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ABSTRACT

Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare disease in which children
age at an accelerated rate. Patients suffering from HGPS have a shortened lifespan and
succumb to cardiac events at ~14 years of age. At the cellular level, HGPS patient fibroblasts
exhibit numerous hallmarks of the disease, including irregular nuclear morphology, hindered
DNA damage repair pathways, global loss of gene repression, and mislocalization of
chromosomes within the nuclear volume. Combined, these defects increase the rates at which
HGPS fibroblasts become old (senescent). These defects are attributed to accumulation of the
mutant protein, progerin, resulting from of a single point mutation in the laminA/C gene.
Previously, inhibition of the mammalian target of rapamycin (mTOR) pathway via rapamycin
induced progerin degradation and improved cellular phenotypes of HGPS; however, this
compound has potentially severe side effects. Therefore, other methods of inhibiting mTOR,
such as restriction of amino acids, or treatment with the antidiabetic drug metformin, could
decrease progerin levels and restore normal genome organization and function in HGPS

patient cells.

Using HGPS primary fibroblasts grown in cell culture, this data demonstrates that
restriction of amino acids (specifically arginine and leucine) or treatment with the nutrient
restriction mimetic metformin decrease progerin levels across patient cell lines. Furthermore,
these HGPS fibroblasts also exhibited improved nuclear morphology, increased rates of DNA
damage repair and re-localization of chromosome territories. These same conditions also
significantly increased survival time of HGPS fibroblasts and non-diseased fibroblasts in
culture. Importantly, no changes in nuclear morphology or decreases in cell viability were
observed in non-diseased primary fibroblasts. On examining HGPS fibroblasts at 5 weeks of
arginine and leucine restriction or metformin treatment, molecular pathways associated with
HGPS disease progression (including (class A/l (rhodopsin-like receptors) viral protein
interaction with cytokine and cytokine receptor, and transforming growth factor (TGF)-
B signalling) were down-regulated. Analyses also identified pathways, such as PLK1
signalling events, that may be associated with the health and lifespan extending properties of
these treatments independent of ameliorating HGPS phenotypes. These findings indicate that
amino acid restriction or treatments with nutrient restriction mimetics such as metformin,

could supply potential therapeutic options for HGPS patients.
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1.0 REVIEW OF THE LITERATURE

1.1 The Genome: Do You Want to Build a Human?
1.1.1 The Basic Structure of the Human Genome

Through alternating arrangements of four nucleotides (adenine (A), guanine (G),
cytosine (C), thymine (T)), the genome provides a framework upon which a human can grow,
develop, and respond to its environment. These nucleotides base pair (bp) (Ato T; Cto G) to
form a ~3.2 billion bp genome packaged into the nucleus. This packaging is complex and
highly regulated; DNA must remain readily and quickly accessible for a multitude of cellular
processes essential to life (DNA replication, recombination, transcription, repair). Therefore,
numerous levels of genome organization exist, transforming a linear strand of DNA into a

three-dimensional, highly organized structure.

Nucleosomes are the first level of genome organization. In these structures, ~147 bp
of DNA are supercoiled into ~1.65 left super helical turns of DNA around a histone octamer
(Finch et al., 1977; Kornberg 1974; Luger et al., 1997; Noll 1974; Oudet et al., 1975;
Richmond et al., 2003). These histones are basic proteins that favour binding of DNA,
neutralizing its negative charges, and enable DNA folding. This octamer consists of two
copies of each canonical histone: (H) H2A, H2B, H3 and H4. As canonical histones, these
proteins contain a conserved, short, C-terminal tail, and a longer, mobile, N-terminal tail that
protrudes from the core histone complex. When modified, the N-terminal tail functions as a
binding site for other proteins, regulating interactions between proteins, histones, and
nucleosomes. Nucleosomes are linked to one another in a “beads-on-a-string”-like structure
with the “string” being variable stretches of linker DNA (10-100 bp) (Leuba et al., 1994;
Woodcock et al., 1993), and “beads” being the nucleosomes to which the string is bound, and
can be rapidly unbound, by H1 (Holde 1995; Olins et al., 1974; Oudet et al., 1975) (Stasevich
et al., 2010). Nucleosome spacing (the space between each “bead”) is varied in eukaryotes
and is likely linked to additional genome regulation and folding (Baldi et al., 2018), with
nucleosome positioning in promoter regions of genes important for transcriptional regulation
(Richmond et al., 2003). The resultant DNA-protein structure is known as chromatin.

Combined, nucleosome spacing, and histone tails play dynamic roles in folding and regulation



of genome function (i.e., transcriptional activation and repression) in response to different

cellular and extracellular stimuli.

Nucleosomes are wrapped into higher order structures, such as the theoretical 30 nm
fibre 30 nm fibre. There are two proposed models for this packaging, the one-start, and the
two-start model. In the one-start model, nucleosomes are organized along the same helical
path (Figure 1.1), with interactions occurring between histone cores, while in the two-start
model, two opposite nucleosomes connected by linker DNA create an interacting structure of
alternate histone cores. As a result, various levels of chromatin compaction exist, including
the controversial 30 nm fibre (Kornberg, 1974; Dubochet, et al., 1988; Maeshima and Eltsov,
2008; Maeshima, et al., 2014; Conway and Steven 1999), the 300 nm structure with sub
chromosomal domains, and chromatin (reviewed in Cremer and Cremer 2001; Belmont,
2014).



DNA Double
Helix

Nucleosome
(Histone
Octamer, ~147
bp DNA)

Theoretical
30 nm
Chromatin
Fiber

Coiled
Chromatin
Fiber

Coiled-Coil
Chromatin

Metaphase
Chromatid

Figure 1.1 Packaging of DNA. ~3.2 billion bp of DNA are packaged into a single nucleus.
To achieve this, ~147 bp segments of DNA are wrapped around a core histone octamer,
forming nucleosomes. These are then organized and compacted into larger chromatin fibres.
In metaphase, this results in the classical metaphase chromatid, whilst in the rest of the cell
cycle, the resultant chromatin is organized into distinct chromosome territories. Figure created

in Biorender.com.



1.1.2 Post-Translational Modifications, Euchromatin, Heterochromatin and the

Epigenome

In recent years, fundamental changes have occurred in how the genome is studied.
Instead of focusing on an individual gene and its role in a specific biological process,
thousands of genes are now studied simultaneously, with physical interactions, spatial
localization, and temporality recognized as essential in the contribution of genes to biological
functions. Essential for this paradigm shift was the understanding that organization of DNA
into higher order structures, such as chromatin and chromosome territories, was not just
important for the packaging of DNA into a limited volume, but necessary for genome
regulation and function. Fundamental to this higher-level organization and regulation are core
histones, H2A, H2B, H3 and H4. These histones can be post-translationally modified to
regulate cellular development, differentiation, and transcriptional activity (Chan et al., 2020;
Peng et al., 2021; Ryslava et al., 2013; Van der Laan et al., 2014). Post translational
modifications (PTM) occur primarily on the amino acids: lysine, arginine, serine, tyrosine,
and threonine of histones. These modifications are usually covalent, and can include:
methylation, acetylation, phosphorylation and ubiquitylation (reviewed by (Bannister et al.,
2011)).

Histone methylation occurs primarily on the side chains of lysine and arginine
(reviewed by (Bannister et al., 2011)). Lysine can be mono-, di- or tri- methylated, whereas
arginine can be mono- or symmetrically/asymmetrically di-methylated (reviewed in (Lan et
al., 2009; Ng et al., 2009)). Enzymes are responsible for catalyzing the addition of methyl
groups to these amino acids, with lysine methylation catalyzed by histone lysine
methyltransferases (HKMT), an enzyme that transfers a methyl group from S-
adenosylmethionine (SAM) to the lysine sidechain. Each HKMT is specific to the site being
methylated, and the number of methyl groups being added (reviewed in (Husmann et al.,
2019)). Arginine methylation, on the other hand, is regulated by two key classes of arginine
methyltransferases, Type | and Type Il (Reviewed by (Wu et al., 2021)). As with lysine
methylation, this enzyme uses SAM as a methyl donor; however, the methyl group is
transferred to the w-guanidino group of arginine. Histone demethylation occurs via histone
demethylases (Bannister et al., 2002). Like methyltransferases, demethylases are often
specific to the site being demethylated. The existence of both methyltransferases and
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demethylases has enhanced the understanding of PTMs as dynamic chemical modifications
involved in regulating the genome (reviewed in (Dimitrova et al., 2015)).

Histone acetylation occurs primarily on lysine side chains, regulated by histone
acetyltransferases (HATS) and histone deacetylases (HDACs). Acetyl-CoA is used as a co-
factor by HATS to transfer an acetyl group to the amino group of lysine side chains. The
addition of an acetyl group neutralizes the positive charge of lysine, weakening DNA-histone
interactions, and thus making chromatin more accessible for transcription. Two classes of
HAT exist, Type A and Type B. Type A HATSs are localized to the nucleus and contribute to
transcriptional regulation via acetylation sites within the histone N-terminal tails of
nucleosomes. Type B HATS acetylate free, newly synthesised, histones before incorporation
into a larger chromatin structure. Type B marks are removed after histone deposition.
Although the majority of acetylation occurs at the histone N-terminal tail, some sites can also
be acetylated within the globular histone core (e.g. H3K56, which has a side chain facing the
DNA major grove, and therefore its acetylation impacts DNA-histone interactions) (reviewed
by (Bannister et al., 2011; Sun et al., 2015)).

Phosphorylation, addition of phosphate groups primarily to N-terminal histone tails of
serine, threonine, tyrosine, and histidine, is controlled by kinases and phosphatases. Histone
kinases transfer a phosphoryl group from adenosine triphosphate (ATP) to the hydroxyl group
of a target amino acid side chain. Phosphorylation can rapidly induce changes in protein
function (allosterically or by binding domains) and is essential in the regulation of cellular
processes, including transcription, replication, cell metabolism, and response to environment
(reviewed in (Karve et al., 2011; Ramazi et al., 2021)).

Methylation, acetylation, and phosphorylation are relatively small modifications of
amino acid side chains. Ubiquitination, however, involves addition of ubiquitin, a 76 amino
acid polypeptide, to histone lysine. A lysine can be either mono- or poly-ubiquitinated.
Addition of ubiquitin is regulated by enzymes E1 (activating), E2 (conjugating), and E3
(ligating). These enzymes determine substrate specificity, as well as the amount of
ubiquitination. As with other PTM, ubiquitination is a dynamic process, and promotes cellular
homeostasis (Bannister et al., 2011). Numerous other PTM also exist, with roles in regulating

various aspects of cellular function.



Post-translation modifications are functionally related to two chromatin states within
the nucleus: euchromatic and heterochromatic. Euchromatin is comprised of an “open
chromatin” structure within which genes are generally active and chromatin less compact
(increased physical space between nucleosomes as well as increased spacing between
adjacent chromatin fibres). Not all euchromatin is the same, some is enriched with specific
histone modifications, and others devoid of all histone modifications. For example, active
transcriptional enhancers contain high levels of H3K4mel (reviewed in (Hon et al., 2009)),
whilst active genes have transcriptional start sites enriched for H3 lysine 4 trimethylation
(H3K4me3) (Barski et al., 2007; Schneider et al., 2004). Regions of euchromatin considered
enriched for PTM are more likely to be actively involved in transcription and transcriptional
regulation (Barski et al., 2007).

Heterochromatin is formed of compact, “closed chromatin”, with transcriptionally
inactive genes. Heterochromatin can be further sub-divided into facultative and constitutive
regions. In facultative chromatin, genes which are differentially expressed during
development and differentiation are silenced (for example, the inactive X-chromosome in
females). These silenced genes are marked by H3 lysine 27 trimethylation (H3K27me3),
which is regulated and maintained by the enhancer of zeste homolog 2 (EZH2)
methyltransferase, a member of the polycomb repressor complex (PRC). PRC2 is recruited to
sites of DNA replication by H3K27me3, ensuring addition of the histone mark onto newly
deposited histones, maintaining facultative heterochromatin (Hansen et al., 2008; Trojer et
al., 2007). Constitutive heterochromatin, on the other hand, exists in areas of the genome
comprised of permanently silenced genes, such as centromeres and telomeres. These are
silenced by H3 lysine 9 trimethylation (H3K9me3) and maintained by the methyltransferase
suppressor of variegation 39 (SUV39) (Bannister et al., 2011; Trojer et al., 2007). Therefore,
organization of the genome is more complex than just fitting a large amount of genetic
material into a limited volume. It is dynamically regulated by post-translational modifications
to establish when, and to what degree, various regions of the genome should be expressed or
repressed. Consequently, disruption of this regulation and organization frequently results in

disease.



1.1.3 Chromosome Territories and Chromatin-Chromatin Interactions

Linear polymers of DNA, as well as its’ associated proteins, are the backbone of what
we call chromosomes, typically envisioned during metaphase as distinct entities. Although
these condensed chromatin structures are iconic, the genome spends relatively little time
organized into these structures. On exiting mitosis and the initiation of nucleus reformation,
chromosomes decondense into specific chromosome territories. The existence of these
territories has been postulated since 1885 (Carl Rabl, 1885) but direct evidence was not
available until the development of fluorescence in situ hybridization (FISH) and chromosome
probes (“paints”). Since, the existence of chromosome territories has been confirmed across
numerous types of eukaryotic cells, including human (Croft et al., 1999). The arrangement of
chromosome territories is non-random, with gene-rich chromosomes localized more
frequently towards the nuclear interior than gene poor chromosomes (Bolzer et al., 2005;
Boyleetal., 2001; Cremer et al., 2001). Similarly, within each chromosome, gene rich regions
are orientated toward the nuclear interior, and gene poor to the periphery (Boyle et al., 2011;
Khalil et al., 2007; Kupper et al., 2007). Each chromosome is further partitioned into
chromosomal compartments: euchromatic A and heterochromatic B. Additional, size-
dependent, arrangement of chromosome territories has been proposed, with smaller
chromosomes localizing closer to the nuclear interior (Bolzer et al., 2005; Maharana et al.,
2016; Sun et al., 2000). In line with this arrangement, there is a gradient of transcriptional
activity across the nucleus. The highest level of activity is at nuclear speckles (toward the
nuclear interior), with activity decreasing towards the nuclear lamina (Chen et al., 2018b).
Chromosomes are also organized preferentially, meaning that beyond size distribution,
chromosome territories are consistently reported in specific positions in relation to one
another and other nuclear structures (Bolzer et al., 2005; Boyle et al., 2001; Branco et al.,
2006).

Evidence exists that intermingling of chromosome territories occurs (Branco et al.,
2006); however, most interactions between genomic regions have been detected within the
same chromosome (Belton et al., 2012; Dekker et al., 2002). Highly conserved across species,
this chromatin folding functions to dynamically regulate gene expression. These loop-like
structures formed of DNA can range in size from kilobases to megabases, with loops

mediating interaction of regulatory elements in the genome (e.g. enhancers with gene
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promoters) (Dekker et al., 2015; Halfon 2020; Vermunt et al., 2019). Multiple loops can come
together in a cluster to integrate signalling events form multiple inputs on target genes (Halfon
2020; Hnisz et al., 2017). Disruptions of chromatin looping have been observed in disease;
therefore, it is necessary to consider how genes associated with disease are organized three-

dimensionally in order to fully elucidate disease mechanisms.

