane NUPs anchor the NPC in the
NE (Mitchell, Mansfeld et al. 2010) and the FG-repeat nucleoporins line the central channel
creating a permeability barrier to ensure proper transport across the NE.

For a long time, it was assumed that the stoichiometry of the NPC was the same in all cells,
however more recent results have revealed that stoichiometry of the NPC is tissue dependent
and NUPs such as GP210, NUP133 and NUP358 are involved in myogenesis and neuronal
differentiation (Raices and D'Angelo 2012). What is more, mutations in some NUPSs cause tis-
sue-specific diseases, e.g., a mutation in mouse NUP155 causes atrial fibrillation leading to
cardiac death, patients with a mutation in ALADIN suffer from adrenal insufficiency and various
neurological symptoms (Triple A syndrome), and Nup96 heterozygous mice have a defective
adaptive and innate immune response (Huebner, Kaindl et al. 2004, Faria, Levay et al. 2006,
Zhang, Chen et al. 2008). The NPC has also been implicated in various other diseases e.g.,
amyotrophic lateral sclerosis, Parkinson’s, Huntington’s and Alzheimer’s disease and it is in-
volved in cancer development (Sakuma and D'Angelo 2017).

Some of these diseases are caused by problem in nucleocytoplasmic transport, which in-
volves two different mechanisms: passive diffusion and active transport.

Passive diffusion through the NPC channel is possible for molecules up to 5 nm diameter
or ~40 kDa in size, mediated by the FG-repeat nucleoporins that create a barrier to prevent
uncontrolled import/export of macromolecules (Timney, Raveh et al. 2016). FG-repeat NUPs
are rich in phenylalanine (F) and glycine residues (G) and are intrinsically disordered, creating
a ‘hydrogel’ responsible for the NPCs transport specificity (Ribbeck and Gorlich 2001,
Denning, Patel et al. 2003, Frey and Gorlich 2007, Timney, Raveh et al. 2016).

11
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Larger macromolecules require active transport by nuclear transport receptors (NTRS)
(Knockenhauer and Schwartz 2016, Schmidt and Gorlich 2016, Timney, Raveh et al. 2016).

Active transport is mediated by the Ran-gradient (Melchior, Paschal et al. 1993, Moore and
Blobel 1993, Izaurralde, Kutay et al. 1997), the requisite transport receptors (importins/export-
ins) (Gorlich, Prehn et al. 1994, Imamoto, Shimamoto et al. 1995, Bernad, van der Velde et al.
2004, Port, Monecke et al. 2015) and the transient interactions of the transport receptors with
the hydrogel created by FG-repeat NUPs (Bayliss, Ribbeck et al. 1999, Frey, Richter et al. 2006,
Frey and Gorlich 2007, Frey and Gorlich 2009, Schmidt and Gorlich 2016).

The Ran gradient is dependent on Ran, a small GTPase that exists in two conformations:
RanGTP or RanGDP (Melchior, Paschal et al. 1993). The change from one conformation to the
other is mediated by the Ran GTPase-activating protein (RanGAP) and the Ran guanine ex-
change factor RCC1 (Bischoff and Ponstingl 1991, lzaurralde, Kutay et al. 1997). Both are
restricted in their localization, RanGAP to the cytoplasm and RCC1 to the nucleus. RanGTP is
transformed to RanGDP in the cytoplasm by RanGAP and is returned to the nucleoplasm via
its dedicated transport receptor Ntf2, where it released from Ntf2 by the exchange of GDP to
GTP, mediated by RCC1. This mechanism creates a Ran-gradient with a much higher Ran con-
centration in the nucleus than in the cytoplasm (Kalab, Weis et al. 2002).

Cargo import into the nucleus requires a nuclear localization sequence, which is recognized
by B-karyopherin’s either directly or indirectly (Christie, Chang et al. 2016). Once cargo and
transport receptor (importin) have entered the nucleus via the NPC, the cargo is released by
binding of RanGTP to importin (Gorlich, Panté et al. 1996, lzaurralde, Kutay et al. 1997,
Christie, Chang et al. 2016). The cargo-free importin-RanGTP complex returns to the cyto-
plasm, where RanGTP is hydrolyzed to RanGDP with the help of RanGAP, importin is released
and can now bind new cargo (Floer, Blobel et al. 1997, Lounsbury and Macara 1997).

Export requires a nuclear export sequence within the cargo, which is bound by a karyo-
pherin-RanGTP export complex. Once the export complex emerges into the cytoplasm,
RanGTP returns to its’ GDP-bound state with the help of RanGAP and RanBP1/2 and the cargo

is released from exportin (Kutay, Bischoff et al. 1997, Stade, Ford et al. 1997, Matsuura 2016).
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RanGDP is then transported to the nucleus via Ntf2, ensuring that the cycle of import/export is
maintained.

Besides its primary purpose controlling nuclear transport, the NPC also fulfills multiple
other roles.

For example the NPC is involved in chromatin modulation and gene expression (Raices
and D'Angelo 2017). NPCs are surrounded by decondensed chromatin, which is regulated by
TPR (Krull, Dorries et al. 2010) and therefore NPCs could modulate gene expression in these
regions, by preventing formation of heterochromatin in these areas.

In mitotic cells, nucleoporins play a role in regulating kinetochore-microtubule attachment,
the spindle assembly checkpoint and mitotic progress (Salina, Enarson et al. 2003, Joseph, Liu
et al. 2004, Orjalo, Arnaoutov et al. 2006, Zuccolo, Alves et al. 2007, Mackay, Elgort et al.
2009, Lussi, Shumaker et al. 2010, Cross and Powers 2011).

In addition, the NPC interacts with the nuclear lamina, the LBR and the LINC complex
(Smythe, Jenkins et al. 2000, Lu, Gotzmann et al. 2008, Al-Haboubi, Shumaker et al. 2011,
Funakoshi, Clever et al. 2011). Interaction with e.g., the LINC complex is crucial for de novo
interphase assembly of the NPC, which will be detailed in the following section and the discus-

sion.

1.3.2 Assembly of the NPC

To be able to fulfill its’ myriad functions, the NPC must be assembled first. It has two
modes of assembly, post-mitotic reassembly following open mitosis and de novo NPC insertion
into the NE during interphase (Otsuka and Ellenberg 2018).

Post-mitotic re-assembly is a highly ordered sequence of events, resulting in fully func-
tional pores by early G1. The current theory of reassembly is that pre-pores form on chromatin
and are enclosed by the reforming NE membrane (Otsuka and Ellenberg 2018). At the onset of
mitosis the NPC is disassembled into its subunits (Figure 1.4) from pro- to metaphase, and most
of them remain stably assembled until reformation (Belgareh, Rabut et al. 2001, Loiodice,
Alves et al. 2004, Dultz and Ellenberg 2010). The subcomplexes are either diffused in the cy-

toplasm or, in the case of the transmembrane NUPs, localize to the ER membrane. Disassembly

13



1. Introduction

begins in prophase and is mediated by phosphorylation of several NUPs (Dultz, Zanin et al.
2008, Laurell, Beck et al. 2011). Phosphorylation is reverted by phosphatases, which allows
NPC reassembly to proceed (Schellhaus, De Magistris et al. 2016).

Starting in early anaphase, ELYS initiates post-mitotic assembly, by binding to the sepa-
rating chromosomes with its> AT-hook DNA binding domain (Kimura, Takizawa et al. 2002,
Rasala, Orjalo et al. 2006, Franz, Walczak et al. 2007). It recruits the remainder of the Nup107-
160 complex forming a pre-pore complex on chromatin, followed by partial binding of
Nup153/Nup50 (Bodoor, Shaikh et al. 1999, Hase and Cordes 2003, Dultz, Zanin et al. 2008,
Rasala, Ramos et al. 2008). In a next step, two transmembrane NUPs, NDC1 and POM121
(Antonin, Franz et al. 2005, Mansfeld, Guttinger et al. 2006, Rasala, Ramos et al. 2008) are
recruited by ELYS, as well as Nup53 by NDC1 in early telophase (Vollmer, Schooley et al.
2012, Eisenhardt, Redolfi et al. 2014). Central channel Nup155 is incorporated via its interac-
tion with Nup53 (Eisenhardt, Redolfi et al. 2014), it in turn recruits the other central channel
NUPs (Nup205/188/93). In telophase Nup93 adds the Nup62 complex, at which point partial
transport across the NE is established (Dultz, Zanin et al. 2008, Sachdev, Sieverding et al.
2012). The remainder of the nuclear basket NUPs (Nup153/50, TPR) and cytoplasmic filaments
are assembled in early G1 (Dultz, Zanin et al. 2008), which concludes post-mitotic NPC reas-
sembly.

Interestingly this process is not only controlled via phosphorylation/dephosphorylation of
NUPs but is also mediated by two factors normally involved in nucleocytoplasmic transport:
importins B1/B2 and a Ran gradient (Hetzer, Bilbao-Cortés et al. 2000, Walther, Askjaer et al.
2003, Forbes, Travesa et al. 2015). Usually, importins transport cargo from the cytoplasm to
the nucleus, in mitotic cells they bind to several proteins and prevent them from interacting with
others (Forbes, Travesa et al. 2015). A few examples are: LB1, LBR, spindle assembly factors,
the NUPs 62, 98, 153 214, 358, the NUP107-160 complex and ELYS (Forbes, Travesa et al.
2015). These proteins are only released by binding of RanGTP to the transport receptors
(Gorlich, Panté et al. 1996). RanGTP is only present adjacent to chromatin, since its’ guanine-
exchange factor RCCL1 is bound to chromatin during mitosis (Hetzer, Bilbao-Cortés et al. 2000).

Consequently, NPC reformation is restricted to the area surrounding the dividing chromosomes
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beginning with ELY'S in anaphase, positively regulated by RanGTP and negatively regulated
by importins (Hetzer, Bilbao-Cortés et al. 2000, Rasala, Ramos et al. 2008, Rotem, Gruber et
al. 2009).

During interphase NPC numbers increase approximately 2-fold in preparation for cell divi-
sion (Maul, Maul et al. 1972) and new NPCs need to be inserted into the intact NE. This process
is governed by Cdk1/2 activity and the basket nucleoporin TPR, which regulate localization,
number and expression of certain NUPs involved in de novo NPC assembly (Maeshima, lino et
al. 2010, McCloskey, Ibarra et al. 2018).

De novo NPC requires the following elements for insertion: the basket nucleoporin
NUP153 which recruits NUP107-160 (Vollmer, Lorenz et al. 2015), POM121 and SUN1 inter-
action (Funakoshi, Clever et al. 2011, Talamas and Hetzer 2011), the DP1/Yoplp reticulon
family protein (Dawson, Lazarus et al. 2009), NUP53’s membrane-deforming ability (Vollmer,
Schooley et al. 2012) and NUP133 membrane-curvature sensing capability (Doucet, Talamas
etal. 2010). Insertion proceeds via an inside-out extrusion, which requires deformation and then
fusion of the double membrane (Otsuka, Bui et al. 2016, Otsuka and Ellenberg 2018). The first
structure to be detected at the insertion site is an eight-fold symmetric ring, which is likely the
nucleoplasmic ring (NUP107-160 complex), since NUP107-160 is recruited to the INM by
NUP153 (Vollmer, Lorenz et al. 2015.). Recruitment of NUP107-160 to the INM is also facil-
itated by the membrane-curvature sensing ability of one of its’ components, NUP133 (Doucet,
Talamas et al. 2010). The resulting pre-pore structure is then further pushed into the double
membrane until the INM and ONM fuse and a mature pore is formed. The exact mechanism of
how this fusion is achieved still remains to be identified (Otsuka, Bui et al. 2016). However,
the interaction of POM121 and SUNL1 is thought to be essential for reducing the distance of the
INM and ONM, which would facilitate the fusion event (Funakoshi, Clever et al. 2011, Talamas
and Hetzer 2011).

Once NPCs are inserted into the NE, they are fairly immobile, which is dependent on
NUP153s interaction with the nuclear lamina (Walther, Fornerod et al. 2001). NUP153 interacts
with Lamin A and B1 and in Xenopus egg extract it needs the lamina to incorporate into the

NPC (Smythe, Jenkins et al. 2000, Al-Haboubi, Shumaker et al. 2011). At the same time down-
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regulation of TPR affects lamina organization, as does NUP153 knockdown (Fiserova,
Maninova et al. 2019, Kittisopikul, Shimi et al. 2021). In addition to being involved with the
lamina, the NPC also associates with a member of the LINC complex, SUN1 and the LBR
(Funakoshi, Maeshima et al. 2007, Liu, Pante et al. 2007).
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1.4 Replicative senescence

In this study NPCs were not just analyzed during cellular division, | also looked into the
relationship of NPC distribution and replicative senescence, since HGPS cells senesce prema-
turely, and senescent cells exhibit nuclear changes as well. Replicative senescence was discov-
ered by Hayflick et al. (Hayflick and Moorhead 1961, Hayflick 1965), when they observed that
cells cultured in vitro have a limited lifespan. Senescent cells no longer proliferate and have an
altered metabolism and their state is attributed to various factors such as shortened telomers,
DNA damage, genotoxic drugs, irradiation, oxidative stress, nutrient deprivation, mitochondrial
dysfunction, hypoxia, oncogenic stress etc. (Childs, Durik et al. 2015, Gorgoulis, Adams et al.
2019). Senescent cells also become resistant to apoptosis and can persist, if not removed by e.g.
natural killer cells (Ryu, Oh et al. 2007, Krizhanovsky, Yon et al. 2008).

What is more, cellular senescence is not just an artefact of in vitro cell culture, it has both
beneficial and deleterious effects on organisms (Di Micco, Krizhanovsky et al. 2021). Senes-
cence plays a role in embryonic development, tumor suppression, wound healing, tissue repair,
insulin secretion and age-associated degeneration (Baker, Wijshake et al. 2011, de Magalh&es
and Passos 2018) (Di Micco, Krizhanovsky et al. 2021).

In mammalian cells, the irreversible cell cycle arrest of senescent cells is driven by the p53-
p21 and p16'™NK4A-RB tumor suppressor pathways (Childs, Durik et al. 2015), which both lead
to the activation of pRb (retinoblastoma protein) family members resulting in cell cycle arrest.
p21 and p16'N%4A (p16) are both cyclin dependent kinase (CDK) inhibitors, however p21 is
thought to initiate senescence, whereas p16 maintains the terminal stage of senescence (Alcorta,
Xiong et al. 1996, Stein, Drullinger et al. 1999). Both p21 and p16 upregulation first induces
PRB hypo-phosphorylation, which then associates with the transcriptions factor E2F, prevent-
ing E2F activation and consequent G1 to S-phase transition is inhibited (Chellappan, Hiebert et
al. 1991, Dyson 1998), leading to the irreversible senescent cell cycle arrest.

Senescent cells exhibit various morphological changes, e.g. an irregular and enlarged cel-
lular shape, increased lysosomal content, accumulation of mitochondria and nuclear changes
(Hernandez-Segura, Nehme et al. 2018). Nuclear changes include an increase in size, downreg-

ulation of LB1, inhibition of signal molecule nuclear translocation and old NPCs become more
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permeable to passive diffusion (Mitsui and Schneider 1976, D'Angelo, Raices et al. 2009, Kim,
Ryu et al. 2010, Freund, Laberge et al. 2012, Hanzelmann, Beier et al. 2015).

