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Introduction

Introduction

1. Aging Theory

Aging is not a brand-new aspect of human biology yet less understood mystery that
people have been striving for elixirs. It was documented that 2,200 years ago, the first
emperor of China, Qin Shi Huang, gave an order to hunt for a potion that would grant
him immortality. Obviously, the emperor couldn’t live forever but the journey of searching
for that magic “potion” never stopped. Nowadays, lots of researchers tend to regard
aging as a programmed process, however, there is scarce evidence for such a program.
It is a significant challenge as to why aging occurs, how it is caused, and whether it can
be reversed. Accordingly, various aging theories have been proposed, thus improving

our understanding of the mystery of aging.

1.1.Somatic Mutation Theory

Accumulations of somatic mutations, DNA damage, and copy number variation (CNV)
were found within aged human cells and model organisms, such as mouse, C. elegans
and Drosophila (Faggioli, Wang et al. 2012, Forsberg, Rasi et al. 2012, Moskalev,
Shaposhnikov et al. 2013). These DNA alterations may lead to cellular dysfunctions by
affecting essential genes and transcriptional signaling pathways and subsequently
result in homeostasis collapse within the cell. Under normal conditions, DNA damage or
malfunctions could be corrected. However, deficiencies in DNA repair machinery cause
accelerated aging in mice and several human progeroid syndromes, such as Werner

syndrome, Bloom syndrome, and Hutchinson-Gilford Progeria Syndrome (HGPS) (Best
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2009, Hoeijmakers 2009, Murga, Bunting et al. 2009, Gregg, Gutierrez et al. 2012). In
mouse studies, senescence-accelerated mice were found to have increased
accumulation of somatic mutations on HLA-A gene. In comparison, mice have longer
lifespan showed a lower ratio of mutant accumulation (Morley 1998). Besides, the
general relationship between longevity and DNA repair has been well studied on the
enzyme poly (ADP-ribose) polymerase-1 (PARP-1). PARP-1, a rapid DNA damage
response protein which guards the genomic stabilities, is positively correlated with the
lifespan of mammalian species (Burkle 2001). These findings suggest that somatic
mutation contributes to the aging process and the functionality of DNA repair machinery

plays a significant role in regulating the progression of aging.

1.2.Telomere Loss Theory

Somatic cells in most human tissues can only duplicate for a limited cycles, suggesting
that the capability of cell division declines with age (Hayflick 1965). This process has
been linked to the exhaustion of telomeres, regions at the end of linear chromosomes
that stabilize DNA (Greider and Blackburn 1985). It has been proposed that telomeres
act as an intrinsic “division counter” in somatic cells. Erosion of telomeres is considered
as a protective trade-off between infinite cell dividing towards cancer development and
end replication towards cell senescence (Campisi 2005). Normal aging is accompanied
by telomere shortening in mammals. Based on this, pathologically accelerated telomere
attrition in premature mice and humans provide evidence that maintaining the
functionalities of telomere may delay the progress of aging (Ouellette, McDaniel et al.

2000, Decker, Chavez et al. 2009, Benson, Lee et al. 2010).
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1.3.Free Radical Theory of Aging

ROS, reactive oxygen species, is the by-product of respiration by OXPHOS (oxidative
phosphorylation) in mammalian cells. The vast majority of ROS generation can be
traced to mitochondria, which are the principal generator of cellular ATP (adenosine
triphosphate). Studies have reported that functions of mitochondria decline with age,
due to the increased sensitivity of mitochondria to the ROS induced oxidative stress
(Shigenaga, Hagen et al. 1994). Mitochondrial dysfunction has a profound impact on
accelerating the aging process in mammals (Trifunovic, Wredenberg et al. 2004, Kujoth,
Hiona et al. 2005, Vermulst, Wanagat et al. 2008). Increased mitochondrial DNA
(mtDNA) damages are thought to be age dependent, which have been observed in a
number of post-mitotic tissues such as the brain tissues (Richter, Park et al. 1988). In
aged brain tissues, the levels of 8-oxo-2’-deoxyguanosine (0xo8dG), a biomarker of
DNA damage, are significantly higher in the mtDNA compared to the nuclear DNA
(Richter, Park et al. 1988). Moreover, impairments of mitochondria that are induced by
ROS lead to increased free radical generation. This is so-called “vicious cycle” that

results in further damages to mitochondria.

2. Hutchison-Gilford Progeria Syndrome (HGPS)

Aging and its related diseases are complex. Extreme cases can be used as models to
study unusual aging process in order to reflect normal physiological aging. Hutchinson-
Gilford Progeria Syndrome (HGPS) is a rare premature aging syndrome that consists of
various symptoms of physiological aging. Cells derived from HGPS patients are good

models to characterize molecular mechanisms of cell aging in humans.
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2.1.Cause of HGPS

HGPS is an extremely rare disease that involves accelerated aging. Children affected
with HGPS generally appear normal at birth but fail to thrive and start to exhibit
prominent eyes, lipodystrophy, alopecia, abnormal distal-joint, sclerotic skin, and
reduced vascular function from 10 months onwards (Merideth, Gordon et al. 2008).
Most children live to their teenage and die from heart failure or stroke at an average age

of 14 years old.

In 2003, a genomic and transcriptional study of reported that 90% of the children with
HGPS contain a de novo mutation of G608G (GGC > GGT) in exon 11 of LMNA gene
(De Sandre-Giovannoli, Bernard et al. 2003). This dominant mutation makes no change
in coding the amino acid (a.a.), but generates an alternative splicing donor site resulting
in @ mMRNA missing 150 nucleotides. This in-frame deletion leads to a truncated form of
lamin A protein termed progerin, which lacks 50 a.a. within its C-terminus. This finding
has drawn great attention to the importance of the LMNA gene and its products nuclear

lamina proteins in cell aging process.

2.2.The nuclear lamin protein

The nuclear lamina is a complex network composed of multiple lamin proteins, including
lamins A, C, B1, and B2, which are members of the intermediate filament proteins family
(Stuurman, Heins et al. 1998). The nuclear lamina proteins have multiple roles in
maintaining the nuclear integrity and homeostasis of the nuclear matrix. The nuclear

lamina proteins localize beneath the inner nuclear membrane to support the structure of
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the nucleus. Moreover, the nuclear lamina proteins are also thought to be involved in
binding to chromatin, a class of NE proteins, and various transcriptional factors, which
are all essential for nuclear integrity and genome stability (Gruenbaum, Margalit et al.

2005).

Mammalian cells express A- and B-type lamins, which are encoded by LMNA, LMNB1,
and LMNBZ2 genes, respectively (Gerace, Blum et al. 1978, Gerace and Blobel 1980). In
particular, LMNA encodes two major proteins of lamin A and C by alternative splicing
(Lin and Worman 1993, Wydner, McNeil et al. 1996). Like other cytoplasmic
intermediate filament proteins, A- and B-type lamins share a similar structure that
comprises an N-terminal head domain (NT), a central a rod domain, and a C-terminal
tail domain (CT) (Fisher, Chaudhary et al. 1986). Distinct from the other intermediate
filament proteins, most nuclear lamins harbor a NLS sequence and a C-terminal CaaX
motif, which is essential for their post-translational modifications (PTM) (Beck, Hosick et
al. 1990). The CaaX motif (C, cysteine; a, aliphatic amino acid; X, any amino acid) with
an exact sequence of CSIM is present at the C-terminus of all B-type lamins and the
lamin A precursor, known as prelamin A (Vorburger, Kitten et al. 1989). Prelamin A
undergoes multiple steps of PTM at its C-terminus. Firstly, the CaaX motif gets
prenylated, which recruits a farnesyl group to its cysteine residue and becomes
farnesylated (Casey and Seabra 1996, Fu and Casey 1999). Following farnesylation,
the removal of the aaX residues of CaaX motif by the Rec 1 or Zmpste 24 endoprotease
induces protein carboxymethylation (Sinensky, McLain T. et al. 1994). Then, the last 15

amino acids from the C-terminus are removed by Zmpste 24 and finally the mature
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lamin A protein is released and integreated into the nuclear lamina (Sinensky, McLain T.

et al. 1994, Barrowman, Hamblet et al. 2008).

LMNA 5 g
1 2 3 45 6 7 89 10 M1 12
Head Rod domain Tail
preminA |
Normal Mutant 50 a.a. deletion site

FTase I M FTase I l M

Zmpste 24 I W Zmpste 24

Zmpste 24

Zmpste 24 Cleavage site
Final cleave deleted 611

Mature Lamin A Progerin

Figure 1. Lamin A maturation with normal and mutant splicing. A-type lamins are
encoded by the LMNA gene, which comprises 12 exons. Common structure shared
between A-type lamins contains a head, rod, and tail domain. At normal stage, prelamin
A undergoes a series post-translational modification, including farnesylation,
carboxymethylation, first and final cleavage by the enzyme Zmpste 24, and final release
of mature lamin A. At mutant stage, due to lacking the cleavage site for Zmpste 24, a
truncated form of prelamin A is released maintaining the farnesyl group at its C-terminal
end.

In HGPS cells, the mutation of G608G in LMNA gene causes the absence of the second
Zmpste 24 cleavage site of prelamin A (Figure 1) leading to permanent farnesylation

and carboxymethylation at the C-terminus of progerin (Capell, Erdos et al. 2005, Yang,
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Bergo et al. 2005). Emerging evidence suggested that farnesylated progerin is insoluble
and permanently anchoring beneath the inner nuclear membrane, thus becoming toxic
to cells. Furthermore, this irreversible dominant negative nuclear localization of progerin
disrupts the functions of the normal nuclear lamina and leads to downstream nuclear
defects that are characteristic of HGPS cells, such as nuclear blebbing, heterochromatin
disorganization, mislocalization of NE proteins, and disrupted gene transcription

(Dechat, Pfleghaar et al. 2008).

3. The nuclear envelope proteins

The NE is a continuous extension of the endoplasmic reticulum (ER) double membrane,
which contains an outer nuclear membrane (ONM) facing the cytoplasm, a perinuclear
space, and an inner nuclear membrane (INM) facing the nucleoplasm (Hetzer 2010).
The NE is highly organized that separates the components of the nucleus from the
cytoplasmic compartments. The ONM and INM only meet at the joint site where the
nuclear pore complex is located. Underlying the INM is the nuclear lamina, which

directly or indirectly binds to various NE proteins and chromatins.

Although a large amount of NE proteins remain uncharacterized, it has been shown that
nuclear lamina proteins and chromatin directly interact with some of the NE proteins
such as lamina-associated polypeptide (LAP) proteins, emerin, and SUN (Akhtar and
Gasser 2007, Dorner, Gotzmann et al. 2007). The NE proteins are associated with
various diseases exhibiting multiple dysfunctions in chromatin organization,
transcription, and DNA metabolism (Mattout, Dechat et al. 2006, Heessen and Fornerod

2007, Reddy, Zullo et al. 2008).
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Figure 2. Schematic illustration of the nuclear envelope. Outer nuclear membrane and
inner nuclear membrane are fused at the site of the nuclear pore complex. Emerin
locates at the INM, interacting with the nuclear lamina. Nuclear lamina proteins form a
meshwork underlying the INM. Lamin B receptor (LBR) resides at the INM and binds to
lamin B protein. SUN protein dimer and KASH protein form LINC complex that connects
nucleoskeleton and cytoskeleton.
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3.1.Emerin regulates gene expression via interacting with nuclear lamina

Emerin is a conserved LEM-domain protein, which shares a common LEM-domain with
several proteins such as LAP2 and MAN1 (Cai, Huang et al. 2001). LEM (LAP2,
Emerin, MAN) is a motif that comprises about 45 residues that fold as two a-helices
(Laguri, Gilquin et al. 2001). The LEM-domain proteins are known to directly bind
Barrier to Autointegration Factor (BAF), a conserved chromatin protein (Furukawa 1999;
Cai 2001, Lee 2001, Shumaker 2001, Shimi 2004, Cai 2007). Emerin was found to be a
direct binding partner for numerous transcriptional regulators, suggesting multiple roles
for emerin in regulating gene expression and genomic organization (Holaska, Lee et al.
2003, Haraguchi, Holaska et al. 2004, Markiewicz, Tilgner et al. 2006, Holaska 2008).
For example, Demmerle et al. reported that emerin could directly bind to the histone
deacetylase 3 (HDAC3), which is believed to regulate gene transcription by catalyzing
deacetylation reaction, as well as recruit HDAC3 to the nuclear periphery (Demmerle,
Koch et al. 2012). This could facilitate the activity of HDACS in repressing certain gene
expression (Demmerle, Koch et al. 2012). However, HDAC3 depletion mice appeared to
have increased expression of lipogenic genes causing severe hepatosteatosis (Sun,

Feng et al. 2013).