Interactions between genomic regions along the same chromosome are referred to as
topologically associated domains (TADs). TADs play an important role in mediating
transcription, with physical contacts between enhancers and target genes occurring through
loop formation of the respective DNA elements. Chromatin loops between regulatory regions
predominantly occur within TADs. TADs are bounded by CTCF binding sites orientated
convergently (Guo et al., 2015) and housekeeping genes (Dixon et al., 2012). These insulated
domains prevent communication between gene and distal gene regulatory elements in
different TADs and are formed by ATP-dependent loop extrusion (Fudenberg et al., 2016).
To achieve this, a ring-shaped cohesin protein complex is loaded at specific chromosomal
positions. Chromatin fibre is progressively fed through the cohesin-complex ring, generating
a loop. Chromatin sliding continues until a boundary element is encountered (e.g. CTCF
binding sites), inhibiting cohesion progression and generating a loop (de Wit et al., 2015; Guo
et al., 2015; Mirny et al., 2019; Nuebler et al., 2018; Sanborn et al., 2015). It is likely that
additional chromatin binding proteins and non-coding RNAs also contribute to formation of
loops and higher-order genome organization (Quinodoz et al., 2018). Removal of CTCF does
not disrupt many TAD boundaries, nor does disruption affect overall segregation of A and B
heterochromatin compartments, indicating that alternative CTCF-independent mechanisms
also exist for TAD formation (Barutcu et al., 2018; Dixon et al., 2012; Nora et al., 2017;
Schwarzer et al., 2017). The extent to which TADs regulate gene expression is also unclear.
There is evidence that co-regulated genes are frequently found in the same TAD (Hsieh et al.,
2020; Krietenstein et al., 2020) and disruption of TAD boundaries causes dysregulation of
these genes within the TAD (Lupianez et al., 2015; Narendra et al., 2015); however, TADs
are highly variable between individual cells of the same population (Cattoni et al., 2017; Finn
et al., 2019; Nagano et al., 2013), with the exception of mouse embryonic stem cells (ESCs)
(Dixon et al., 2015). Additionally, disruption of TAD insulation does not consistently lead to

aberrant gene regulation in development (Williamson et al., 2019). Recently these genomic



features have been documented to exhibit a high degree of heterogeneity, with two alleles of
the same gene differing in their three-dimensional position and functional status in the same
nucleus (Finn et al., 2019). Furthermore, many chromatin-chromatin interactions occur at low
frequency within a cell population (Finn et al., 2019; Rodriguez et al., 2019). Therefore, these
chromatin domains may not be strong determinants of gene function, but instead provide a
framework upon which genes can be regulated, and chromatin-chromatin interactions
facilitated (Misteli 2020). The variability of chromatin interactions combined with the non-
randomness of its organization, presents numerous unanswered questions for our
understanding of genome organization. Non-random patterns indicate the existence of
specific mechanisms in regulating gene expression and organization, whilst the variability
across cells and genomes suggests that these features are disposable/other mechanisms could
be involved and muddy the picture of how genome organization links to transcriptional

regulation.

Chromatin-chromatin interactions have been detected between genomic regions of the
same chromosome, with long-range interactions identified less frequently than shorter-range
interactions; however, longer-range (larger loops) most frequently contribute to genome
compaction and regulation of clusters spatially and temporally. This is achieved through
sequential association of upstream elements within individual target genes, most frequently
observed in development (Darbellay et al., 2016; Vermunt et al., 2019). In rare cases, likely
in differentiation or exclusion of DNA damage, long-range chromatin loci have been observed
to exhibit directed motion — probably dependent on nuclear actin and myosin (Caridi et al.,
2019; Chuang et al., 2006). Although these long-range interactions are rarely detected, there
is some debate over whether they exist more rarely or are simply not detectable by the
methods available for examining genome organization: chromatin conformation capture
(3C)/high throughput HIC or FISH. Computational models appear to support the rarity of
longer-range interactions. Computer modelling assumes that chromatin is a self-avoiding
polymer that can undergo local constrained diffusion by its polymer nature. Using this
assumption, models re-create evidence for chromosome territories, compartmentalization,
and chromatin-chromatin interactions proposed via experimental means and recapitulating
the classical representation of a chequerboard HiC plot (Barbieri et al., 2012; Bintu et al.,

2018; Jost et al., 2014; Parmar et al., 2019). In support of these models, they are also able to



accurately predict local organization of specific gene loci (e.g. Sox9) (Bianco et al., 2018;
Falk et al., 2019). Modelling further shows that without the regulation via topoisomerases I1
(which act to pass chromatin strands) a genome would form an entangled and knotted state,
at least at chromosome interfaces; however, this is not the case (Tavares-Cadete et al., 2020).
This is due to the ability of chromatin fibers/domains from one chromosome to locally invade
another to an extent without becoming topologically linked (Branco et al., 2006; Tavares-
Cadete et al., 2020). Therefore, as proposed in transcriptional control by genome

organization, additional processes are likely to exist to prevent entanglement.

Many inter-chromosomal interactions that occur at large nuclear bodies are not
efficiently captured by HiC since the interactions are at such large distances that they are not
close enough for ligation by HiC, nor by FISH. This has recently been overcome by split-pool
recognition of interactions by tag extension (SPRITE) — from which data agree with the
previously proposed model of transcriptionally active and inactive hubs within chromosome
territories. A large portion of these transcriptionally active hubs are associated with nuclear
speckles, whilst inactive hubs are associated with the nucleolus (Quinodoz et al., 2018).
Though it is obvious that genome organization and genomic interactions play important roles
in genome regulation, future work elucidating and finessing the role of these interactions will

provide important insights for health and disease.

1.1.4 The Nuclear Lamina in Genome Organization and Function

The nuclear lamina is a complex and highly organized meshwork of proteins essential
for the structure and function of the cell. Lamin proteins are expressed in all metazoan cells
(Dechat et al., 2010; Gruenbaum et al., 2015) and form part of the nuclear envelope (NE),
alongside inner and outer nuclear membranes and nuclear pore complexes (NPCs).
Structurally, the lamina meshwork is found under the inner nuclear membrane, and alongside
the rest of the NE, separates the inner nuclear and outer cytoplasmic compartments of
eukaryotic cells (Dechat et al., 2010; Dechat et al., 2008). The nuclear lamina functions
beyond separation of cellular compartments, with roles in maintaining nuclear shape,
chromatin organization, cell cycle progression, cell development and differentiation, cell
signalling, RNA transcription, DNA replication, and DNA damage repair pathways. The main
structural components of the lamina are the lamin proteins. These type V intermediate

filament proteins have a short N-terminal head, central alpha-helical coiled-coil rod domain,
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and globular tail-domain (Herrmann et al., 2016; Herrmann et al., 2007). The lamina
meshwork is formed by polymerization, with lamin dimerization mediated by the coiled-coil
rod domain and the head/tail domains mediating head-to-tail polymer assembly. These

polymers then associate into fibres and subsequently ordered lattices (Stuurman et al., 1998).

The mammalian genome contains three lamina-encoding genes: LMNA (coding for
lamin A and lamin C proteins), LMNB1 (lamin B1) and LMNB2 (lamin B2). Lamin proteins
are assigned to one of two groups (A-type or B-type) dependent on function and expression.
LMNA (A-type lamins) are primarily expressed in differentiated cells, whilst B-type lamins
(LMNB1/LMNB2) are expressed in all cells and throughout embryogenesis (Rober et al.,
1989; Stewart et al., 1987). These lamin proteins are post-translationally modified in
preparation for their specific roles. The precursor of lamin A (prelamin A) and B-type lamins
are farnesylated by farnesyltransferases at the cysteine residue of the carboxy-terminal
cysteine-aliphatic-aliphatic-other (CaaX) motif (Weber et al., 1989), anchoring these proteins
to the inner nuclear membrane (Figure 1.2). Unlike lamin A and B-type lamins, lamin C has
no CaaX motif and requires no additional modifications. Following farnesylation, both lamin
A and B-type lamins undergo cleavage of the terminal three amino acids of the CaaX motif
(-aaX) by either zinc metalloprotease related to ste24p (ZMPSTE24; prelamin A) or ras-
converting enzyme 1 (Rcel; B-type lamins). The alpha carboxyl-groups of these proteins are
then methylated by isoprenylcysteine carboxyl methyltransferase (Winter-Vann et al., 2005),
and unique to prelamin A, the farnesyl group is removed by ZMPSTE24, producing mature
lamin A. Unlike lamin A, B-type lamins retain farnesylation, indicating closer association
with the inner nuclear membrane than A-type lamins (Nigg 1992). In support of this, A and
B-type lamins each form a separate meshwork, with B-type lamins forming irregular, wavy
filaments associated with intranuclear membrane structures (Goldberg et al., 2008). Finally,
it has been demonstrated that A-type lamins exhibit greater nuclear mobility than B-type
lamins (Shimi et al., 2008), supporting the divergent nuclear localization and function of A

and B-type lamins.
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Figure 1.2: Processing of Prelamin A to Mature Lamin A. Prelamin A is encoded for by
the LMNA gene and can be processed to produce lamin A or lamin C protein. Prelamin A is
farnesylated at its CaaX terminal end and anchored to the inner nuclear membrane. -aaX is
then cleaved by ZMPSTE?24 and the carboxy-group methylated by isoprenylcysteine carboxyl
methyltransferase. Finally, the entire farnesyl group is cleaved by ZMPSTE24 and lamin A

forms a regular meshwork under the nuclear envelope via polymerisation.



Genomic regions that interact with the nuclear lamina are known as lamina associated
domains (LADs). LADs are evolutionarily conserved, having been detected in multiple cell
types and organisms, including human fibroblasts (Guelen et al., 2008; Meuleman et al.,
2013), mouse ESCs/differentiated astrocytes (Meuleman et al., 2013; Peric-Hupkes et al.,
2010), Drosophila melanogaster (Pickersgill et al., 2006; van Bemmel et al., 2010), and
Caenorhabditis elegans (Ikegami et al., 2010). However, the same LADSs are not necessarily
found in each cell type (Kind et al., 2015) demonstrating that each cell type uses alternative
LAD boundaries as a mechanism to control specific gene expression profiles/signatures
associated with cell identity. DNA adenine methyltransferase identification (DamiD) is a
technique used to identify genome-wide DNA-protein interactions, and was used in the initial
identification of LADs, finding that 40% of the genome is organized into approximately
~1300 lamin B associated domains, containing genes exhibiting low levels of transcription,
are gene poor and enriched in repressive histone marks (Consortium et al., 2007; Guelen et
al., 2008; Kind et al., 2013; Peric-Hupkes et al., 2010; Pickersgill et al., 2006; van Bemmel
et al., 2010; Wu et al., 2017). Although published data suggests that lamin A and lamin B1
have highly similar DamID profiles (Kind et al., 2014; Meuleman et al., 2013), other
researchers have found that sonication levels could influence this, with mild sonication of
genomic DNA associated with lamin A and lamin B1 exhibiting association with divergent
chromatin domains. Specifically, lamin A exhibited association with transcribed genes and
active chromatin marks, whilst lamin B1 associated with gene poor and non-transcribed
domains (Gesson et al., 2016). These associations have been documented as functional via
knock-out studies, with B-type lamin knockdowns in Drosophila melanogaster S2 cells and
neuroblasts exhibiting re-localization of genes from the nuclear periphery to the interior
(Kohwi et al., 2013; Shevelyov et al., 2009). In mouse embryonic fibroblasts, the same knock-
out induced re-localization of chromosome 18, whilst in Drosophila melanogaster S2 cells,
bulk chromatin detachment and decompaction from the nuclear envelope occurred (Ulianov
et al., 2019). This total detachment was not observed following the same loss of lamins in
mammalian cells (Zheng et al., 2018). Exactly how LADs are targeted to the nuclear lamina
is poorly understood, although many researchers have proposed involvement of various
proteins and transcriptional regulators (e.g. H3K9 methyltransferases (Towbin et al., 2012),
H3K9me2/3 marked chromatin (Gonzalez-Sandoval et al., 2015), lamin B receptor (LBR)
(Solovei et al., 2013), cKrox, ying yang 1 (YY1), HDAC3 (Milon et al., 2012; Poleshko et
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al., 2017; Zullo et al., 2012), and lamina associated polypeptide 2b (LAP2B) (Harr et al.,
2015; Zullo et al., 2012)). Experiments in which specific genomic regions are tethered to the
nuclear lamina demonstrate that LADs are associated with gene regulation. Furthermore,
upon artificial movement of genes to the LAD, repression is induced (Dialynas et al., 2010;
Finlan et al., 2008; Reddy et al., 2008; Wang et al., 2018a). Combined, these findings further

signify the importance of the nuclear lamina in normal genome function.

The nuclear lamina and chromatin are extensively associated with one another and
cooperate in the regulation of gene expression. Nuclear morphology is also known to be
regulated by the nuclear lamina, and more recently, chromatin. Nuclear morphology is an
important aspect of cellular function, even if the mechanics behind its maintenance are poorly
understood. The cell nucleus is responsive to its microenvironment and is required to protect
and organize the genome it encapsulates. Forces upon the nucleus can directly influence gene
transcription via positioning and stretching of the genome. Without an ability to respond to
its environment, or to function in cell migration (Davidson et al., 2014; Harada et al., 2014),
the nucleus would undergo deleterious events, including nuclear rupture and deformations,
mixing nuclear and cytoplasmic contents, inducing DNA damage and disrupting gene
transcription (De Vos et al., 2011; Shimi et al., 2008; Xia et al., 2018). These environmental
stressors subsequently result in irregular nuclear morphology, which has been identified in
and used as a marker of aging (Haithcock et al., 2005; Mehta et al., 2007; Pathak et al., 2021),
cancer (Fischer 2020) and disease (Hutchinson-Gilford Progeria Syndrome (HGPS)
(Goldman et al., 2004); Emery-Dreifuss muscular dystrophy (Roux et al., 2007)).
Furthermore, manipulation of nuclear morphology has been linked to various alterations in
transcriptional activity. For example, nuclei with reduced volume have been reported to enter
a more quiescent state (Damodaran et al., 2018), whilst increasing nuclear volume has been
shown to decondense chromatin (Katiyar et al., 2019).

Although the nuclear lamina is often considered the primary contributor to nuclear
shape, with cells with perturbed nuclear lamina prone to rupture (Chen et al., 2018a; De Vos
etal., 2011; Le Berre et al., 2012; Robijns et al., 2016; Stephens et al., 2017; Stephens et al.,
2019; Tamiello et al., 2013; Vargas et al., 2012), there is evidence that chromatin also plays
an important role in maintaining nuclear structure independent of the nuclear lamins, having

previously been demonstrated as an essential component of nuclear mechanical response
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(Banigan et al., 2017; Chalut et al., 2012; Furusawa et al., 2015; Schreiner et al., 2015;
Stephens et al., 2017; Stephens et al., 2019). The role of chromatin in maintaining nuclear
structure continues to be refined. In 2004, it was hypothesized from studies in Xenopus
oocytes that chromatin had little to do with the mechanical properties of the nucleus (Dahl et
al., 2005); however, it has since been revealed that condensation and decondensation of
chromatin leads to nuclear stiffening and softening respectively (Dahl et al., 2005; Erdel et
al., 2015; Krause et al., 2013; Mazumder et al., 2008; Neubert et al., 2018; Pajerowski et al.,
2007; Schreiner et al., 2015; Shimamoto et al., 2017; Stephens et al., 2017). Additionally,
embryonic stem cells do not express A-type lamins but have a characteristic ovoid nucleus.
Lamins may instead have a greater role in mediating mechanical strength and link the nucleus
to the cytoplasm through nuclear envelope transport proteins (NETS). The nuclear lamina and
chromatin have been identified to regulate diverging aspects of nuclear response to external
forces. Chromatin regulates resistance to small deformations, whilst lamin A mediates
resistance to large deformations (Stephens et al., 2017).