Another characteristic of senescent cells is the senescence-associated secretory phenotype
(SASP) (Di Micco, Krizhanovsky et al. 2021). Senescent cells secrete various molecules f. ex.
cytokines, chemokines, growth factors and extracellular matrix proteases, which can affect the
surrounding environment. The SASP can reinforce or spread senescence and can attract the
immune response to eliminate senescent cells (Krizhanovsky, Yon et al. 2008, Acosta, Banito
et al. 2013, Sagiv and Krizhanovsky 2013, Gorgoulis, Adams et al. 2019).

Cellular senescence also plays a role in disease progression of HGPS. HGPS cells enter
replicative senescence prematurely due to progerin’s deleterious effect on cellular health, f. ex.
DNA damage, replication stress, JAK/STAT overactivation and accelerated telomere shorten-
ing (Liu, Wang et al. 2005, Huang, Risques et al. 2008, Benson, Lee et al. 2010, Wheaton,
Campuzano et al. 2017, Liu, Arnold et al. 2019). Forced progerin expression can induce prem-
ature senescence in VSMCs, possibly contributing to arterial VSMC loss in HGPS patients and
premature senescence interferes with adipocyte differentiation in HGPS as well(Kinoshita,
Nagasawa et al. 2017, Najdi, Krlger et al. 2021). Premature senescence of HGPS can be rescued
f. ex. by telomerase expression or inhibition of the JAK/STAT pathway (Kudlow, Stanfel et al.
2008, Benson, Lee et al. 2010, Liu, Arnold et al. 2019), potentially offering a novel therapeutic
strategy besides detaching progerin from the NE with FTI.

One problem researchers’ face when analyzing cellular senescence is that so far, no univer-
sal marker for cellular senescence has been identified. Common markers that are used at the
moment are increased lysosomal content, elevated p16 or p21 content, reduced LB1, y-H2AX
nuclear foci, phosphorylated p53, BCL-2 expression etc. (Hernandez-Segura, Nehme et al.
2018). However, none of these are just involved in senescence, they also have roles during the
cell cycle, depend on the cell type, the factor initiating cellular senescence and more. Conse-
quently, a careful analysis needs to be performed before choosing the appropriate markers, be-

fore starting any experiments.
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AIM AND SCOPE OF THIS THESIS

The aim of thesis was to shed light on the cause for abnormal NPC distribution in the nu-
clear envelope of HGPS fibroblasts and potentially enable development of new treatment strat-
egies for this debilitating disease. Previous work in the laboratory of Professor Djabali demon-
strated how progerin interferes with mitotic progression of HGPS cells. In addition, progerin
caused the mislocalization of various proteins throughout mitosis e.g., Lamin B1, Lamin A,
SUNL1, emerin, CENP-F and Aurora B. A slight delay in recruitment of different nucleoporins
labelled by mAb414 was also detected, which raised the question, if clustering of NPCs in
HGPS cells was caused by a defect in post-mitotic NPC reassembly. To answer this question,
the distribution of progerin and various nucleoporins in mitotic cells was analyzed in combina-
tion with Lamin A and SUN1. SUNL1 is a known interaction partner of progerin and the NPC
and progerin’s negative influence on SUN1 might also impact the NPC. What is more, nucleo-
porins from different parts of the NPC were analyzed in mitotic HGPS and control fibroblasts,
to be able to observe the sequential step of post-mitotic NPC reassembly.

Not only did I analyze post-mitotic NPC reassembly, I also looked into the distribution of
NPCs in cells undergoing replicative senescence and how senescence affected the morphology
of the nuclear envelope.

The discovery of the mechanism for NPC in HGPS could potentially help ameliorate some
of the cellular symptoms of HGPS, for example the disturbed Ran gradient and premature se-

nescence.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

2. Materials and Methods

Chemicals, Kits and antibodies were purchased from the following companies:
Abcam (Cambridge, UK), Bethyl (Montgomery, USA), Biolegend (San Diego, USA), Bio-Rad
Laboratories (Munich, Germany), Biozol (Eching, Germany), GE Healthcare (Munich, Ger-

many), Jackson Immuno Research (Westgrove, USA), Luminex (Austin, USA), Merck Biosci-

ences (Darmstadt, Germany), Merck Millipore (Burlington, USA), Proteintech (Manchester,

UK), Roche (Mannheim, Germany, Roth (Karlsruhe, Germany), Santa Cruz Biotechnology,

Inc. (Dallas, USA), Sigma-Aldrich (Taufkirchen, Germany), Thermo Fisher Scientific Inc.

(Waltham, USA), VWR (Radnor, USA).

2.1.2 Instruments

Instrument

Producer

CO2 incubator CB

Binder GmbH, Tuttlingen, Germany

ChemiDocTM MP

Bio-Rad Laboratories, Munchen, Germany

Mini Trans-Blot® Cell

Bio-Rad Laboratories

Trans-Blot Turbo Transfer System

Bio-Rad Laboratories

Mini-PROTEAN I1 electrophoresis system

Bio-Rad Laboratories,

Rocking Shaker

Biozym, Hessisch Oldendorf, Germany

FLUOstar® Omega

BMG LABTECH, Ortenberg, Germany

Axio Imager D2 fluorescence microscope

Carl Zeiss, Oberkochen, Germany

Eppendorf Research® plus pipettes

Eppendorf, Hamburg, Germany

Eppendorf thermomixer comfort

Eppendorf

Eppendorf centrifuge Minispin, 5810

Eppendorf

IKA Mixer Vortex Shaker Model MS 2

IKA, Staufen, Germany

NanoDrop ND-1000 spectrophotometer

PEQLAB, Erlangen, Germany
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2.1.3 Kits, cell lines and antibodies

2. Materials and Methods

Kits: Senescence Detection Kit | (PromoCell, PK-CA577-K320)

Table 2.1 Cell lines used in this study

Name Condition | Donor | Biopsy | Mutation Source
GMO01652c Normal 1LY Skin none Coriell Institute
Female
GMO01651c Normal 13Y Skin none Coriell Institute
Female
LMNA Exon 11, .
3Y : heterozygous Progeria Re-
HGADFNO003 | HGPS Female Skin C1824CST fieoanrch Founda-
(p.Gly608Gly)
LMNA Exon 11, .
2Y : heterozygous Progeria Re-
HGADFN127 | HGPS Male Skin C1824CST fieoanrch Founda-
(p.Gly608Gly)
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Table 2.2 Primary antibodies used in this study

2. Materials and Methods

Name oriain Cath supplier weight dilution Fixation Incuba- |2nd AB |dilution |Incuba- |2nd AB
g bp [kDa] IF tion IF  |IF WB tion WB |WB
A300- _ 4°CONor| .. . o .
ELYS RAB 1GEA Bethyl 256 1:500 MeOH oh RT 1:1000 1:2000 | 4°CON | 1:3000
0,
LA MAB 133A2 Abcam 78 1:500 A%PFA 1 gocON | 1:1000
or MeOH
Lamin (E-1): sc- 78 ] ] 1hRTor ]
AIC MAB 376248 Santa Cruz 63 1:1000 1:1000 4°C ON 1:5000
Lamin H-110, 78 ) ) 1hRTor )
AIC RAB | o oppsy |Santa Cruz 63 1:1000 | 1:10000 | “yonqy | 1:3000
Lamin B Goat M'62201’7SC' Santa Cruz 66 1:50 MeOH | 4°C ON 1:800
66095-1- -
LaminBl1| MAB lg, clone | . 66 1:1000 1:500 4°CON | 1:5000
3C10G12
358, 214
MMS- . S , 4% PFA |4°CONor| . _ . _
NPC 414 MAB 1o0p | Biolegend 15%,298, 1:2000 | C“Meon | ohRT 1:1000 1:1000 | 4°CON | 1:5000
MA1- Thermo 1:500 4% PFA |4°C ON or _
NUP107 1 MAB 1 16031 | Fisher 107 1300 | orMeOH | 2hRT | 800 | nogood
A301- 1:500 4% PFA |4°CONor| . _ . _
NUP153 RAB 288A Bethyl 153 1400 | orMeoH | 2h RT 1:1000 1:1000 | 4°CON | 1:5000
p16- . o .
INKAA MAB P 0968 |Santa Cruz 16 1:250 MeOH | 4°C ON 1:800
021 MAB (FéSZ)LigC' SantaCruz| 21 1:250 | MeOH | 4°CON | 1:800
SAB27002 | Sigma-Al- 1:800 4% PFA |4°C ON or _ _ 1hRTor _
POM121 RAB 18 drich 121 1600 | orMeoH | 2h RT 1:800 1:1000 | “jon g | 1:3000
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2. Materials and Methods

— N 0

progerin- | oA Home- 144 none 2% PFA 5N at RT |1:800 none 4°CON  |1:3000

S5 made or MeOH

progerin- Home- 2% PFA . )

S9 RAB made 70 none or MeOH ONat RT |1:800 none 1:3000
HPA0083 | Sigma-Al- _ 4%PFA |4°CONor|.. _ 1hRTor |,

SUN1  |RAB o Sl 90 1:400 i o O 11000 (1500 |70 11:3000

Table 2.3 Secondary antibodies used in this study

Type origin | Cat# Supplier dilution
Alexa® 488 Elfﬁ(gy A21202 | Thermo Fisher 1;?880”
Alexa® 488 | DY | A21206 | Thermo Fisher oo
Alexa® 488 ngk]gey A11055 Thermo Fisher 1;?880(”
Alexa® 555 Elgzlgy A31572 Thermo Fisher i;?ggoor
Alexa® 555 5&%? A31570 Thermo Fisher 1;?880(”
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2.2 Methods

2.2.1 Cell culture

HGPS fibroblast cell lines carrying the LMNA mutation G608G, HGADFN127 and
HGADFNO0O03, were supplied by The Progeria Research Foundation Cell and Tissue Bank
(https://www.progeriaresearch.org/). Control fibroblasts GMO1651 and GMO1652 were sup-
plied by the Coriell Institute for Medical Research (Camden, NJ, USA). All cells were cultured
at 37°C, 5% CO2 in DMEM high glucose, GlutaMAX (TM), pyruvate supplemented with 15%
fetal bovine serum (FBS), 1% penicillin, 1% glutamine and 0.5% gentamicin (growth medium).
Media, Trypsin, supplements and PBS (Phosphate buffered saline) were all supplied by Thermo
Fisher Scientific Inc. (Waltham, USA).

To split cells, they were first washed with PSB and then incubated for ~3 min at 37°C in
Trypsin. The detached cells were resuspended in 2-7 ml media, depending on size of the dish.
They were then counted using a Muse™ Cell analyzer (Merck Millipore; Burlington, USA).
The cell suspension was diluted 1:1 in Muse™ Count & Viability Reagent and incubated for
5 minutes (min) at room temperature (RT) before counting. Following counting, cells were
seeded at density appropriate for maintenance or immunofluorescent/western blot experiments.
For storage, cell pellets were resuspended and stored in FBS supplemented with 10% DMSO
at -80°C.

To maximize the number of mitotic cells per glass coverslip, cells (passage 15-19) were
seeded at a density of 3000 cells/cm? and fixed after 48 h. To further increase the number of
mitotic cells, cells were synchronized by serum starvation. 4000 cells/cm? were seeded on glass
coverslips and cultured in growth medium for 24 h, followed by 72 h incubation in starvation
medium, containing only 0.1% instead of 15% FBS. After 72 h, growth medium was reintro-
duced, and cells were fixed 28 to 31 h following release from starvation.

For statistical analysis of young and old cells, 2000 cells/cm? were seeded in growth me-
dium on coverslips and fixed on day 4. Before seeding, cells were evaluated by a senescence

associated B-Galactosidase assay (see 2.2.2).
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2.2.2 Senescence associated f-Galactosidase assay

To evaluate replicative senescence of cell cultures, the Senescence Detection Kit | (Pro-
moCell, PK-CA577-K320) was used according to the manufacturer’s instructions:
1. 20 mg X-Gal was diluted in 1 ml DMSO resulting in a 20 mg/ml stock solution (20x).
2. The staining solution was prepared as follows, before each new experiment:
e 47% v/v Staining Solution (1x)
e 0.01% v/v Staining Supplement (100x)
e 0.05% v/v 20 mg/ml X-Gal in DMSO — final concentration ofl pg/ul X-Gal
Cell culture medium was aspirated, cells washed 1x with PBS and then fixed in 1 ml fixa-
tion solution for 10 min at RT. After fixation, cells were washed 2x with PBS, the staining
solution was added, and the samples were incubated ON at 37°C. Following staining, cells were
washed 1x with PBS and at least 300 cells per experiment were counted manually, distinguish-
ing normal (“young”) and blue cells (“old™).
To analyze progerin levels concomitant with senescence associated B-Galactosidase in-
crease, HGPS cells were stained using the Senescence Detection Kit I. Cells were then perme-
abilized with ice-cold Methanol (MeOH) at -20°C for 10 min. Following permeabilization, cells

were blocked and treated as in 2.2.3.

2.2.3 Immunocytochemistry

Cells were grown on glass coverslips and fixed with either 2/4% paraformaldehyde (PFA)
solution in PBS for 15 min at RT or in ice-cold MeOH for 10 min at -20°C. Following fixation,
coverslips were washed 3x with PBS. 2/4% PFA-fixed cells were permeabilized with 0.2%
Triton-X-100 in PBS 10 min at RT and washed 3x with phosphate-buffered-saline (PBS). Co-
verslips were then stored in PBS at 4°C until used. The primary and secondary antibodies used
in this study are listed in Table 2.2 and Table 2.3. Samples were blocked with 10% FBS in PBS
for 1 h at RT in a humidity chamber, before adding primary antibodies diluted in blocking
buffer (see Table 2.2). Incubation times are listed in Table 2.2 and were followed by washing
3x with PBS, before adding secondary antibody diluted in blocking buffer (see Table 2.3) for

1 h at RT. Then samples were washed 4x with PBS, before counterstaining and mounting with
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VECTASHIELD® Antifade Mounting Medium with DAPI (Vector Inc., VEC-H-1200). Im-
ages were acquired with an Axio Imager D2 fluorescence microscope (AxioCam MRm, Objec-
tive X63 oil NA 1.4 or X40 oil NA 1.3, Carl Zeiss, Oberkochen, Germany) or a Leica SP8

Lightning confocal microscope (objective X63 oil NA 1.4, Leica, Wetzlar, Germany).

2.2.4 Image analysis

Images were analyzed, cropped and brightness/contrast adjusted with Fiji Imagel
(Schindelin, Arganda-Carreras et al. 2012), followed by import into Adobe Photoshop CC 2017
or Adobe Illustrator (Adobe Inc., San José, USA) for presentation. Once imported into Adobe

Photoshop CC or Adobe Illustrator, images were not altered further.

2.2.5 Statistical evaluation of NPC clustering and progerin levels via immunocytochemistry

NPC clustering and progerin levels were analyzed in all four cell lines listed in Table 2.1.
At least three replicates were performed for each experiment, with 300 nuclei counted per tech-
nical replicate, adding up to ~900 nuclei per condition (see Table 5.3). Prior to statistical eval-
uation of cells by immunocytochemistry, primary fibroblast cultures were analyzed by senes-
cence associated [3-Galactosidase assay and only “young” cells (< 5% B-Galactosidase positive
cells) or “old” cells (> 30% B-Galactosidase positive cells) were evaluated. Cells were analyzed
visually and evaluated by inspecting signal intensity and morphology in the field of view of a
X40 oil objective (see 2.2.3). Antibodies used to assess progerin levels, cellular senescence and
NPC distribution were progerin S5, p16, p21, LB1 and POM121 (for details see Table 2.2). The
same homemade progerin S5 lot was used for all statistical experiments, to ensure uniform
results.