Emerin and other LEM proteins are integral membrane proteins that localize
predominantly at the INM and bind directly to the nuclear lamins, forming a major
component of the nuclear lamina. It is becoming clear that the nuclear lamina not only

provides a structural support for the nucleus but also a transcriptionally repressive
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environment by tethering of genomic regions and leads to gene repressions (Finlan,

Sproul et al. 2008, Reddy, Zullo et al. 2008).

Importantly, mutations in the genes that encode emerin and lamin A proteins cause
diseases with a wide spectrum of both overlapping and distinct phenotypes, including
progressive skeletal muscle wasting, lipodystrophy, and premature aging (Vicek and
Foisner 2007). It has been shown that lamin mutant cells have disrupted nuclear
targeting and distribution of emerin (Wu, Flannery et al. 2014). The dynamics study of
emerin distribution through the cell cycle suggested that in normal cells, emerin
temporally correlates with lamin A when reforming the NE (Eisch, Lu et al. 2016). In
HGPS cells, however, emerin and progerin form aggregates from metaphase to
cytokinesis indicating that distribution and organization of emerin are dependent on

lamin A protein (Eisch, Lu et al. 2016).

3.2.SUN may contribute to HGPS pathology

SUN proteins are integral components of the INM. The carboxy-terminal domains of
SUN proteins localize to the perinuclear space, which directly interacts with
nucleoskeleton, such as the nuclear lamina. Besides, SUN proteins also contain a
transmembrane domain that physically interacts with KASH proteins (Klarsicht, ANC-1,
Syne homology), which span the outer nuclear membrane and perinuclear space
(Tapley and Starr 2013). SUN and KASH proteins build a bridge across the nuclear
envelope, termed as LINC (linker of nucleoskeleton and cytoskeleton) complex. The

LINC complex functions to connect the nuclear components to the cytoskeleton. Such a

10
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connection facilitates nuclei movement and nuclear responses to mechanical stimuli

that are transmitted to the cell through the cytoskeleton (Tapley and Starr 2013).

Mutations in SUN and KASH proteins are related to many diseases, including HGPS
(Chen, Chi et al. 2012, Chen, Wang et al. 2014). The mechanism by which progerin
directly contributes to the pathology of HGPS is not completely understood. However,
the tight connection between progerin and SUN1 might contribute to the structural
changes in the NE and the ER in HGPS cells (Chen, Wang et al. 2014). Moreover,
concomitant with the accumulation of progerin in HGPS cells, SUN1 levels are also
increased (Chen, Chi et al. 2012, Chen, Wang et al. 2014). The SUN1-progerin
interaction appears to depend on the permanent farnesylation of progerin causing both
proteins to remain associated within the ER during mitosis (Chen, Wang et al. 2014,
Eisch, Lu et al. 2016). Farnesylation of progerin enhances its interaction with SUN1 and
reduces SUN1 mobility, thereby promoting the aberrant recruitment of progerin to the
ER membrane during postmitotic assembly of the NE and subsequently resulting in the
accumulation of SUN1 over consecutive cell divisions (Chen, Wang et al. 2014, Eisch,

Lu et al. 2016).

3.3. Nuclear Pore Complex and its role in nuclear morphology

Membrane-enclosed organelles within eukaryotic cells exchange molecules extensively
with each other. Various compartments or organelles including the Golgi apparatus and
ER communicate in multiple ways such as transporters and vesicle trafficking. Whereas
mutual transport of molecules between cytoplasm and nucleus requires a distinct

channel - the nuclear pore complex proteins (NPCs), which are located in the fusion loci

11
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of inner and outer nuclear membranes (Bilokapic and Schwartz 2012, Grossman,

Medalia et al. 2012)

Given the enormous size and unique position of the NPCs, their structure can be
visualized by electron microscopy (EM). The NPC is evolutionary conserved and
modular assembled, which comprises dynamic and stable components including ~30
nucleoporins and ~50 fiber-like dispersed repeats (Allen, Huang et al. 2001, Terry and
Wente 2009). The complex structure of NPCs requires both stability and flexibility to
keep molecule transport function efficiently, including RNA and protein exchange
between cytoplasm and nucleus. Disruption of the NPCs causes fundamental
alterations of nucleo-cytoplasmic communication, which may lead to cancer and
autoimmune diseases (Cronshaw and Matunis 2004). Ultrastructural studies of the
nuclei in progeria cells showed an increased number of nuclear envelope invaginations
with clustering of the NPCs (Goldman, Shumaker et al. 2004, Paradisi, McClintock et al.
2005, McClintock, Gordon et al. 2006). Importantly, NPCs are shown to anchor into the
nuclear lamina with B-type lamins concentrating in the pore-rich region and A-type
lamins in the pore-free loci (Hutchison 2002, Maeshima, Yahata et al. 2006, Guo, Kim et
al. 2014). Accordingly, aberrant distribution of NPCs is also associated with a
reorganization of the nuclear lamina (Fiserova and Goldberg 2010, Maeshima, lino et al.

2010).

12
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4. Autophagy

Autophagy is typically known as a conserved intracellular components turnover process.
This process involves trafficking substrates such as organelles and proteins to
lysosomes via autophagosome vesicles for degradation (Cuervo 2004, Levine and
Klionsky 2004, Shintani and Klionsky 2004, Klionsky 2005, Mizushima and Klionsky
2007). In comparison to the ubiquitin-proteasome system, autophagy is rather a simple
process, which consists of several sequential steps including induction of autophagy,
the formation of autophagosomes, degradation of substrates, and peptide generation.
Each step has a great variety of functions, which allow autophagy to be multifunctional.

However, the complex functions of autophagy remain elusive.

Autophagy is triggered by cellular stress such as depletion of nutrient. Under nutrient
starvation conditions, the robust autophagy process is initiated. The activated
autophagosomes target to the designated substrates for degradation, including
mitochondria, peroxisomes, and aggregate-prone proteins. This results in amino acid
generation and transportation to the cytosol for reuse in order to protect cells against
starvation (Suriapranata, Epple et al. 2000, Sagne, Agulhon et al. 2001, Yang, Huang et
al. 2006). Autophagy plays essential roles in multiple biological functions and defects in
autophagy are associated with various diseases such as neurodegenerative diseases

and cancer (Mizushima, Levine et al. 2008).

13
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Figure 3. Autophagy. Schematic illustration of autophagy process. A portion of the
cytoplasm is enclosed by an isolation membrane including organelles such as
mitochondrion to form an autophagosome. The outer membrane of the autophagosome
fuses with the lysosome, and the internal components are degraded in the
autolysosome. After degradation by autophagy, the resultant products, such as amino
acids can be used for different purposes, including new protein synthesis, energy
production, and gluconeogenesis, etc.

14



Introduction

4.1.Autophagy and Genomic Integrity

4.1.1.Autophagy regulates the cellular response to stress

The involvement of autophagy in genome maintenance was first observed in beclin+/-
mutant mice, where autophagically compromised cells appear to have higher level of
DNA damage and aneuploidy, which are hallmarks of genomic instability (Karantza-
Wadsworth, Patel et al. 2007). This has been attributed to accumulation of damaged
mitochondria, which then leads to abundant production of ROS (Mathew, Karp et al.
2009). Abundant ROS generation results in increased oxidative stress for both
mitochondrial and nuclear DNA. Damaged mitochondria could be eliminated via
autophagy, also called mitophagy. Mitophagy plays a critical role in maintaining normal
function of mitochondria by reducing ROS abundance and ensuring a robust matrix for
both cytoplasm and nucleoplasm (Kurihara, Kanki et al. 2012, Pickles, Vigie et al.
2018). Nrf2-Keap1 complex has been associated with the autophagy-mediated
antioxidant process, which is one of the main cellular defense systems against oxidative
stress (Itoh, Wakabayashi et al. 1999, Wakabayashi, Itoh et al. 2003). The Nrf2 protein
(nuclear factor erythroid 2-related factor 2) regulates expressions of various antioxidant
response genes to mediate cellular resistance to oxidant stress. Under the quiescent
condition, Nrf2 is constitutively degraded via ubiquitin-proteasome pathway by its
binding partner Keap1(Kelch-like ECH-associated protein 1), an adaptor of the ubiquitin
ligase complex (Cullinan, Gordan et al. 2004, Kobayashi, Kang et al. 2004, Furukawa
and Xiong 2005). Keap1 interacts with p62 and competes for its binding to Nrf2, which

acts to release and stabilize Nrf2. Subsequently, it leads to transcriptional activation of

15
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Nrf2 and its targeted genes for damage response (Komatsu, Kurokawa et al. 2010). The
p62 protein is another autophagy substrate, which in turn suggests that the p62-

dependent activation of Nrf2 for antioxidant stress response is regulated by autophagy.

4.1.2.Autophagy regulates the degradation of nuclear components

Since the discovery of autophagy in the 1950s, most studies have focused on the
degradation of the cytoplasmic components, while the importance of nuclear materials
degradation has been underrated. The nucleus plays crucial roles in maintaining
genomic integrity under various physiological and pathological stresses. In order to
respond to various stresses and maintain nuclear homeostasis, eliminating undesirable
nuclear components are necessary. Until recently, the nuclear autophagy, also called
nucleophagy, was observed in yeast cells (Roberts, Moshitch-Moshkovitz et al. 2003).
This has clearly extended our understanding on the role of autophagy in regulating

nuclear homeostasis.

LC3, the microtubule (MT) -associated protein 1A/1B-light chain 3, is a soluble protein
distributed ubiquitously in mammalian cells. It plays critical roles in forming
autophagosomal and autolysosomal membranes for autophagy (Kabeya, Mizushima et
al. 2000). There are more than 500 candidate proteins potentially interacting with LC3.
Strikingly, about one-third of these interacting proteins are associated with nuclear
components and pathways (Behrends, Sowa et al. 2010). Most recently, Dou and
colleagues have reported that LC3 is actively involved in the turnover of nuclear lamina
components by directly interacting with lamin B1 (Dou, Xu et al. 2015). In this study,

Dou et al. showed that lamin B1 is a selective substrate for autophagy upon RAS-
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induced oncogenic stress (Dou, Xu et al. 2015). Lamin B1 and other nuclear lamina
proteins are associated with transcriptionally inactive heterochromatin domains called
LADs (lamin-associated domains) (Dechat, Pfleghaar et al. 2008). Depleting lamin B1
can result in destabilization of the nuclear envelope and extensive loss of nuclear
integrity. Moreover, numerous studies have stated that lacking of lamin B1 leads to
premature cell senescence and impaired DNA repair (Shimi, Butin-Israeli et al. 2011,
Dreesen, Chojnowski et al. 2013, Shah, Donahue et al. 2013, Butin-Israeli, Adam et al.
2015). Upon abnormal cellular activities, autophagy is involved in the coordination of the
compromised chromatin architecture and gene expression in lamin B1-depleted cells.
This process is crucial for altering the cell fate such as arresting cell cycles via cellular

senescence.
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Figure 4. Oncogene-induced autophagy activation degrades nuclear components. At
state, LC3B scarcely spreads in the nucleus. Under oncogene stress state,
nuceloautophagy is activated, causing degradation of nuclear lamina and leaking of
heterochromatin. Exposure of nuclear components to the cytoplasm leads to variable
consequences, such as senescence, and inflammation.
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4.2.Autophagy and Aging

Autophagy plays a critical role in recycling macromolecules as well as eliminating
aggregate-prone proteins. Accumulated protein aggregation accompanied with
chronically neuron loss characterizes late-onset neurodegenerative diseases. Most
neurodegenerative disease-associated proteins have been shown to be substrates for
autophagy, such as mutant a-synuclein (which causes Parkinson’s disease), tau
(implicated in Alzheimer’s disease), and polyglutamine-expanded proteins like mutant
huntingtin (that causes Huntington’s disease) (Ravikumar, Duden et al. 2002, Webb,
Ravikumar et al. 2003 , Ravikumar, Vacher et al. 2004, Rubinsztein, Codogno et al.
2012). Maintaining functional proteins in brain tissues requires high fidelity and
efficiency of protein control (Forman, Trojanowski et al. 2004). Studies have shown that
lacking essential autophagy genes in knock-out mouse models causes abnormal
intracellular proteins accumulation, aggregation, and inclusions. Consequently, it leads
to development of neurodegeneration (Hara, Nakamura et al. 2006, Komatsu, Waguri et
al. 2006). Importantly, increased autophagy activity decreases the level of aggregated

proteins in such models with beneficial effects.

5. The Search for Anti-aging Interventions

Over the years, aging and anti-aging researches have advanced intervention
approaches against aging and aging related diseases. These approaches involve

different aspects, including physiological, pharmacological, and genetic interventions.