In general, chromatin histone modifications that result in abnormally increased
euchromatin or decreased heterochromatin (overall a more open-chromatin structure) result
in weakened nuclear rigidity, with cells exhibiting irregular nuclear morphology which are
prone to rupture (Stephens et al., 2017). For example, cells lacking lamin B1, containing a
lamin A mutant, or those of HGPS patients, exhibit irregular nuclei and nuclear blebs which
contain histone modifications and loss of chromatin condensation (Stephens et al., 2017).
Disruption of histone modifiers similarly disrupt nuclear morphology and transcriptional
activity. Overexpression of high mobility group nucleosome binding domain 5 (HMGNS5)
disrupts histone linker H1, decreasing chromatin compaction and increasing nuclear
instability and blebbing (Furusawa et al., 2015), whilst WD repeat-containing protein 5
(WRD?5), regulator of euchromatic mark H3K4me3, has also been demonstrated to regulate
nuclear deformity (Wang et al., 2018a). In mammalian epithelial cells, increased nuclear
stiffness and increased levels of histone deacetylases induced tumorigenicity (Stowers et al.,
2019). Significantly for disease, these perturbations may be reversible. In lamin B1 knock-
out cells, lamin A mutants, and HGPS patient fibroblasts, it was possible to partially rescue
nuclear morphology with the use of histone demethylase inhibitors, increasing

heterochromatin levels and improving nuclear stiffness (Stephens et al., 2017; Stephens et al.,
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2019). Chromatin condensation has also been reported to coincide with bleb reabsorption in
lamin A/C knock-out human fibrosarcoma cells (Robijns et al., 2016). Therefore, chromatin
histone modifications and their contribution to nuclear rigidity act as a major determinant of
nuclear blebbing and morphology. Thus, loss of heterochromatin, as seen in both HGPS and

normal aging, is associated with increased cellular senescence.

1.2 Hutchinson-Gilford Progeria Syndrome
1.2.1 Hutchinson-Gilford Progeria Syndrome: A Laminopathy

Hutchinson-Gilford Progeria Syndrome (HGPS) belongs to a group of diseases known
as laminopathies; diseases that result from mutations in the genes encoding the proteins of the
nuclear lamina. HGPS is a rare laminopathy, affecting approximately 1 in 4 million live births,
causing children to age roughly eight times faster than normal. As a result, children with
HGPS usually succumb to heart failure or stroke by ~14 years of age (range 8-21 years old)
(Baker et al., 1981; Capell et al., 2006; Csoka et al., 2004b; De Sandre-Giovannoli et al.,
2003). Although children with this disease die young, they are rarely diagnosed before their
third birthday (Hennekam 2006). This is likely the result of the progressive accumulation of
a mutant of the lamin A protein, progerin, generated following introduction of a single point
mutation (G608G; GGC > GGT) in the LMNA gene (De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003a). This point mutation activates a cryptic splice site in LMNA exon 11,
causing a 50 amino acid deletion in the C-terminal tail domain, including the ZMPSTE24
proteolytic cleavage site, resulting in retention of a farnesyl group (Goldman et al., 2004).
This anchors progerin to the nuclear membrane, resulting in progerin accumulation within the
lamina (Figure 1.3). Accumulation of progerin also occurs due to increased rates of translation
in HGPS cells, further contributing to disruption of protein homeostasis within the lamina
(Buchwalter et al., 2017).

Progerin accumulation is considered the primary driver of HGPS and its phenotypes.
This accumulation induces a number of cellular defects, including irregular nuclear
morphology (Goldman et al., 2004), mis-localization of entire regions of the genome
(chromosome territories) (Mehta et al., 2011), decreased rates of DNA repair (Scaffidi et al.,
2006; Scaffidi et al., 2008), global disruption of gene expression patterns and loss of
heterochromatin marks (Csoka et al., 2004a; Goldman et al., 2004; McCord et al., 2013;
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Shumaker et al., 2006). As a culmination of these cellular defects, the rate at which cells enter
senescence is increased (Baker et al., 1981; DeBusk 1972). Patients, therefore, often exhibit
characteristics associated with aging, such as poor growth, alopecia, loss of subcutaneous fat,

and arthritis, as well as delayed wound healing (Gordon et al., 2005).
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Figure 1.3: Production of Mutant Protein Progerin from Prelamin A. In production of
progerin, a 50 amino acid deletion is introduced into prelamin A. This deletion is the result of
a single point mutation (G608G; GGC > GGT) and activates a cryptic splice site — which
results in removal of the 50 amino acid region during post-translational processing. As a
result, its ZMPSTE24 cleavage site is lost. Therefore, while prelamin A is farnesylated at the
CaaX motif and the -aaX cleaved as usual, the farnesyl group can no longer be removed.
Progerin then accumulates under the nuclear envelope, alongside lamin A and C, creating

aggregates and disrupting the normally regular lattice-like structure.
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In spite of the severe manifestations of HGPS in some tissues, other tissues remain
unaffected. This is likely the result of divergent expression of LMNA or LMNB in
differentiation or development respectively (Rober et al., 1989; Stewart et al., 1987), as well
as different levels of the lamin A or lamin C production. For example, progerin has not been
detected in cells of the nervous system in HGPS patients and is probably the reason patients
exhibit no cognitive defects, nor dementias, usually found in an aging phenotype (Merideth
et al., 2008). This is likely due to the usually low levels of lamin A in these tissues. In the
brain, there is evidence that the brain-specific micro-RNA-9 (mir-9) prevents prelamin A
processing (Nissan et al., 2012), and instead the tissue exhibits higher levels of lamin C (Jung
et al., 2012), enabling preservation of nuclear morphology.

HGPS is a multifactorial disease, both at the organismal and cellular level, making it
difficult to identify the order of disease progression at the molecular level. It is known that
progerin accumulates under the nuclear envelope, likely burying chromatin binding sites,
altering LAD structure, and preventing post-translational modifications (Chojnowski et al.,
2015; Scaffidi et al., 2006; Shumaker et al., 2006). It is unknown exactly what accumulation
of this mutant protein perturbs first. Initial evidence into the progression of HGPS was
provided when immortalization of human dermal fibroblasts expressing progerin prevented
premature senescence (Cao et al., 2011a; Chojnowski et al., 2015) but did not correct
alterations in heterochromatin and nuclear morphology (Chojnowski et al., 2015).
Additionally, changes in chromatin structure occur before increases in irregular nuclei in
HGPS models (Shumaker et al., 2006), whilst progerin accumulation alone is not sufficient
to cause previously observed increases in levels of DNA damage when cells are arrested in
GL1. It was further demonstrated that changes in the heterochromatin of HGPS cells could
occur before cell cycle progression (Chojnowski et al., 2020). These data suggest that
disruption of heterochromatin may be an initial step in HGPS disease progression. Combined,
these reports suggest that alterations in chromatin structure are the primary step in HGPS
pathogenesis, triggered by progerin accumulation. Subsequent disruptions in nuclear
morphology, DNA damage repair rates, and cellular senescence, are downstream of this initial

disruption.
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1.2.2 Epigenetic Alterations in Hutchinson-Gilford Progeria Syndrome

The transcriptome of HGPS fibroblasts is divergent to that of non-diseased fibroblasts.
For over a decade it has been reported that HGPS fibroblasts, as well as cell types from various
in vitro and in vivo models, exhibit alterations in histone marks which have previously been
associated in regulating chromatin accessibility and gene expression. Histone methylation is
one mechanism by which gene expression can be controlled. In 2006, Shumaker and
colleagues identified loss of the repressive mark H3K27me3 in HGPS fibroblasts (Shumaker
et al., 2006). Specifically, this was examined on the inactive X chromosome of female HGPS
fibroblasts. Since, overall decreases in H3K27me3 have been recapitulated in male and female
fibroblasts from multiple HGPS patients (Cao et al., 2011b; McCord et al., 2013; Shah et al.,
2013). If variations in the amount of H3K27me3 exist because of sex-differences and the
inactive X chromosome is unclear; however, given differences between male and female
transcriptome of HGPS patients, this could provide one explanation. Loss of H3K27me3 is
usually specific, with gene poor regions and CpG islands of the HGPS genome more likely to
lose this epigenetic mark (McCord et al., 2013). Furthermore, there is evidence that loss and
gain of H3K27me3 at different genomic regions in HGPS fibroblasts is also involved in
disease progression (Shah et al., 2013). EZH2, a methyltransferase that specifically mediates
H3K27me3, is also reduced in HGPS cells, as is EZH2 mRNA (McCord et al., 2013). It is
possible that changes in H3K27me3 levels is one of the first alterations in nuclei of progerin
positive cells, occurring before nuclei exhibit irregular blebbing (Chojnowski et al., 2020;
Sebestyen et al., 2020; Shumaker et al., 2006).

H3K9me3 is an epigenetic mark associated with pericentric heterochromatin.
Reduction of this mark is detected specifically in late passage HGPS fibroblasts, particularly
in nuclei exhibiting disrupted morphology (Chojnowski et al., 2020; Columbaro et al., 2005;
Sebestyen et al., 2020; Shumaker et al., 2006); however, association with its binding partner
heterochromatin protein la. (HPla) is decreased before extensive nuclear lobulation and
H3K9me3 loss (Shumaker et al., 2006). Cells expressing progerin and lacking
heterochromatin marks H3K27me3 or H3K9me3 are then more likely to accumulate DNA
damage during DNA replication (Chojnowski et al.,, 2020). Others have reported
changes/decreases in H3K9me3 levels, dependent on model and HGPS fibroblast cell line
(Kohler et al., 2020; Liu et al., 2013). Further examination revealed prelamin A/progerin and
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passage number have opposing effects on SUV39H levels; the primary methyltransferase
responsible for maintaining H3K9me3. Prelamin A has a higher binding constant than lamin
A and C to SUV39H, stabilizing the methyltransferase and preventing its proteasomal
degradation resulting in increasing H3K9me3 levels. In contrast, in HGPS and non-progeroid
fibroblasts, H3K9me3 levels decrease with increasing passage/cellular ‘aging’ in culture (Liu
et al., 2013). These findings highlight the importance of passage and age matching HGPS
fibroblasts and controls. Another pericentric heterochromatin mark and mark of telomeric
chromatin, H4K20me3, is also increased in late passage HGPS fibroblasts (Liu et al., 2013)
and following ectopic progerin expression (Shumaker et al., 2006). This has been associated
with dysfunction of telomeres in HGPS cells (Cao et al., 2011b).

In contrast to the repressive histone marks H3K27me3 and H3K9me3, the histone
mark H3K4me3 associated with transcriptional start sites and gene activation, has also been
studied in HGPS. Of note, H3K4me3 can occupy the same promoter as the repressive
H3K27me3, creating a bivalent domain (Bernstein et al., 2006). Although the role of these
domains is unclear, it is proposed that these play an important role in inactivating
developmental genes but keeping these genes ready for rapid transcription (Lauberth et al.,
2013; Voigt et al., 2013). In HGPS, H3K4me3 is enriched, but at different locations to control
cell lines (Shah et al., 2013), although this could be due to the different cell line sampling
locations (HGPS fibroblasts vs non-diseased lung tissue). Further relationships between
H3K27me3 and H3K4me3 can be elucidated, with H3K27me3 having stronger association
with the nuclear lamina than H3K4me3 (McCord et al., 2013), supporting these marks

respective roles in gene activation and repression.

Epigenetic changes result in altered chromatin organization. Accordingly, HGPS
fibroblasts exhibit loss of chromatin organization, specifically compartmentalization of active
and inactive chromatin regions at late passages (Chandra et al., 2015; Goldman et al., 2004;
McCord et al., 2013). LADs are proposed to be involved in regulating these changes in
chromatin organization, which is logical given anchoring of progerin at the nuclear periphery
as a result of its farnesyl group and subsequent disruption of the nuclear lamina.
Heterochromatin is usually found anchored to the nuclear periphery, in LADs. These have
been documented to dissociate from the nuclear lamina in HGPS, with fewer lamin associated

regions identifiable (McCord et al., 2013; Sebestyen et al., 2020). When compared to non-
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diseased fibroblasts, HGPS fibroblasts gained 282 LADs and lost 353 LADs (lkegami et al.,
2020). Other changes in chromatin organization were identified by Kohler and colleagues,
(Kohler et al., 2020) identifying 545 regions of differential chromatin accessibility in HGPS
fibroblasts compared to control, 397 regions of chromatin were more open (accessible) while
148 regions exhibited compaction. These changes were non-random and associated with
LADs (Kohler et al., 2020). Variation in LAD identification could be the result of
computational analyses conducted, as well as experimental resolution. This change in LAD-
specific chromatin accessibility correlated with changes in gene expression, identifying 343
genes differentially expression in HGPS compared to control cells, 160 up-regulated and 183
down-regulated. 21 of these genes also exhibited changes in chromatin accessibility and were
localized in, or close to, LADs (Kohler et al., 2020). Although LADs are key in gene
repression in normal genome regulation, the low number of genes changing expression in
HGPS that are associated with LADs indicates other mechanisms may be involved. Serine22-
phosphorylated (pS22) lamin A/C has been identified as a player in this alternate mechanism
(Ikegami et al., 2020). Localized to the interior of the nucleus throughout the cell cycle in
human fibroblasts, pS22 lamin A/C has been shown to interact with the genome at sites
outside of LADs, at putative active enhancers, particularly in association with accessible
chromatin and histone mark H3 lysine 27 acetylation (H3K27ac) (Ikegami et al., 2020). This
contrasts lamin A/C, which is generally strongly enriched at LADs. Ikegami and colleagues
further identified strong correlation between pS22 lamin A/C binding sites and HGPS highly
transcribed genes. It is proposed that misdirection of pS22 lamin A/C in HGPS (due to direct
interaction between progerin and lamin A/C (Lee et al., 2016b) results in binding of otherwise
unbound enhancer regions, inducing abnormal transcriptional activation of genes associated

with HGPS patient phenotypes.

DNA methylation is another modification essential to epigenetic regulation; however,
its role in HGPS is less defined. DNA methylation profiles, as with histone marks, have also
been associated LADs and are altered in HGPS (Kohler et al., 2020; Liu et al., 2011).
Although heterochromatic, LADs are not associated with high levels of DNA/cytosine
methylation, but instead tend to overlap with partially methylated domains (Berman et al.,
2011; Xieetal., 2017). Although DNA methylation is poorly understood in HGPS, techniques

studying DNA methylation, as well as current understanding of DNA methylation in context
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of human aging are well established. To this end, accurate epigenetic clocks for predicting
age from DNA methylation profiles have been developed (Horvath et al., 2018). The skin and
blood epigenetic clock centered on DNA methylation profiles revealed that HGPS males were
epigenetically older than females with HGPS (Horvath et al., 2018). Application of the
epigenetic clock to newly contributed DNA methylation profiles of HGPS patients revealed
two patient sub-groups, one of which was epigenetically older than the other (Horvath et al.,
2018; Konhler et al., 2020). These groups could not be separated on sex, age, passage, body
site of sampling, or strength of progerin expression; however, the epigenetically older group
had higher levels of partial DNA methylation, mostly at intergenic regions (Kohler et al.,
2020). However, given the divergence of DNA methylation profiles of normal aging vs
HGPS, the accuracy of the epigenetic clock in this application is unclear. DNA methylation
profiling of HGPS fibroblasts also revealed an increase in average methylation levels
associated with lamin A (Kohler et al., 2020), counterintuitive to increased chromatin
accessibility reported. These changes may be the result of relocation of former LADs to the
nuclear interior to increase gene expression. Despite changes in DNA methylation, no changes
were identified between control and HGPS fibroblasts at CpG islands (Kohler et al., 2020).
Combined, these data suggest that changes in DNA methylation in HGPS are not random and
occur primarily at lamina-associated regions that are partially methylated.