The results from visual analysis were transferred to MS Excel (Microsoft, Redmond, USA)
for overview and calculation of the percentages. To calculate the mean and the standard devia-
tion, the percentages were transferred to GraphPad Prism 6.01 (GraphPad, San Diego, CA,
USA). All graphs in the results section were prepared in GraphPad Prism 6.01 (GraphPad, San
Diego, CA, USA) as well. All results are compared with a tow-tailed Student’s t-test, repeated

measures one-way or two-way ANOVA, depending on the type of comparison and presented
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with mean +SD. Which test was performed, is specified in the legend of the corresponding
figure. The symbols used to indicate statistical significance are: ns, not significant, p > 0.05, *p

<0.05, **p < 0.01, and ***p < 0.001.
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3. Results

3.1 Analysis of post-mitotic NPC assembly in control and HGPS fibroblasts

Characteristic defects observed in HGPS are clustered NPCs, co-localizing with progerin
trapped in invaginations of the NE (Goldman, Shumaker et al. 2004, Paradisi, McClintock et
al. 2005)(Figure 1.3). Progerin has been shown to affect localization of various proteins during
mitosis, therefore | investigated post-mitotic NPC assembly, to determine the cause of irregular
NPC distribution in HGPS. | used immunofluorescence to track protein localization in two
HGPS and control fibroblast cell lines (see 2.2.1). A list of how many fixed cells were analyzed
per mitotic phase, per cell line and antibody combination, can be found in the appendix (Table
5.1).

In the following figures, examples of NPC clustering in two HGPS cell lines are depicted,
using five different antibodies binding to different subunits of the NPC: ELYS, mAb414,
NUP107, NUP153 and POM121 (see schematic representation in Figure 1.4 and IF analysis in

NUP107 ELYS NUPI53 POMI21 mAb414

HGADFN127
nucleoporin DAPI

merge

Figure 3.1 NPCs clustered in dysmorphic HGADFN127 nuclei

Representative images of dysmorphic HGADFN127 nuclei with clustered NPCs, labeled with a-NUP107/
ELYS/NUP153/POM121 or a-mAb414 (green), counterstained with DAPI (blue). Scalebar 10 pm.
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Figure 3.1 and Figure 3.2). In both HGPS cell lines the different NUPs collect and cluster

mostly in the folds and invaginations of the nuclear envelope (Figure 3.1 & Figure 3.2.).

NUP107 ELYS NUPI153 POMI121 mAb414

HGADFN003
nucleoporin DAPI

merge

Figure 3.2 NPCs clustered in dysmorphic HGADFNO0O03 nuclei

Representative images of dysmorphic HGADFNOO3 nuclei with clustered NPCs, labeled with a-NUP107/
ELYS/NUP153/POM121 or a-mAb414 (green), counterstained with DAPI (blue). Scalebar 10 pum.

3.1.1 Unlike NUP107, progerin aggregated in the cytoplasm of mitotic HGPS cells

Progerin accumulates with age, deforms the NE and collects in its’ folds (Figure 3.3 a, b)
(Goldman, Shumaker et al. 2004). In mitotic cells progerin does not disperse in the cytoplasm
from metaphase to telophase and large quantities remained trapped in the ER of cytokinetic
cells (Eisch, Lu et al. 2016). In contrast, LA is usually dispersed evenly in the cytoplasm, starts
to collect at the periphery of telophase chromosomes and is fully assembled in cytokinesis/G1
(Moir, Yoon et al. 2000). Since progerin ER aggregates also de-localize other NE proteins dur-
ing mitosis, such as LA, LB1, SUN1 and emerin (Eisch, Lu et al. 2016), | looked into the loca-
tion of NUP107 in relation to progerin in mitotic cells, one of the first nucleoporins recruited
to the reforming nuclear envelope (Figure 3.3 a, b). NUP107 is part of the NUP107-160-com-

plex, which remains mostly associated throughout mitosis (Loiodice, Alves et al. 2004) and
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diffuses in the cytoplasm after NE breakdown in prophase (Belgareh, Rabut et al. 2001). There-
fore, following NUP107 would give a good overview of the entire NUP107-160 complex and

any aggregates would indicate a perturbation of its’ function during mitosis.

(a) Interphase Prophase = Metaphase  early Ana. late Ana. Telophase Cytokinesis

HGADFN003
NUP107 DAPI

progerin

merge

(b) Prophase =~ Metaphase  early Ana.  late Ana.  Telophase Cytokinesis

HGADFN127
NUP107 DAPI

progerin

merge

Figure 3.3 NUP107 did not colocalize with progerin aggregates in mitotic HGPS cells

Representative images of two HGPS cell lines: (a) HGADFNOO3 and (b) HGADFN127 labeled with o-
NUP107 (red) and a-progerin (green), counterstained with DAPI (blue). From metaphase to cytokinesis
progerin was aggregated in the cytoplasm of HGPS cells. Large aggregates were still visible in the cytoplasm
of cytokinetic cells, so incorporation of progerin into the NE was delayed. NUP107 did not aggregate in
mitotic HGPS cells, it dispersed evenly in the cytoplasm from metaphase to early anaphase. NUP107 recruit-

ment to the dividing chromosomes in late anaphase/telophase was not delayed. n>3, Scalebar 10 um.
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The nuclear envelope began to dissolve in prophase and NUP107 started to dissociate from
the NE into the cytoplasm (Figure 3.3 a, b). In both metaphase and early anaphase HGPS cells,
NUP107 was distributed evenly across the cytoplasm, whereas progerin accumulated adjacent
to metaphase and anaphase chromosomes (Figure 3.3 a, b). Of note, since progerin retains its
farnesyl anchor, it remains associated with the ER membrane in mitotic cells from prophase to
cytokinesis (Eisch, Lu et al. 2016).

In late anaphase NUP107 began to form a rim at the core region of the separating chromo-
somes, which continued in telophase, where chromatin was now completely surrounded by
NUP107 (Figure 3.3 a, b). By cytokinesis, NUP107 was fully incorporated into the daughter
NE, with only background signal detectable in the cytoplasm (Figure 3.3 a, b). Progerin, how-
ever, remained attached to the ER membrane after NE dissolution in prophase and aggregated
close to aligned metaphase chromosomes (Figure 3.3 a, b). In anaphase and telophase progerin
was still aggregated and did not form a detectable rim at the dividing chromosomes (Figure 3.3
a, b). In addition, large progerin aggregates remained trapped in the cytoplasm of the daughter
nuclei in cytokinesis and progerin was not properly incorporated into the NE (Figure 3.3 a, b).

In conclusion, progerin aggregated in dividing mitotic cells from metaphase to cytokinesis
and incorporation into the reforming nuclear envelope was delayed. NUP107 recruitment to the
NE did not appear to be affected and it did not colocalize with progerin aggregates. To confirm
that progerin did not have a deleterious effect on overall post-mitotic NPC assembly, | analyzed

further nucleoporins from different subunits of the NPC (highlighted in Figure 1.4).
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3.1.2 Seeding of post-mitotic NPCs by ELYS was not affected in HGPS

ELYS is the first NUP recruited to the reforming NE, binding to the separating chromo-
somes in early anaphase via its’ AT-hook domain (Rasala, Orjalo et al. 2006, Rasala, Ramos et
al. 2008). If progerin interfered at the beginning of post-mitotic NPC assembly, as it does with
other NE proteins (Eisch, Lu et al. 2016), we should be able to observe a defect at this first step.
At the time only an ELY'S antibody (AB) of the same species as our progerin AB was available,
therefore a co-stain of ELYS and LA was performed. In healthy dividing cells both ELYS and
LA should be diffused in the cytoplasm or in the case of ELYS, partially localized to kineto-
chores of metaphase chromosomes (Moir, Yoon et al. 2000, Rasala, Orjalo et al. 2006, Zuccolo,
Alves et al. 2007). Progerin delocalizes the centromere protein CENP-F from kinetochores,
therefore | was also interested if ELYS would properly bind to kinetochores in HGPS (Eisch,
Lu et al. 2016). To elucidate, if ELYS localization is changed in HGPS, mitotic cells of two
control and two HGPS cell lines were analyzed from prophase to cytokinesis (Figure 3.4 &
Figure 3.5, Table 5.1).

In control and HGPS prophase the NE begins to dissolve and ELYS signal started to be-
come more diffuse (Figure 3.4 & Figure 3.5 a, b). ELYS was partially localized to metaphase
kinetochores in control and HGPS cell, with no obvious difference between the two (Figure 3.4
& Figure 3.5 a, b). LA, however, was only properly dispersed in the cytoplasm of metaphase
control cells, whereas it formed aggregates close to the aligned chromosomes comparable to
progerin in HGPS cells (Figure 3.3 a, b, Figure 3.4 & Figure 3.5 a, b). In control and HGPS
early anaphase, we could observe that ELYS started to form a rim-like pattern surrounding the
dividing chromosomes, which continued from late anaphase to telophase (Figure 3.4 & Figure
3.5 a, b). By the time control and HGPS cells had reached cytokinesis, ELYS was completely
assembled into new pores in the NE of their daughter nuclei (Figure 3.4 & Figure 3.5 a, b). Yet
LA assembly remained perturbed in HGPS fibroblasts, where aggregates could still be detected
in the cytoplasm from anaphase up until cytokinesis, just as for progerin (Figure 3.4 & Figure

3.5 b, Figure 3.3 b).
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Figure 3.4 Seeding of NPCs by ELY'S on anaphase chromosomes was not delayed in HGADFNO003
compared to GMO1651c

Representative images of (a) GMO1651c (control) and (b) HGADFN003 (HGPS) labeled with a-LA (red)
and a-ELYS (green), counterstained with DAPI (blue). From metaphase to cytokinesis LA was aggregated
adjacent to the chromosomes in the cytoplasm of HGPS cells and incorporation into the NE was delayed. In
mitotic control, LA was evenly dispersed from metaphase to anaphase and properly recruited to the separating
chromosomes starting in telophase. ELYS was not affected in HGPS, it partially localized to the kinetochores
on metaphase chromosomes and beginning in anaphase started to form a rim around the separating chromo-

somes. It was fully incorporated into the NE by cytokinesis in control and HGPS. n>4, Scalebar 10 um.
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(a) Interphase Prophase =~ Metaphase  early Ana. late Ana. Telophase Cytokinesis
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Figure 3.5 Seeding of NPCs by ELYS on anaphase chromosomes was not delayed in HGADFN127
compared to GMO1652c¢

Representative images of (a) GMO1652c (control) and (b) HGADFN127 (HGPS) labeled with a-LA (red)
and a-ELYS (green), counterstained with DAPI (blue). From metaphase to cytokinesis LA was aggregated
adjacent to the chromosomes in the cytoplasm of HGPS cells and incorporation into the NE was delayed. In
mitotic control, LA was evenly dispersed from metaphase to anaphase and properly recruited to the separating
chromosomes starting in telophase. ELYS was not affected in HGPS, it partially localized to the kinetochores
on metaphase chromosomes and beginning in anaphase started to form a rim around the separating chromo-

somes. It was fully incorporated into the NE by cytokinesis in control and HGPS. n>4, Scalebar 10 um.
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In control, LA started to form a rim surrounding telophase chromosomes, which was barely
detectable in HGPS telophase (Figure 3.4 & Figure 3.5 a, b). LA was completely assembled in
control cytokinesis, whereas it was still delayed in HGPS, similar to progerin (Figure 3.3, Fig-
ure 3.4 & Figure 3.5 a, b).

To conclude, ELYS localization was not affected in HGPS, unlike LA. It was not de-local-
ized from metaphase chromosomes, unlike CENP-F, and properly seeded post-mitotic NPC
assembly at anaphase onset. In HGPS cells, LA was aggregated in the cytoplasm from meta-
phase to cytokinesis and lamina assembly at the reforming NE was delayed. Large quantities
of LA seemed to be trapped in the cytoplasm of cytokinetic HGPS daughter cells (see Table

5.2), and it remained unclear how this issue is resolved.
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3.1.3 Mitotic localization of the basket nucleoporin NUP153 was not altered in HGPS

NUP153 is part of the NPC basket and is partially recruited to the reforming NPC in ana-
phase, similar to NUP107, a member of the NUP107-160 complex (Dultz, Zanin et al. 2008).
NUP153 associates with Lamin A and B1 (Al-Haboubi, Shumaker et al. 2011) binding to their
IG-fold and lack of NUP153 increases NPC mobility, which causes clustering (Walther,
Fornerod et al. 2001). Therefore, | chose NUP153 as a further nucleoporin to analyze in mitotic
HGPS and control cells, in combination with NUP107 (Figure 3.7 & Figure 3.6 a, b, Table 5.1).

Like NUP107, NUP153 is dispersed in the cytoplasm following dissolution of the NE in
prophase (Bodoor, Shaikh et al. 1999, Dultz, Zanin et al. 2008), which was observed in control
and HGPS (Figure 3.7 & Figure 3.6). Notably, NUP107 was detectable in the cytoplasm of
prophase cells before NUP153, likely due to NUP153 as part of the NPC basket, still being
present inside the barely disassembled NE (Figure 3.7 & Figure 3.6).

In metaphase both NUPs were diffused in the cytoplasm and excluded from the region of
aligned chromosomes (Figure 3.7 & Figure 3.6 a, b). Once the chromosomes began to separate
in early anaphase, a faint accumulation of NUP153 started to form at the core region (Figure
3.7 & Figure 3.6 a, b). This rim became stronger in late anaphase and completely enclosed
control and HGPS chromatin by telophase (Figure 3.7 & Figure 3.6 a, b). NUP107 could first
be detected at the chromosomes in late anaphase, with a complete rim visible in telophase (Fig-
ure 3.7 & Figure 3.6 a, b). In cytokinetic cells, both NUP107 and NUP153 were assembled
completely, with no visible cytoplasmic aggregates at any time in either control or HGPS (Fig-
ure 3.7 & Figure 3.6 a, b).

Therefore, even though NUP153 associates with the lamina in interphase (Al-Haboubi,
Shumaker et al. 2011), progerin’s presence did not hinder its’ function nor incorporation during

post-mitotic NPC assembly.
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Figure 3.6 NUP153 and NUP107 recruitment and localization was not affected in HGADFNO003
compared to GMO1652c¢

Representative images of (a) GMO1652c¢ (control) and (b) HGADFNO0O03 (HGPS) labeled with a-NUP153
(red) and a-NUP107 (green), counterstained with DAPI (blue). Neither NUP153 nor NUP107 aggregated in
the cytoplasm of mitotic HGPS or control cells. Both NUP107 and NUP153 were properly incorporated into
the NE starting in early anaphase for NUP153 and late anaphase for NUP107. By cytokinesis both were fully

incorporated into the NE of the daughter nuclei. n>5, Scalebar 10 pm.
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Figure 3.7 NUP153 and NUP107 recruitment and localization was not affected in HGADFN127
compared to GMO1651c

Representative images of (a) GMO1651c (control) and (b) HGADFN127 (HGPS) labeled with a-NUP153
(red) and a-NUP107 (green), counterstained with DAPI (blue). Neither NUP153 nor NUP107 aggregated in
the cytoplasm of mitotic HGPS or control cells. Both NUP107 and NUP153 were properly incorporated into
the NE starting in early anaphase for NUP153 and late anaphase for NUP107. By cytokinesis both were fully
incorporated into the NE of the daughter nuclei. n>5, Scalebar 10 pum.
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3.1.4 SUN1 aggregates did not influence POM121 recruitment or localization in post-mitotic
NPC assembly

SUN1 localization is affected by progerin in both mitotic and interphase HGPS cells (Chen,
Wang et al. 2014, Eisch, Lu et al. 2016). Progerin decreases SUN1 mobility, it causes SUN1 to
accumulate in replicating cells and SUN1/progerin aggregates overlap in dividing cells (Chen,
Wang et al. 2014, Eisch, Lu et al. 2016). Since progerin strongly affects the INM protein SUN1,
we decided to take a closer look at the transmembrane nucleoporin, POM121 as well (Table
5.1, Figure 3.10 & Figure 3.11 a, b). We chose POM121, because it associates with SUN1
during de novo interphase NPC assembly (Talamas and Hetzer 2011) and may consequently be
negatively influenced by progerin as well. It was not possible to combine SUN1 and POM121
in the same immunofluorescence experiment, since at the time both antibodies were only avail-
able from the same species. Hence, we chose to label cells with either POM121 or SUNL1 in
combination with mAb414. mAb414 recognizes glycosylated FG-repeat NUPs, such as
NUP358, NUP214, NUP153, NUP98 and NUP62 (Davis and Blobel 1986, Lin and Hoelz 2019)
and thus gives a good overview over multiple other NUPs, which we would not have had if |
had combined POM121 and SUNL directly.