5.1.Intervention for Physiological aging
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Caloric restriction (CR) is one of the most tested anti-aging interventions, which refers to
reduced food intake without malnutrition. CR has been shown to extend lifespan in
many organisms, including rodents and rhesus monkeys, where CR-induced major
reduction of insulin and insulin-like growth factor 1 (IGF-1) contributes to lower
incidence of diabetes, cardiovascular disease, cancer, and brain atrophy (Colman,

Anderson et al. 2009).

CR is the most efficient physiological inducer of autophagy through inhibiting IGF
signaling, which also results in TOR suppression (Levine and Kroemer 2008, Kenyon
2010). TOR, an evolutionarily conserved protein kinase, is a major regulator of cellular
metabolism by promoting cell growth in response to various environmental cues. More
importantly, TOR negatively regulates autophagy. In mammalian cells, rapamycin, a
lipophilic macrolide antibiotic, acts to enhance autophagy by inhibiting the activity of
mTOR, the mammalian target of rapamycin (Rubinsztein, Gestwicki et al. 2007). Studies
have shown that rapamycin-induced autophagy promotes clearance of undesirable
protein species and organelles such as damaged mitochondria to protect cells against
apoptosis (Ravikumar, Berger et al. 2006). However, it also suggests that rapamycin is
not suitable for extending lifespan in humans because long-term track of rapamycin
promotes insulin resistance and diabetes in mice (Lamming, Ye et al. 2012).
Alternatively, intermittent rapamycin feeding has been shown to increase lifespan in
mice (Anisimov, Zabezhinski et al. 2011). These studies opened new opportunities to

avoid immunosuppression and its potentially detrimental effects on lifespan extension.

5.2.Finding the cure for premature aging
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There is no cure for progeria to date. Interventions for physiological aging provide
certain hints for finding therapeutic methods to delay the aging progress in progeria
patients, but some approaches may not apply. The search for progeria treatment is still

a long way ahead.

Lonafarnib, the first-ever progeria clinical trial, is a type of farnesyltransferase inhibitor
(FTI), which was originally developed to treat cancer. Children receiving FTls treatment
have shown improvement in body weight, hearing, bone structure, and flexibility of
blood vessels by restoring the nuclear morphology and genome integrity of cells
(Gordon, Kleinman et al. 2012). Besides the requirement for lamin proteins to gain
maturation, numerous proteins also demand protein farnesylation on certain levels. For
example, the Ras proteins require the farnesyl lipid for anchoring the proteins to the
plasma membrane and for proper protein functions. Mutations in Ras are involved in
about 30% of all human cancers, thus prompts the development of many protein
farnesyltransferase inhibitors (Cox and Der 2002, Downward 2003). However, treating
primary human skin fibroblasts with FTls resulted in high incidence of donut-shaped
nuclei, which was also shown to be independent on the expression of progerin
(Verstraeten, Peckham et al. 2011). This phenomenon continues to proceed with cell
cycles and contributes to forming bi-nucleated cells and exhibit aneuploidy.
Understanding the mechanisms of progerin-induced pathology in HGPS and searching

for treatment of HGPS are still in highly demand.
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6. Aim of the study

HGPS is a rare genetic disease that is caused by a single mutation in LMNA gene,
which results in a toxic protein that leads to catastrophe in the cell nuclei of the patients.
Firstly, given the characterization of HGPS cells, the aim of this study was to elucidate
the molecular mechanism of cell morphology change and its association with cell
senescence. Secondly, previous studies have shown the complex interactions between
progerin and other nuclear and cytoplasmic components. Further detailed study of the
pre-lamin A-/progerin-derived peptides and the nuclear envelope proteins were carried
out to decipher the molecular mechanism of nuclear morphological change in progeroid

cells.

While the disorganized microtubule network in HGPS cells has been previously
described, little is known about the contribution of microtubule and its modification to
cell senescence. Therefore, primary cultures of HGPS fibroblast were utilized to
characterize the effects of microtubule and its posttranslational modification on
important parameters of cell morphology and its correlation with progerin in cell
senescence. Given the evidence of increased acetylation of microtubule in HGPS cells,
this study focuses on the correlation of upregulated microtubule acetylation with

progerin accumulation.

Further studies will aim to answer the question how toxic progerin peptides cause
disorganization of nuclear membrane and interruption of nuclear integrity. Given the

evidence that nuclear stress activates nucleophagy cascade, the putative targets of
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autophagosome could be confirmed and subsequent studies on the essential role of

autophagy in mediating the nuclear integrity in HGPS cells are needed.
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7. Results

7.1.Phenotype analysis of HGPS cells

7.1.1.Morphology changes in HGPS cells

Cells depend on cytoskeletal polymers to establish their asymmetrical shapes, to
transport intracellular constituents, and to drive their mobility. Because of the aberrant
splicing event with truncated prelamin A in HGPS cells, progerin expression could only
be observed in HGPS cells but not normal cells (Figure 5A). Immunocytochemistry
staining of cytoskeletal tubulin showed that normal fibroblast cells present with spindle-
like cell shape, while staining for progerin is negative (Figure 5B). In contrast, the
appearance of flat cell shape was observed in HGPS cells together with dysmorphic
nuclei, including altered nuclear shape, herniations, and wrinkles as evident by progerin

staining (Figure 5B’).

Further cell morphology analysis was performed by employing the Skeleton Intersection
detection with Imaged. The results showed that normal fibroblasts appear to have
equally spread skeletal intersections in the cytoplasm (Figure 5C). However, HGPS
cells tend to have rich skeletal intersections at the nuclear periphery region (Figure 5C’),

suggesting a disorganized cytoskeletal structure in HGPS cells.
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Figure 5. Cell morphology changes in HGPS fibroblast cells. (A) Western blot shows
lamin A/C protein expression in normal and HGPS cells. In HGPS cells, expression of
truncated prelamin A, termed as progerin, can be observed. (B, B’) Immunofluorescent
staining showed a-Tubulin in green, progerin in red, and DNA in blue. Staining for
progerin in normal cells is negative. Altered nuclear shape for progerin staining in HGPS
cells is shown. Scale bar 10um. (C, C’) Skeleton intersection analysis of the normal and
HGPS fibroblasts. In normal cells, microtubules intersections spread equally in the
cytoplasm. In HGPS cells, microtubule intersections are gathered in the nuclear
periphery region.
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7.1.2.Tubulin acetylation is increased in HGPS cells.

Tubulin can be subject to many PTMs, which affect MT dynamics, organization, and
interactions with other cellular components. Given the observation of disorganized MT
network in HGPS cells, we sought to evaluate the post-translational modification of MT

in both normal and HGPS cells.

We first determined the subcellular distribution of acetylated tubulin. In normal cells, the
acetylated tubulin is mostly spread in the cytoplasm and a concentrated microtubule
organization center (MTOC) can be observed, which is distal to the cell nuclei (Figure
6A). The acetylation-free tubulin distributed throughout the cytoplasm showing
asymmetrical spindle like pattern (Figure 6). However, in HGPS cells, the acetylated
tubulin is mostly enriched in a large region proximal to the nuclear periphery (Figure 6).
Besides, the acetylation-free tubulin was also found distributed in the same region as
acetylated tubulin but less spread in the cytoplasm (Figure 6). These results suggest

that the acetylation of tubulin alters the organization of the microtubule network.
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DAPI Ac-Tubulin a-Tubulin Merge

Normal

HGPS

Figure 6. Tubulin acetylation alters the structural organization of microtubules.
Immunocytochemistry stainings of DNA in blue, acetylated Tubulin in red and a-Tubulin
in green are shown. Microtubule organization center (MTOC) is indicated by
arrowheads. Scale bar: 10um.

Further, cold treatment for depolymerizing acetylated tubulin was performed. After
depolymerization, concentrated single MTOCs were revealed in normal cells, however,
multiple MTOCs were maintained at the nuclear periphery region in HGPS cells (Figure
7A) with a significant proximal distance to the nuclei compared to the normal cells
(Figure 7A, B). The result showed that acetylation of tubulin alters the distribution of

MTOC in HGPS cells thus affecting the organization of microtubule networks.
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Figure 7. Abnormal distribution of the MTOC in HGPS cells. (A) Immunocytochemistry
staining showed DNA in blue and acetylated Tubulin in green. MTOCs are indicated by
arrowheads. Scale bar: 10um. (B) Distance from MTOC to outer nuclear membrane is
significantly closer in HGPS cells compared to control cells (>200 cells were collected,
n=3).
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Next, we determined the levels of acetylation of tubulin in both normal and HGPS cells.
The western blot analysis showed that the level of acetylated tubulin is increased in
HGPS cells compared to normal cells (Figure 8), while the level of acetylation-free
tubulin remains unchanged (Figure 8), which is consistent with the observation of
immunocytochemistry that acetylation of tubulin has no effect on the content of

microtubules but alters the organization of microtubule network.

Normal HGPS

L ¢ wess W Ac-Tubulin
50kD =— |
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420kD — . . S B-actin

Figure 8. Tubulin acetylation increases in HGPS cells. Western blot analysis shows that
the level of tubulin acetylation is increased in HGPS cells compared to normal cells.
Level of acetylation-free tubulin does not change. a-Tubulin and B-actin are used as
loading controls.

7.1.3. Tubulin hyperacetylation is correlated with progerin accumulation and

contribute to cell senescence in HGPS cells.

Nuclear lamina functions as nucleoskeleton, which is connected via the LINC complex
to the cytoskeleton. Progerin is permanently anchored to the inner nuclear membrane
due to farnesylation at its carboxy-terminal end. Importantly, progerin is insoluble and

progressively accumulates within cells. We sought to determine whether the
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accumulation of progerin is associated with disorganization of the microtubule network

in HGPS cells.

HGPS cells were stained with progerin and acetylated tubulin antibodies for fluorescent
intensity determination (Figure 9A, B). The result showed that HGPS cells are
heterogeneous in terms of progerin levels (Figure 9B, arrowheads). Interestingly,
fluorescent intensity levels of the tubulin acetylation are more in cells with an
accumulated amount of progerin than cells with a lesser amount of progerin (Figure 9B).
Further, correlation analysis showed a positive correlation between the fluorescent
intensity of progerin and acetylated tubulin (Figure 9C), suggesting that accumulation of
progerin is positively correlated to increased microtubule acetylation. The results
indicate that the accumulation of progerin may affect the organization of microtubule

networks.
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Figure 9. The correlation of progerin with tubulin acetylation. (A, B)
Immunocytochemistry staining of normal and HGPS fibroblasts with DNA in blue,
progerin in red, and acetylated tubulin in green are shown. Normal cells showed
negative staining of progerin and scattered distribution of acetylated tubulin in the
cytoplasm. HGPS cells showed altered nuclear shape by staining for progerin and rich
acetylation of tubulin at the nuclear periphery. (B) Low magnification of HGPS cells
stained with progerin and acetylated tubulin are collected for fluorescent intensity
analysis. Heterogeneous of progerin levels in HGPS cells are indicated by arrowheads.
(C) xx analysis showed positive correlation of fluorescent intensity between progerin
and acetylated tubulin in HGPS cells.
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Disorganization of microtubules affects not only the cell shape but also a wide variety of
cellular events, including cell motility and cell division. Therefore, we examined the cell
senescence level in both normal and HGPS cells to determine whether altered post-
translational modification of microtubule is associated with cell senescence. f-
galactosidase detection assay was performed to detect the levels of cell senescence.
The results showed that HGPS cells have higher activity of B-galactosidase compared
to normal cells (Figure 10). In normal cells, scattered distribution of the acetylated
tubulin in the cytoplasm was observed (Figure 10). However, HGPS cells with increased
activity of B-galactosidase appeared to have increased acetylation of tubulin, suggesting
that cell senescence is associated with increased microtubule acetylation. Collectively,
progerin is positively correlated with acetylation of the microtubule, which may also

contribute to cell senescence.
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Figure 10. Microtubule hyperacetylation is associated with cell senescence. -
galactosidase activities detection in normal and HGPS cells and acetylated tubulin
staining in green and DAPI in blue are shown. In normal cells, no (B-galactosidase
activity is detected, and scattered distribution of acetylated tubulin are shown
(arrowheads). In HGPS cells, increases activities of B-galactosidase are detected and
correspondingly, increased tubulin acetylation is observed (arrowheads). Scale bar: 20

pm.