1.2.3 The Transcriptome of Hutchinson-Gilford Progeria Syndrome

Accumulation of the mutant protein progerin perturbs chromatin, chromatin-
interactions, and chromosome territory localization. Therefore, it is unsurprising that the
transcriptome of HGPS patients is also altered. Understanding how exactly transcription is
disrupted, beyond the production of progerin, could be useful in identifying treatment targets
and determining HGPS disease progression. Csoka and colleagues first sequenced the
transcriptome of HGPS fibroblasts in 2004, identifying 361 differentially expressed genes
(DEGs) when compared to non-diseased controls (Csoka et al., 2004a). Computational
analyses of these DEGs identified genes associated atherosclerosis, as well as down-
regulation of those involved in DNA replication, chromatin remodeling and heterochromatin
silencing, whilst histone deacetylase HDAC9 was up-regulated (Csoka et al., 2004a). RNA
sequencing of six HGPS fibroblast patient cell lines and three controls identified 364 DEGs
altered in HGPS, overlapping those previously identified (Csoka et al., 2004a). Gene set
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enrichment analysis (GSEA) of these datasets (considering changes across the transcriptome)
identified enrichment of Hippo and NOTCH signalling, extracellular matrix receptor
interactions, and UV response pathways, as well as enrichment of AP1 target genes (Kohler
et al., 2020). Furthermore, it was noted that HGPS patients <8 years of age exhibited variation
to those >8 years of age, with younger patients exhibiting enrichment in more pathways
associated with development (Kohler et al., 2020). Ikegami and colleagues recapitulated the
finding that HGPS patients exhibit divergent transcriptomes to those of non-diseased
individuals and conducted bioinformatic analyses focused around disease ontology terms in
DisGeNet (Disease-Gene NETwork) (Ikegami et al., 2020), identifying overrepresentation of
HGPS up-regulated DEGs associated with coronary artery disease, cardiomegaly, middle
cerebral artery infraction, hypertension, arthritis, and congenital femoral hypoplasia. Ikegami
and colleagues therefore linked genes dysregulated in progeria-patient fibroblast lines with
clinical presentations of HGPS. Another meta-analysis identified 525 DEGs, revealing “hub-
genes” involved in the altered HGPS pathways, including fibroblast growth factor 2, dexorin,
matrix metallopeptidase 2 and FOS protooncogene AP-1 transcription factor (Wang et al.,
2020). Pathways in cancer and PI3K-AKT signalling were also identified as having DEG
overrepresentation (Wang et al., 2020), not surprising given the association of many growth
and proliferation genes with HGPS, and the numerous age-linked genes associated with

cancer.

It is evident from transcriptome analyses of HGPS cells that signalling pathways
altered in this disease are numerous. The number of these pathways, and their interdependence
on one another, have generated difficulties in distinguishing direct targets of progerin from
subsequent secondary effects. Nuclear factor, erythroid 2 like 2 (NRF2) is a transcription
factor associated with longevity (Lewis et al., 2015) and is up-regulated in response to many
promising anti-aging compounds (Calabrese et al., 2021a; Calabrese et al., 2021b; Fang et
al., 2018; Han et al., 2012; Hosseini et al., 2020; Kim et al., 2018; Lewis et al., 2015; Robida-
Stubbs et al., 2012). Its primary function is to activate expression of antioxidant genes via
binding to antioxidant promoter elements of genes. NRF2 promoter sites have been repeatedly
identified in down-regulated HGPS DEGs (Kohler et al., 2020; Kubben et al., 2016). To
establish if changes in NRF2 transcription factor binding drives HGPS phenotypes, Kubben

and colleagues examined nuclear localization of NRF2, identifying accumulation of the
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transcription factor at the nuclear envelope in HGPS cells. It was further confirmed that NRF2
was preferentially bound by progerin over lamin A, likely sequestering the transcription factor
at the nuclear periphery and preventing its interaction with NRF2-linked antioxidant pathway
genes (Kubben et al., 2016).

As with NRF2, nuclear factor kappa B (NF-kB) regulates gene expression in
mammalian aging (Adler et al., 2007) and accumulates at the nuclear envelope in HGPS
mouse-model cells. This accumulation is proposed to activate the NF-kB signalling pathway,
increase inflammation, and contribute to the senescence associated phenotype (Osorio et al.,
2012), and therefore premature senescence, of HGPS cells. Inhibition of NF-kB increases
lifespan of HGPS mouse-models (Osorio et al., 2012). NF-xB signalling and NRF2
expression are closely associated, with NF-kB modulating NRF2 transcription and activity,

whilst absence of NRF2 increases NF-kB activity (reviewed in Warden, et al., 2015).

Other molecular pathways dysregulated in HGPS can be more directly linked to
physical characteristics of the disease. Disruption of WNT/B-catenin signalling is associated
with brittle bones in HGPS patients (Choi et al., 2018; Hernandez et al., 2010), whilst
mitochondrial disruption contributes to loss of skeletal mass and function (Aliper etal., 2015;
Marzetti et al., 2013). Additionally, disruption of the EGFR pathway is associated with
delayed wound healing (Aliper et al., 2015), and disrupted TGF-p signalling has been linked
to features of skin aging (Aliper et al., 2015). Other altered pathways include, but are not
limited to, caspase cascade pathway, ERK pathway, mammalian target of rapamycin (MTOR)
signalling and insulin growth factor-1 (IGF-1) signalling. The extensive nature of this list,
alongside with the physical characteristics associated with misregulation of these pathways,
highlight the extent to which accumulation of progerin perturbs normal cellular function and
contributes to HGPS progression.

1.2.5 Current and Experimental Treatment Strategies for Hutchinson-Gilford

Progeria Syndrome

Hutchinson-Gilford Progeria Syndrome is a rare disease with no cure. Despite its
rarity, intensive research has examined numerous avenues of treating this disease, perhaps
due to its striking resemblance to the normal aging process, the severity of the HGPS
phenotype, or even the potential to apply proven methods to other rare diseases. Numerous
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small molecule compounds have been tested in the treatment of HGPS across model
organisms, including various farnesyl transferase inhibitors (FTI) (FTI-276 (Wang et al.,
2010); FTI 277 (Bikkul et al., 2018; Mehta et al., 2011). Although numerous avenues have
been explored, from drug repurposing to genome editing, just one compound has recently
been approved by the FDA to treat HGPS — the FTI lonafarnib (also known as Sarasar or
Zokinvy) (Dhillon 2021). FTls function by preventing the addition of a farnesyl group to
progerin, reducing progerin accumulation at the nuclear membrane, promoting progerin
degradation and ameliorating the induction of cellular defects associated with HGPS, with
evidence at the cellular level (Capell et al., 2005; Glynn et al., 2005; Mallampalli et al., 2005;
Yang et al., 2005) and from studies in progeroid-like model organisms, in which lifespan was
also extended (Capell et al., 2008; Fong et al., 2006; Takenaka et al., 2000a; Yang et al.,
2005; Yang et al., 2008). The first clinical trials of Lonafarnib in 25 HGPS patients (aged
between 3-16 years) were approved, and following a minimum of two years of treatment, it
was reported that patients exhibited maintained or improved weight gain, reduced vascular
stiffness (Gordon et al., 2012) a mean increase in survival of 1.6 years (Gordon et al., 2012)

and a potential decrease in mortality rate (Gordon et al., 2012).

Although FTIs have been approved for clinical use, and show promising results in
vitro and in vivo, caution is still required, and additional research needed. This compound
does not reverse all HGPS phenotypes, and many of the improvements seen in animal models
were not transferable to human trials. Furthermore, FTIs only extended lifespan by ~11%
(based on the average life expectancy of an HGPS patient being 14 years old). This could be
due to FTIs inhibiting other molecular pathways that require farnesylation to properly
function, for example in Ras signalling (Gysin et al., 2011). It has also been reported that in
the absence of farnesyl transferases, progerin is alternatively prenylated by
geranylgeranyltransferase 1. Although not approved as a co-treatment by the FDA, HGPS
mouse models treated with an FT1 and a GeranylGeranylTransferase I inhibitor had extended
lifespans, with improved physical findings to untreated controls (preventing weight loss,
growth retardation, lipodystrophy, hair loss, and bone defects) (Varela et al., 2008). FTIs have
also been demonstrated to exhibit severe side effects in HGPS models when used long-term,
including neurotoxicity to the hippocampus neurons of rat embryos (Kim et al., 2010). In non-

progeroid mice, accumulation of prelamin A results in lethal cardiomyopathy, without
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expression of any HGPS phenotypes, suggesting that accumulation of prelamin A in those
treated with FTIs could also generate dangerous side-effects (Davies et al., 2010). Therefore,
despite the approval of FTIs in the treatment of HGPS, there is a long way to go in generating
a more effective treatment strategy that decreases the impact of HGPS phenotypes, has fewer
risky side effects, and has the potential to further extend the health and lifespan of HGPS
patients. Although several cellular phenotypes have been restored by FTIs, including
chromosome territory localization (Mehta et al., 2011), the global impact of these compounds
in re-establishing normal genome function and structure, such as the effect on

heterochromatin marks and transcription, have not been evaluated.

HGPS is a rare disease; however, investigations into genetic therapies for this
condition are numerous. A plethora of attempts at modifying the genome in model organisms
have been made to correct or ameliorate the HGPS phenotype, including prenatal genetic
manipulation (Griveau et al., 2018; Ibrahim et al., 2013; Liu et al., 2013; Ocampo et al., 2016;
Osorio et al., 2012; Strandgren et al., 2015), antisense oligonucleotide (ASO) therapy
(Aguado et al., 2019; Lee et al., 2016a; Osorio et al., 2011), CRISPR-Cas9 (Beyret et al.,
2019; Santiago-Fernandez et al., 2019), and base editing (Koblan et al., 2021).

ASOs are short, chemically synthesized, DNA sequences (12-30 nucleotides) that are
designed to target and bind specific RNA sequences, to promote its degradation or sterically
hinder its translation (reviewed in (Bennett 2019)). Osorio, et al., provided initial evidence
that ASOs could be used in the treatment of HGPS, using an ASO to target the LMNA/C pre-
MRNA, ameliorating HGPS phenotypes and extending lifespan in HGPS-model mice (Osorio
et al., 2011). ASOs have since been used to ameliorate specific HGPS defects (such as the
DNA damage response (Aguado et al., 2019)) and its clinical effects (e.g. aortic pathology
(Leeetal., 2016a)). In complementary works, Erdos et al., and Puttaraju, et al., screened novel
ASOs for their therapeutic potential in HGPS mice models, demonstrating significant
decreases in progerin transcript and protein levels, and increased mouse lifespan (61.6 % and
33% respectively). ASO therapy started at 2 weeks by Erdos and colleagues also rescued the
vascular phenotypes of HGPS — significant given the primary cause of death is linked to
vascular decline in HGPS patients (Erdos et al., 2021; Koblan et al., 2021). However, some
tissue abnormalities were observed in the kidney tissue of mice, suggesting potential toxicity

as a result of ASO treatment. An increase in treatment dose by Puttaraju and colleagues
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resulted in just 19% lifespan extension, compared to lower dose at 33%, also hinting at
potential ASO toxicity (Puttaraju et al., 2021). Furthermore, discrepancies in these findings
may be the result of age of treatment onset (2 weeks vs 5-6 weeks), with earlier treatment
aligning with the greater lifespan extension. This is supported that in mice, there is an age at
which stem cells lose their ability to repopulate the tissue, meaning the tissue damage caused
by progerin is irreversible (Rosengardten et al., 2011). Although more research is needed,
ASO’s may prove a future option given approval by the FDA already in the treatment of other

genetic diseases.

Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 is a popular
technology for genome editing and investigating treatment of genetic disease. As such,
CRISPR-Cas9 has been investigated as a potential in vivo strategy for treating HGPS. Using
adeno-associated virus serotype 9 (AVV9) as a delivery system (due to its safety profile, FDA
approval, and broad tissue tropism) Santigao-Fernandez and team targeted a single guide
RNA to LMNA exon 11 upstream of the HGPS mutation, introducing a frame shift mutation
to prevent progerin production in HGPS-model mice. Although it was possible to detect a
significant reduction of progerin-positive nuclei in liver, heart, and skeletal muscle, it was not
possible to reliably detect a global decrease in progerin mMRNA. Furthermore, lung, kidney,
and aorta showed no decrease in progerin-positive nuclei, likely due to lower tropism of
AAV9 in these organs (Santiago-Fernandez et al., 2019). Regardless, it was important that
this method involved postnatal application of genome editing and did extend the lifespan of
injected mice. Similarly, and in the same model but genetically modified to be hemizygous
for the Cas9 transgene, Beyret and team implemented CRISPR-Cas9, but targeted lamin A
downstream of lamin C, which also increased lifespan of the HGPS mouse-model (Beyret et
al., 2019).

A recent method for genetic manipulation, base editing, has also been applied in the
treatment of HGPS fibroblasts and HGPS-model mice. Specifically, adenine base editors
(ABES) convert targeted A-T base pairs to G-C pairs (Anzalone et al., 2020; Gaudelli et al.,
2017). Koblan and colleagues used an ABE to directly correct the HGPS mutation,
introducing the ABE in vitro using AAV9 postnatally (Koblan et al., 2021). A single injection
of AAV9 encoding the ABE durably (6 months post-injection) corrected the HGPS mutation
between 20-60% across organs, with lower levels of progerin detected. Vascular pathology
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of mice was also rescued, and lifespan was increased from 215 to 510 days (Koblan et al.,
2021).

Many potential HGPS treatments are based on administration of small-molecule
compounds and pharmaceuticals, with an abundance of treatment strategies examined in
recent years. Of these, a number are already established in promotion of health and lifespan.
For example, quercetin (a plant pigment/flavonoid) extends lifespan in worms (Kampkotter
et al., 2008; Pietsch et al., 2009), fungi (Warnsmann et al., 2018), yeast (Alugoju et al., 2018)
and mice (Geng et al., 2019a). Similarly, resveratrol extends lifespan in silkworms (Song et
al., 2020) and turquoise killifish (Valenzano et al., 2006) but has mixed effects in flies
(Abolaji et al., 2018; Staats et al., 2018; Wang et al., 2013). Quercetin was demonstrated to
decrease senescence in HGPS human mesenchymal stem cells (Geng et al., 2019b).
Resveratrol extends lifespan in HGPS-model zmpste24—/— mice, improving bone mineral
density and slowing down weight loss (Liu et al., 2012); however, a subsequent study
documented only improvement in dental defects (Strandgren et al., 2015). This variation in
data is likely due to the use of different HGPS-mouse models or perhaps different age of
treatment onset. Both quercetin and resveratrol can be found naturally in the diet, and
modulate the adenosine monophosphate kinase (AMPK) and mammalian target of rapamycin
(mTOR) signalling pathways, major nutrient signalling hubs, to achieve health and lifespan

promotion.

Rapamycin, a compound that is commonly used as an immunosuppressant following
organ transplants, has also been demonstrated to reverse nuclear defects observed in HGPS
patient fibroblasts, including improving nuclear morphology, decreasing progerin levels,
promoting autophagy (Cao et al., 2011b; Graziotto et al., 2012) and DNA damage repair
(Bikkul et al., 2018). In an alternative HGPS model, DNA repair deficient mice, rapamycin
failed to extend health or lifespan (Birkisdottir et al., 2021). Rapamycin has also been
demonstrated to promote health and lifespan in primary human cells and model organisms,
with these benefits attributed to its inhibition of mTOR nutrient sensing pathway (Miller et
al., 2014; Neff et al., 2013; Wilkinson et al., 2012). As with FTIs, rapamycin may induce
severe side effects (Baur et al., 2011; Ekberg et al., 2010), including delayed growth and

development in pediatric patients — a major barrier in treated HGPS patients already
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exhibiting growth delays. Therefore, identifying additional mTOR targets not associated with
such side-effects is desirable.