First, 1 looked at SUNL1 in control and HGPS cells, to clarify the relative localization of
SUN1 and NUPs bound by mAb414 from prophase to cytokinesis (Figure 3.8 & Figure 3.9,
Table 5.1). Since SUNL1 is a transmembrane protein, it localizes to the dissociated ER mem-
brane, as does POM121 (Daigle, Beaudouin et al. 2001, Chen, Wang et al. 2014), whereas
NUPs bound by mAb414 diffuse in the cytoplasm, since none of them are transmembrane NUPs
(Figure 1.4). SUN1 remains bound to the dissolving NE in prophase, later redistributing to the
ER(Chen, Wang et al. 2014) and therefore no SUN1 background signal was visible in the pro-
phase cytoplasm of control or HGPS.

In metaphase control cells, SUN1 is excluded from the region surrounding the aligned chro-
mosomes, whereas in HGPS cells SUN1 aggregated close to them (Figure 3.8 & Figure 3.9 a,
b, Table 5.2). Aggregated SUN1 could still be observed in early anaphase HGPS cells, in con-
trol it remained dispersed (Figure 3.8 & Figure 3.9 a, b). In late anaphase of control cells, SUN1

is
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Figure 3.8 mAb414 did not colocalize with aggregated SUN1 in mitotic HGADFN127 cells

Representative images of (a) GMO1651c (control) and (b) HGADFN127 (HGPS) labeled with a-SUN1 (red)
and a-mAb414 (green), counterstained with DAPI (blue). From metaphase to cytokinesis SUN1 was aggre-
gated in the ER of HGPS cells and incorporation into the NE was delayed. In mitotic control, SUN1 was
evenly dispersed from metaphase to anaphase and properly recruited starting in late anaphase. In cytokinetic
control nuclei SUN1 was fully incorporated into the NE. NUPs bound by mAb414 did not colocalize with
SUNL1 aggregates in HGPS. The signal was dispersed in the cytoplasm from metaphase to early anaphase,
with a faint rim surrounding late anaphase chromosomes. Not all NUPs bound by mAb414 were fully incor-
porated in cytokinesis in control and HGPS. n>10, Scalebar 10 pm.
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Figure 3.9 mAb414 did not colocalize with aggregated SUN1 in mitotic HGADFNO0O03 cells

Representative images of (a) GM01652c¢ (control) and (b) HGADFN003 (HGPS) labeled with a-SUN1 (red)
and a-mAb414 (green), counterstained with DAPI (blue). From metaphase to cytokinesis SUN1 was aggre-
gated in the ER of HGPS cells and incorporation into the NE was delayed. In mitotic control, SUN1 was
evenly dispersed from metaphase to anaphase and properly recruited starting in late anaphase. In cytokinetic
control nuclei SUN1 was fully incorporated into the NE. NUPs bound by mAb414 did not colocalize with
SUNL1 aggregates in HGPS. The signal was dispersed in the cytoplasm from metaphase to early anaphase,
with a faint rim surrounding late anaphase chromosomes. Not all NUPs bound by mAb414 were fully incor-

porated in cytokinesis in control and HGPS. n>10, Scalebar 10 um.
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recruited to the core region of the separating chromosomes and began to form a rim, which
fully enclosed chromatin in telophase (Figure 3.8 & Figure 3.9 a).

Cytokinetic control displayed an even distribution of SUN1encompassing the two daughter
nuclei (Figure 3.8 & Figure 3.9 a). In HGPS, a faint SUN1 rim became visible in late anaphase,
which continued in telophase (Figure 3.8 & Figure 3.9 b). However, the rim was uneven com-
pared to control and large aggregates remained trapped in the ER from anaphase until cytoki-
nesis (Figure 3.8 & Figure 3.9 b).

mAb414 NUPs began to dissociate from the NE in prophase, in contrast to SUN1, which
was still associated with the NE. The NUPs bound by mAb414 remained evenly distributed in
the cytoplasm until late anaphase, in both control and HGPS (Figure 3.8 & Figure 3.9 a, b).
Beginning in late anaphase, the signal accumulated at the chromosomal core region. A full rim
became visible in telophase and fully surrounded cytokinetic nuclei. Unlike the previous NUPs
analyzed, we could detect remaining signals in the cytoplasm of cytokinetic cells. This was
expected, since some NUPs bound by mAb414 , such as the cytoplasmic filament NUP358, do
not fully integrate into the NPC until early G1 (Dultz, Zanin et al. 2008). Just as with the pre-
vious NUPs analyzed, no difference in mAb414 localization could be detected in HGPS, com-
pared to control (Figure 3.8 & Figure 3.9 a, b).

Lastly, | observed POM121 behavior in concert with mAb414 in control and HGPS (Table
5.1, Figure 3.10 & Figure 3.11 a, b). Like SUN1, POM121 remains associated with the ER
membrane in mitosis (Daigle, Beaudouin et al. 2001) and did not begin to detach from the NE
like mADb414 in control and HGPS prophase (Figure 3.10 & Figure 3.11 a, b).

POM121 was excluded from the region of aligned chromosomes in metaphase and the sep-
arating chromosomes in anaphase control and HGPS cells and unlike SUN1 did not aggregate
in HGPS (Figure 3.10 & Figure 3.11 a, b). In late anaphase, POM121 had begun to encircle the
separating chromosomes, which continued in telophase where only residual POM121 remained
associated with the ER in the cytoplasm of both control and HGPS (Figure 3.10 & Figure 3.11
a, b).

42



3. Results

(a) Interphase Prophase = Metaphase  early Ana. late Ana. Telophase Cytokinesis

DAPI

GMO1652¢
mADb414

POMI121

merge

(b) Prophase ~ Metaphase  early Ana. late Ana. Telophase Cytokinesis

HGADFNO003
mAb414 DAPI
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Figure 3.10 The transmembrane nucleoporin POM121 did not aggregate in mitotic HGADFNO003
cells and incorporation into the NE was not delayed.

Representative images of (a) GMO1652c (control) and (b) HGADFNO003 (HGPS) labeled with a-POM121
(red) and a-mAb414 (green), counterstained with DAPI (blue). Neither POM121 nor mAb414 recruitment
or localization was altered in mitotic HGPS cells, compared to control. POM121 dispersed in the ER, ex-
cluded from the region of the chromosomes, until it began to form a rim surrounding the chromosomes in
late anaphase. By cytokinesis it was fully incorporated into the NE. NUPs bound by mAb414 did not colo-
calize with SUN1 aggregates in HGPS. The signal was dispersed in the cytoplasm from metaphase to early
anaphase, with a faint rim surrounding late anaphase chromosomes. Not all NUPs bound by mAb414 were
fully incorporated in cytokinesis in control and HGPS. n>6, Scalebar 10 pm.
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Figure 3.11 The transmembrane nucleoporin POM121 did not aggregate in mitotic HGADFN127

cells and incorporation into the NE was not delayed.

Representative images of (a) GMO1651c (control) and (b) HGADFN127 (HGPS) labeled with a-POM121
(red) and a-mAb414 (green), counterstained with DAPI (blue). Neither POM121 nor mAb414 recruitment
or localization was altered in mitotic HGPS cells, compared to control. POM121 dispersed in the ER, ex-
cluded from the region of the chromosomes, until it began to form a rim surrounding the chromosomes in
late anaphase. By cytokinesis it was fully incorporated into the NE. NUPs bound by mAb414 did not colo-
calize with SUNL1 aggregates in HGPS. The signal was dispersed in the cytoplasm from metaphase to early
anaphase, with a faint rim surrounding late anaphase chromosomes. Not all NUPs bound by mAb414 were
fully incorporated in cytokinesis in control and HGPS. n>6, Scalebar 10 um.
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Once the dividing cells had reached cytokinesis, POM121 was fully incorporated into the
NE of control and HGPS daughter nuclei (Figure 3.10 & Figure 3.11 a, b). This was in direct
opposition to the observations concerning SUN1 (Figure 3.8 & Figure 3.9 a, b; Figure 3.10 &
Figure 3.11 a, b), where large aggregates of SUN1 were still detectable in the cytoplasm of
cytokinetic HGPS cells. mAb414 behaved in the same fashion as in the co-stain of mAb414
and SUN1 (Figure 3.8, Figure 3.9, Figure 3.10 & Figure 3.11 a, b), no delay or aggregation
could be detected in HGPS cells at any point.

Therefore, contrary to SUN1, POM121 localization or recruitment to the NE was not af-
fected throughout mitosis in HGPS cells. Given that progerin did not interfere with any of the
various NUPs analyzed in this study, we can posit that defective or altered post-mitotic NPC

assembly was likely not the cause for NPC clustering in HGPS.
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3.2 Analysis of nuclear morphology, progerin protein levels and NPC clus-

tering in replicative senescence in control and HGPS fibroblasts

Throughout the course of my experiments with mitotic cells, | noticed that with increasing
replicative senescence or passage number, my control fibroblast nuclei began to exhibit similar
morphological features as my HGPS fibroblasts. Therefore, | investigated the possibility that
NPC clustering does not just occur in HGPS, but in aged control cells as well. To analyze NPC
distribution in relation to replicative senescence, | had to determine which senescence markers
would be suitable for my experiments. Commonly used hallmarks of senescence are increased
lysosomal content, nuclear alterations, reduced LB1 levels and elevated p16'™NK4A (p16) or p21
(Dimri, Lee et al. 1995, Alcorta, Xiong et al. 1996, Mehta, Figgitt et al. 2007, Freund, Laberge
et al. 2012, Hernandez-Segura, Nehme et al. 2018). Increased lysosomal content can be ascer-
tained by a senescence-associated p-Galactosidase assay (SA B-Gal) (Dimri, Lee et al. 1995),
which | used to predetermine senescence levels, before advancing to immunofluorescent anal-
ysis (see 2.2.2 & 2.2.5). Predetermination of SA B-Gal levels were necessary, since HGPS cells
age prematurely (Liu, Wang et al. 2005, Huang, Risques et al. 2008, Benson, Lee et al. 2010,
Wheaton, Campuzano et al. 2017, Liu, Arnold et al. 2019). Therefore, passage numbers cannot
accurately reflect cellular age (Liu, Arnold et al. 2019), distorting any results dependent on
cellular health and age. Additionally, I cultured all four cell lines in the exact same manner, to
ensure all results | gathered would not be influenced by different handling. Cells were split at
the same time each week and seeded with the same density (cells/cm?). Generally, FN127 and
FNOO03 reached a senescence index of >30% (SNS >30%) at an earlier passage number than
GMO1651c and GMO1652c¢ (see caption Figure 3.14), which highlights the importance of us-

ing SNS to compare HGPS with control cells and not passage number.

46



3. Results

3.2.1 Nuclear morphology in replicative senescence

One hallmark of HGPS cells is the distinct change in nuclear morphology, compared to
healthy control cells (Figure 1.1 versus Figure 1.3) (Goldman, Shumaker et al. 2004). First, |
evaluated if abnormal nuclear morphology was dependent on replicative senescence and how
control and HGPS cells differed from each other. | evaluated nuclear shape, distinguishing be-

tween ‘normal’ and ‘dysmorphic’ based on the DAPI signal (Figure 3.12).

normal dysmorphic

Figure 3.12 Dysmorphic nuclei in replicative senescence

GMO1651c¢

HGADFN127 HGADFN003 GMO1652¢

Representative images of normal and dysmorphic GMO1651c/GMO1652¢ (control) and
HGADFNO03/HGADFN127 (HGPS) nuclei counterstained with DAPI. Scalebar 10 um.
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< 5% SNS >30% SNS < 5% SNS >30% SNS

GMO1651c
GMO1652c¢

HGADFNO003
HGADFN127

Figure 3.13 Determination of senescence index using a Senescence associated p-Galactosidase as-

say

Representative images of GMO01651c/GMO1652¢ (control) and HGADFNOO3/HGADFN127 (HGPS)

stained for lysosomal content using SA B-Gal assay (see 2.2.2). Scalebar 100 pm.

To determine, if replicative senescence had an influence on the occurrence of nuclear dys-
morphism, | compared nuclear morphology in control and HGPS cells with low (<5%) and high
(>30%) SNS, determined by SA B-Gal (Figure 3.13), using immunofluorescence (Figure 3.12).

| found that the number of dysmorphic nuclei increased significantly in both control and
HGPS with rising senescence (Figure 3.14). At high SNS an average of 61% of control nuclei
were dysmorphic and 54% of HGPS nuclei (Figure 3.14). The difference between control and
HGPS at SNS >30% was not statistically significant or only to a small degree (Figure 3.14). In
young cells with low SNS, this was not the case (Figure 3.14). Here HGPS cells had a signifi-
cantly higher number of dysmorphic nuclei compared to control; ~18,2 % vs. 11,2 % (Figure
3.14).

I concluded that the higher number of nuclear abnormalities in young HGPS cells was likely
due to progerin’s influence, which I further investigated in 3.2.3. The similar levels of dys-
morphic nuclei in aged control and HGPS cells were probably caused by down-regulation of
LB1 due to replicative senescence in both and increased progerin accumulation in HGPS

(Goldman, Shumaker et al. 2004, Freund, Laberge et al. 2012).
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Figure 3.14 Nuclear abnormalities increase with rising replicative senescence in control and HGPS
fibroblasts

Number of control (1651c/1652c) and HGPS (FN127/FN003) dysmorphic nuclei <5% and >30%SNS was
determined by counting nuclei counterstained with DAPI. SNS of control and HGPS cultures was pre-deter-
mined with SA p-Gal. Values were analyzed with a one-way ANOVA with Tukey’s multiple comparison
test and are presented as mean + SD: not significant (ns) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001
(n>3). Differences between young and old cells within each cell line were significant. Passage number <5%
SNS was <P18 for HGPS and <P21 for control. Passage humber >30% SNS was >P21 for HGPS and >P25
for control.
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3.2.2 Detection of senescent HGPS and control fibroblasts

However, predetermining SNS by SA B-Gal and observing nuclear morphology by coun-
terstaining with DAPI did not allow me to link progerin content and mechanisms of senescence
directly to changes in single control or HGPS nuclei. To precisely visualize these effects, | had
to find the right marker to fluorescently label cells, which would enable me to evaluate single
cells. Hence, | prepared samples with young (<5% SA B-Gal positive = young) or old cells
(>30% SA B-Gal positive = old) and labeled them with a-p16, a-p21 or a-LB1 antibodies to
distinguish senescent from proliferating or quiescent cells via immunofluorescence (Figure
3.15). Both p16 and p21 are also expressed in non-senescent cells (Jung, Qian et al. 2010,
Witkiewicz, Knudsen et al. 2011), so I only considered cells to be senescent, if they were pos-
itive for one of the senescence markers and nuclear morphology was altered as well (Figure

3.15 arrows).