7.2.Molecular mechanism of nuclear defects in HGPS cells

7.2.1.Intracellular Dynamics of the Prelamin A and Progerin Carboxy-Terminal

Fusion Proteins

To study molecular mechanisms of the nuclear defects and cell aging in HGPS cells, we
further analyzed the carboxy terminal of prelamin A and progerin in greater detail. We
generated a series of EGFP constructs encoding various sizes of the carboxy-terminal
(CT) domains of prelamin A and progerin (Figure 11)—including an NLS sequence and/
or CaaX motif—to characterize the differences in the function of the CT domains of
prelamin A and progerin. The sequences of the EGFP fusion proteins are indicated

(Figure 11).
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Full length of EGFP fused prelamin A and progerin
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Figure 11. Schematic representation of the C-terminal fragments of prelamin A and
progerin. (A) Schematics depicting the structures of the EGFP—prelamin A and EGFP-
progerin proteins, and constructs derived from their C-terminal domains. The C-terminal
domain of the indicated protein is enlarged, and the alignment of the construct
sequences is shown. (1) Residues from 602 to 664 a.a. (amino acids) are marked as
59-CSIM/SSIM/R-CSIM, which represents the wild-type, C661S mutant, and L647R
mutant C-terminal fragments of prelamin A, respectively. (2) The 50 a.a. construct
encodes the 50 a.a. in-frame deletion of prelamin A from 607 to 656 a.a. (3) Residues
from 641 to 664 a.a. of prelamin A are marked as 20-CSIM/SSIM/R-CSIM, which
represent the short form of wild-type, C661S mutant, and L647R mutant C-terminal
fragments of prelamin A, respectively. (4) The PG-9-CSIM/SSIM, residues from 602—
614 a.a. of progerin, represents the C-terminal fragment of progerin and its
corresponding C661S mutant form. A nuclear localization signal (NLS, KKRKLE) was
linked to a part of the constructs as indicated.
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Based on the properties of the protein sequence, we first predicted the features of each
EGFP fusion protein, including pl value, static charge, and post-translational
modifications such as farnesylation, carboxymethylation, Zmpste 24 cleavage, and
nuclear membrane binding ability (Figure 12). Among these features, we proposed that
(1) proteins containing the NLS sequence can be transported to the nucleus, (2)
proteins containing 50 a.a. and CaaX motif can be processed as prelamin A, (3)
proteins containing CaaX motif but lack the Zmpste 24 cleavage site can be

farnesylated and retain the farnesylation group and bind to the nuclear membrane

(Figure 12).
Predicted features
pl Charge Farnesylation -Cr::t):;ition Zmpste cleavage NE binding
EGFP-NLS-59-CSIM 10.6 + + + + -
EGFP-NLS-59-SSIM 111 + - - - -
EGFP-NLS-59-R-CSIM  11.0 + + + - +
EGFP-NLS-50 11.1 + - - - -
EGFP-ANLS-50 10.1 + - - - -
EGFP-NLS-20-CSIM 10.5 + + + - +
EGFP-NLS-20-SSIM 11.1 + - - - -
EGFP-NLS-20-R-CSIM  11.1 + + + - +
EGFP-NLS-PG-9-CSM 9.7 + + + - +
EGFP-NLS-PG-9-SSIM  10.3 + - - - -
EGFP-ANLS-PG-9-CSIM 5.7 - + + - +

EGFP-ANLS-PG-9-SSIM 5.5

Figure 12. Predicted features of EGFP fusion proteins. Based on the protein sequence
properties, predicted features of all constructs were indicated: pl value, static charge,
and post-translational properties, including farnesylation, carboxymethylation, Zmpste
cleavage, and nuclear membrane binding ability.
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Western blot analyses showed that all EGFP fusion proteins were expressed in
transfected Hela cells at the expected sizes (Figure 13). NLS-59-CSIM (602-664 a.a.),
corresponding to the CT domain of prelamin A, showed a slightly smaller size than
NLS-59-R-CSIM (containing the L647R mutation) and NLS-59-SSIM (containing the
C661S mutation), indicating that this protein underwent post-translational processing
(Figure 13). NLS-50 (607—656 a.a.), which corresponds to the 50 a.a. that are missing
in the progerin protein, was of similar size as NLS-59-CSIM (Figure 13). Therefore, the
NLS-59-CSIM protein was processed in a similar manner as full-length prelamin A,
resulting in the production of a CT sequence similar to the corresponding mature lamin
A CT domain (Sinensky, McLain T. et al. 1994). The NLS-59-R-CSIM and NLS-59-SSIM

proteins, however, were not cleaved and therefore corresponded to the CT end of

prelamin A.
EGFP constructs
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Figure 13. Western blot analysis of EGFP-fusion proteins. Full-length EGFP-prelamin A,
progerin and 50 a.a. containing proteins were expressed in HelLa cells. Western blot
analysis of EGFP-construct expressions showing corresponding sizes according to
different post-translational modifications.
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The Zmpste 24 enzyme requires the last 41 a.a. of the prelamin A CT for its efficient
cleavage activity (Barrowman, Hamblet et al. 2012). The NLS-20-CSIM and NLS-20-R-
CSIM proteins were in similar size but were slightly smaller than NLS-20-SSIM (Figure
14). Based on this result, both NLS-20-CSIM and NLS-20-R-CSIM were farnesylated
but Zmpste 24 did not further process NLS-20-CSIM, due to the short a.a. sequence
upstream of the Zmpste 24 cleavage site (Figure 14). The NLS-20-CSIM corresponds to
the wild-type 20 a.a.-CaaX CT domain of prelamin A that maintained the last 15 amino
acids and the farnesylated and carboxymethylated cysteine. The NLS-PG-9-CSIM,
corresponding to the last 13 a.a. of the progerin CT domain, was slightly smaller in size
than its counterpart, NLS-PG-9-SSIM, which cannot be farnesylated (Figure 14).
Collectively, all EGFP fusion proteins were efficiently expressed in transfected HelLa
cells, migrated at the expected molecular weights, and showed a certain degree of post-

translational modifications (i.e., farnesylation and/or Zmpste 24 cleavage), according to

the Western blot analyses.

EGFP constructs
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Figure 14. Western blot analysis of EGFP-fusion proteins. EGFP-constructs containing
the last 20 a.a. of prelamin A and last 9 a.a. of progerin were expressed in HelLa cells.,
Western blot analysis of EGFP-construct expressions showing corresponding sizes
according to different post-translational modifications.

37



Results

7.2.2.The Farnesylated CT Domains of Prelamin A and Progerin Are Sufficient for

Inducing NE Defects

We examined the subcellular localization of the various EGFP fusion proteins in
transfected HelLa cells relative to lamin B1 using immunohistochemistry to identify the
potential alterations in the subcellular targeting of the CT fragments of prelamin A and

progerin.

In HelLa cells transfected with the EGFP—vector, the EGFP signal spread throughout the
cytoplasm and the nucleus, and typical nuclear lamin B1 rim-like staining was observed
(Figure 15). The EGFP—prelamin A fusion protein showed a nuclear rim signal
overlapping lamin B1 staining at the NE (Figure 15). The EGFP—progerin signal
colocalized with lamin B1 at the NE and NE invaginations, with most of the transfected
cells showing an abnormal nuclear morphology (Figure 15). The EGFP-NLS-59-CSIM
and EGFP-NLS-50 proteins were distributed in a diffused pattern in the nuclear
compartment (Figure 15). This identical nuclear localization of EGFP—-NLS-59-CSIM and
EGFP-NLS-50 signified that NLS-59-CSIM underwent the same complete post-
translational modifications as prelamin A and was no longer farnesylated. The EGFP—
ANLS-50aa protein lacking the NLS exhibited a diffuse distribution throughout the

cytoplasm and nucleus in transfected cells (Figure 15).
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Figure 15. NLS directs the protein to the cell nucleus. Distribution of the subcellular
localization of EGFP plasmids in transiently transfected Hela cells is shown.
Immunocytochemistry was performed on Hela cells transfected with EGFP fusion
proteins. Cells were stained with an anti-lamin B1 antibody. Chromatin was stained with
DAPI. Representative images of lamin B1 staining in the indicated cells. Scale bar:
10um.

EGFP-NLS-59-R-CSIM colocalized with lamin B1 at the NE (Figure 16). The abnormal
nuclear shape and enlarged NE structures emanating from the NE were observed in the
EGFP-positive cells (Figure 16A, B). Lamin B1 and EGFP-NLS-59-R-CSIM signals
were superimposable at the NE evaginations (Figure 16A, B). The EGFP-NLS-PG-9-
CSIM protein colocalized with lamin B1 at the NE and within NE evaginations, as
observed in EGFP-NLS-59-R-CSIM-transfected cells (Figure 16A, B). The EGFP-
ANLS-PG-9-CSIM protein, however, localized in the cytoplasm and at sites around the
NE on the cytoplasmic face of the NE (Figure 16A). Based on these results, EGFP
fusion proteins containing a terminal CSIM underwent farnesylation and fragments that
remained farnesylated localized at the NE, except for NLS-20-CSIM, which was also

present to a lesser extent at the cytoplasmic membrane (Figure 16).
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Figure 16. Determination of the cellular localization of EGFP plasmids in transiently
transfected HelLa cells. Immunocytochemistry was performed on Hela cells transfected
with EGFP fusion proteins. Cells were stained with an anti-lamin B1 antibody. Chromatin
was stained with DAPI. Representative images of lamin B1 staining in the indicated
cells. (A) The farnesylated CaaX motif, along with the NLS, targets the EGFP—-NLS-59-
R-CSIM and EGFP-NLS-PG-9-CSIM proteins to the nuclear envelope (NE) and EGFP-
NLS-20-CSIM protein to the NE and cytoplasm and membrane. Scale bar: 10 ym. (B)
Abnormal nuclear envelope invaginations. Colocalization of EGFP-NLS-59-R-CSIM and
EGFP-NLS-PG-9-CSIM with lamin B1 is shown. An enlarged view of EGFP signals
emanating from the nuclear membrane shows abnormal nuclear invaginations. Scale
bar: 5 ym.
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The EGFP-NLS-20-CSIM protein was targeted at the NE, and a fraction of the protein
was also detected at the plasma membrane as well as in the cytoplasmic compartments
(Figure 16, 18A). Further immunodetection of GM130, a protein marker of the Golgi
apparatus, showed that the EGFP-NLS-20-CSIM signal accumulated in the Golgi
apparatus (Figure 17A) (Kondylis, Goulding et al. 2001). According to a previous report,
the hypervariable region (HVR) of RAS proteins could undergo multiple post-
translational modifications including CaaX farnesylation, carboxy-terminal methylation,
and palmitoylation. The processed RAS proteins traffic through the classical secretory
pathway via the Golgi to the plasma membrane, with the exception of K-Ras4B, which
bypasses the Golgi (Hancock, Paterson et al. 1990, Hancock 2003). Based on this
observation, we compared the protein sequences of NLS-20-CSIM with the HVRs of H-
Ras, N-Ras, K-Ras4A, and K-Ras4B (Figure 17B). This sequence alignment indicated a
certain degree of similarity between the NLS-20-CSIM and the HVRs of RAS proteins
(Figure 17B). Thus, NLS-20-CSIM might traffic from the Golgi to the plasma membrane

via the same route as RAS proteins.
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Figure 17. Trafficking of EGFP-NLS-20-CSIM. (A) GM130 was used to determine the
cytoplasmic distribution of EGFP-NLS-20-CSIM signals. Representative images of cells
expressing EGFP-NLS-20-CSIM showed the colocalization of cytoplasmic EGFP-
NLS-20-CSIM with GM130. Chromatin was stained with DAPI. Scale bar, 10 ym. (B) An
analysis of the similarity of the sequence of the NLS-20-CSIM proteins and
hypervariable regions of RAS proteins, including H-Ras, N-Ras, K-Ras4A, and K-
Ras4B. The NLS-20-CSIM protein showed a certain degree of similarity to the HVR of
RAS proteins. Cellular distributions of RAS proteins are indicated by the rectangle.
Scale bar, 10 ym.
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Next, we generated mutants of these proteins by modifying the cysteine at position 661
to a serine residue (C661S), thus changing the CSIM to SSIM that is no longer
farnesylated. Our results confirm that the farnesylation of the cysteine residue within the
CSIM is required for the membrane interaction and NE localization (Figure 18A). These
EGFP fusion proteins ending with an SSIM and containing an NLS sequence were not
detected at the NE but localized throughout the nucleoplasm, and accompanied by a
regular lamin B1 rim staining (Figure 18A). Moreover, EGFP—-ANLS-PG-9-SSIM did not
accumulate around the NE on the cytoplasmic face, indicating that the EGFP-ANLS-
PG-9-CSIM fragment was farnesylated and localized to the outer NE. Further analysis
of EGFP-ANLS-PG-9-CSIM distribution in relation to GM130, a Golgi marker (Kondylis,
Goulding et al. 2001) showed that populations of this short farnesylated progerin

peptide localized in Golgi apparatus (Figure 18B).