1.3 Utilizing Nutrient Restriction and Nutrient Restriction Mimetics to Treat

Hutchinson-Gilford Progeria Syndrome

1.3.1 Parallels Between Hutchinson-Gilford Progeria Syndrome and the Normal

Aging Process

Children with HGPS have a striking resemblance to the elderly, exhibiting aged-
looking and thinning skin, prominent veins, hair loss, loss of fat under the skin, and
musculoskeletal deformities, including a narrow nose and chin (DeBusk 1972). Clinically,
these children also exhibit conditions of aging: osteoporosis and atherosclerotic
cardiovascular disease (Baker et al., 1981; Gordon et al., 2011; Merideth et al., 2008; Prakash
etal., 2018). Despite these aging-features, HGPS patients do not exhibit developmental delays
or signs of neurodegeneration (Nissan et al., 2012; Ullrich et al., 2015). Given commonalities
between HGPS and the elderly, researchers examined various cells and tissues from normally
aging individuals for the presence of progerin, detecting it in samples from 1 month to 97
years (Cao et al., 2011a; Luo et al., 2013; McClintock et al., 2007; Olive et al., 2010; Scaffidi
et al., 2006). Cells exhibiting progerin isolated from non-diseased individuals also exhibited
irregular nuclear morphology, increased levels of the DNA damage marker y-H2AX
(McClintock et al., 2007), and decreased H3K9me3/HP1 levels (Scaffidi et al., 2006). Even
though progerin was detectable in normally aging individuals, levels were much higher in
children with HGPS. It is possible that with age, splicing machinery loses efficiency, and
more frequently incorrectly targets the cryptic splice site for progerin production. Another
feature of the aging process is the accrual of cellular defects which induce cells to senesce,
with accumulation of senescent cells associated with numerous age-linked diseases. This is
also observed in HGPS patient fibroblasts, but at a faster rate than the normal aging process.
Clearance of these cells has been demonstrated to delay and improve age-related phenotypes
(Baaretal., 2017; Baker et al., 2011; Walaszczyk et al., 2019). Telomere length has also been
linked to organismal lifespan, with longer telomeres proposed to result in longer lifespan of
an organism. In HGPS, telomere length is on average less than those in non-diseased
fibroblasts (Decker et al., 2009); however, in HGPS cells that do not express LMNA,
telomeres were of equal length to age-matched controls (Benson et al., 2009). Telomere
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length may be directly linked to progerin levels, with its ectopic expression inducing telomere
shortening (Benson et al., 2009), and damage to telomeres in non-disease fibroblasts inducing
progerin accumulation (Cao et al., 2011a). Finally, various attempts have been made at
creating epigenetic clocks that accurately predict age. Using one of these models, HGPS
patient fibroblasts were demonstrated to exhibit similar DNA methylation profiles to
fibroblasts from individuals middle-aged and older (Aliper et al., 2015). In spite of these
similarities, whole-transcriptome meta-analyses of multiple HGPS fibroblast patients
compared to age-matched controls, as well as normally aged individuals, revealed HGPS
patient fibroblast transcriptomes more closely resembled that of the age-matched controls
than the elderly, suggesting HGPS gene expression is divergent to that of physiological aging
(Kohler et al., 2020).

Though commonalities exist between HGPS and normal aging, the aging process is
complex, and although progerin has been detected in HGPS and in normally aging
individuals, the death of average humans before the accumulation of HGPS-equivalent levels
of progerin indicates that other molecular mechanisms may be involved. Nevertheless, the
similarities between HGPS and aging implicate strategies proven successful in the treatment
of aging/promotion of health and lifespan as potential treatment opportunities for HGPS.

1.3.2 Caloric Restriction: The Original Method of Extending Health and
Lifespan

For as long as humans have understood the association between aging and death, they
have searched for methods to promote immortality; although most modern-day scientists are
more realistic in searching for methods to extend lifespan and/or health span, as opposed to
achieving immortality. One such method of lifespan and health span extension is caloric
restriction (CR), the reduction of nutritional intake by 60-80% of ad libitum without inducing
malnutrition. CR has been repeatedly demonstrated to extend health and lifespan across
numerous model organisms, from the unicellular to non-human primates (yeast (Jiang et al.,
2000), fruit flies (Mair et al., 2011), nematodes (Lakowski et al., 1998), crustaceans (Ingle et
al., 1937; Weeks 2020), spiders (Austad 1989), lab mice/rats (McCay et al., 1935; Weindruch
et al., 1986) and monkeys (Colman et al., 2014; Mattison et al., 2017; Mattison et al., 2012).
Trials in humans have also proven effective in preventing and improving outcomes of age-

linked pathologies such as cancer (Brandhorst et al., 2015; Mercken et al., 2013). One
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mechanism by which CR may achieve these results is through the reduction of senescent cells,
as demonstrated in cell culture and model organisms (Csiszar et al., 2009; Fontana et al.,
2018; Makino et al., 2021; Messaoudi et al., 2006; Shinmura et al., 2011). CR has also been
documented to delay and prevent age-associated cellular changes shared between the elderly
and HGPS patients, including genomic instability, telomere shortening, epigenetic changes,
loss of proteostasis, mitochondrial dysfunction, and dysregulated free-radical scavenging
(Blanc et al., 2003; Cabelof et al., 2003; Hambly et al., 2005; Heilbronn et al., 2006; Il'yasova
etal., 2018; Ke et al., 2020; Redman et al., 2018; Um et al., 2003; Vermeij et al., 2016; Wang
et al., 2018b).

With age, and in HGPS, changes in intracellular and nutrient sensing have been
reported. Higher levels of insulin and decreased insulin sensitivity are a major aging-
phenotype — with decreased insulin sensitivity (Barinda et al., 2020) identified in HGPS
model-mice, and early onset type 11 diabetes observed in some HGPS patients (Holder et al.,
2020; Shalev et al., 2007). CR decreases levels of circulating glucose and insulin, increasing
insulin sensitivity (Dao et al., 2018; Granado et al., 2019; Kannan et al., 2013; Zhang et al.,
2014). This decrease in glucose and insulin levels/increase in insulin sensitivity promote
maintenance and repair in mice (Mitchell et al., 2016), with unclear results in short-term
human trials (Belsky et al., 2017; Fontana et al., 2016; Fontana et al., 2008). Limited research
into CR as a treatment for HGPS has demonstrated that it is also effective at ameliorating
HGPS-associated pathologies in DNA repair-deficient Erccl A/— mice (Vermeij et al., 2016),
tripling median and maximal lifespan, reducing y-H2AX DNA damage foci and promoting

genome stability.

At the centre of CR reversing these hallmarks of aging, reducing inflammation and
incidence of age-linked diseases, is signalling to the mammalian target of rapamycin (MTOR)
pathway — a major hub integrating multiple sources of information on cellular nutrient status
to shift cellular state from growth and proliferation to maintenance and repair, inducing

autophagy (molecule recycling) and decreasing protein translation.

1.3.2.1 The Mammalian Target of Rapamycin Pathway
The target of rapamycin (TOR) pathway detects nutrient levels from multiple sources
to determine subsequent cellular functions and has been identified as a key target in the

promotion of health and lifespan at the cellular and organismal level. Under conditions of
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plentiful nutrients, cell growth and proliferation are promoted via changes in the mTOR
pathway and its downstream components, whilst under nutrient restriction the cellular state
will shift to energy conservation, autophagy induction, and repair (reviewed in (Almendariz-
Palacios et al., 2020)). In mammals the mTOR pathway is composed of two complexes,
mammalian target of rapamycin complex (mMTORC)1 and mTORC2 (Kim et al., 2019b).
MTORC1 is comprised of seven proteins (DEP domain containing mTOR-interacting protein
(DEPTOR), regulatory-associated protein of mTOR (Raptor), mammalian lethal with sec-13
(mLST8), ttil/tel2, and proline rich AKT substrate 40 kDa (PRAS40)). mTORC?2 is also
composed of DEPTOR, mLST8 and ttil/tel2, but diverges from mTORCL1 by the inclusion of
rapamycin-insensitive companion of mTOR (RICTOR), protein observed with rictor 1 and 2
(Protor 1/2) and mammalian stress-activated kinase-interacting protein 1 (mSinl). mTORC1
is well characterized and is directly involved in mediating cellular responses to nutrient levels,
whilst until recently, mMTORC2 had only been identified as involved in regulating cytoskeletal
organization. However, there is new evidence that mTORC2 is also nutrient sensitive
(Kazyken et al., 2019), suggesting that this complex may also have a currently undefined role

in cellular responses to nutrient levels.

Upstream of mTORC1, multiple growth factor pathways (such as the insulin/insulin-
like growth factor 1 pathway) converge at the tuberous sclerosis complex (TSC; a
heterotrimeric complex of TSC1, TSC2 and Tre-2/Bub2/Cdc16 Domain Family Member 7
(TBC1D7)) (Dibble et al., 2012) (Figure 1.4). In the presence of growth factors, the
phosphoinositide 3-kinase/3-phosphoinositide-dependent protein kinase 1/protein kinase B
(PI3K/PDK1/AKT) pathway inhibits the TSC via multisite phosphorylation of TSC2,
dissociating the TSC from the lysosomal membrane (Menon et al., 2014). This enables GTP-
loading of RAS homolog enriched in brain (Rheb), also partially localized to the lysosome,
enabling its phosphorylation of mTORC1. Up-regulated mTORC1 promotes downstream
pathways (e.g. nucleotide, lipid and protein synthesis) involved in cellular growth and
proliferation (reviewed by (Liu et al., 2020)) (Figure 1.4). Other growth factor pathways
converging at the TSC include receptor tyrosine kinase-dependent Ras signaling, wingless-
related integration site (WNT), and tumor necrosis factor a (TNFa), although exactly how the
TSC integrates the input of these various pathways is unknown (reviewed in (Liu et al., 2020;

Saxton et al., 2017)). In the absence of growth-factor signalling, TSC sequesters Rheb at the
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surface of the lysosomal membrane, preventing up-regulation of mTOR, and instead shifting
cellular processes toward maintenance and repair, promoting autophagy (reviewed by
(Almendariz-Palacios et al., 2020)).

As with many mTOR inhibitors, CR does not directly inhibit the mTOR pathway, but
modulates upstream energy-sensing complexes (Figure 1.5). In response to CR, the ratio of
adenosine monophosphate (AMP):ATP is altered, with an increase in AMP levels indicating
nutrient scarcity. This altered ratio activates the adenosine monophosphate activated protein
kinase (AMPK; reviewed in (Almendariz-Palacios et al., 2020)). AMPK is a heterotrimeric
serine/threonine kinase comprised of a catalytic a-subunit and regulatory - and y- subunits.
These subunits each have tissue-dependent isoforms, with key differences in these isoforms
including the degree of AMP dependence exhibited (Burkewitz et al., 2014; Gowans et al.,
2014). AMPK is allosterically activated by AMP binding to its y-subunit and by
phosphorylation. This phosphorylation is promoted by AMP binding, and conformational
changes of AMPK as the result of AMP binding the y-subunit inhibits dephosphorylation of
AMPK by protein phosphatases. Therefore, AMPK can be activated not just by CR, but any
stress that can increase AMP:ATP ratios (e.g. hypoxia). Key upstream kinases known to
phosphorylate AMPK include the liver kinase B1 (LKB1) complex. The role of AMPK
activation is to promote catabolic pathways and increase cellular energy status, inhibiting
anabolic pathways that are not essential for cell survival, and thus inhibits mTOR indirectly,
preventing protein synthesis (Bolster et al., 2002; Horman et al., 2002) (Figure 1.5). AMPK
achieves this by both phosphorylation of Raptor (an mTORC1 component) and of TSC2.
AMPK activation has also been associated with increased nicotinamide adenine dinucleotide
(NAD)" levels - achieved by CR. This molecule induces deacetylation of peroxisome
proliferator-activated receptor-y coactivator 1o (PGC-1a) by sirtuin 1 (SIRT1), with PGC-
la key in regulating mitochondrial biogenesis, disruption of which results in shortened
lifespans, and promotion of PGC-1a increasing health and lifespan. Specifically, AMPK
phosphorylates PGC-1a at two sites (Thrl177 and Ser538) proceeding deacetylation of PGC-
la by SIRT1, therefore activating PGC-1a. Furthermore, increasing SIRT1 levels have also

been documented to increase health and lifespan (Longo et al., 2006).
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mTOR Signalling Under Conditions of Plentiful Growth
Factors/Insulin
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Figure 1.4: mTOR Signalling in Response to Conditions of Plentiful Growth
Factors/Insulin. mMTORC1 integrates signals from nutrients and growth factors to regulate
cell function. When plentiful growth factors and insulin are available, TSC1/2 are inhibited,
preventing GTP loading of Rheb and subsequent activation of mMTORC1. Under these
conditions mMTORC1 signals downstream to promote cell growth, proliferation, and protein
translation, while down-regulated pathways such as autophagy. Under conditions of plentiful
nutrients, ATP is increased and AMP:ATP ratio decreased. Theis results in AMPK inhibition,
which also contributes to inhibition of TSC1/2 and subsequent mMTORC1 activation. AMPK
also modulates AMPK-SIRT1-LKB1 feedback loop, down-regulating expression of FOXO3a
and promoting synthesis of genes/proteins involved in the cell cycle. Figure created in

BioRender.com and reprinted with permission (Almendariz-Palacios et al., 2020).
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mTOR Signalling Under Caloric Restriction
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Figure 1.5: mTOR Signalling in Response to Caloric Restriction. In the absence of
plentiful nutrients (or under conditions of CR), TSC1/2 are activated, GDP loading rheb and
enabling dissociation of mMTORCL1 from the lysosomal surface. As a result, protein translation,
cell growth and proliferation are inhibited, whilst autophagy is up-regulated to recycle cellular
components to be used in mMTORC1 activation or fulfil other biosynthetic needs. ATP levels
decrease, increasing AMP:ATP ratios and activating AMPK, which then contributes to
mTORCL1 inhibition, as well as modulating SIRT1-LKB1-AMPK feedback loop, decreasing
metabolism while also upregulating pro-longevity factors. Figure created in BioRender.com

and reprinted with permission (Almendariz-Palacios et al., 2020).
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1.3.3 Amino Acid Restriction as an Alternative to Caloric Restriction in

Extending Health and Lifespan

Although CR is promising in extending health and lifespan, it is hard to achieve.
Nearly 40% of the Worlds population are overweight (World Health Organization, 2020).
Therefore, considering alternative strategies in which specific elements of the diet are reduced
could be appealing and more achievable. CR is non-specific. It may be possible to remove
specific elements of the diet and still achieve prolonged health and lifespan. Like CR,
restriction of just amino acids has been documented to extend lifespan in yeast (Cheon Lee et
al., 2014; Jiang et al., 2000), ants (Arganda et al., 2017) and flies (Cheon Lee et al., 2014;
Min et al., 2006). Furthermore, removing only amino acids from the diet is sufficient to
modulate mTORC1 function (Beugnet et al., 2003; Carroll et al., 2016; Hara et al., 1998;
Long et al., 2005). Multiple amino-acid restriction regimes have been studied. For example,
restriction of branched chain amino acids (BCAASs) in mice has been reported to be as
beneficial as total amino acid restriction (Xiao et al., 2014). Furthermore, removal of BCAAs
improves metabolic health of mice (Cummings et al., 2018), and extends male-mouse lifespan
(Richardson et al., 2021). In rats, removal of essential amino acids (leucine, lysine,
methionine and threonine), and total AAR, reduced IGF-1 levels (Takenaka et al., 2000b),

also associated with promoting health and lifespan.