GMO1652c

Figure 3.15 Immunofluorescent determination of replicative senescence with p16, p21 or LB1

Representative images of GMO1652c¢ stained with a-pl6, a-p21, or a-LB1, counterstained with DAPI. Ar-

rows point out dysmorphic nuclei with elevated p16 or p21 or reduced LB1. Scalebar 10 pum.
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I deemed nuclear dysmorphism to be a proper measure to prevent misidentification of
healthy nuclei as senescent, since | observed a significant increase concomitantly with rising
age of my cultures, in line with previous findings (Figure 3.14) (Mitsui and Schneider 1976,
Hénzelmann, Beier et al. 2015).

Just as with nuclear dysmorphism, more dysmorphic HGPS nuclei <5% SNS were positive
for one of three senescent markers (p16/p21/LB1) compared to young dysmorphic control nu-
clei, even though senescence levels were pre-matched with SA B-Gal (Figure 3.16). On average
~5% more dysmorphic HGPS nuclei in young cultures were senescent than in the two young
control fibroblast cultures.

In addition, in young control and HGPS cultures | generally detected more senescent dys-
morphic nuclei than SA B-Gal positive cells (Figure 3.16). In old cultures the number of senes-
cent dysmorphic nuclei was similar to the number of SA B-Gal positive cells. This discrepancy
is likely due to SA B-Gal being a later stage senescence marker (Dimri, Lee et al. 1995), com-
pared to p16, p21 and LB1.

Not all dysmorphic control or HGPS nuclei were positive for one of the three markers,
highlighting that just changes in nuclear morphology were not sufficient to determine SNS
(Figure 3.16).

When comparing p16, p21 and LB1 within one control or HGPS cell line, | detected a
similar number of senescent nuclei in young cultures, which changed in old cells (Figure 3.16).
Control or HGPS cells with a SNS greater than 30%, did not significantly differ in nuclear
dysmorphism, however, p21 appeared to be elevated in fewer dysmorphic nuclei than p16 (Fig-
ure 3.16). This was not surprising, since p21 only plays a role at the induction of senescence
and instead p16 is required for maintenance (Alcorta, Xiong et al. 1996). Consequently, a sig-
nificantly higher amount of dysmorphic control nuclei displayed elevated levels of p16 in old
cultures (Figure 3.16). In old HGPS cells the difference between dysmorphic nuclei labeled by
p21 or p16 was not significantly different, likely due to the high standard deviation in old HGPS
cells (Figure 3.16).
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Figure 3.16 Comparison of the senescence markers p16, p21 and LB1 in young or old control
and HGPS fibroblasts

Control (GM01651c/GM01652c) and HGPS (FN127/FN003) cells were sorted into young/old based on
the result of a SA B-Galactosidase assay: <5% SA B-Gal positive = young; >30% SA B-Gal positive = old.
They were then stained with a-p16, a-p21 or a-LB1, counterstained with DAPI and evaluated for senescence
markers and nuclear morphology (see Figure 3.15). Values are presented as mean + SD (n>3) and were
analyzed using a two-way ANOVA with Tukey’s multiple comparison test. Differences between young and
old cells within each cell line were significant. Significance was not depicted in this graph, because it could
not be clearly shown. Passage number <5% SNS was <P18 for HGPS and <P21 for control. Passage number
>30% SNS was >P21 for HGPS and >P25 for control. Values are presented as mean + SD (n>3).

Generally, the standard deviation was higher in experiments performed in cells with a high
SNS, possibly indicating a higher variance within a population of older cells than in young
cultures. In conclusion control and HGPS only significantly differed in their behavior in young
cultures, whereas in older cultures they displayed similar levels of nuclear dysmorphism and

incidence of elevated p16/p21 or reduced LB1.
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In total the results of this comparison highlight the need to use multiple senescence markers
to be able to accurately judge the SNS. Therefore, in the following sections | used at least three
senescence indicators: | pre-matched the SNS of my cultures with SA B-Gal and used nuclear
dysmorphism and one additional senescence marker to determine SNS in my immunofluores-

cence analysis.
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3.2.3 Progerin in replicative senescence

3. Results

To my knowledge, nobody has directly linked the SNS index to progerin levels and nuclear

dysmorphism, by observing young and old HGPS nuclei labeled with a-progerin AB. There-

fore, | analyzed how increased progerin signal in HGPS nuclei related to changes in nuclear

morphology and, if increasing replicative senescence played a role in this relationship. To con-

firm that progerin was the cause of increased nuclear dysmorphism in young HGPS cultures, |

analyzed how many abnormal HGPS nuclei also had high levels of progerin (Figure 3.17).
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Figure 3.17 Progerin was elevated in most dys-
morphic HGPS nuclei independent of replica-

tive senescence

Number of HGPS dysmorphic nuclei with elevated
progerin <5% and >30%SNS was determined by
counting HGPS nuclei labelled with a-progerin,
counterstained with DAPI. Values were analyzed
with a one-way ANOVA with Tukey’s multiple
comparison test and are presented as mean + SD:
not significant (ns) p >0.05, * p < 0.05, ** p <0.01,
*¥*%* p < 0.001 (n>3). Passage number <5% SNS
was <P18 and >30% SNS was >P21.

An average of 65% of dysmorphic HGPS
nuclei had elevated progerin levels in both
young and old cultures (Figure 3.17). The differ-
ence between young and old was not significant
and both FN127 and FNOO3 behaved similarly.
This demonstrated that progerin accumulation
had a greater impact on nuclear morphology
than mechanisms inherent to cellular aging, f.
ex. downregulation of LB1. However, 35% of
abnormal nuclei did not have elevated progerin,
indicating that HGPS cells might also age in a
manner independent of progerin or that not all
nuclear abnormalities are caused by progerin or
aging (Figure 3.17). Therefore, I took a closer
look at the relationship of progerin content and
nuclear shape in relation to replicative senes-
cence in HGPS fibroblasts. | performed immu-
nofluorescence of young and old HGPS cells,
combining progerin with the following senes-
cence markers: SA B-Gal, LB1, pl16 and p21

(Figure 3.18). For statistical evaluation, |
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counted how many dysmorphic nuclei were positive for one of the above SNS markers and then

how many of these had high levels of progerin as well.

HGADFN127 HGADFNO003 HGADFNO003 HGADFN127

Figure 3.18 HGPS fibroblasts with elevated progerin levels were positive for one of four different

indicators of replicative senescence

Representative images of HGADFNO003 or HGADFN127 labeled with a-progerin (red) and SA p-Gal (grey)
or a-LB1/p16/p21 (green), counterstained with DAPI (blue). Arrows indicate dysmorphic HGPS nuclei with
elevated progerin and positive for SA B-Gal, low LB1 or increased p16/p21. Scalebar 10 um.

In general, the number of senescent dysmorphic nuclei rose with SNS (Figure 3.19 a, b),
albeit to a different degree, depending on the senescence marker used.
All percentages in the following paragraph are given as the calculated average (x) of the

results for FN127 and FNOO3 (see Table 5.4).
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3. Results

Figure 3.19 HGPS fibroblasts with elevated progerin were senescent independent of cellular age

Number of HGPS dysmorphic nuclei positive for one of four senescence markers and elevated progerin <5%

and >30%SNS was determined by counting dysmorphic HGPS nuclei labelled with a-progerin and SA B-

Gal/LB1/p16/p21, counterstained with DAPI. The number of dysmorphic nuclei with strong progerin signal

(a) positive for SA B-Gal, low LB1 or (b) elevated p16/p21; increased during replicative senescence. Values

were analyzed with an unpaired t-test and are presented as mean + SD: not significant (ns) p > 0.05, * p <
0.05, ** p <0.01, *** p < 0.001 (n>3). Passage number <5% SNS was <P18 & >30% SNS was >P21.
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The percentage of SA B-Gal positive abnormal nuclei in young cells (x =7,2%) was similar
to the number of nuclei also harboring a strong progerin signal (6,6%) (Figure 3.19 a). In old
cells a five-fold increase to 36,9% and 31,2% could be observed, again with only a small dif-
ference between only SA B-Gal and those with elevated progerin as well. The difference of SA
B-Gal positive abnormal nuclei without or with elevated progerin was not significant in young
or old HGPS cells (Figure 3.19 a).

For low LB1 the numbers were slightly higher <5% SNS, compared to SA B-Gal (Figure
3.19 a). In young cells, an average of 12,6% of HGPS nuclei were dysmorphic with reduced
LB1 levels, and 8,7% also had increased progerin levels. In old cells dysmorphic nuclei with
low LB1 rose 3-fold to 42,7% and 31,9%, which was similar to the results for SA B-Gal (Figure
3.19 a). Again, the difference between dysmorphic nuclei with low LB1 and high progerin was
not significant independent of SNS (Figure 3.19 a).

pl6 behaved similarly to LB1, in young HGPS cells an average of 12,31% nuclei were
dysmorphic and had increased p16 signal, 10,2% also had a strong progerin signal (Figure 3.19
b). As with low LB1, the number of senescent dysmorphic nuclei rose 3-fold to 37,3% and
28,7% (Figure 3.19 a, b). Unlike with LB1 and SA B-Gal, | could detect a significant difference
between p16 positive dysmorphic nuclei without or with elevated progerin in HGADFNO003
cells. However, the difference was low and only detectable in one out of two HGPS fibroblast
cell lines.

p21 had similar results to LB1 and p16 in young cells, 11,4% of nuclei were dysmorphic
and had elevated p21 levels, 8,7% also had increased progerin signal (Figure 3.19 a, b). How-
ever, the increase from young to old was only ~2,8-fold, from 11,4% to 32,7% and from 8,7%
to 22,2% (Figure 3.19 b). Considerably fewer dysmorphic nuclei with high progerin content
had elevated p21 levels (22,2%) in old HGPS cells, compared to SA B-Gal, LB1 and p16 (28,7%
—31,9%) (Figure 3.19 a, b). This was likely due to p21 being an early senescence marker and
therefore it would be less active in older cells. In addition, significantly less old dysmorphic
FNOO3 positive for p21 had elevated progerin levels, which was not the case for FN127.

When analyzing all four senescence markers, SA B-Gal detected fewer abnormal nuclei in

young cells than LB1, p16 and p21 (Figure 3.19 a, b). However, in old HGPS cells no difference
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could be seen in nuclei with increased lysosomal content, elevated p16 or low LB1 (Figure 3.19
a, b). Only p21 indicated fewer dysmorphic nuclei as senescent in old cells, likely due to it
being an early marker of replicative senescence that does not persist (Figure 3.19 a, b). This
discrepancy is likely due the different dynamics each of these senescent markers have during
replicative senescence.

To conclude, most dysmorphic HGPS nuclei positive for the four senescence markers had
elevated levels of progerin, while only a few abnormal senescent nuclei were negative for
progerin. These results indicated that progerin potentially induced premature senescence by

accumulating in individual aging cells.
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3.2.4 NPC clustering in replicative senescence

During the course of my mitotic experiments, | also noticed that in later passages cells
clustering of NPCs increased, and | detected irregular NPC distribution in older control cells as
well. Since I could not detect any defects in post-mitotic NPC assembly, we postulated that the
disturbance of the NE caused by progerin in interphase cells might be the cause for clustered
pores. In addition, it is well known that replicative senescence affects the composition of the
nuclear lamina, as LB1 is downregulated (Freund, Laberge et al. 2012). This could explain my
aforementioned observation and | analyzed NPC clustering in the context of replicative senes-
cence accordingly.

First, | imaged z-stacks of nuclei stained with POM121/NUP107 and lamin A/C/progerin,
to visualize pores trapped in NE invaginations (Figure 3.20 a, b). In normal ovoid control and
ovoid HGPS nuclei with low progerin signal, NPCs were distributed evenly across the nuclear
envelope, with no abnormalities visible (Figure 3.20 a). This changed when looking at dys-
morphic nuclei, here we observed NUP107 trapped in nuclear invaginations in both HGPS and
control (Figure 3.20 a, b white arrows). In HGPS nuclei, accumulated or clustered NUP107
overlapped with aggregated progerin, which was even more apparent in the zoomed in image
(Figure 3.20 b). We observed the same phenomena in control with NUP107 and LA/C, with
multiple NPCs trapped in the folds of the abnormal nucleus and increased LA/C signal in the
same area (Figure 3.20 a, white arrows).

To corroborate our observations further, the transmembrane nucleoporin POM121 was im-
aged in combination with LA/C, with the same results as for NUP107 (Figure 3.21 a, b).
POM121 collected in the folds of the deformed NE and overlapped with increased LA/C signal
in dysmorphic control and HGPS nuclei (Figure 3.21 a, b white arrows). In normal ovoid nuclei
POM121 was evenly dispersed across the NE, as was LA/C which formed an even ring (Figure
3.21 a, b). Hence, we concluded that the aforementioned clusters were indeed situated in the

deformed NE and were not nuclear foci, since POM121 resides in the membrane of the nucleus.
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Figure 3.20 NUP107 clustered in nuclear envelope folds of dysmorphic HGPS and control nuclei,

co-localizing with trapped LA/C and progerin aggregates

Representative images of (a) GMO1651c and (b) HGADFN127 labeled with NUP107 (green) and LA/C or
progerin (red), counterstained with DAPI (blue). White outlines indicate zoomed in regions and arrows indi-
cate clustered NUP107 and aggregated LA/C or progerin. Images are taken from z-stack and provided as X-
Z view. Zoom factors of each image are given as e.g., 25x above curly brackets.

To be able to analyze NPC clustering in relation to replicative senescence, | needed to elu-
cidate which senescence marker would work best with my NUP antibodies. Therefore, I tested
a-NUP107 with a-LB1 or a-POM121 with a-p16 or a-p21 antibodies in my control fibroblasts
(Figure 3.22). Technical triplicates were performed in GMO1651c/GM0O1652¢ with low or
high SNS, determined by SA B-Gal. | counted how many dysmorphic nuclei had clustered NPCs
and if those nuclei also had elevated p16/p21 or reduced LB1 (Figure 3.22 white arrows, Figure
3.23). All percentages in the following paragraph are given as the calculated average (X) of the
results for GMO1651c and GMO1651c.

An average of 29% of dysmorphic control nuclei displayed clustered POM121 (Figure 3.22
white arrows, Figure 3.23). With rising cellular age, the number of dysmorphic nuclei with
abnormal POM121 distribution increased to about 63% in both control cell lines (Figure 3.23).
In most old and young dysmorphic control nuclei with clustered NPCs, | also detected elevated
p16/p21 or reduced LB1 (Figure 3.22 white arrows, Figure 3.23). However not all three senes-
cence markers provided stable results (Figure 3.23), both LB1 and p21 proved to be unreliable
in old cells (Figure 3.23). LB1 had a high standard deviation (SD), and it was not always re-
duced in highly dysmorphic nuclei (Figure 3.23), making LB1 an inaccurate judge of senes-
cence in this instance. p21 presented another problem, it scored fewer nuclei than p16 and LB1
in old cultures (Figure 3.23). p16 had a lower standard deviation in old cells, was not elevated
in normal nuclei, worked well with our homemade progerin antibody in previous experiments

and the image quality was superior to p21 (Figure 3.22, Figure 3.23).
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Figure 3.21 POM121 clustered in nuclear envelope folds of dysmorphic HGPS and control nuclei,
co-localizing with trapped LA/C and progerin aggregates

Representative images of (a) GMO1651c and (b) HGADFN127 labeled with POM121 (red) and LA/C
(green), counterstained with DAPI (blue). White outlines indicate zoomed in regions and arrows indicate
clustered POM121 and aggregated LA/C or progerin. Images are taken from z-stack and provided as X-Z

view. Zoom factors of each image are given as e.g., 9x above curly brackets.