Taken together, the farnesyl modification is responsible for targeting the EGFP fusion
proteins to the NE and causing abnormalities of NE and nuclear shape, as shown by the

full-length progerin protein in transfected HelLa cells.
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Figure 18. Distribution of EGFP-fusion proteins containing C661S mutation and further
determination of ANLS-PG-9-CSIM. Immunocytochemistry was performed on Hela
cells transfected with EGFP fusion proteins. (A) Cells were stained with an anti-lamin B1
antibody. Chromatin was stained with DAPI. Representative images of lamin B1 staining
in the indicated cells. (B) GM130 staining in ANLS-PG-9-CSIM transfected cells. ANLS-
PG-9-CSIM targeted at the ONM and colocalized with GM130. Scale bar: 10 ym.
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7.2.3.NE Proteins Are Mislocalized by the Farnesylated CT of Prelamin A and

Progerin

Because the EGFP-NLS-59-R-CSIM and EGFP-NLS-PG-9-CSIM proteins induced NE
deformations and evagination, we sought to evaluate their impacts on nuclear lamin B1,
lamin C, and NE proteins—including emerin, nuclear pore complexes (NPC), and SUN1

—in transfected Hel.a cells.

Cells transfected with the empty EGFP vector exhibited a typical NE rim signal for lamin
B1, lamin C, emerin, NPC-414, and SUN1 proteins (Figure 19A). In EGFP-NLS-59-R-
CSIM-transfected cells, lamin B1, lamin C, emerin, and NPC-414 were all colocalized
with the EGFP signal at the NE and the NE evaginations (Figure 19B, arrowheads).
Meanwhile, SUN1 was present at the NE, but not in NE evaginations (Figure 19B).
Notably, 54.33 + 3.81% of lamin B1, 100% of lamin C, 74.78 + 3.27% of emerin, and
94.86 + 2.69 of NPC-414 signals overlapped with EGFP—-NLS-59-R-CSIM at the NE
invaginations (Figure 19C). In contrast, SUN1 signal was barely detectable at the NE

tubular structures (Figure 19C).
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Figure 19. Disorganized distributions of NE proteins in NLS-59-R-CSIM transfected
cells. (A) Immunocytochemistry was performed on EGFP vector, (B) EGFP-NLS-59-R-
CSIM-transfected cells. Cells were stained with anti-lamin B1, lamin C, emerin,
NPC-414, and SUN1 antibodies. Chromatin was stained with DAPI. Representative
images showed colocalization of lamin B1, lamin C, emerin, and NPC-414 with EGFP
signals at the NE as indicated with arrowheads. Scale bar, 10 yum. (C) Percentages of
cells displaying colocalization of the NE protein and EGFP signal in the images shown.
More than 300 EGFP-positive cells for each construct were counted, n = 3.

A similar distribution pattern was also observed for EGFP-NLS-PG-9-CSIM and lamin

B1, lamin C, emerin, and NPC-414 at the NE and NE protrusions (Figure 20A,
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arrowheads), whereas SUN1 was also absent from the NE evaginations in cells
transfected with this construct. Colocalization frequencies indicated that EGFP-NLS-
PG-9-CSIM overlapped with 55.72 + 1.38% of lamin B1, 100% of lamin C, 70.51 +
3.64% of emerin, and 95.17 + 1.39% of NPC-414 signals at the NE evaginations, and

SUN1 was absent from these NE protrusions (Figure 20B).

Furthermore, cells expressing high levels of both EGFP fusion protein fragments
exhibited more nuclear abnormalities (Appended Fig. S 1-2). Therefore, the degree of
NE disorganization directly depends on the expression level of these protein fragments
in transfected HelLa cells. Based on these results, the farnesylated CT fragments of
prelamin A and progerin induced NE deformation by interfering with the distribution of

lamin B1, lamin C, as well as the inner NE proteins, emerin and NPC.
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Figure 20. Disorganized distributions of NE proteins in NLS-PG-9-CSIM transfected
cells. (A) Immunocytochemistry was performed on EGFP-NLS-PG-9-CSIM-transfected
cells. Cells were stained with anti-lamin B1, lamin C, emerin, NPC-414, and SUN1
antibodies. Chromatin was stained with DAPI. Representative images showed
colocalization of lamin B1, lamin C, emerin, and NPC-414 with EGFP signals at the NE
and NE invaginations as indicated by arrowheads. Scale bar, 10 um. (C) Percentages of
cells displaying colocalization of the NE protein and EGFP signal in the images shown.
More than 300 EGFP-positive cells for each construct were counted, n = 3.

7.2.4.NE Deformation Induces Heterochromatin Disorganization and Reduces

Cell Proliferation

Because lamin B1 and emerin are intimately linked to heterochromatin organization, we
evaluated the distribution of the heterochromatin protein HP13 (Eissenberg, James et
al. 1990). In cells transfected with the EGFP vector alone, HP13 was exclusively
located within the nucleoplasm (Figure 21). However, in both EGFP-NLS-59-R-CSIM-
and EGFP-NLS-PG-9-CSIM-expressing cells, the HP1B signal was also detected in
some cytoplasmic areas emanating from the NE (Figure 21, arrowheads). Moreover, the

HP1p signal in these blebs colocalized with DAPI staining, indicating these foci contain
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DNA (Figure 21). Therefore, both EGFP-farnesylated CT fragments could induce the

loss of chromatin from the nuclear compartment.

NLS-59- NLS-PG-
Vector R-CSIM 9-CSIM

DAPI

Figure 21. Determination of the heterochromatin organization. (A) Representative
images of heterochromatin staining by anti-HP1B antibody in EGFP vector-, EGFP-
NLS-59-R-CSIM-, and EGFP-NLS-PG-9-CSIM-transfected cells. Cytoplasmic HP1f3
staining shows the disorganized heterochromatin signals in EGFP—-NLS-59-R-CSIM-
and EGFP-NLS-PG-9-CSIM-transfected cells, as indicated by the arrowheads. Higher
magnification images show the colocalization of DAPI and heterochromatin staining in
the cytoplasm. Scale bar, 10 ym.
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We postulated that these chromatin aggregates in the cytoplasm might be due to
altered mitotic events. Therefore we examined the distribution of Ki67, a proliferation
marker and a protein detected on actively replicating chromosomes (Scholzen and
Gerdes 2000). Cells expressing the empty EGFP vector exhibited numerous large Ki67-
positive speckles in the nucleus, indicating that the nuclei were replicating and,

therefore, these cells were proliferating (Figure 22A).

In contrast, the Ki67 signal was barely detectable in cells transfected with EGFP—
NLS-59-R-CSIM and EGFP-NLS-PG-9-CSIM (Figure 22A, circled region), indicating
that these cells were not replicating. Based on these findings, cells transfected with
these CT-farnesylated fragments were not mitotically active. For the statistical analysis
of three independent experiments, 919 EGFP—-NLS-59-R-CSIM-positive cells and 934
EGFP-NLS-PG-9-CSIM-positive cells were counted, and the number of Ki67-positive
cells among these populations was determined (Figure 22B). Only 27.5 + 2.5% of
EGFP-NLS-59-R-CSIM cells and 26.3 + 3.5% NLS-PG-9-CSIMcells were Ki67-positive
and therefore remained mitotically active (p < 0.001, Figure 13C). These numbers were

significantly reduced compared to EGFP vector-expressing cells (Figure 22B).

Thus, these two farnesylated CT fragments significantly delayed the growth of
transfected cells, possibly by interfering with the chromatin distribution during mitosis,
as indicated by the presence of DNA and HP1f in the nuclear and cytoplasmic blebs of

transfected cells.
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Figure 22. Determination of cell proliferation activity. (A) Ki67 was used to detect the
actively replicating chromosomal DNA. Representative images of Ki67 staining and
signals for EGFP fusion proteins are shown. Ki67 signals are barely detectable in
EGFP-NLS-59-R-CSIM- and NLS-PG-9-CSIM-expressing cells, as indicated with
circles. (B) Percentages of cells expressing both EGFP and Ki67. Nine hundred sixty
cells expressing the EGFP vector, 919 cells expressing EGFP-NLS-59-R-CSIM, and
934 cells expressing EGFP-NLS-PG-9-CSIM were counted (n = 3). Scale bar, 10 ym.
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7.2.5.The Autophagy-Lysosome Machinery Is Involved in the Formation of NE

Evaginations

The observed NE defects and genomic instability in EGFP-NLS-59-R-CSIM- and
EGFP-NLS-PG-9-CSIM-expressing cells indicated that several nuclear components
were disrupted. The turnover of nuclear components is mediated by autophagy (Park,
Hayashi et al. 2009, Dou, Xu et al. 2015). We determined the distribution of LC3B, a
marker of autophagosomes (Drake, Kang et al. 2010), to determine whether

components of the autophagy machinery were recruited to sites of NE blebs.

First, we analyzed the distribution of LC3B in primary fibroblasts derived from normal
individuals and patients with HGPS. In control fibroblast cells, the punctate form of the
LC3B signal was spread throughout the cytoplasm (Figure 23 and Figure S3A). In
HGPS fibroblast cells, the cytoplasmic LC3B signal was reduced, but a fraction of LC3B
localized at the nuclear compartment, indicating that autophagosomes were located in
the vicinity of the deformed NE (Figure 23, arrowheads). In HelLa cells transfected with
empty vector, LC3B foci were detected in the cytoplasm (Figure 23 and Figure S3A). In
HelLa cells transfected with EGFP—-NLS-59-R-CSIM, and EGFP-NLS-PG-9-CSIM, the
EGFP signal colocalized with LC3B-positive vesicles at the nuclear compartment
(Figure 23). EGFP-LC3B-positive foci were not observed at the NE of non-transfected

cells.

52



Results

Fibroblast Hela

Control HGPS Vector NLS-59-R-CSIM NLS-PG-9-CSIM

o

DAPI Progerin LC3B

Merge

Figure 23. Detection of autophagosome distributions. LC3B was used as markers to
detect autophagosomes. Chromatin was stained with DAPI. Representative images of
LC3B staining in normal and HGPS fibroblasts and EGFP vector-, EGFP—-NLS-59-R-
CSIM-, and EGFP-NLS-PG-9-CSIM-transfected cells. Redistribution and colocalization
patterns of LC3B in the NE and NE invaginations are shown in HGPS fibroblasts and
EGFP-NLS-59-R-CSIM- and EGFP-NLS-PG-9-CSIM-transfected cells, as indicated
with arrowheads. Scale bar, 10 ym.
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Next, we examined the localization of LAMP-2, a lysosomal membrane marker
(Hunziker and Geuze 1996). In control fibroblasts, the vacuolar signal of LAMP-2
spread throughout the cytoplasm (Figure 24 and Figure S3B). In HGPS fibroblast cells,
in addition to the cytoplasmic signal, a granular staining pattern of LAMP-2 was also
observed surrounding the nucleus (Figure 24 and Figure S3B). A fraction of LAMP-2
colocalized with progerin at the periphery of the NE fold in HGPS cells (Figure 24,

arrowheads).

In HelLa cells transfected with the vector alone, the LAMP-2 signal was distributed in the
cytoplasm, as observed in normal fibroblasts (Figure 24). In EGFP-NLS-59-R-CSIM-
and EGFP-NLS-PG-9-CSIM-expressing cells, LAMP-2 and EGFP colocalized at the NE
periphery and NE evaginations, as observed in HGPS fibroblast (Figure 24). Therefore,
LC3B and LAMP-2 were recruited to the NE in cells expressing EGFP-CT farnesylated

fragments of prelamin A or progerin.