1.3.3.1. Amino Acid Sensing

Another key indicator of cellular nutrient status to which mTOR responds is the
presence of amino acids (Beugnet et al., 2003; Carroll et al., 2016; Hara et al., 1998; Long et
al., 2005). Some organisms can synthesize all amino acids required for survival; mammals
must rely on extracellular sources for a subset of amino acids (essential amino acids).
Although it has been established that mTOR activity can be modulated by amino acid levels,
exactly how these signalling inputs are integrated into the mTOR pathway is unclear, with
potentially distinct upstream receptors for each amino acid. Only a few of these amino acid
receptors have been identified, those for arginine, leucine, and methionine (Chantranupong et
al., 2016; Saxton et al., 2016a; Saxton et al., 2016b), and an amino acid specific regulator
identified for glutamine and asparagine. Furthermore, it has been proposed that amino acids
modulate mTORC1 activity through two distinct pathways, the RAG-GTPase pathway and
the RAG-GTPase independent pathway (Almendariz-Palacios et al., 2020; Meng et al., 2020).
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In response to eight amino acids (alanine, arginine, histidine, leucine, methionine,
serine, threonine, and valine) and under the Rag-GTPase pathway, mTORCL1 is localized to
the lysosomal surface (Sancak et al., 2010). Due to the presence of amino acids, Ras-related
GTP-binding protein (Rag)A/B and RagC/D form stable dimers, which are targeted to the
lysosome via Ragulator. RagC/D is GDP loaded, and RagA/B guanosine triphosphate (GTP)
loaded. This promotes interaction with the raptor subunit of mTORC1, maintaining
localisation to the lysosomal surface and promoting cell growth, proliferation, and protein
translation (Figure 1.6) (Almendariz-Palacios et al., 2020; Sancak et al., 2008). Although it
has been demonstrated that eight amino acids function through the Rag-GTPase pathway,
only three of these amino acids (arginine, leucine, and methionine) have known upstream
sensors that interact with the Rag-GTPase pathway. Arginine and leucine are bound by their
respective sensors, cytosolic arginine sensor for mTORC1 (CASTOR) and sestrin2
(Chantranupong et al., 2016; Saxton et al., 2016a; Saxton et al., 2016b; Wolfson et al., 2016).
This prevents association of these sensors with GTPase-activating protein toward Rags
(GATOR)Z2, and GATORL. In the presence of Rag-GTPase dependent amino acids, GATOR2
suppresses association of GATOR1 with the lysosome. Rag GTPases, which are primarily
controlled by GATOR1/2, form active heterodimers (RagA/B-GTP and RagC/D-guanosine
diphosphate (GDP)) which recruit mTORCL1 to the lysosomal surface, where mTORC1 is
activated by Rheb. Localization of Rheb can also be regulated by amino acid signalling,
promoting an amino-acid dependent interaction of Rheb with microspherule protein 1
(MCRSL1), maintaining Rheb localization to the lysosome. Similarly, methionine is indirectly
detected by the S-adenosylmethionine sensor upstream of mMTORC1 (SAMTOR) via binding
of its metabolite, S-adenosylmethionine. Upon binding of SAM, SAMTOR is dissociated
from GATORL, and following the Rag GTPase-dependent pathway, upregulates mTOR
activity (Figure 1.6) (Kim et al., 2019b). In the absence of these amino acids, GATOR2 is
bound by the leucine and arginine sensors, enabling association of GATOR1 with the
lysosomal membrane via KICSTOR, down-regulating mTOR activity. SAMTOR functions
in a similar way, binding GATOR1 instead of GATOR?2 (Figure 1.7).

Unlike arginine, leucine and methionine, mTOR-associated responses to asparagine
and glutamine function via the Rag-GTPase independent pathway, require lysosomal
H+ATPase (v-ATPase), and vesicle trafficking ADP ribosylation factor (Arf-1 GTPase)

37



(Duran et al., 2012; Jewell et al., 2015; Meng et al., 2020; Stracka et al., 2014). This sensor
acts independently of GATOR and RagA/B/C/D, although the processes linking Arf-1 to
mTOR promotion are still unknown. Amino acids can also be detected from the lysosome,
for example, SLC39A9 is a lysosomal arginine sensor that interacts with the Rag-GTPase-
Ragulator-v-ATPase complex, promoting mTORCL activity (Kim et al., 2019b). It is likely
that this couples release of essential amino acids from the lysosome (generated during

proteolysis) to mTORCL activity.

The responses of mMTORCL1 to amino acid levels have become optimized to detect
sufficient amino acid levels; however, a second pathway centralized to the general control
non-derepressable 2 (GCN2) responds specifically to a lack of amino acids or amino acid
imbalance. As intracellular levels of amino acids decrease, so do levels of charged tRNA.
Uncharged tRNA levels increase, binding and activating the protein kinase GCN2 which
phosphorylates its target, eukaryotic initiation factor 2a. (elF2a). elF2a then inhibits elF2p,
slowing the rate at which elF2a is reloaded with GTP, reducing the GTP-GDP rates necessary
for mRNA translation re-initiation, decreasing global levels of translation (Kilberg et al.,
2012). Despite the overall decrease in translation, a subset of mRNAs, generally with
upstream open reading frames, increase translation rates, increasing levels of activating
transcription factor (ATF)2, ATF4, ATF5 and DNA damage inducible protein phosphatase 1
regulatory subunit 15A (GADD34) (Lee et al., 2009). ATF4 translocates to the nucleus, where
it promotes transcription of genes containing amino acid response elements (AARES),
upregulating expression of amino acid transporters, metabolic regulators, antioxidant
defences, and other processes involved in re-establishing homeostatic cellular conditions. A
subset of autophagy-related (ATG)4-up-regulated genes, usually those that do not respond to
other amino acid response-liked transcription factors, also require phosphorylation of ATF2,
while GADD34 enables feedback signalling to permit the translation of these GCN2-linked
genes (Chaveroux et al., 2009; Novoa et al., 2003).

The GCN2 and mTOR pathways communicate with one another to promote cellular
homeostasis. A key protein in this interaction is fibroblast growth factor (FGF)21. FGF21 is
up-regulated by ATF2/4 in the absence of amino acids (De Sousa-Coelho et al., 2012;
Maruyama et al., 2016), and activates the mTORC1 pathway via mitogen activator protein
kinase (MAPK) (Minard et al., 2016). Given that FGF21 is primarily secreted by the liver,
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this molecule could act as a signal of global energy status across tissues, promoting energy-
saving states across various cell types. FGF21 could be key in mediating beneficial responses
to dietary restriction and amino acid restriction. Administration of FGF21 has been
documented to alleviate biological features associated with osteoarthritis (Lu et al., 2021),
and extend lifespan in mice (Zhang et al., 2012). FGF21 has also been documented as
essential in cellular response to methionine restriction in preventing cognitive decline (Ren et
al., 2021), as well as response to dietary restriction (Fujii et al., 2019), logical given that
restriction of dietary intake also includes restriction of amino acids. Therefore, restriction of
individual amino acids may be as effective as whole dietary restriction, via activation of the
mMTOR-linked GCN2 pathway.
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Figure 1.6: mTOR and GCN2 Signalling in Response to Conditions of Plentiful Amino
Acids. In the presence of amino acids, MTORCL1 integrates signals from a variety of amino
acid sensors. In the cases of arginine, leucine, methionine, and glutamine, these amino acids
bind their respective amino acid sensors (CASTOR1, Sestrins, SAMTOR, ARF-1) preventing
formation of complexes necessary for mTOR inactivation. mTORCL also receives input from
lysosomal amino acid levels via lysosomal amino acid sensor v-ATPase, with SLC38A9 the
lysosomal sensor of arginine. While amino acids are binding their respective sensors,

MTORC1 remains active, promoting cell growth and proliferation. Figure created in

BioRender.com and reprinted with permission (Almendariz-Palacios et al., 2020).
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mTOR and GCN2 Signalling Under Amino Acid Restriction
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Figure 1.7: mTOR and GCNZ2 Signalling in Response to Amino Acid Restriction. In the
absence of amino acids, mTORCL is inhibited, promoting various cellular maintenance,
repair, and longevity pathways. CASTORL1 and sestrins can bind GATORZ2, generating a
downstream signalling cascade which results in mTORC1 dissociating from the lysosomal
surface. Unbound tRNA levels increase, binding GCN2 and upregulating the integrated stress
response. elF2a is converted to elF23, which cycles between GTP- and GTP-loaded states.
This process is regulated by GADD34. This process promotes translocation of ATF2/4 to the
nucleus where they upregulate genes containing amino acid response elements. Figure created

in BioRender.com and reprinted with permission (Almendariz-Palacios et al., 2020).




1.3.4. Metformin as a Potential Treatment for Hutchinson-Gilford Progeria
Syndrome

Metformin, (N,N-dimethylimidodicarbonimidic diamide), derived from the French
Lilac (G. officinalis) a compound normally used in the treatment of type 1l diabetes, has also
been documented to extend lifespan across model organisms (worms (Cabreiro et al., 2013;
Chen et al., 2017), silkworms (Song et al., 2019), and mice (Martin-Montalvo et al., 2013).
Like CR, metformin is proposed to prolong health and lifespan via increased AMP:ATP
ratios, activating AMPK and inhibiting mTORCL1. Metformin likely achieves its health and
lifespan promoting properties by regulating mitochondrial metabolism (Andrzejewski et al.,
2014; Anedda et al., 2008; Jing et al., 2018; Rena et al., 2017). Furthermore, metformin
mediates levels of inflammation-linked cytokines (Gillespie et al., 2019; Saisho 2015;
Ustinova et al., 2019), increases insulin sensitivity (Cree-Green et al., 2019), and decreases
IGF-1 levels (Yang et al., 2020). Mediation of these pathways has been linked to pro-
longevity transcription factors FOXO3a and AP-1, both of which regulate cytokine levels.
The ATF2 transcription factor network was also enriched in response to metformin treatments
(Gillespie et al., 2019), further linking this pathway to pro-longevity mechanisms.
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2.0 HYPOTHESIS AND OBJECTIVES

HGPS is a devastating childhood disease with a short life expectancy. Currently, no
treatments exist for HGPS that effectively extend the health and lifespan of patients without
severe side effects (FTI’s, rapamycin). The effectiveness of rapamycin has been attributed to
inhibition of the mammalian target of rapamycin (mTOR) pathway (Cao et al., 2011b).
Inhibition of the mTOR pathway through nutrient restriction has also been extensively
reported. Given the life and health span promoting effects of nutrient restriction, using this
strategy to modulate mTOR could provide a novel avenue for treating HGPS. Specifically,
inhibition of mTOR through amino acid depletion (arginine, leucine), glucose restriction, or
treatment with nutrient restriction mimetic metformin, could restore genome function (gene
expression) and organization of HGPS fibroblasts, restoring rates of DNA damage repair,

chromosome mis-localization, and nuclear morphology to that of non-diseased fibroblasts.

Hypothesis: Amino acid (arginine or leucine) restriction, glucose restriction, or metformin
treatment will inhibit mTOR signaling, leading to decreased progerin levels and the re-

establishment of normal genome organization and function in HGPS cells.
The following specific objectives will be addressed to test this hypothesis:

(1) Determine if arginine or leucine depletion, glucose restriction, or metformin treatment

can decrease progerin levels and rates of cellular senescence in HGPS cells by monitoring:
(@) cell growth (doubling) before senescence
(b) progerin levels
(c) changes in cell morphology

(2) Determine if arginine or leucine depletion, glucose restriction, or metformin treatment

restore normal genome function and organization in HGPS cells by monitoring:
(d) changes in chromosome territory positioning
(e) the ability of cells to repair their genetic material (DNA)
(F) the re-establishment of heterochromatin marks and compartments

(9) the restoration of non-diseased gene expression profiles
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3.0 MATERIALS AND METHODS

3.1 Cell Culture

Primary human dermal fibroblast cell lines (FSF, 2DD) and HGPS primary human
dermal fibroblast cell lines AG03513 (Coriell Institute), HGADFNO003, HGADFN167,
HGADFN169, HGADFN271 (The Progeria Research Foundation) were cultured in 4.5
mg/ml glucose Dulbelco’s Modified Eagles Media (DMEM; Corning, Cat #: ca45000-304)
containing 15% (v:v) fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Cat #:
12483-020) and 1% (v:v) penicillin-streptomycin (GE Healthcare Life Sciences, Cat #:
SV30010). Incubator conditions were 37°C, 5% CO2 (Fisher Scientific, Marietta, OH, USA).
To prevent contact inhibition, cultures were not allowed to exceed 70% confluence.
Fibroblasts were passaged using TrypLE Xpress (Life Technologies, Cat #: 12604013) to
induce dissociation from culture flasks. TrypLE Xpress was deactivated by addition of 15%
FBS, 1% penicillin-streptomycin, DMEM, and cells pelleted at 174 relative centrifugal force
(rcf) for 3 min (Eppendorf, Hamburg, Germany). The supernatant was aspirated, and pellet
gently resuspended in DMEM solution (with 15% FBS, 1% penicillin-streptomycin). Cell
counts were conducted using a haemocytometer (Tiefe 0.100 mm, 0.0025 mmz2; Neubauer
Improved, EM Sciences, Hatfield, PA, USA). Total cell numbers were calculated, and non-
diseased fibroblasts (FSF, 2DD) re-seeded at 3000 cells/cm?, whilst HGPS fibroblasts were
re-seeded at 4500 cells/cm?. Media was changed every 3-4 days until 70% confluence. For
experimental assays, HGPS and non-diseased fibroblasts were passage-matched and grown
in identical environments. Only fibroblasts between passage 11-14 were used.

3.2 Treatment Conditions

To achieve conditions of nutrient restriction, in house media was made to the same
specifications of commercial DMEM. In house DMEM was used for control conditions, and
the same recipe with either arginine, leucine, both arginine and leucine, or glucose and
pyruvate removed were used. Metformin (Santa Cruz Biotechnology, sc-202000a) was
dissolved in nuclease free H,O. Metformin was added to in house DMEM for a final
concentration of 0.5 mM when treating fibroblasts. Rapamycin (LC Laboratories, R-5000)
was dissolved in dimethyl sulfoxide (DMSO) and added to in house media for a final

concentration of 680 nM. 1% (v:v) of penicillin-streptomycin was added to in house DMEM.
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To control for amino acid and batch variation of FBS, 15% knock-out serum (Fisher
Scientific, A3181502) was used.

3.3 Cell Counts and Cell Survival

To assess the impact of treatment conditions on cell numbers (population doubling
times) and cell viability, cell counts and Trypan Blue (VWR International, USA, CA97063-
702) staining were conducted following of 72 h of treatment. For cell counts, media was
aspirated, and cells dissociated in TrypLE Xpress. 0.4% Trypan Blue stain was added to cell
suspension 1:1 (v:v) and incubated for 5 min. Cell counts were conducted using a Cell
Countess (Thermo Scientific Invitrogen Countess I1). Cell counts and numbers of Trypan
Blue positive cells were recorded. Technical counts were conducted in quadruplet and a

minimum of three biological replicates used per cell line.

For long-term cell survival assays in culture, treatments assessed included: combined
arginine and leucine restriction, 0.5 mM metformin treatment, 680 nM rapamycin treatment,
and restriction of arginine and leucine with 0.5 mM metformin. Arginine and leucine
restriction was conducted by cycling 7 days arginine and leucine restricted, followed by 7
days normal growth conditions. 0.5 mM metformin was examined under both cycling and
continuous conditions. 680 nM rapamycin was examined by treating continuously until the
end of the assay. To prevent contact inhibition and ensure every condition was handled
equally, cell counts, and passaging were conducted when one condition reached 70%
confluency. Passaging and treatments continued until cell numbers were no longer sufficient

for passaging. Cells were also grown as described for five weeks before protein extraction.