GMO1651c GMO1651c GMO1651c

Figure 3.22 NPC clustering in dysmorphic control fibroblast nuclei in relation to the senescence
markers p16, p21 and LB1

Representative images of GMO1651c labeled with a-NUP107/POM121 (red) and a-p16/p21/LB1 (green),
counterstained with DAPI. White arrows indicate nuclei with clustered NPCs and positive for one of three
senescence markers, namely elevated p16/p21 or reduced LB1. n>3, scalebar 10 pm.
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Figure 3.23 Analysis of replicative senescence and abnormal NPC distribution in control fibro-
blasts.

The number of dysmorphic nuclei with clustered NPCs in control <5% and >30% SNS was determined by
counting dysmorphic nuclei positive for clustered POM121/NUP107 and positive for p16/p21/LB1, counter-
stained with DAPI. NUP107 was combined with LB1 and POM121 with p16 or p21. Passage number <5%
SNS was <P21 and >P25 for >30% SNS. Values are presented as mean + SD (n>3).

Consequently, I decided to continue with the analysis of NPC distribution in aging control
and HGPS fibroblasts using p16 as a senescence indicator in conjunction with abnormal nuclear
morphology.

a-p16 was used in combination with a-POM121, a transmembrane NUP (Figure 3.24) to
evaluate NPC clusters in control and HGPS fibroblasts. This ensured that | would not mistake
clusters for nuclear foci, since POM121 is inserted into the membrane (Figure 1.4) (Sodergvist
and Hallberg 1994). As clustering of NPCs occurred mostly in dysmorphic interphase nuclei
with blebs or folds, I evaluated the statistics of this phenomenon and determined, if these dys-

morphic cells were senescent. In the subsequent statistical evaluation of NPC clustering in re-
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lation to replicative senescence, | used a standard wide-field fluorescence microscope to visu-
ally inspect and evaluate nuclei for alterations in morphology and NPC distribution (Figure
3.24). First, | compared the incidence of NPC clustering in control and HGPS cells with rising
SNS (Figure 3.25). Here | observed the same trend as in my analysis of nuclear morphology
(Figure 3.14), namely that I could only detect a significant difference in the incidence of clus-
tered NPCs in young dysmorphic control and HGPS nuclei, but not in old cultures (Figure 3.14,
Figure 3.25).

GMO1652¢

GMO1651¢

HGADFN003 HGADFNI127

Figure 3.24 POM121 was clustered in dysmorphic control and HGPS nuclei with elevated p16

Representative images of GMO1651c, GMO1652c and HGADFN127, HGADFNO0O03 labeled with a-
POM121 (red) and a-pl6 (green), counterstained with DAPI. White arrows indicate nuclei with clustered
NPCs and positive for elevated p16. Scalebar 10 um.
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Figure 3.25 POM121 cluster in dysmorphic control and HGPS nuclei increased with replicative

senescence

The number of dysmorphic nuclei with clustered NPCs in control/HGPS cultures <5% and >30% SNS was
determined by counting dysmorphic nuclei positive for clustered POM121 and elevated p16 signal, counter-
stained with DAPI. The difference within each cell line between young and old cultures was significant.
Passage number <5% SNS was <P18 for HGPS and <P21 for control. Passage number >30% SNS was >P21
for HGPS and >P25 for control. Values are presented as mean = SD (n>3), ns (not significant) p>0.05, ***

p<0.001 and were analyzed using a two-way ANOVA with Tukey’s multiple comparison test.

In young control cultures approximately 29% of dysmorphic nuclei had clustered NPCs, in
HGPS an average of 52% dysmorphic nuclei had unevenly distributed pores (Figure 3.25). The
nearly 2-fold difference in cells with a SNS lower than 5% indicated that progerin likely plays
a major role in clustering of NPCs, especially in young HGPS fibroblasts. In old cultures an
average of 69% of dysmorphic control and HGPS nuclei had clustered pores in NE invagina-
tions/folds, with no significant difference between the four fibroblast cell lines | analyzed (Fig-
ure 3.25). In addition, in both young and old cells, most dysmorphic nuclei with NPC clustering
exhibited an elevated p16 signal, compared to healthy nuclei (Figure 3.26 a, b white arrows),

potentially linking unevenly distributed pores to replicative senescence. The difference within
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each cell line between dysmorphic nuclei with clusters and those who also had an elevated p16
signal was not significant (Figure 3.25).

Next, | ascertained progerin’s influence on NPC clustering in young and old HGPS cells,
to elucidate if progerin was the main cause for increased clustering in young HGPS. | performed
a co-stain of progerin and the cyto-/nucleoplasmic ring nucleoporin NUP107 in HGPS fibro-
blasts with low (<5%) or high (>30%) SNS (Figure 3.26). | could not perform a co-stain of
progerin and POM121, since both available antibodies at the time were from the same species.
However, since NUP107 is part of the scaffolding of the NPC (Figure 1.4) it is unlikely to reside
in the nucleoplasm.

| observed that most dysmorphic HGPS nuclei with clustered NUP107 also had a strong
progerin signal (Figure 3.26 white arrows, b), but not all (Figure 3.26 green arrow). Despite not
all dysmorphic nuclei with clustered NPCs displaying an elevated progerin signal, the differ-
ence was not significant. The incidence of NPC clustering rose with increased SNS, from ~ 52%

in young to ~ 72% in old HGPS cells (Figure 3.27 a). In addition, I found that on average 87%

NUP107

/.‘ "

HGADFN003 HGADFN003

Figure 3.26 NUP107 clustered in most dysmorphic HGPS nuclei with elevated progerin levels

Representative images of HGADFNO003 labeled with a-progerin (red) and a-NUP107 (green), counterstained
with DAPI. White arrows indicate nuclei with clustered NPCs and positive for elevated progerin. Green

arrows indicate nuclei with clustered NPCs and low progerin levels. Scalebar 10 um.

of dysmorphic nuclei with clustered NUP107 displayed a strong progerin signal as well, inde-

pendent of SNS (Figure 3.27 b). This proved that a high percentage of NPC clustering was
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Figure 3.27 NPC clustering increased with rising replicative senescence in dysmorphic HGPS
nuclei and correlated with progerin levels.

(a)The number of dysmorphic nuclei with clustered NPCs in HGPS cultures <5% and >30% SNS was
determined by counting dysmorphic nuclei positive for clustered NUP107 and elevated progerin signal,
counterstained with DAPI. (b) An average of 87% of dysmorphic HGPS nuclei with clustered NPCs had
an elevated progerin signal, independent of replicative senescence. Passage number <5% SNS was
<P18and >P21 for >30% SNS. Values are presented as mean + SD (n>3), ns (not significant) p>0.05 and
were analyzed using an (a) unpaired Student’s t-test or (b) one-way ANOVA with Sidak’s multiple com-

parison test.

likely dependent on increased progerin content in individual nuclei, since no disturbed NPC
distribution could be observed in normal ovoid nuclei with low/undetectable progerin (Figure
3.20 b, Figure 3.21 b). However, not all dysmorphic HGPS nuclei with clustered NPCs had a
strong progerin signal, therefore other processes of replicative senescence might play a role in
NPC clustering in HGPS cells as well.

In conclusion, clustering of pores increased simultaneously with rising replicative senes-
cence in both control and HGPS cells. Only in young dysmorphic HGPS cells the incidence of
NPC clustering was significantly higher than in dysmorphic control nuclei. In old control and
HGPS cells this was no longer the case.

Since progerin was elevated in most dysmorphic HGPS nuclei with abnormal NPC distri-

bution, progerin’s presence in young cells was likely the cause for the higher incidence of
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POM121 clustering in HGPS compared to control. The similar number of abnormal NPC dis-
tribution observed in older cultures was probably due to nuclear lamina defects precipitated by

replicative senescence in control, with progerin playing a role in HGPS as well.
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4. Discussion

Nuclear pore complex clustering is frequently listed as a typical cellular symptom in HGPS
nuclei, however, up until now, nobody has found the exact cause (Goldman, Shumaker et al.
2004). NPCs associate with the nuclear lamina and therefore it is not surprising that NPC dis-
tribution is affected in HGPS (Goldberg and Allen 1996, Walther, Fornerod et al. 2001,
Walther, Askjaer et al. 2003, Goldman, Shumaker et al. 2004, Al-Haboubi, Shumaker et al.
2011). In this thesis, | have explored possible mechanisms responsible for uneven NPC distri-
bution e.g., a defect in post-mitotic NPC reassembly and changes in the NE due to progerin or
replicative senescence. What | found was that NPC clustering was not just a symptom in HGPS
fibroblasts, but also in normal cells entering replicative senescence.

First, | observed post-mitotic NPC reassembly to elucidate if progerin affected its progres-
sion. Since | found that progerin did not interfere with post-mitotic reassembly, | took a closer
look at NPC clustering in aging cells. | discovered that with increasing replicative senescence
NPC clustering increased and not just in HGPS cells, but also in control. This could be ex-
plained by e.g., deregulation of NE components such as LB1 and SUN1, the dysregulation of
nuclear import/export pathway and increasing progerin content in the case of HGPS cells. In
the following section I will analyze my findings in detail and place them in the context of the

current knowledge on NPC distribution and replicative senescence.

4.1 NPC assembly in HGPS

4.1.1 Post-mitotic NPC reassembly in HGPS

The initial theory regarding the cause of NPC clustering in HGPS was a disturbance in post-
mitotic NPC reassembly. Our group had previously demonstrated that progerin has a deleterious
effect on various proteins, such as LA, LB1, SUN1, emerin, CENP-F and Aurora B during open
mitosis in HGPS patient fibroblasts (Eisch, Lu et al. 2016). In addition, a slight delay in reinte-

gration of mAb414 labeled nucleoporins was observed. mAb414 binds to FG-repeat nucleo-
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porins such as basket nucleoporin NUP153, central FG-repeat NUP62 and the cytoplasmic fil-
ament nucleoporins NUP214 and NUP358 (Davis and Blobel 1986, Davis and Blobel 1987)
(see Figure 1.4). Most NUPs bound by mAb414 are not fully incorporated into the NPC until
early G1, however, seeding of NPCs across the separating chromosomes already begins in early
anaphase (Dultz, Zanin et al. 2008). It is therefore unlikely that this slight delay at the very end
of post-mitotic NPC reassembly is the cause for NPC clustering and was rather the result of
progerin delaying incorporation of NE proteins such as SUN1, LB1 or LA (Eisch, Lu et al.
2016). So, to determine if post-mitotic NPC reassembly is affected by progerin, I looked into
the induction of reassembly and likely nucleoporin candidates to be affected by progerin.
Seeding of the NPC is initiated by ELY'S binding to the separating chromosomes in early
anaphase via its’ AT-hook DNA-binding motif (Kimura, Takizawa et al. 2002, Rasala, Orjalo
et al. 2006, Franz, Walczak et al. 2007). In addition to seeding NPCs, as part of the NUP107-
160 complex, ELYS plays a role in proper kinetochore-microtubule attachment and partially
localizes to kinetochores in metaphase (Rasala, Orjalo et al. 2006, Zuccolo, Alves et al. 2007).
This localization is moderately dependent on CENP-F, which is delocalized from kinetochores
in HGPS cells (Eisch, Lu et al. 2016). The main interaction partner responsible for the locali-
zation of NUP107-160 to the kinetochores is the Ndc80 complex (Zuccolo, Alves et al. 2007).
Depletion of the NUP107-160 complex from kinetochores causes chromosome-microtubule at-
tachment errors, spindle midzone defects, misaligned and lagging chromosomes, Aurora B mis-
localization and cytokinetic failure leading to binucleation (Zuccolo, Alves et al. 2007, Platani,
Santarella-Mellwig et al. 2009). In HGPS cells we previously found that not only CENP-F is
delocalized from kinetochores, but we observed an increased number of lagging chromosomes,
binucleated cells and mislocalized Aurora B (Eisch, Lu et al. 2016). Yet, it remains unclear as
to how exactly progerin causes these defects and | theorized that mislocalization of the
NUP107-160 complex and thereby ELY'S, was the origin of the aforementioned mitotic changes
in HGPS. Even so, | could not observe any defect in ELY'S localization to aligned metaphase
chromosomes in HGPS compared to control cells, consequently, the function of the NUP107-
160 complex was likely intact in mitotic HGPS cell. Further research is required to elucidate

the mechanism underlying the remaining mitotic errors found in HGPS cells. In addition, ELYS
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also localized properly to the dividing chromosomes starting in anaphase and therefore seeding
of NPCs was not affected by progerin in HGPS either.

Following binding of ELY'S to the chromosomes via its’ AT-hook domain, it recruits the
remainder of the NUP107-160 complex (Kimura, Takizawa et al. 2002, Franz, Walczak et al.
2007). This step of reassembly was also not perturbed, since NUP107 did not display any ag-
gregates nor was its recruitment delayed in HGPS compared to control. Since the NUP107-160
complex remains mostly associated after NE dissolution in prophase, it is possible that no other
members of the cytoplasmic/nucleoplasmic rings are affected by progerin’s presence as well
(Belgareh, Rabut et al. 2001, Loiodice, Alves et al. 2004).

One protein labeled by mAb414 does play a role in the initial stages of post-mitotic NPC
reassembly, the basket nucleoporin NUP153. NUP153 is partially incorporated in anaphase and
is a known interaction partner of LA and LB1 (Hase and Cordes 2003, Dultz, Zanin et al. 2008,
Al-Haboubi, Shumaker et al. 2011). It was therefore a possible target for progerin interference
during mitosis, yet like NUP107 and ELYS, NUP153 was properly recruited beginning in early
anaphase and did not aggregate in the cytoplasm of dividing HPGS cells. NUP153 incorpora-
tion into the reforming NE was also not delayed in HGPS, however it might play a role in
affecting interphase assembly in HGPS, which will be discussed in section 4.1.2.

Lastly, I observed the transmembrane nucleoporin POM121, since it remains associated
with the ER membrane like progerin and acts in concert with SUN1 during interphase de novo
NPC assembly (Daigle, Beaudouin et al. 2001, Talamas and Hetzer 2011). SUN1 aggregated
in the ER of mitotic HGPS cells until cytokinesis, overlapping with progerin, even though as-
sociation between SUN1 and the nuclear lamina is weakened by phosphorylation in mitotic
cells (Patel, Bottrill et al. 2014, Eisch, Lu et al. 2016). It is possible that SUN1 preferred asso-
ciation with pre-Lamin A and progerin allows progerin to interfere with its localization, despite
SUNL1 being phosphorylated (Crisp, Liu et al. 2006, Eisch, Lu et al. 2016). Nevertheless, unlike
SUN1, POM121 did not aggregate in mitotic HGPS cells and was properly recruited to the
dividing chromosomes in late anaphase. This might be due to SUN1 and POM121 only working
in concert during de novo interphase NPC assembly (Talamas and Hetzer 2011). What is more,

POM121 may be a transmembrane protein, but it is only a known interaction partner of the
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lamin B receptor (LBR) and not of nuclear lamins (Funakoshi, Clever et al. 2011). Conse-
quently, progerin did not have a deleterious effect on POM121 localization or integration into
the reforming NE in mitotic HGPS cells.