Based on these observations, components of the autophagy-lysosome system are
recruited to the nuclear periphery of HGPS cells and HelLa cells expressing the
farnesylated C-terminal ends of prelamin A or progerin. The expression of these short
farnesylated proteins induced NE evaginations and LC3B recruitment. LAMP-2 was also
detected in the vicinity of the NE evaginations in HelLa cells transfected with these
constructs. Thus, the accumulation of farnesylated proteins in the nuclear compartment

activates nuclear autophagy to possibly maintain the integrity of the nucleus.
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Figure 24. Detection of lysosome distributions. LAMP2 was used as a marker to detect
lysosomes. Chromatin was stained with DAPI. Representative images of LAMP2
staining in normal and HGPS fibroblasts and EGFP vector-, EGFP-NLS-59-R-CSIM-,
and EGFP-NLS-PG-9-CSIM-transfected cells. Redistribution and colocalization
patterns of LAMP2 in the NE and NE invaginations are shown in HGPS fibroblasts and
EGFP-NLS-59-R-CSIM- and EGFP-NLS-PG-9-CSIM-transfected cells, as indicated
with arrowheads. Scale bar, 10 ym.
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7.2.6.NE Defects Are Associated with Lower Autophagy Activity and Increased

Cell Death

HGPS cells display reduced autophagy activity (Cao, Graziotto et al. 2011, Gabriel,
Roedl et al. 2015). Because components of autophagosomes were recruited to the NE
invagination in HGPS cells and Hela cells expressing EGFP-CT farnesylated
fragments, we evaluated autophagy activity in these cells. We applied a
monodansylcadaverine (MDC)/cytotoxicity dual staining assay in living cells that
enables the simultaneous detection of autophagy and cell death. MDC is a fluorescent
probe that detects autophagic vacuoles in living cells and propidium iodide (PI) is a
marker of cell death (Niemann, Takatsuki et al. 2000). A bright vacuolar signal of
autophagosomes (MDC) distributed throughout the cytoplasm was observed in control
cells, and no Pl-positive cells were detected, indicating the absence of cell death
(Figure 25A, C). In contrast, HGPS fibroblasts exhibited an average decrease in the
MDC signal by 60% compared to control fibroblasts, signifying a reduction in the
number of autophagosomes (Figure 25A, B). In addition, an increased percentage of
dead cells of 4.22 + 1.27% was observed in HGPS cells compared to control fibroblasts
(Figure 25C). Hence, in Pl-positive HGPS, the MDC signal was barely detectable

(Figure 25A).
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Figure 25. Determination of autophagy activity. (A) Monodansylcadaverine (MDC) and
propidium iodide (PIl) staining were performed to detect the numbers of
autophagosomes and dead cells in normal and HGPS fibroblasts. Representative
images of cells are shown. HGPS cells exhibit a heterogeneous brightness of MDC
fluorescence intensity. A Pl-positive cell with no detectable MDC signal is outlined. (B)
The fluorescence intensity of MDC was measured in control and HGPS fibroblasts. Two
hundred fifty-three control cells and 244 HGPS cells were counted. The average MDC
fluorescence intensity was used for the statistical analysis. (C) The percentages of PI-
positive cells were calculated by counting 317 control cells and 309 HGPS fibroblasts.
All statistical analyses were performed using Student’s t-test. Two-tailed p-values were
calculated and p < 0.05 was considered significant. Scale bar, 10 ym.
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All HeLa cells transfected with the empty EGFP vector showed a strong MDC signal and
no Pl-positive signals, indicating the absence of dead cells (Figure 26). In EGFP-
NLS-59-R-CSIM- and EGFP-NLS-PG-9-CSIM-expressing HelLa cells, the cytoplasmic
signal for MDC was dramatically reduced (Figure 26, circled region). However,
superimposable bright signals for EGFP, MDC, and Pl were detected at the NE
evaginations in transfected Hela cells (Figure 26). The presence of the Pl signal within
these NE blebs indicates that the NE permeability was compromised, and cells were

undergoing apoptosis.

Based on these findings, the accumulation of farnesylated proteins at the NE induces
NE alterations and the disorganization of the numerous nuclear components, including
NE proteins (emerin and SUN1), lamins, chromatin, and other nuclear factors. These
changes evidently induce the formation of NE evaginations, the recruitment of
autophagy components, and the activation of nucleophagy in an attempt to prevent
further nuclear alterations. However, the dramatic disruption of the NE integrity

ultimately leads to apoptosis.
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Figure 26. Determination of autophagy activity in transfected HelLa cells. MDC and PI
staining in EGFP vector-, EGFP-NLS-59-R-CSIM-, and EGFP-NLS-PG-9-CSIM-
transfected cells are shown. EGFP-NLS-59-R-CSIM- and EGFP-NLS-PG-9-CSIM-
transfected cells showing colocalization of MDC with the EGFP signal at the NE
invaginations (indicated in circle). Scale bar, 10 ym.
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8. Discussion

At least 15 inherited diseases called laminopathies are linked to LMNA mutations that
cause the characteristic abnormal nuclear morphology (worman 2012, Gruenbaum and
Foisner 2015). Currently, progerin accumulation at the NE is known to produce
dysmorphic nuclei in patients with HGPS (Burtner and Kennedy 2010). Likewise, a loss
of Zmpste 24 activity in progeroid mice causes the accumulation of farnesylated
prelamin A at the NE, which also induces NE abnormalities (Pendas, Zhou et al. 2002).
Further investigations are required to determine the mechanisms by which farnesylated
progerin and prelamin A interact with NE proteins and other components to induce
nuclear structural abnormalities. The findings from this study provide new evidence that
the farnesylated carboxy-terminal moieties of prelamin A and progerin play critical roles
in NE association and deformation. Hence, the results highlight an important role of the
autophagy-lysosome system in the maintenance of the integrity of the NE and nuclear

structure.

8.1. Subcellular Trafficking of the Farnesylated Progerin Carboxyl-Terminal

Fragment

The structure and function of the progerin CT domain were dissected to determine the
mechanism by which modifications to the progerin carboxy-terminus cause NE defects
in HGPS cells. We created a series of plasmids that encode the progerin CT domain
and the wild-type preLA CT domain, as outlined in Figure 11. We analyzed the
distribution of the EGFP fusion proteins with or without a nuclear localization signal

(NLS) and a functional CaaX motif to provide novel insights into progerin processing
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and intracellular trafficking in transfected Hela cells. Progerin farnesylated CT
fragments with an NLS motif induced NE deformation in transfected Hela cells and
fibroblasts from patients with HGPS, similar to the full-length progerin protein (Paradisi,
McClintock et al. 2005). The farnesylated CT—preLA and —progerin fragments were
mainly localized at the NE. Nuclear accumulation of these prenylated fusion proteins
induced NE deformation, including blebs and NE elongations or protrusions of various
sizes and numbers. These NE protrusions were not observed in cells transfected with
the full-length progerin cDNA or in HGPS fibroblasts, which showed NE invaginations
and small blebs, as previously reported (Gabriel, Roedl et al. 2015). These NE
protrusions were not observed in HelLa cells expressing non-farnesylated CT—preLA or
—progerin fusion proteins, which were localized throughout the nucleoplasm. Hence,
EGFP-NLS-59-CSIM and EGFP-NLS-50 proteins corresponding to the 50-amino acid
fragment that is missing in the progerin protein showed a diffuse distribution in the
nucleus, indicating that this protein fragment does not associate with any particular
subnuclear compartment. Meanwhile, the EGFP-NLS-59-R-CSIM protein
corresponding to the farnesylated 50-amino acid fragment was localized at the NE,
indicating that the CaaX modification promoted the membrane interaction, as previously
reported (Holtz, Tanaka et al. 1989, Rusinol and Sinensky 2006). Consistent with these
observations, the farnesylated progerin CT peptide without the NLS (EGFP-ANLS-
PG-9-CSIM) was localized at the ONM that is continuous with the ER compartment.
Cells expressing high levels of EGFP-ANLS-PG-9-CSIM showed accumulation of this

fragment in the Golgi apparatus. Based on this observation, the short farnesylated

61



Discussion

progerin CT peptide was attached to the ER membrane and transported to the Golgi

compartment.

The subcellular distribution of the short NLS CT—preLA peptide (EGFP-NLS-20-CSIM)
showed NE localization and accumulation in the Golgi apparatus and the plasma
membrane, whereas the NLS CT—progerin peptide (EGFP-NLS-PG-9-CSIM) was
restricted at the NE. We compared the amino acid sequence of these two short peptides
and performed protein sequence alignments using Predict Protein software (Rost,
Yachdav et al. 2004) to understand the differences in the localization of these peptides.
In contrast to NLS-PG-9-CSIM, NLS-20-CSIM showed some degree of similarity with
the hypervariable region (HVR) of the RAS proteins (H-RAS, N-RAS, K-RAS4A, and K-
RAS4B), which are also known to contain a CaaX motif (Hancock, Paterson et al.
1990). K-RAS is targeted from the ER to Golgi and the plasma membrane immediately
after post-translational modification (Hancock, Paterson et al. 1990). K-RAS contains a
polybasic sequence that is comparable to the NLS sequence and is located upstream of
its CaaX motif. Furthermore, the distance between the two motifs (NLS and CaaX) are
critical for plasma membrane targeting, as EGFP-NLS-59-R-CSIM exhibited only
nuclear localization at the NE (Kim, Han et al. 2017). According to these findings, the
NLS-20-CSIM protein residing in the ER after prenylation by the specific enzymes was
targeted to the nucleus or transported to the Golgi and the plasma membrane, as
previously reported for K-RAS protein (Hancock 2003). Moreover, high levels of

farnesylated proteins tend to accumulate at the Golgi.
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8.2. Farnesylated CT-Progerin and —preLA Peptides Dislodge SUN1 from NE

Protrusions

Previous studies, including studies from our group, have shown that progerin
colocalizes with SUN1 in interphase HGPS fibroblasts (Chen, Chi et al. 2012, Chen,
Wang et al. 2014, Eisch, Lu et al. 2016). Progerin accumulated at the NE and co-
distributed with SUN1 at the NE invaginations or blebs but did not induce NE
elongations in interphase HGPS fibroblasts or transfected HelLa cells. The
spatiotemporal distribution of SUN1 during mitosis is substantially altered in the
presence of progerin. SUN1 recruitment to the nuclear periphery is delayed in
anaphase, and SUN1 predominately co-distributes with progerin at the ER membrane
structures in mitotic HGPS cells (Eisch, Lu et al. 2016). According to a study by Chen et
al., SUN1 not only binds lamin A but also binds strongly to farnesylated progerin and
preLA, indicating that the farnesyl moiety was partially responsible for the stronger
association with SUN1 (Chen, Wang et al. 2014). SUN1 is a component of the
multifunctional nuclear membrane protein assembly, the linker of nucleoskeleton and
cytoskeleton (LINC) complex, which consists of the INM-spanning protein SUN and the
ONM-spanning protein nesprin (Crisp, Liu et al. 2006). The crystal structure of the LINC
complex indicates that this assembly involves three KASH peptides interacting with a
SUN trimer (Sosa, Rothballer et al. 2012). Additionally, a disulfide bond covalently links
the SUN and KASH domains, thereby bridging the INM and the ONM and creating a
force-resistant device that permits mechanical signal transmission across the NE
(Lombardi, Jaalouk et al. 2011, Sosa, Rothballer et al. 2012). Moreover, it has been

suggested that SUN trimers within the perinuclear space could form higher-order
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clusters by lateral association of their SUN domains (Jahed, Fadavi et al. 2018). In the
context of HGPS fibroblasts, because SUN1 is increased at the NE compared to normal
fibroblasts, SUN1 clustering might be favored, thereby increasing the stiffness of the
NE. Moreover, this LINC complex directly connects the cytoskeleton (e.g., actin
filaments or microtubule motors) and the nucleoskeleton (e.g., lamins or chromatin) and
plays a major role in shaping and positioning the nucleus and in cell migration (Starr
and Fridolfsson 2010, Lombardi, Jaalouk et al. 2011). HGPS cells with the most
dysmorphic nuclei resulting from high levels of progerin accumulation exhibit reduced
migration potency (Paradisi, McClintock et al. 2005). This observation suggests that
increased LINC connections at the NE would disrupt the nucleoskeleton and
cytoskeleton networks inhibiting cell migration. By contrast, a recent study indicates that
reduced levels of SUN1 and other LINC-associated components in cancer cells cause a
decrease in cellular rigidity and, consequently, increase cell migration (Matsumoto,

Hieda et al. 2015).

The impact of the CT—progerin (EGFP-NLS-PG-9-CSIM) and CT—preLA (EGFP-
NLS-59-R-CSIM) peptides on the distribution of SUN1 were further inverstigated. At
normal areas of the NE, the farnesylated protein fragments were colocalized with lamin
A/C, lamin B1, and the INM proteins emerin and SUN1, as well as with the nuclear
pores (NPCs). By contrast, within the large NE protrusions, the EGFP signal was
colocalized with all of the abovementioned nuclear constituents, with the exception of
SUN1. The NE protrusions were depleted of SUN1 but contained the INM protein
emerin and the NPCs, indicating that these NE elongations are composed of the

double-membrane bilayers of the INM and the ONM. SUN1 may have been excluded
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from sites of NE elongation due to the membrane flexibility required to allow NE
outgrowth. Indeed, as part of the LINC complex, SUN1 forms immobile and rigid
connections among the NE, the nuclear lamina, and the cytoskeleton (Lu, Gotzmann et
al. 2008). The LINC complex requires a degree of disassembly to permit membrane
flexibility and allow NE outgrowth, whereas SUN1 clustering might permit local NE
flexibility to allow NE evaginations, as indicated in the results. SUN1 loosens its
connection to the nuclear lamina during mitosis (Patel, Bottrill et al. 2014). However,
during the nuclear breakdown, the LINC complex remains stable (Patel, Bottrill et al.
2014). Whether SUN1 or the LINC complex can disassemble in interphase nuclei
remains to be investigated. Therefore, based on this finding, macro protein complexes
containing SUN1 might restrict NE outgrowth, which otherwise would cause NE rupture,
whereas SUN1 depletion would facilitate NE elongation. Further studies are needed to

address this question in more detail and validate this hypothesis.