3.4 Transfections/shRNA Knockdown

shRNA were reconstituted according to manufacturer’s instructions (Santa Cruz) in
nuclease free H>O. Non-disease fibroblasts (FSF) were grown to 70% confluence and HGPS
(HGADFN169) fibroblasts were grown to 90% confluence before transfection of ShRNA in
6-well plates. To prepare the transfection reaction, 3.75 ul Lipofectamine 3000 reagent
(ThermoFisher Scientific, L3000001) was added to 125 pl Opti-MEM medium
(ThermoFisher Scientific, 31985062) in an Eppendorf tube (tube 1). In a second Eppendorf
(tube 2), 5 ul P3000 reagent and 75 pmol shRNA were added to 125 ul Opti-MEM. Each

solution was gently mixed by pipetting before adding tube 2 to tube 1 and mixing well.
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Solution was incubated for 15 min, RT. Cells were washed twice with Opti-MEM, and 1 mli
Opti-MEM added to the well. Following incubation, transfection reaction was added dropwise
to the well and incubated for 6 h 37°C, 5% CO>. 1 ml of 2x DMEM (30% FBS, 2% penicillin
streptomycin) was added back following incubation. Cells were left in these conditions
overnight and media changed the following morning. To maintain consistency between
experiments, samples were given 48 h to achieve knock-down before 72 h of respective
treatment conditions were applied (untreated, arginine restricted, leucine restricted, combined
arginine leucine restricted, metformin treated, or rapamycin treated). Following 72 h of
treatment, protein extracts were harvested, and knockdown examined by western blot. SARNA
used: shATG5 (shAGP5; Santa Cruz Biotechnology, sc-41445-SH), shCASTOR1
(shGATSL3; Santa Cruz Biotechnology, sc-75555), sShSESN2 (sc-106544-SH) and Control
shRNA Plasmid-A (Santa Cruz Biotechnology, sc-108060).

3.5 DNA Damage Assays

To access levels of DNA damage and cellular response to DNA damage induction,
non-diseased (FSF, 2DD) and HGPS (HGADFNO003, HGADFN167, HGADFN169,
AGO03513) were grown under normal growth conditions, under restricted amino acid
conditions (arginine restriction, leucine restriction, combined arginine and leucine
restriction), restricted glucose and pyruvate, or in the presence of 0.5 mM metformin or 680
nM rapamycin for 72 h. Each sample was then exposed to 150 uM H,O> for 30 min. Following
H>02 exposure, media was replaced with 4.5 mg/ml glucose DMEM containing 15% FBS and
1% penicillin-streptomycin. Protein extractions were conducted at 0 h, 1 h and 6 h post-

exposure.

3.6 Immuno-labelling and Image Analysis

Cells were grown as described on glass coverslips for 72 h. Media was aspirated and
cells were fixed in 4% formaldehyde (FA) in 1x phosphate buffered saline (PBS) for 10 min,
RT. Fibroblasts attached to coverslips were dehydrated in ethanol series (70%, 90%, 100%)
and rehydrated before permeabilization in 0.5% TritonX-100/1x PBS for 10 min, RT.
Samples were blocked in 1% Bovine Serum Albumin (BSA)/1x PBS for 20 minutes before
incubation with primary antibody 1:200 (v:v) in 1% BSA/1x PBS (mouse anti-progerin
(Abcam, ab66587); mouse anti-H3K27me3 (Abcam, 6002); mouse anti-laminAC (Santa Cruz
Biotechnologies, sc-376248)) and then secondary in 1:200 (v:v) 1% BSA/1x PBS (goat anti-
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mouse a488 (Jackson ImmunoResearch, 115-545-062), goat anti-mouse cy3 (Jackson
ImmunoResearch, 115-165-062) for 1 h each, RT. All antibodies were diluted in 1% BSA/1x
PBS. Chromatin was counterstained using Vectashield with DAPI (Vector Laboratories, H-

1200) and mounted onto glass slides.

For quantification of fluorescence intensity (Progerin, H3K27me3) all images for
immunofluorescence were collected at 40X magnification with constant exposure times.
Gray-scale images were imported into ImageJ (https://imagej.nih.gov/ij/) and converted to
RGB files. Nuclei were identified using particle analyzer and fluorescence intensity of each
nucleus measured. A minimum of 50 nuclei per sample replicate, and a minimum of three

biological replicates, were conducted for each cell line.

For quantification of nuclear morphology (LaminAC), all images were collected at
20X magnification with constant exposure times. Image sets were double blinded and
assessed for irregular nuclear morphology. A minimum of 100 nuclei per sample per replicate,

and a minimum of three biological replicates, were conducted for each cell line.

3.7 5-ethynyl-2-deoxyuridine (EdU) Incorporation and Image Analysis

Cells were grown under conditions described in 3.1. Following 72 h, 5 uM EdU was
added and incubated for 2 h before media was aspirated, and cells were fixed in 4% FA/1x
PBS for 10 min, RT. Samples were washed in 1X PBS for 5 minutes and then permeabilized
in 0.5% Triton X-100 for 10 min RT. Samples then underwent washes of 1x PBS, dH20 x 2,
0.05% Triton X-100 each for 5 min RT. Click-It reaction mix was made fresh from reagent
stocks to a final 1x solution (10x reaction buffer (500 mM 1M citrate buffer, 250 mM 1M
sodium ascorbate), 100x copper sulfate solution (400 mm copper sulfate), 100x Cy3-azide
dye solution (2 mM in DMSO) with remaining volume made up with dH>O. Samples were
incubated in reaction mixture for 1 h RT, washed 5 min, RT dH-0 twice, and mounted using
DAPI. Cells were imaged at 20X. A minimum of 100 nuclei were imaged for each sample,

with three biological replicates. Any cell with signal was considered positive for EJU.

3.8 Protein Extraction, Quantification, and Western Blotting
Whole protein lysates were collected by scraping into 1x Laemmli Buffer without
bromophenol blue (62.5 mM Tris-HCI pH 6.8, 2% SDS (w:v), 10% glycerol (v:v), 100 mM

beta-mercaptoethanol, 1x protease inhibitor cocktail 2 (ThermoFisher Scientific, P187785),
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1x phosphatase inhibitor cocktail 2 (Millipore Sigma, p5726) and protein concentration
determined by Nanodrop ™ 2000 Spectrophotometer (Thermo Fisher, Wilmington, DE, USA)
at 280 nm before addition of bromophenol blue. Protein samples were denatured for 5 min,
95°C (protein equivalents were loaded, 30-60 pg per well) and separated on a 5%
polyacrylamide stacking gel and subsequently a 6-15% polyacrylamide resolving gel in 1X
SDS-PAGE running buffer (25mM Tris base, 192 mM glycine, and 0.1% SDS) at 125 volts
(V). Proteins were transferred to a nitrocellulose membrane (Bio-Rad, 1620112) or in the case
of H3K27me3, to polyvinylidene fluoride membrane (Bio-Rad, 1620177) using 1x transfer
buffer (25 mM Tris base, 192 mM glycine, and 20% methanol (v:v) with a Trans-Blot® SD
semi-dry transfer cell (Bio-Rad Laboratories) at 25 V. Membranes were blocked in 5%
skimmed-milk powder in 1x PBS-0.5% Tween20 (SMP/PBST) for 1 h, RT. Primary and
secondary antibodies were diluted in 2.5% SMP/PBST. Primary antibodies: mouse anti-
progerin (1:500, Abcam, ab66587); mouse anti-H3K27me3 (1:500, Abcam, 6002); mouse
anti-laminAC (1:1000, Santa Cruz Biotechnologies, sc-376248), mouse anti-(p)-mTOR
(1:200, Santa Cruz, sc-293133), mouse anti-mapLC3B (1:1000, SantaCruz, sc-271625,)
rabbit anti-EZH2 (1:1000; Abcam, ab191250), mouse anti-ATG5 (1:500, Santa Cruz, sc-
133158) mouse anti-CASTORL1 (1:500, Santa Cruz, sc-377114), mouse anti-SESN2 (1:500,
Santa Cruz, sc-393195), mouse anti-y-H2AX (1:1000, Santa Cruz, sc-517348). Secondary
antibodies: goat anti-mouse horse radish peroxidase (HRP) (1:2500, Jackson
ImmunoResearch, 115-035-146), goat anti-rabbit HRP (1:2500, Jackson ImmunoResearch,
111-035-003). Primary antibody incubations were overnight at 4°C, washed 3x in 5%
SMP/PBST, 5 min/wash, and incubated in secondary antibody at 1:100 2.5% SMP/PBST for
1 h at RT. Following secondary incubation, membranes were washed 3x in 5% SMP/PBST,
once in 1x PBST and once in 1x PBS, 5 min/wash. Membranes were developed using
enhanced chemiluminescence reagent (100 mM Tris-HCI pH 8.5, 0.2 mM p-coumaric acid,
1.25 mM luminol, and 0.1% H20- (v:v)) and images collected using Biorad VersaDoc system.
Densitometry measurements were taken for each protein band using ImageJ. Equal loading
was confirmed by Coomassie staining. Biological triplicates of proteins were collected, and
western blots conducted for each of these replicates. Images and densitometry presented are

representative of replicates.
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3.9 Fluorescence In-Situ Hybridization and Chromosome Painting

Cells were grown for 72 h under conditions described above. Probe generation was
conducted as described in (Mehta et al., 2010) using degenerative oligo primer-PCR of
chromosomes containing biotinylated uridine residues (biotin-16-UTP, Roche). Cells were
grown on coverslips for 72 h and media aspirated. Coverslips were washed in ice-cold 1x PBS
and then fixed by adding ice-cold 3:1 (v:v) methanol:acetic acid dropwise to each coverslip
(enough to cover the bottom of the dish). Samples were then incubated for 1 h at 4°C before
washing 3 x in 3:1 methanol:acetic acid (5 min/wash). All supernatant was aspirated, and
coverslips aged at RTP for 2 days then dehydrated in 70%, 90%, 100% ethanol series. To
denature chromatin, coverslips were pre-warmed then incubated for 2 min at 70°C in 70%
formamide, 2x saline sodium citrate (SSC). Coverslips were immediately placed in ice cold
70% ethanol (5 min), and then 90% (5 min, RT) and 100% (5 min, RT) ethanol wash series.
Coverslips were air dried at RT and kept warm. Cells on coverslips were placed on 15 pl of
probe (chromosome X, 10, or 18) and sealed with rubber cement before overnight incubation
in a humidity chamber (37°C). The rubber cement was removed, coverslips lifted and washed
in wash buffer A (45°C; 50% formamide, 2 x SSC) for 15 min and then wash buffer B (60°C;
0.5 X SCC) for 15 min. Coverslips were transferred to 1x PBS and underwent immuno-
labelling for goat anti-streptavidin-Cy3 (1:200; Vector laboratories, USA, cat #: Ba-0500) for
1 h, goat anti-streptavidin conjugated to biotin (1:200; Cedarlane, UK, cat #: 111-065-003) 1
h and then a second goat anti-streptavidin-Cy3 for 1 h. A 2 min 0.05% TritonX-100/1x PBS
wash was conducted between each antibody incubation. Samples were mounted in DAPI.
Nuclei were imaged in grey scale and were false coloured in Adobe Photoshop (CS6). Smart
Capture VP V1.4, a Leica fluorescence microscope with Plan Fluor 100x oil-immersion lens
was used to collect images. Software called the Cell Nucleus Analyzer for nuclear
segmentation and analysis was used to divide the DAPI image into five concentric shells of
equal area, the first being the most peripheral and innermost denoting the interior of the
nucleus. The script measures pixel intensity of DAPI and the chromosome probe in these five
shells. Normalization of the probe signal was conducted by dividing the percentage of the
probe by the percentage of DAPI signal in each shell. For each condition, > 35 nuclei were
measured for each chromosome. Ratios from each shell were averaged and the standard error

of the mean calculated.
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3.10 RNA Extraction

Media was aspirated and cells dissociated from culture dishes in Tryple Xpress. The
Tryple Xpress-cell suspension was pelleted (174 g, 3 min) and supernatant aspirated. Cell
pellet was resuspended in 1 ml of Trizol RNA extraction reagent (38% phenol, 0.8 M
guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1 M sodium acetate and 5% glycerol
(v:v)), vortexed, and incubated for 5 min, RT. 200 ul of chloroform was added, and samples
vortexed before pelleting (12,000 g, 5 min, 4°C). Aqueous phase was collected in a new
Eppendorf and 1/10" volume 3M sodium acetate (pH 5.2) and 1x volume ice cold isopropanol
added. Samples were incubated on ice for 30 min, RNA pelleted (12,000 g, 10 min, 4°C), and
supernatant aspirated. Pellets were washed in 1 ml ice-cold 70% ethanol/nuclease free water
and re-pelleted (12,000 g, 10 min, 4°C). Samples were then DNase treated. Pellets were air-
dried and resuspended in 88 ul nuclease free water, 1 ul of RNaseOUT, 10 ul 10X DNase
recombinant buffer and 1 ul DNase I. Samples were incubated for 20 min, 37°C. 100 pl
Ambion 5:1 acid phenol: chloroform (pH 4.5) was added, samples vortexed and pelleted at
12,000 g, 10 min, 4°C. The aqueous phase was transferred to a new Eppendorf, and RNA
precipitated with 1/10" volume 3M sodium acetate (pH 5.2) and 3x volume ice cold 100%
ethanol (30 min, ice). RNA was again pelleted (12,000 g, 30 min, 4°C), supernatant aspirated
and air-dried (10 min, RTP). Pellets were resuspended in 41.5 ul nuclease free water and 1 pl
of RNaseOUT. RNA quality checked by NanoDrop2000 (Azeo/Azso: 1.6-1.8, Azeo/Azzo: >2)
and gel electrophoresis.

3.11 RNA Sequencing and Alignment

RNA integrity number (RIN) was determined by Bioanalyzer, and RNA with RIN
above 8.0 was used for sequencing. RNA from FSF and HGADFN169 grown under standard
conditions, arginine and leucine restricted, or in the presence of 0.5 mM metformin, for 5
weeks. Each set of samples (FSF and HGADFN169) were passage-matched and expanded
from a single culture flask to avoid variation in culture age. Libraries were stranded poly(A)
MRNA prepared and sequenced at the Toronto Centre for Applied Genomics (TCAG) using
the Illumina HiSeq2500 sequencer. Reads were 100 base pairs in length and paired-end. The
raw reads were quality checked using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and adaptors/poor quality

sequences trimmed using Trim Galore!, removing 13 base pairs (e.g. trim_galore --phred33 -
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-paired --illumina --clip_R1 13 --clip_R2 13 --length 80 <forward_read> <reverse_read>).
Sequence quality was then re-examined by FastQC. Trimmed reads were mapped to human
genome reference GRCh38 using HISAT2 (v. 2.2.0; (Kim et al., 2019a)) and a pre-assembled
index available at the HISAT2 website (https://genome-
idx.s3.amazonaws.com/hisat/grch38_snptran.tar.gz, accessed January 2021). Example
alignment command: hisat2 -x grch38_snptran.gz -p 2 -1 forward_read_trimmed.fq.gz -2
reverse_read_trimmed.fq.gz | samtools view -bS -o alignedfile.hisat.bam. Datasets were
imported into Segmonk (v1.47.2) and normalized to one another. Segmonk was used to
generate DEG lists of fold change and PCA plots. DEGs were input into Cytoscape (v3.8.2)
with ReactomeFI to conduct pathway enrichment analyses. Dot plots were constructed in R
using ggplot2.

3.12 Statistical Analyses

The primary question to be answered in this data was whether a specific treatment
condition could induce changes in the dependent variable (e.g., progerin levels) against
control. Students T-test with Bonferroni correction for multiple testing were utilized in
assessing data from population doubling times, total population doublings, cell survival, EQU
assays, nuclear morphology, and assays inspecting fluorescence intensity (progerin,
H3K27me3). In these instances, the corrected p-value threshold for significance is 0.0083.
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4.0 Nutrient Restriction and Nutrient Restriction Mimetics Ameliorate the Cellular
Hallmarks of Hutchinson-Gilford Progeria Syndrome Fibroblasts and Decrease Levels

of the Mutant Protein Progerin.