A possible explanation why progerin does not negatively influence post-mitotic NPC reas-
sembly is the timing of NE reassembly. Previous studies of post-mitotic NE reassembly have
demonstrated that NUP153 and POM121 localize at anaphase chromosomes before LB1. Fol-
lowing LB1, NUPs bound by mAb414 appear in late anaphase, before LA in telophase (Moir,
Yoon et al. 2000, Daigle, Beaudouin et al. 2001). So, both nucleoporins that we theorized were
likely to be affected by progerin, appear at the reforming envelope before LA and progerin
would have no time to interfere. However, timing cannot be the only reason, since progerin
clearly affects SUN1, which localized to the dividing chromosomes in early/late anaphase
around the same time as NUP153, POM121 and LB1 (Moir, Yoon et al. 2000, Daigle,
Beaudouin et al. 2001, Chi, Haller et al. 2007). It is therefore possible that the order of NE
reassembly and lack of known direct LA/progerin association with the different nucleoporins
during mitosis prevent progerin from interfering with post-mitotic NPC assembly.

Given that none of the nucleoporins involved in proper post-mitotic NPC assembly were
affected by progerin during cellular division, NPC clustering likely happens sometime during

interphase, possibly during de novo interphase insertion.
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4.1.2 De novo interphase NPC assembly in HGPS

During interphase cells double their NPC numbers in preparation for cellular division and
to replace dysfunctional pores (Maul, Maul et al. 1972). De novo interphase NPC assembly is
a rare event, which makes it difficult to observe and therefore not as much is known about the
exact mechanism as is for post-mitotic reassembly.

One recent discovery is that de novo assembly proceeds via an inside-out extrusion of new
pores through the nuclear envelope (Otsuka, Bui et al. 2016). Unlike in healthy cells, accumu-
lated progerin could block access of the required components to the INM and thereby prevent
even NPC distribution. In addition, NPCs are stationary after mitosis, so if multiple NPCs were
inserted into one area due to limited access, they would probably not be able to redistribute
(Daigle, Beaudouin et al. 2001, Rabut, Doye et al. 2004). However, this scenario is unlikely
since clustered pores tended to congregate in areas with a strong progerin signal and not areas
devoid of progerin. This observation would suggest that progerin might limit mobility of NPCs
or factors involved in de novo NPC assembly. For example, progerin reduces SUN1 mobility
and Lamin A interacts with NUP153, both of which are involved in de novo NPC assembly
(Al-Haboubi, Shumaker et al. 2011, Chen, Chi et al. 2012).

SUNL1 interacts with NPCs and the lamina and is involved in de novo interphase NPC as-
sembly, presenting a mechanism by which progerin could indirectly interfere with this process
(Liu, Pante et al. 2007, Talamas and Hetzer 2011, Rothballer, Schwartz et al. 2013). SUN1
works in concert with the transmembrane nucleoporin POM121 to reduce the distance of the
inner and outer nuclear membrane, thereby facilitating the required NE fusion. Knocking out
either SUN1 or POM121 inhibits NPC doubling during G2 phase, alters nuclear shape and
causes clustering of NPCs (Funakoshi, Maeshima et al. 2007, Liu, Pante et al. 2007, Talamas
and Hetzer 2011). However, neither SUN1 nor POM121 are depleted in HGPS cells, rather
SUN1 accumulates in HGPS cells (Chen, Chi et al. 2012, Eisch, Lu et al. 2016, Rohrl, Arnold
et al. 2021). So, NPCs might be inserted into areas of high SUN1 concentration, where it is
trapped by progerin (Chen, Wang et al. 2014). This idea is supported by the fact that SUN1
associates with ~50% of fully formed NPCs in interphase and 80% of intermediate NPCs

(Talamas and Hetzer 2011). Post-mitotic NPCs are also immobile, so SUN1 being trapped by
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progerin could prevent interphase redistribution of NPCs (Daigle, Beaudouin et al. 2001). Con-
sequently, progerin would indirectly trap NPCs in areas with high progerin and therefore high
SUNL1 concentration, since SUN1 preferentially interacts with preLA (Crisp, Liu et al. 2006).
Once cells no longer divide, then progerin’s trapping effect on SUNT might become even more
pronounced, since NPCs can no longer be redistributed during mitosis (Talamas and Hetzer
2011). My observation that NPC clustering was elevated in senescing HGPS cells, would sup-
port this theory, especially since progerin and SUN1 accumulate in aging HGPS cells (Chen,
Chi et al. 2012, Eisch, Lu et al. 2016, Liu, Arnold et al. 2019). However, SUNL1 itself is also
fairly immobile (Lu, Gotzmann et al. 2008), progerin simply limits its mobility even more
(Chen, Chi et al. 2012). So reduced SUN1 mobility and accumulation in HGPS likely play a
role, but other factors might influence NPC clustering as well.

One other factor of de novo NPC assembly might be involved in NPC clustering in HGPS
cells, NUP153. NUP153 is part of the nuclear basket (see Figure 1.4) and directly interacts with
pre-Lamin A, Lamin A and Lamin B1 (Al-Haboubi, Shumaker et al. 2011). However, unlike
SUN1, NUP153 does not preferentially interact with pre-LA (Crisp, Liu et al. 2006, Al-
Haboubi, Shumaker et al. 2011), so it is unlikely to be preferably recruited to areas with high
progerin content. Therefore, progerin might affect its function via other mechanisms.

NUP153 needs an intact lamina for incorporation and maintenance in Xenopus cell free
egg extract (Smythe, Jenkins et al. 2000). During interphase NPC insertion NUP153 interacts
with the INM via its N-terminal amphipathic helix and recruits the NUP107-160 complex to
the pre-pore (Vollmer, Lorenz et al. 2015). To fulfill its function, NUP153 needs to be imported
into the nucleus by transportin and is then released from the transport receptor by binding of
RanGTP (Vollmer, Lorenz et al. 2015). However, in HGPS cells the concentration of nuclear
Ran is reduced, affecting import of large proteins such as TPR and ATM (Kelley, Datta et al.
2011, Snow, Dar et al. 2013, Dworak, Makosa et al. 2019). Consequently, NUP153 might not
be properly released from transportin and might not function correctly during de novo inter-
phase assembly.

Another factor affected by the Ran gradient disruption is the basket nucleoporin TPR,

which is not properly imported into HGPS nuclei and needs NUP153 to bind to the NPCs basket
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(Hase and Cordes 2003, Kelley, Datta et al. 2011, Snow, Dar et al. 2013). TPR is reportedly
essential to determine NPC distribution and number (McCloskey, Ibarra et al. 2018, Fiserova,
Maninova et al. 2019). Depletion of TPR does not prevent generation of new NPCs, it rather
results in an increase of total NPC number and density (McCloskey, Ibarra et al. 2018). TPR
negatively regulates NPC assembly by forming a complex with the kinase ERK, which phos-
phorylates the other basket nucleoporin NUP153. McCloskey et al. proposed a model in which
phosphorylated NUP153 prevents insertion of new NPCs in direct vicinity of a fully assembled
pore. In HGPS cells the reduction of nuclear TPR could reduce phosphorylation of NUP153 in
newly assembled NPCs and allow insertion of new pores into regions already dense with pores.
Since progerin limits SUN1 mobility and SUNL1 is required for de novo insertion, these new
pores could end up in the fold created by progerin accumulation. What is more, another com-
ponent of de novo interphase assembly, POM121, also fails to localize to the inner nuclear
membrane without an intact Ran gradient (Funakoshi, Clever et al. 2011), highlighting how
important restoration of the Ran gradient in HGPS, by e.g., treatment with FTlIs, is (Kelley,
Datta et al. 2011).

In conclusion, progerin might interfere with de novo NPC assembly by negatively influ-
encing the various components required for insertion and thereby affect NPC distribution. To
prove that progerin affects NPC assembly in cycling HGPS cells, further studies are necessary.
Otsuka et. al. used super-resolution and 3-dimensional electron tomography to observe the in-
side-out extrusion intermediates of de novo NPC assembly (Otsuka, Bui et al. 2016). Observing
HGPS fibroblasts in the same manner might help clarify how and if progerin impacts this pro-
cess. However, | mainly observed NPC clustering in dysmorphic senescent fibroblasts, both in
control and HGPS. Senescent cells are unlikely to create and insert new pores since NPC dou-
bling mainly happens during cell cycle progression from G1 to S-phase and transcription of
some NUPs is downregulated in senescent cells (Hayflick and Moorhead 1961, Hayflick 1965,
Maul, Maul et al. 1972, Kim, Ryu et al. 2010). In addition, the control fibroblasts | used did not
contain detectable amounts of progerin. So, NPC clustering is unlikely to just depend on
progerin’s presence, there could be further mechanisms inherent to replicative senescence that

play a role.
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4.2 Replicative senescence, nuclear morphology and NPC clustering in
HPGS

4.2.1 Nuclear morphology and replicative senescence

An abnormal nuclear morphology is considered one of the hallmarks of HGPS cells, how-
ever, | found that with increasing cellular age, control and HGPS nuclei started to strongly
resemble each other. In young cultures, HGPS cells had nearly double the number of dys-
morphic nuclei, compared to control. In old cultures both control and HGPS had the same per-
centage of dysmorphic nuclei, even without progerin stiffening the NE in control nuclei. In both
HGPS and control, most of these dysmorphic nuclei were positive for one of the three senes-
cence markers | analyzed: low LB1 or elevated p16/p21.

One explanation for the higher percentage of dysmorphic nuclei in young HGPS cultures
is not only progerin but also SUNL. It is known that progerin stiffens the nuclear envelope and
therefore negatively affects nuclear shape (Goldman, Shumaker et al. 2004). At the same time,
SUN1 accumulates in HGPS cells and reduction ameliorates irregular shape of HGPS nuclei
(Chen, Chi et al. 2012). In our experiments, young HGPS fibroblasts’ SUN1 levels were in-
creased compared to control (Rohrl, Arnold et al. 2021). So, the combination of progerin and
elevated SUN1 was likely the reason for the higher number of dysmorphic nuclei in young
HGPS cells compared to control. In old cells, we also observed a slight but insignificant in-
crease of SUNL1 in control fibroblasts, which might contribute to rising nuclear abnormalities
in aging control fibroblasts (Rohrl, Arnold et al. 2021). Yet, this small rise of SUN1 alone
cannot explain the dramatic increase of dysmorphic nuclei from 11% in young to 61% in old
control cells.

Another possible contributor to the rise of nuclear abnormalities in aging control and HGPS
could be a mechanism inherent to replicative senescence: the downregulation of LB1 (Freund,
Laberge et al. 2012). LB1 confers elasticity of the NE and reduction can cause an increase in
nuclear blebbing (Lammerding, Fong et al. 2006). So, a reduction of LB1 and a concomitant

increase of SUN1 could disrupt the nuclear lamina properties sufficiently to lead to a rise in
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nuclear abnormalities. To support this theory, | analyzed LB1 levels as potential immunofluo-
rescence marker for senescent cells and found that most dysmorphic nuclei in both control and
HGPS had reduced LB1 levels. It is therefore possible that reduction of LB1 due to senescence
plays a prominent role in the increase of nuclear irregularities, especially in aging control cells.
What is more, only 65% of dysmorphic HGPS nuclei in young and old cultures had an elevated
progerin signal, raising the question what causes these changes in the remaining 35%. Since
LB1 was also reduced in most dysmorphic HGPS nuclei, downregulation of LB1 could con-
tribute to dysmorphism of HGPS nuclei as well. However, one has to keep in mind that lower
amounts of progerin could already interfere with the nuclear lamina and my immunofluorescent
experiments might not have been able to detect this effect.

One problem I faced when we decided to look into the relationship between NPC clustering
and replicative senescence, was how to determine if a cell was senescent or not. Therefore, |
analyzed three markers of senescence: elevated p16 or p21 and reduced LB1 (Alcorta, Xiong
et al. 1996, Freund, Laberge et al. 2012). All three are considered hallmarks of senescent cells,
but they all have their pitfalls. p16 and p21 are CDK inhibitors that are involved in the mainte-
nance and initiation of senescence, in addition to their function during the cell cycle (Alcorta,
Xiong et al. 1996, Jung, Qian et al. 2010, Witkiewicz, Knudsen et al. 2011). p21 presents with
a further problem apart from its role during normal cell cycle progression, its levels are only
elevated at the onset of senescence and decline over time. So, judging senescent state of a cell
solely based on elevated p21 levels could have distorted my results by considering a cycling
cell as senescent or missing senescent cells that no longer have elevated p21 levels. p16 main-
tains the senescent state, thus it is a later stage senescent marker than p21 (Alcorta, Xiong et al.
1996). Using p16 as a marker of senescence would mean missing cells that are just entering the
senescent state, however unlike p21 its signal would not decline over time. Downregulation of
LB1 on the mRNA level is dependent on stimulation of the p53 or pRB pathway (Freund,
Laberge et al. 2012). Therefore, it is a late marker of senescence since decline on the protein
level would take time after initiation of the aforementioned pathways. Consequently, one could

miss cells in the earlier stages of senescence that have not reduced LB1 at the protein level yet.
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To circumvent some of these issues, | pre-determined senescence of my cultures with a SA
B-Gal assay. This allowed me to judge the accurateness of the three markers | was testing for
my immunofluorescent experiments. Of note is that in young cultures (< 5% SA B-Gal) | gen-
erally detected more dysmorphic senescent nuclei with LB1, p16 and p21 then SA 3-Gal posi-
tive cells before fixation and labelling. It is possible that these cells had already initiated senes-
cence signaling, but lysosomal content had not increased enough yet to be detected by the SA
B-Gal assay. This highlights the complexity of choosing the correct senescence indicator, de-
pending on the mechanism or timepoint one is interested in observing.

An additional measure to prevent misidentifying senescent cells | took was that | only
counted dysmorphic nuclei with elevated p16/p21 or reduced LB1. From analyzing my cultures,
| observed that nuclear irregularities rose with increasing replicative senescence. Therefore,
using both nuclear irregularities and a senescence marker could make it more difficult to mis-
judge a cycling cell for a senescent one. A high percentage of abnormal nuclei had elevated
p16/p21 or low LB1 levels, in control and HGPS cells independent of their age. However, p21
labeled fewer dysmorphic nuclei as senescent in old cultures than p16 or LB1, likely due to p21
being an early senescence marker (Alcorta, Xiong et al. 1996). And not all abnormal nuclei |
counted were positive for one of three senescence markers. This could mean that the cell was
not senescent, but rather apoptotic or at a stage of senescence not labeled by the applied marker.

To conclude, using p16/p21 or LB1 and nuclear abnormalities in combination could be a
more faithful marker to determine cellular senescence in immunofluorescent experiments than
just observing p16/p21 or LB1. What is more, pre-determination of senescence with an SA -
Gal assay can also add an additional measure to ensure correct interpretation. One just needs to
keep in mind at what stage of senescence the marker you are using is involved and what one
wants to observe, before determining which of them to apply in combination with nuclear dys-

morphism.
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4.2.2 Progerin and replicative senescence

Even though | pre-determined senescence index with SA B-Gal, | detected an average of
5% more senescent nuclei labeled by p16, p21 or LB1 in young HGPS cells than in young
control. Because SA B-Gal is a later stage senescence marker, it is possible that increased lyso-
somal content was not detectable yet in HGPS cells already suffering from progerin’s deleteri-
ous effect on cellular health. To determine if this was the case, | needed to take a closer look at
the relationship between progerin content and replicative senescence.