8.3.Autophagy Is Involved in the Formation of NE Protrusions

In this study, a fraction of heterochromatin, as indicated by the DAPI and the HP1(
signals, was present in a cytoplasmic area close to the nucleus in EGFP-NLS-59-R-
CSIM- and EGFP-NLS-PG-9-CSIM-expressing cells. Thus, nuclear accumulation of
those farnesylated protein fragments not only compromised the NE structure but also
induced chromatin disorganization, which consequently caused genomic instability.
Moreover, the transfected cells showed reduced Ki67 signals, indicating that they lost
function of proliferation. To understand why transfected cells with such atypical

dysmorphic nuclei persisted in these cultures, we investigated whether these cells
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attempted to eliminate their damaged NE via autophagy to support their survival.
Autophagy is a catabolic membrane trafficking process that degrades a variety of
cellular constituent. The presence of key autophagy components within the nucleus,
including microtubule-associated protein 1/light chain 3 (LC3B), has suggested a role
for autophagy in the turnover of nuclear components (Drake, Kang et al. 2010).
Autophagy has recently been shown to target nuclei in mammalian cells (Chen, Huang

et al. 2014, Dou, Xu et al. 2015, Luo, Zhao et al. 2016).

We performed an immunohistochemical analysis of LC3B in HGPS fibroblasts and
transfected HelLa cells to determine whether these elongated NE structures were
autophagic vacuoles. LC3B is a commonly used marker of autophagy because it
associates with the inner and outer membranes of autophagosomes (Kabeya,

Mizushima et al. 2000).

LC3B immunostaining showed a predominant localization of the signal in the cytoplasm
of normal fibroblasts, whereas in HGPS fibroblasts, the signal was concentrated at the
nuclear compartment. HelLa cells transfected with EGFP-NLS-59-R-CSIM and EGFP-
NLS-PG-9-CSIM showed extensive colocalization of LC3B with the EGFP signal at sites
of NE elongations. The involvement of lysosomes was also determined to further
characterize the autophagic nature of these NE protrusions. The results showed that
LAMP-2, a lysosomal membrane protein, was present in the vicinity of the EGFP signal
in HelLa cells transfected with EGFP-NLS-59-R-CSIM and EGFP-NLS-PG-9-CSIM. In
HGPS cells, the LAMP-2 signal was also detected at the periphery of the NE.

Collectively, these findings indicate that autophagosome/autolysosomes were present at
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the nuclear periphery in HGPS cells. However, transfected Hela cells that had
accumulated high amounts of farnesylated CT—progerin or —preLA fragments formed
large NE protrusions that were labeled with markers of autophagosomes/
autolysosomes. Thus, cells formed these structures in an attempt to eliminate these
toxic farnesylated EGFP-fusion proteins. Moreover, these elongated NE
autophagosomes also contained lamina components (lamin A/C and lamin B), the INM
protein emerin, chromatin, and chromatin-interacting proteins (HP18), as well as NPCs.
However, SUN1 was not detected in these NE autophagosome-like structures,
suggesting that SUN1 might either be degraded by another mechanism and/or be
excluded from these structures because of its inherent function in maintaining the shape
and rigidity of the NE through its role in the LINC complex formation (Crisp, Liu et al.

2006).

Remarkably, elongated NE autophagosomes were not observed in HGPS fibroblasts
expressing high levels of progerin. The lack of these giant protrusions in HGPS cells
might be related to the tight association of progerin with the nuclear lamina and
particularly with SUN1, as reported previously (Chen, Wang et al. 2014). Strong
progerin interactions with the lamina meshwork and the INM might reduce progerin
mobility at the NE in interphase nuclei and consequently reduce its rate of degradation
via autophagy. Thus, progerin degradation might occur at the end of mitosis when a
large amount of progerin remains trapped with SUN1 in the cytoplasm, although further
investigations are needed to validate this assumption (Chen, Wang et al. 2014, Eisch,
Lu et al. 2016). Nevertheless, based on accumulating evidence, progerin is degraded

via autophagy, and the activation of the autophagy pathway in HGPS cells by various
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drugs, including rapamycin and sulforaphane, significantly enhances progerin clearance
and ameliorates the HGPS cellular phenotype (Cao, Graziotto et al. 2011, Cenni,
Capanni et al. 2011, Choi, Muchir et al. 2012, Gabriel, Roedl et al. 2015, Pellegrini ,
Columbaro et al. 2015, Gabriel, Gordon et al. 2016). Studies aiming to improve our
understanding of nucleophagy-dependent degradation of progerin in HGPS cells are
needed to develop novel therapeutics to further modulate nuclear autophagy in patients

with HGPS and possibly other conditions.

The results also provide a plausible answer to the question of what becomes of the
farnesylated 15-amino acid fragment cleaved from the preLA after normal processing. In
a previous study by Sinenski et al., the cleaved CT farnesylated preLA peptide was
suggested to play a role as a signal peptide (Sinensky 2000). Numerous studies have
investigated the processing of preLA, however, little is known about the outcome of the
cleaved C-terminal 15-amino acid farnesylated moiety (Sinensky, McLain T. et al. 1994,
Davies, Fong et al. 2011, Michaelis and Hrycyna 2013). The results showed that the CT
farnesylated progerin fragment (NLS-PG-9-CSIM) associated with the NE and was
targeted for degradation via nucleophagy. Analogously to the progerin—CT peptide, the
cleaved CT—preLA peptide most likely follows a similar degradation route. Therefore,
this CT—preLA peptide probably has no additional functions other than targeting preLA
to the NE, where it is modified to produce mature lamin A. Based on our findings, a
better understanding of the mechanisms regulating the degradation of farnesylated
lamins (progerin, prelamin A, and lamin B) is needed, and future studies should
illuminate mechanisms to enhance the clearance of these proteins and restore the

phenotype of progeria cells.
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9. Material and Method

9.1.Material

9.1.1.Reagents

Reagents Manufacturer
1 kb DNA ladder Life Technology
Acrylamide (38%, 2% Bisacrylamide) Roth

Agarose, ultrapure Life Technology
Ammoniumperoxodisulfate (APS) BioRad
Ampicillin Roth

Autophagy/Cytotoxicity Dual Staining Kit
Bacteria-Agar

Bacteria-Trypton

Bacteria-Yeast Extract

DEPC treated water

Dithiothreitol (DTT)

DMEM (1x) GlutaMax 1 g/l D-glucose+pyruvate
DMEM (1x) GlutaMax 4.5 g/l D-glucose+pyruvate
Dulbecco's phosphate-buffered saline (DPBS)
Dulbecco's phosphate-buffered saline (DPBS)
ECL-Western blot Detection System

Ethanol

Ethidium bromide

Ethylendiamintetraacidic acid (EDTA)

Fetal bovine serum

Fetal bovine serum
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Cayman Chemical
Roth

Roth

Roth

Life Technology
Roth

Life Technology
Life Technology
Life Technology
Sigma-Aldrich
BioRad

VWR
Sigma-Aldrich
Merck
Sigma-Aldrich
Life Technology
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Formaldehyde

Fugene HD

Fungizone antimycotic (250pg/ml)
Gentamycin (10mg/ml)

Glutamine 200 mM

Glycerol, 99 %

Glycine

Isoproponal

Kanamycin

Laemmli Buffer

Lipofectamine 2000

Maxi Plasmid Extraction Kit
Methanol

Midi Plasmid Extraction Kit

Milk powder

Mini Plasmid Extraction Kit

N, N, N°,N’-Tetramethylethylendiamine (TEMED)
Omniscript RT Kit

OptiMem

Penicillin-Streptomycin (5,000U/mL)
Phusion Hot Star Il

Poly-D-Lysine

Poly-L-Lysine

Ponceau S

Precision Plus Protein Dual Color Standard
Protease Inhibitor Mix

QlAshredder Kit
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Merck
Promega

Life Technology
Life Technology
Life Technology
Sigma-Aldrich

Sigma-Aldrich
Roth
Sigma-Aldrich
BioRad

Life Technology
Qiagen
AppliChem
Promega
Nestle

Qiagen

BioRad

Qiagen

Life Technology
Life Technology
Roche
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BioRad

Roche

Qiagen
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RNeasy Mini Kit Qiagen
SDS Sigma-Aldrich
Senescence detection Kit BioVision
Triton X-100 Sigma-Aldrich
Trizma Base Sigma-Aldrich
Trypsin 0.25%EDTA Life Technology
Tween 20 AppliChem
Tween 20 Sigma-Aldrich
Vectashield mounting medium Vector Inc.
B-Mercaptoethanol, pure BioRad
9.1.2.Technical Equipment
Technical Equipment
Device Manufacturer
Axio Imager D3 Zeiss
Axiovert 40CFL Zeiss
Centrifuge Eppendorf
ChemiDoc MP Imaging System BioRad
iCycler BioRad
Mini Trans-Blot Cell BioRad
Mini-PROTERN® Tetra Vertical Gel Cell BioRad
Nanodrop Spectrometer ND-1000 Thermofisher
Powerpac Universal Power Supply BioRad
Rocking platform VMR
Shaking Incubator Sartorius
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Technical Equipment

Device Manufacturer
Trans-Blot Turbo Transfer System BioRad
Ultracentrifuge Thermofisher

9.1.3.Buffers for Western-blot Analysis

Sample Laemmli Buffer

Laemmli Buffer 2X 950 ul
2-Mercaptoethanol 50 pl
Proteinase Inhibitor Cocktail 10 pl
PMSF 5 pl

10X SDS Gel Running Buffer

1.92 M Glycine 1449
248 mM Tris-Base 30g
1%SDS 10g
H20 5ul

Western blot Transfer Buffer

200 mM Tris-Base 242¢g
150 mM Glycine 11.3g
20% Methanol 200ml
0.1%SDS 19
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Western blot Transfer Buffer

H20 addtoiL

Acrylamide (30% T, 2.67% C)

Acrylamide (292.g/100ml) 87.60g
N’N’-bis-methylene-acrylamide 2.40g
dH20 add to 300 ml

1.5 M Tris-HCI, pH 8.8 (150ml)

Tris-Base (18.15 g/ 100 ml) 27.23 g
dH20 80ml

Adjust to pH 8.8 with 6 N HCI

dH20 add to 150 ml

0.5 M Tris-HCI, pH 6.8

Tris-Base (18.15 g/ 100 ml) 69

dH20 60ml

Adjust to pH 6.87 with 6 N HCI

dH20 add to 100 ml
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10% (w/v) SDS (100ml)
SDS 10.00 g
dH20 90ml

Dissolve with gentle stirring

dH20 add to 100 ml
10% (w/v) APS (fresh)

Ammonium persulfate 0.10g

dH20 1 ml

TBS 10X (TBS stock)

Trizma HCI 24.23 ¢
NaCl 80.06 g
dH20 800 ml
Adjust pH to 7.6 with HCI

dH20 addto1L
TBST

TBS 10X 100 ml
dH20 900 ml

Tween 20 1 ml
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Medium Stripping Buffer

Glycine 159
SDS 19
Tween 20 1 ml
Adjust pHto0 2.2
dH20 addto1L

9.1.4.Antibodies
Primary antibody
Antibody Species IF WB Supplier Catalog No.
Acetylated \; s 11000  1:1000  Sigma-Aldrich  T7451
Tubulin
Calnexin Mouse 1:500 - Abcam ab31290
EGFP Mouse - 1:1000 Clonetech 632569
Emerin Mouse 1:500 - Leica Biosystem NCL 4G5
GAPDH Mouse - 1:1000 Sigma-Aldrich G8795
GM130 Mouse  1:100 - BD 610823
HP1 Rabbit 1:400 - Sigma-Aldrich H2039
Ki67 Goat 1:400 - BD 610968
LaminA  Rabbit - 1:10000 Santa Cruz H-110

sc-20681

Lamin B1  Goat 1:50 - Santa Cruz 2/::%0217
Lamin C Mouse 1:500 - Abcam ab125679
LAMP-2 Mouse 1:400 - Santa Cruz sc-18822
LC3B Rabbit 1:400 - Cell Signaling #2775
NPC 414  Mouse 1:2000 - Biolegend MMS-120P
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. . no monoclonal
Progerin Rabbit dilution " antibody (ref. 30)