It was shown previously that progerin stiffens the nuclear envelope distorting its shape and
HGPS cells senesce prematurely (Goldman, Shumaker et al. 2004, Liu, Arnold et al. 2019). |
found that 65% of dysmorphic nuclei had a strong progerin signal in both young and old HGPS
fibroblast, highlighting the dramatic effect progerin accumulation has on the morphology of the
nucleus independent of cellular age.

To elucidate how progerin content affects replicative senescence in HGPS, | observed how
many senescent nuclei also had elevated progerin levels. | labeled HGPS fibroblasts with
progerin in combination with one of four senescence markers: SA B-Gal, LB1, p16 or p21.
What | found was that the incidence of abnormal senescent HGPS nuclei rose with increasing
age and that most of these nuclei also had a bright progerin signal. Depending on the marker
applied, the number of dysmorphic senescent nuclei increased 2.8 to 5-fold from young to old
HGPS cells.

The strongest increase from young to old was when | analyzed HGPS cells with a SA B-
Gal assay (5-fold). SA B-Gal detects the elevated lysosomal content in senescent cells and is a
late-stage senescence marker (Dimri, Lee et al. 1995). Consequently, SA B-Gal should detect
fewer senescent nuclei in young cultures than an early-stage marker like p21 and more in old
cultures, which was the case for both scenarios. In old cultures SA B-Gal detected a similar
amount compared to LB1 and p16, which explains the 5-fold increase from young to old cul-
tures.

In old cultures, SA B-Gal, LB1 and p16 labelled a similar amount of senescent dysmorphic
nuclei (36,9 — 42,7%), whereas p21 detected only 32,7%. True for all four markers was that

only a small number of senescent HGPS nuclei did not have a bright progerin signal both in
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young and old cultures. The few senescent HGPS cells that did not have a bright progerin signal
could have accumulated damage leading to induction of the irreversible cell cycle arrest inde-
pendent of progerin.

Altogether my results indicate that a bright progerin signal was linked to replicative senes-
cence in single cells and that progerin was the main cause for nuclear abnormalities in young
and old HGPS cells. However, some HGPS cells enter replicative senescence without elevated
progerin detectable. The question remains, if these cells senesce, due to f. ex. DNA damage
caused by progerin even at low levels (Dreesen 2020) or due to defects independent of progerin
inherent to natural aging e.g., telomer shortening, mitochondrial dysfunction, loss of proteosta-

sis and epigenetic alterations (Lopez-Otin, Blasco et al. 2013).
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4.2.3 Replicative senescence and NPC clustering

One major discovery | made, was that NPC clustering was also detectable in aging control
cells independent of progerin. To determine the cause of clustered pores, | analyzed if and how
this phenomenon was related to replicative senescence and progerin levels.

In young cultures the incidence of clustered pores was nearly two-fold lower in control
compared to HGPS, however, in old cultures, the number was almost the same. Approximately
29% of young dysmorphic control nuclei exhibited NPC clustering, whereas 52% were present
in young dysmorphic HGPS nuclei. In old cells, an average of 69% of dysmorphic nuclei had
clustered pores, trapped in invaginations and folds of the NE of all four fibroblast cell lines |
analyzed. This raised two questions, why more NPCs clustered in young HGPS cells and what
the cause of NPC clustering in aging control cells was.

Given that NPC clustering is considered a characteristic of HGPS cells, | investigated the
direct relationship of progerin accumulation and unevenly distributed pores. To this end, |
counted how many dysmorphic HGPS nuclei with clustered pores exhibited a strong progerin
signal as well. | discovered that an average of 87% of dysmorphic nuclei with clustered NPCs
had an elevated progerin signal in both fibroblast cell lines independent of their senescence
index. Apparently, progerin content was strongly linked to NPC clustering, offering an expla-
nation as to why more pores cluster in young HGPS cells than in control.

Nevertheless, progerin content cannot clarify why NPCs cluster in aging control cells as
well. LB1 is downregulated during senescence (Freund, Laberge et al. 2012) and reduction in
differentiated cells can cause asymmetric NPC distribution (Guo, Kim et al. 2014). So, reduced
LB1 could allow pores to be trapped in folds and invagination of the NE in senescent cells. LB1
loss results in the nucleus losing its’ elastic properties, so down-regulation in senescent cells
could stiffen NE similar to progerin. Subsequently, pores would be trapped in the resulting folds
of NE. What is curious, is that LB1 was also reduced in senescent HGPS cells, but I did not
observe more clustered pores in old HGPS cells. Consequently, loss of LB1 and progerin accu-
mulation at the same time did not have a cumulative effect on NPC clustering.

The nuclear lamina and the NPC interact in a highly complex and dependent manner. A

recent in-depth analysis of NPC and nuclear lamina spatial relationship in mouse embryonic
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fibroblasts revealed that both LA and LB1 fibers associate with the nucleoplasmic ring of the
NPC (Kittisopikul, Shimi et al. 2021). Consequently, changes in the nuclear lamina can have
dramatic effects on NPCs. Reduction of LB1 results in asymmetric NPC distribution or an in-
crease in pore-free islands (Guo, Kim et al. 2014, Fiserova, Maninova et al. 2019) and loss or
mutation of LA can lead to NPC clustering (Sullivan, Escalante-Alcalde et al. 1999, Goldman,
Shumaker et al. 2004, Xie, Chojnowski et al. 2016).

But not just changes in the lamina can have an effect, changes in the NPC can alter the
relationship as well. Depletion of the basket nucleoporin TPR causes fragmentation of the LB1
meshwork but does not affect LA/C network arrangement (Fiserova, Maninova et al. 2019). In
addition, TPR depleted nuclei have large pore free islands, a phenotype that can be partially
rescued by LB1 overexpression (Fiserova, Maninova et al. 2019). In further studies on TPR,
McCloskey et al. detected an increase in NPC density following TPR down-regulation, yet Fu-
nasaka et al. observed the exact opposite and Fiserova et al. detected a slight decrease in overall
NPC density (Funasaka, Tsuka et al. 2012, McCloskey, Ibarra et al. 2018).

TPR is not the only part of the nuclear basket that influences the lamina, NUP153 is in-
volved as well. NUP153 depletion increases density of the lamin fiber meshwork. In cells lack-
ing LA or LB1 loss of NUP153 detaches NPCs from lamin fibers and they cluster within the
openings of the lamin network (Kittisopikul, Shimi et al. 2021). So, it is possible that NUP153
needs to interact with both LA and LB1 for proper NPC distribution.

All the above studies have one thing in common, they imply that NPCs and lamina structure
are dependent on each other and changing one affects the other, be it mutation or downregula-
tion. My results support this, however now one could add NPC clustering to the list of nuclear
changes in cells undergoing replicative senescence. It remains to be seen, if this exclusively
happens in senescent fibroblasts or if NPC distribution changes in other cell types as well. It is
possible that in other cell types, NPC distribution is not affected by aging or progerin, since the
stoichiometry of some NUPs is tissue-specific (Raices and D'Angelo 2012). In addition, it
would be interesting to see if NPCs cluster in cells from old donors too, since my fibroblasts

were extracted from young donors (see Table 2.1). Another interesting aspect to look into would
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be the Ran gradient in aging fibroblasts, to see if this could also be an explanation for clustered
pores in control cells and not just in HGPS.

In conclusion, my results describe a possible relationship between NPC clustering and rep-
licative senescence. They also highlight the complexity of the interplay between the nuclear
lamina and the NPC, and how this relationship can be affected by dysregulation. The conflicting
information concerning e.g., TPRs exact involvement in regulating NPC density highlights that
the relationship bears further investigation. However, the question remains, if treatment of
HGPS cells shown to reduce progerin levels and improve abnormal nuclear envelope morphol-
ogy, could ameliorate abnormal NPC distribution in young HGPS cultures and prevent prob-

lems arising due to defective nuclear transport.
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5.1 Supplementary information

5.1.1 Tables

Table 5.1 Number of mitotic cells imaged in this study

SUNY/ L number  of
mAb414 prophase | metaphase | anaphase | telophase | cytokinesis experiments
1651c 10 20 26 27 45 11
1652c 16 30 19 22 59 11
FNOO3 9 12 20 25 34 10
FN127 19 26 39 26 36 11
ELYS/LA | prophase | metaphase | anaphase | telophase | cytokinesis Z)L(Jg;?ﬁ;en tsOf
1651c 8 31 24 14 31 4
1652¢ 9 17 15 10 24 5
FN003 8 22 15 22 36 6
FN127 7 43 47 23 22 6
POM121/ . number  of
mAb414 prophase | metaphase | anaphase | telophase | cytokinesis experiments
1651c 9 25 60 35 53 10
1652¢ 18 16 13 20 31 6
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FN003 13 25 42 25 31 10
FN127 12 22 46 29 56 9
NUP153/ . number  of
NUP107 prophase | metaphase | anaphase | telophase | cytokinesis experiments
1651c 11 39 31 32 33 5
1652c 13 20 15 15 29 6
FN003 16 19 26 21 23 8
FN127 7 16 25 22 48 5

Table 5.2 Frequency of mislocalized proteins in mitotic HGPS and control cells
SUN1 localization in L
HGPS % metaphase anaphase telophase cytokinesis
no distribution changes 7,69 + 7,69 16,54 + 6,54 21,8 +10,23 21,24 +6,54
altered distribution 92,3+7,69 83,46 + 6,54 78,20 + 10,23 | 78,76 + 6,54
SUN1 localization in -
control % metaphase anaphase telophase cytokinesis
no distribution changes 79,17 £5,83 90,89 +1,42 80,39 +12,2 83,49 +1,26
altered distribution 20,8 £5,83 9,11+1,42 1961+1221 | 16,51+1,26
Lamin A localization in -
HGPS % metaphase anaphase telophase cytokinesis
no distribution changes 16,28 +16,28 | 33,40 £13,40 | 30,93 £8,20 26,14 + 11,36
altered distribution 83,72+ 16,28 | 66,60 + 13,40 | 69,07 +8,20 73,86 + 11,36
Lamin A localization in N
control % metaphase anaphase telophase cytokinesis
no distribution changes 89,00 £5,12 89,27 £ 2,50 87,86 £2,14 95,77 £4,17
altered distribution 11,00 £5,12 10,83 £2,50 12,14+ 2,14 4,17 £4,17
POM121 localization in L
HGPS Versus control % metaphase anaphase telophase cytokinesis
no distribution changes 100,0 +£0,0 100,0 +£0,0 100,0 £ 0,0 100,0 £ 0,0
altered distribution 0,0+£0,0 0,0+£0,0 0,0+£0,0 0,0+£0,0
ELYS  localization in metaphase anaphase telophase cytokinesis
HGPS versus control % P P P Y
no distribution changes 100,0+£0,0 100,0£0,0 100,0£0,0 100,0£0,0
altered distribution 0,0+0,0 0,0+0,0 0,0+0,0 0,0+0,0
NUP107 localization i metaphase anaphase telophase cytokinesis
HGPS versus control % P P P Y
no distribution changes 100,0+£0,0 100,0£0,0 100,0£0,0 100,0£0,0
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altered distribution 0,0+£0,0 0,0+£0,0 0,0+£0,0 0,0+£0,0
NUP153 *localization i metaphase anaphase telophase cytokinesis
HGPS versus control % P P P y

no distribution changes 100,0 +£0,0 100,0 £ 0,0 100,0 £ 0,0 100,0 £ 0,0
altered distribution 0,0+£0,0 0,0+£0,0 0,0+£0,0 0,0+£0,0
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Table 5.3 Number of young and old nuclei analyzed in this study
Cells labelled with o-LBl/a-

16/a-p21

a-LB1 <5% SNS
a-LB1 >30% SNS
0-p16 <5% SNS
a-pl16 >30% SNS
a-p21 <5% SNS
a-p21 >30% SNS

GMO1651c GMO1652c FN127

962
922
933
913
863
910

946
938
916
922
1010
923

931
890
2187
1799
964
887

5. Appendix

FNOO3

1329
874
2698
1824
1272
868

Table 5.4 Percentage of HGPS nuclei positive for senescence markers and strong progerin signal

% dysmorphic nuclei S?si[si-\ial Sc?si[tii\ial& low LB1 L(;\évgtgif‘
progerin 1

FN127 <5% SNS 8,35 7,59 15,22 9,27
FNOO3 <5% SNS 5,99 5,68 9,91 8,45
FN127 >30% SNS 38,00 33,28 43,63 32,99
FNOO3 >30% SNS 35,82 29,18 41,78 30,93
average <5% SNS 7,17+167 |664+135 | 1257+3,75 8,86 £0,58
average >30% SNS | 36,91+154 31,23+2,90 | 42,71+1,31 31,96 +1,46
% dysmorphic nuclei | pl6 positive gclgrzzseiﬁiir\ﬁ p21 positive gczirzzsei;iir\ﬁ
FN127 <5% SNS 14,54 13,37 13,89 10,64
FNO003 <5% SNS 10,08 7,01 8,97 6,75
FN127 >30% SNS 31,92 23,02 29,54 22,37
FNOO3 >30% SNS 42,63 34,33 35,76 21,97
average <5% SNS 12,31 +3,15 | 10,19+4,50 | 11,43 +3,48 | 8,70 £2,75
average > 30% SNS | 37,28 +7,57 | 28,68 £8,00 A 32,65+4,40 22,17 £0,28
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Table 5.5 Abbreviations LB1 Lamin B1
Abbreviation |Full context LBR Lamin B receptor
1651c GMO1651c LC Lamin C
1652¢c GMO1652¢c NE nuclear envelope
AB antibody NPC nuclear pore complex
APS Ammonium persulfate NTR nuclear transport receptor
AT-hook DNA-binding motif NUP nucleoporin
C Cytosine ONM outer nuclear membrane
CDK cyclin dependent kinase inhibitor P passage
DCM-CD familial dilated cardiomyopathy p16 pleiNKaA
DMSO Dimethyl sulfoxide PBS Phosphate buffered saline
Emery-Dreifuss muscular dystro- PFA Paraformaldehyde solution
EDMD ohy
PNS perinuclear space
ER endoplasmic reticulum — ]
RanGAP Ran GTPase-activating protein
FG-repeat Phenylalanine-Glycine-repeat ]
NUPs nucleoporins RCC1 Ran guanine exchange factor
Senescence-associated -B-Galacto-
FNOO3 HGADFNO03 - .
SA p-Gal sidase assay
FN127 HGADFN127 .
senescence-associated secretory
SASP h
FPLD familial partial lipodystrophy phenotype e
FT Farnesyl transferase SD standard deviation
FTI Farnesy| transferase inhibitor SDS Sodium dodecyl sulfate
G Glycine T Thymine
HGPS Hutchinson-Gilford progeria syn- TBS Tris-base buffered solution
drome .
Tyr Tyrosine
Isoprenylcysteine carboxyl me-
ICMT thyFI)tran)s/fe)r/asel 4 VSMC vascular smooth muscle cells
IF intermediate filament X-Gal 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside
INM inner nuclear membrane
LA Lamin A
LAD Lamina-associated domain
LAP1 Lamina-associated polypeptide 1
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