, _ ALX-804-662,
Progerin Mouse 1:600 - Enzo 13A4
SUN1 Rabbit 1:600 1:1000  Sigma-Aldrich HAP-008346
a-Tubulin Mouse 1:4000 1:4000 Sigma-Aldrich T5196
B-actin Mouse - 1:10000 Sigma-Aldrich A1978
Secondary antibody
Antibody Species Dilution  Supplier Catalog No.
a-mouse-Alexa ) .
Fluor® 488 Donkey 1:1000 Invitrogen A21202
a-rabbit-Alexa . .
Fluor® 488 Donkey 1:1000 Invitrogen A21206
a-mouse-Alexa ) .
Fluor® 555 Donkey 1:1000 Invitrogen A31570
a-rabbit-Alexa ) .
Fluor® 555 Donkey 1:1000 Invitrogen A31572
a-goat-Alexa ) ,
Fluor® 555 Donkey 1:1000 Invitrogen A21432
a-mouse-HRP  Goat 1:5000 'MMunoResearch 45 535003

Jackson
] ImmunoResearch i

a-goat-HRP Donkey 1:5000 Jackson 705-035-003

, _ ImmunoResearch )
a-rabbit-HRP Goat 1:5000 Jackson 111-005-003
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9.2.Method

9.2.1.Plasmid Constructs

The full-length prelamin A and progerin cDNA were inserted into the pEGFP-c1 vector
(Clontech, Fremont, CA, USA). Protein residues 602—664 a.a. from the C-terminus of
prelamin A linked to a classical nuclear localization signal (NLS, KKRKLLE) were
designed as NLS-59-CSIM. The NLS-59-R-CSIM containing the L647R mutation and
NLS-59-SSIM containing the C661S mutation were designed as corresponding mutant
isoforms. The in-frame deletion of 50 a.a. from residues 607—656 of prelamin A were
designed as NLS-50 and ANLS-50; these constructs either contained or lacked the
NLS, respectively. Residues 641-664 a.a. of prelamin A linked to NLS were designed as
NLS-20-CSIM. The NLS-20-R-CSIM and NLS-20-SSIM corresponded to L647R and
C661S mutant of NLS-20-CSIM. The C-terminal residues 602—-614 of progerin were
linked to the NLS to create NLS-PG-9-CSIM. The corresponding mutant isoform was
NLS-PG-9-SSIM. The PG-9-CISM and PG-9-SSIM isoforms were designed to
determine the cellular distribution of progerin C-terminal fragments lacking the NLS. All
constructs were subcloned into the EcoR | and Kpn | sites of the pEGFP-c1 vector
(Clontech). The DNA sequence of each construct was confirmed by direct sequencing

(GenScript.com).

9.2.2.Cell Culture and Transfection

HelLa cells were cultured in DMEM (Sigma-Aldrich, Saint Louis, MO, USA) containing

10% FBS (Invitrogen, Thermo Fisher Scientific, Karlsruhe, Germany) at 37 °C in a 5%
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CO:2 atmosphere. An initial density of 1.5 X 105 cells was seeded on glass coverslips
incubated at 37 °C for 24 h and then transfected with 2 pg of the designated plasmids
using FuGene HD Transfection Reagent (Promega, Madison, WI, USA), according to
the manufacturer’s instructions. Twenty-four or 48 h after transfection, cells were fixed
with 4% paraformaldehyde (PFA) at room temperature for 15 min and washed with PBS
at room temperature. Thereafter, cells were permeabilized with PBS supplemented with
0.2% Triton X-100 for 3 min, blocked with PBS containing 10% fetal bovine serum and

0.2% Tween 20 for 30 min, and then processed for immunohistochemistry.

9.2.3. HGPS and Normal Fibroblast Cultures

Fibroblasts from patients with HGPS were obtained from The Progeria Research
Foundation Cell and Tissue Bank (http://www.progeriaresearch.org). The following
fibroblasts were used: HGADFNO003, HGADFN127, HGADFN155, and HGADFN164.
Control fibroblasts were obtained from the Coriell Institute for Medical Research
(Camden, NJ, USA). The following cell lines were used: GM01651C, GM03349C, and

GMO08398A.

9.2.4.Immunohistochemistry

After fixation, cells were subjected to indirect immunofluorescence staining with the
following primary antibodies: goat-anti-lamin B1 (Santa Cruz Biotechnology, Heidelberg,
Germany, M-20, sc-6217, 1:50), rabbit-anti-lamin C (Abcam, Cambridge, UK, ab125679,
1:500), mouse-anti-emerin (Leica Biosystems, NCL-Emerin, 4G5, 1:500), mouse-anti-

NPC 414 (BioLegend, MMS-120P, Mab414, 1:2000), rabbit-anti-SUN1 (Sigma-Aldrich,
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HPA008346, 1:600), rabbit-anti-LC3B (Cell Signaling Technology #2775, 1:400), mouse-
anti-LAMP-2 (Santa Cruz Biotechnology, sc-18822, 1:400), rabbit-anti-HP1 (Sigma-
Aldrich, H2039,1:400), goat-anti-Ki67 (BD, 610968, 1:400), mouse-anti-EGFP
(Clontech, 1:1000), rabbit-anti-progerin (Monoclonal antibody, 0.1 ug/mL), mouse-anti-
progerin (Enzo, ALX-804-662, 13A4, 1:600), mouse-anti-Calnexin (Abcam, ab31290,
1:500), and mouse-anti-GM130 (BD, 610823, 1:100). The secondary antibodies used in
the present study were affinity-purified Alexa Fluor® 555 or 488 conjugated anti-goat/
rabbit/mouse antibodies (Life Technologies, Carlsbad, CA, USA, A21432 anti-goat-555,
A21206 anti-rabbit-488, A21202 anti-mouse-488, A31570 anti-mouse-555, and A31572
anti-rabbit-555, 1:1000). Cells were incubated with indicated primary antibodies for 1 to
2 h and washed with PBS containing 0.2% Tween 20 three times for 5 min each. Next,
cells were incubated with the corresponding secondary antibodies for 1 h and washed
with PBS three times for 5 min each. All samples were counterstained with DAPI in
Vectashield mounting medium (Vector Inc., VEC-H-1200). Images were acquired using
an Axio Imager D2 fluorescence microscope (Objective X63 oil objective, Carl Zeiss,
Oberkochen, Germany) and a Zeiss AxioCam MRm or a Zeiss LSM 510 META confocal

laser-scanning microscope (Carl Zeiss).

9.2.5.Western Blot Analysis

Cell pellets were lysed in Laemmli Sample Buffer containing 5% -mercaptoethanol (Bio-
Rad), 1X protease inhibitor cocktail (Calbiochem, Darmstadt, Germany), and 10 mM
PMSF. Protein samples were heated three times 2 min at 95 C and vigorously vortexed

between incubations to completely dissolve the extracts. Total protein concentrations
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were determined by dot plotting. The samples were electrophoretically resolved on 4—
20% Mini-Protean® TGXTM gel (Bio-Rad, Berkeley, CA, USA) and subsequently
transferred onto nitrocellulose membranes (Amersham, NJ, USA) for antibody
detection. The blot was incubated with a monoclonal mouse-anti-EGFP antibody
(Clonetech, Fremont, CA, USA, 632569, 1:2000) overnight at 4 C to determine the
expression of EGFP fusion proteins. After three washes with PBS-T buffer containing
0.2% Tween 20 for 5 min each, the membrane was incubated with the corresponding
horseradish peroxidase-conjugated secondary antibody (Jackson Immuno-Research
Laboratories, West Grove, PA, USA). Protein bands were visualized using the enhanced
Clarity Western ECL substrate (Bio-Rad). Chemiluminescent signals were captured

using a ChemiDOC MP system (Bio-Rad).

9.2.6.Monodansylcadaverine (MDC) Staining Assay

The autophagic vacuoles and dead fibroblasts and transfected HelLa cells were
determined using an Autophagy/Cytotoxicity Dual Staining Kit (Cayman Chemical
Company, Ann Arbor, MI, USA). Cells were plated on glass coverslips and then probed
with 1:1000 dilution of MDC in staining buffer (Cell-Based Assay Buffer Tablet dissolved
in water). After 10 min incubation at 37 °C, cells were washed twice with assay buffer in
the dark. Fluorescence microscopy was performed immediately after MDC staining.
Autophagic vacuoles were detected using the filter set for DAPI detection. Propidium

iodide (PI) staining was detected using the Cy3 Red filter set.

9.2.7.Statistical Analysis
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For calculations of the percentage of Ki67 positive, 960 cells transfected with the EGFP
vector alone, 919 EGFP-NLS-59-R-CSIM expressing cells, and 934 EGFP-NLS-PG-9-
CSIM expressing cells were counted. Three independent immunohistochemistry

experiments and counts were performed.

The measurement of MDC fluorescence intensity was performed using Imaged
software. Cells of interest were selected using free-form selection tools. The analysis
was set to Area, Integrated Density, and Mean Gray Value. The total fluorescence of the
cell was measured and a neighboring region without fluorescence was selected and
measured as background reading. The corrected total cell fluorescence (CTCF) was
calculated using the formula: CTCF = integrated density (area of selected cell X mean
fluorescence of background readings). The CTCF of 253 control cells and 244 HGPS

fibroblasts was measured.

For cell death evaluations, the percentages of Pl-positive control and HGPS fibroblast
cells were evaluated. A total number of 317 cells for control and 309 cells for HGPS

fibroblasts were counted. Three independent experiments and counts were performed.
All statistical analyses were performed using Student’s t-test. Two-tailed p-values were

calculated and p < 0.05 was considered significant.
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A Lamin B1 Lamin C Emerin NPC-414 SUN1

Low EGFP expression
NLS-59-
R-CSIM Antibody

DAPI

\ .l.

Merge

B Lamin B1 Lamin C Emerin NPC-414 SUN1

Antibody

NLS-59-
R-CSIM

High EGFP expression

DAPI

Merge

Figure S1. Concentration-dependent NE protein disorganization in EGFP-NLS-59-R-
CSIM-expressing cells. Immunocytochemistry was performed on EGFP-NLS-59-R-
CSIM-transfected HelLa cells. Cells were stained with lamin B1, lamin C, emerin,
NPC-414, and SUN1 antibodies. Chromatin was stained with DAPI. Representative
images of cells labeled for each protein are shown. Panel A shows cells with normal
nuclear shapes and low EGFP signals. Panel B shows the co-localization of lamin B1,
lamin C, emerin, and NPC-414 with EGFP signals at the NE, as EGFP-NLS-59-R-CSIM
accumulates at the NE. SUN1 is absent from the NE invaginations. Scale bar, 10 ym.
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Lamin B1 Lamin C Emerin NPC-414 SUN1

Antibody

NLS-PG-
9-CSIM

Low EGFP expression

DAPI

Merge

Lamin B1 Lamin C Emerin NPC-414 SUN1

NLS-PG-
9-CSIM Antibody

High EGFP expression

-
-

Figure S2. Concentration-dependent NE protein disorganization in EGFP-NLS-PG-9-
CSIM-expressing cells. Immunocytochemistry was performed on EGFP-NLS-PG-9-
CSIM-transfected HelLa cells. Cells were stained with lamin B1, lamin C, emerin,
NPC-414, and SUN1 antibodies. Chromatin was stained with DAPI. Representative
images of staining for each protein are shown. Panel A shows cells with normal nuclear
shapes and low EGFP signals. Panel B shows the co-localization of lamin B1, lamin C,
emerin, and NPC-414 with EGFP signals at the NE; EGFP-NLS-PG-9-CSIM
accumulates at the NE. SUN1 is absent from the NE invaginations. Scale bar, 10 ym.
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Control HGPS Vector NLS-59-R-CSIM NLS-PG-9-CSIM

LC3B

DAPI

Merge

Progerin

B Control HGPS Vector NLS-59-R-CSIM NLS-PG-9-CSIM

LAMP-2

Progerin

Merge

DAPI

Figure S3. Autophagosome and lysosome distributions. (A) Immunocytochemistry was
performed on primary fibroblasts from control subjects and patients with HGPS, as well
as Hela cells transfected with the empty vector, EGFP-NLS-59-R-CSIM or EGFP-NLS-
PG-9-CSIM plasmids. Cells were stained with anti-LC3B and anti-progerin antibodies.
Chromatin was stained with DAPI. Representative images of staining for each protein
are shown. (B) Immunocytochemistry was performed on similar cells as indicated in (A)
and probed with anti-LAMP2 and anti-progerin antibodies. Chromatin was stained with
DAPI. Representative images of stained cells are shown. Scale bar, 10 ym.
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