4.1 Nutrient Restriction and Nutrient Restriction Mimetics Slow Growth Rates of Non-
Diseased and HGPS Fibroblasts in Cell Culture.

The overall hypothesis of this work is that nutrient restriction (NR) via restriction of
arginine, leucine, combined arginine and leucine, glucose and pyruvate, or the nutrient
restriction mimetic (NRM) metformin will significantly ameliorate cellular phenotypes of
HGPS and restore genome function and organization. Changes in cellular growth and
proliferation have been associated with various pro-longevity compounds (Belak et al., 2020;
Gillespie etal., 2015; Gillespie et al., 2019; Wang et al., 2019; Zehfus et al., 2021). Therefore,
cellular growth and survival were examined under conditions of NR and NRM in HGPS
patient fibroblasts HGADFNO003, HGADFN167, HGADFN169, and AG03513 (Figures 4.1-
4.4). In addition to metformin, rapamycin was also examined as an NRM and positive control,
having previously been demonstrated to decrease progerin levels and reduced pathologic
hallmarks of HGPS (Bikkul et al., 2018; Cao et al., 2011b; Gabriel et al., 2016; Kawakami et
al., 2019; Liao et al., 2016), as well as having been examined in non-disease primary
fibroblasts (Gillespie et al., 2015). Concentrations of metformin and rapamycin (0.5 mM and
680 nM respectively) were selected based on previous literature (Cao et al., 2011b; Gillespie
et al., 2019). Given limited research availability on amino acid restriction, identical assays
were also conduced in two non-diseased human primary fibroblast cell lines (FSF, 2DD)
(Figures 4.1-4.4). Fibroblasts were grown under NR and NRM conditions for 72 h, cell counts
conducted and population doubling times calculated. Furthermore, Trypan Blue was used to
assess cell survival. FSF fibroblasts (human neonate; Figure 4.1A) demonstrated subtle
increases in population doubling times (PDT; Figure 4.1 and Table 4.1) in response to each
treatment condition compared to untreated cells. 2DD fibroblasts (human juvenile; Figure
4.1A and Table 4.1) also exhibited increased PDT in response to all conditions, with increases
greater than those observed in FSF. PDT corresponded with fewer total population doublings
(TPD) (Figure 4.1A and 4.2A, Table 4.2). Both 2DD and FSF were assessed for cell survival

by Trypan Blue staining, with no significant decrease in survival detected (Figure 4.3A, Table
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4. 3), providing evidence that changes in PDT and TPD are the result of changes in rates of

cell proliferation, not the result of decreased cell survival.

On average, HGPS fibroblasts exhibit significantly (p-value = 0.000002) slower
population doubling times than non-diseased counterparts (FSF: 29.2 h, 2DD: 43.7 h,
HGADFNO0O03: 71.0 h, HGADFN167: 68.1 h, HGADFN169: 84.6 h, AG03513 82.1 h) not
attributable to passage number (p) in culture (p11-p14 for all cell lines). HGPS fibroblast cell-
lines HGADFNO003, HGADFN167, and HGADFN169 frequently exhibited greater than 100
h increases in PDT compared to untreated counterparts in response to NR and NRM (Figure
4.1B, Table 4.1). In general, AG03513, the oldest cell-line examined, exhibited far greater
variability in replicates than other tested primary HGPS fibroblasts. TPD were consistent with
PDT in all cell lines (Figure 4.2, Table 4.2). As with non-diseased fibroblasts, each HGPS
patient-derived cell line was also examined for cell survival, by Trypan Blue staining. No
significant changes were identified (Figure 4.3B, Table 4.3).

To further confirm fibroblasts were progressing more slowly through the cell cycle,
and perhaps entering a state of cellular maintenance and repair, cells were treated with 5-
ethynyl-2'-deoxyuridine (EdU), a thymidine analog which only incorporates into actively
replicating DNA, and Click-iT™ chemistry used to visualize EdU positive nuclei by
fluorescence microscopy. If nuclei are EdU positive, the cell is in S-phase. Of all fibroblast
samples, FSF exhibited the highest percentage of S-phase cells under control (Untreated)
conditions (16.45%), whilst -Arg, -Leu, -ArgLeu, +0.5 mM Metf, and +680 nM Rap resulted
in significantly (p < 0.0083) fewer EdU positive nuclei than untreated FSF. Though the
percentage of S-phase nuclei was lower than FSF in Untreated 2DD (6.87%), all treatment
conditions exhibited a lower percentage of nuclei actively replicating DNA, in line with
increases observed in PDT (Figure 4.4, Table 4.4). HGPS fibroblasts under the same NR and
NRM conditions as non-diseased fibroblasts also exhibited decreased percentages of S-phase
cells, with the exception of AG03513 restricted of arginine for 72 h. These findings are
consistent with PDT/TPD. Combined, these data demonstrate that all conditions tested are

decreasing cell proliferative rates and rates of DNA replication without inducing cell death.
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Table 4.1: Population doubling times of cells for four HGPS (HGADFNO003, HGADFN167,
HGADFN169, AG03513) and two non-diseased (FSF, 2DD) fibroblast cell lines grown under
defined NR and NRM treatment conditions for 72 h. 12

Treatment Condition

Cell Line Untreated -Arg -Leu -ArglLeu -GlcPyr 05 mM +680
Metf nM Rap

HGADFNO003 70.95 334.50 203.53 174.81 229.61 175.52 118.60
(2y0m) +8.19 +94.13 +43.06 +24.09 +45.71 +3239 +£29.12
HGADFN167 68.7 153.69 221.82 179.68 348.05 115.17 172.13
(8y5m) +4.52 +24.49  +65.02 +3731 £19783 +16.69 +43.44
HGADFN169 84.63 307.37 297.40 200.67 133.32 221.07 175.87
(8y6m) +11.84 +104.38 +11858 14459 +21.82  +£11740 +46.10
AGO03513 82.06 103.98 134.31 88.83 207.67 273.74 199.72
(13y) +11.19 +9.14 +32.35 +15.49 +4791  +£176.44 +25.09

FSF 29.23 33.94 33.93 35.92 33.71 30.91 54.95
(Neonate) +2.53 +5.03 +5.04 +5.66 +5.97 +5.20 +16.03

2DD 43.71 64.58 99.10 86.64 73.57 59.70 61.07
(Juvenile) +1.58 +7.66* +£15.04* +£1152* +6.67* +8.71 +5.12*

Population doubling time reported in hours (h)

2Mean + standard error of the mean of at least three replicates
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.1: Population Doubling Times of Non-Diseased and HGPS Fibroblasts in
Response to NR and NRM. Non-diseased (A) FSF, 2DD and (B) HGPS HFADFNO0O03,
HGADFN167, HGADFN169, AG03513 fibroblasts were grown under standard culture
conditions (Untreated) or under conditions of arginine restriction (-Arg), leucine restriction (-
Leu), combined arginine and leucine restriction (-ArgLeu), glucose and pyruvate restriction
(-GlcPyr) or in the presence of either 0.5 mM metformin (+0.5 mM Metf) or 680 nM
rapamycin (+680 nM Rap) (X-Axis) for 72 h. Cell numbers were monitored and population
doubling times calculated (Y-Axis). A minimum of three replicates for each cell line were
conducted. Error bars = standard error of the mean (SEM). * p < 0.0083 by students T-test
corrected for multiple testing.
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Table 4.2: Total population doublings of cells for four HGPS (HGADFN003, HGADFN167,
HGADFN169, AG03513) and two non-diseased (FSF, 2DD) fibroblast cell lines grown under
defined NR and NRM treatment conditions for 72 h. 12

Treatment Condition

] +0.5 mM +680
Cell Line Untreated -Arg -Leu -ArgLeu -GlcPyr
Metf nM Rap
HGADFNO003 1.19 0.38 0.38 0.46 0.41 0.48 0.69
(2y0Om) +0.05 +0.12*  +£0.08* +0.07* +0.08* +0.08* +0.17
HGADFN167 1.10 0.48 0.53 0.47 0.51 0.76 0.47
(8y5m) +0.08 £0.08* +0.10*  +0.08* +0.08* +0.12*  +0.09*
HGADFN169 1.21 0.51 0.47 0.58 0.79 0.65 0.65
(8y6m) +0.14 +0.17 +0.10* +0.12* +0.11 +0.14 +0.16
AG03513 1.02 0.72 0.70 0.96 0.42 0.79 0.40
(13y) +0.13 +0.07 +0.15 +0.15 +0.10* +0.21 + 0.06*
FSF 3.47 3.03 3.03 2.88 3.15 3.36 2.02
(Neonate) +0.36 +0.45 +0.44 +0.46 +0.58 +0.51 +0.46
2DD 1.66 1.17 0.80 0.87 1.01 1.27 1.20
(Juvenile) +0.06 +0.15* +0.16* +0.10* +0.10* +0.14* +0.10*

Total population doublings

2Mean + standard error of the mean of at least three replicates
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.2: Total Population Doublings of Non-Diseased and HGPS Fibroblasts in
Response to NR and NRM. Non-diseased (A) FSF, 2DD and (B) HGPS HFADFNO0O03,
HGADFN167, HGADFN169, AG03513 fibroblasts were grown under standard culture
conditions (Untreated) or under conditions of arginine restriction (-Arg), leucine restriction (-
Leu), combined arginine and leucine restriction (-ArgLeu), glucose and pyruvate restriction
(-GlcPyr) or in the presence of either 0.5 mM metformin (+0.5 mM Metf) or 680 nM
rapamycin (+680 nM Rap) (X-Axis) for 72 h. Cell numbers were monitored and total
population doublings calculated (Y-Axis). A minimum of three replicates for each cell line
were conducted. Error bars = standard error of the mean (SEM). * p < 0.0083 by students T-

test corrected for multiple testing.
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Table 4.3: Cell survival as determined by trypan blue of for four HGPS (HGADFNO0O03,
HGADFN167, HGADFN169, AG03513) and two non-diseased (FSF, 2DD) fibroblast cell

lines grown under defined NR and NRM treatment conditions for 72 h. -2

Treatment Condition

Cell Line Untreated -Arg -Leu -ArglLeu -GlcPyr 05 mM +680
Metf nM Rap
HGADFNO003 93.38 95.50 95.76 95.21 94.21 95.73 94.67
(2y0Om) +3.09 +0.33 +0.87 +0.88 +0.13 +0.37 +3.18
HGADFN167 96.82 97.51 96.31 96.75 93.59 96.23 96.50
(8y5m) +0.27 +0.39 +0.39 +0.20 +1.41 +0.07 +0.59
HGADFN169 96.34 96.38 96.58 96.45 95.61 97.15 95.61
(8y6m) +1.03 +0.44 +0.22 +0.16 +0.88 +2.15 +0.92
AGO03513 96.91 92.01 95.95 93.46 91.95 91.30 94.59
(13y) +1.80 +4.30 +2.36 +2.35 + 3.56 +4.19 +3.03
FSF 96.45 94.08 94.02 92.22 94.58 93.13 100.00
(Neonate) +1.04 +2.19 +1.07 +1.86 +1.19 +2.25 +0.00
2DD 97.11 96.78 96.90 98.27 97.58 97.81 97.93
(Juvenile) +1.10 +0.17 +0.35 +0.14 +0.04 +0.70 +1.18

Reported as percentage

2Mean + standard error of the mean of at least three replicates
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.3: Cell Survival by Trypan Blue of Non-Diseased and HGPS Fibroblasts in
Response to NR and NRM. Non-diseased (A) FSF, 2DD and (B) HGPS HFADFNO0O03,
HGADFN167, HGADFN169, AG03513 fibroblasts were grown under standard culture
conditions (Untreated) or under conditions of arginine restriction (-Arg), leucine restriction (-
Leu), combined arginine and leucine restriction (-ArgLeu), glucose and pyruvate restriction
(-GlcPyr) or in the presence of either 0.5 mM metformin (+0.5 mM Metf) or 680 nM
rapamycin (+680 nM Rap) (X-Axis) for 72 h. Following treatments, cells were stained with
Trypan Blue and percent survival calculated (Y-Axis). A minimum of three replicates for
each cell line were conducted. Error bars = standard error of the mean (SEM). * p < 0.0083

by students T-test corrected for multiple testing.
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Table 4.4: Mean percentage of EdU positive nuclei for four HGPS (HGADFNO003,
HGADFN167, HGADFN169, AG03513) and two non-diseased (FSF, 2DD) fibroblast cell

lines in response to defined NR and NRM treatment conditions.

1,2

Treatment Condition

] +0.5 mM +680
Cell Line Untreated -Arg -Leu -ArgLeu -GlcPyr
Metf nM Rap

HGADFNO003 8.93 4.50 1.70 1.09 1.95 441 ND
(2y0Om) +0.93 +2.15 +0.80* + 0.65* + 1.49* +0.43*
HGADFN167 6.32 1.19 0.59 1.08 5.08 4.04 1.73
(8y5m) +0.88 +0.22* +0.32* +0.17* +2.65 +1.87 +0.11*
HGADFN169 5.39 1.46 1.04 1.38 0.56 0.55 0.00
(8y6m) +1.62 +0.67 +0.43 +0.33 + 0.56 +0.34 +0.00
AGO03513 7.03 8.52 6.25 5.76 4.35 6.18 1.42
(13y) +1.48 +0.35 +1.53 +1.72 +1.27 +1.66 +0.78
FSF 16.45 6.45 4.96 2.18 11.49 8.91 5.20
(Neonate) +1.79 +1.84*  +156* +0.18* +3.57 +1.13*  +1.92*%
2DD 6.87 3.26 1.60 2.26 1.89 2.01 1.55
(Juvenile) +0.89 +1.42 +0.63* +0.63* +0.57* +0.20*  +0.80*

Reported as percentage

2Mean + standard error of the mean of at least three replicates
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.4: Active DNA Replication by EdU of Non-Diseased and HGPS Fibroblasts in
Response to NR and NRM Corresponds with Changes in PDT and TPD. Non-diseased
(A) FSF, 2DD and (B) HGPS HFADFNO003, HGADFN167, HGADFN169, AG03513
fibroblasts were grown under standard culture conditions (Untreated) or under conditions of
arginine restriction (-Arg), leucine restriction (-Leu), combined arginine and leucine
restriction (-ArgLeu), glucose and pyruvate restriction (-GIcPyr) or in the presence of either
0.5 mM metformin (+0.5 mM Metf) or 680 nM rapamycin (+680 nM Rap) (X-Axis) for 72 h.
Percentage of EdU positive fibroblasts were calculated (Y-Axis) for each condition and cell
line. A minimum of three replicates for each cell line were conducted. Error bars = standard
error of the mean (SEM). * p < 0.0083 by students T-test corrected for multiple testing.
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4.2 Progerin Levels are Reduced in Hutchinson-Gilford Progeria Syndrome Fibroblasts
Treated with NR and NRM.

Progerin is the mutant protein driving the HGPS phenotype (Cao et al., 2007; Dechat
et al., 2007; Glynn et al., 2005; Goldman et al., 2004), with its removal resulting in
improvements in cellular characteristics and physiological phenotypes. To determine if NR
or NRM result in decreased levels of this mutant protein in HGPS patient fibroblasts, progerin
levels were examined by immunofluorescence (IF) and western blot (WB) following 72 h of
treatment. Hallmarks of HGPS, including number of irregular nuclei, rate of DNA damage
repair, levels of inactive chromatin, and chromosome territory localization, were also

examined.

Three HGPS patient fibroblast cell lines were examined by IF (HGADFNOO3,
HGADFN167, HGADNF169) (Table 4.1, Figures 4.5-4.7 B and C) with an additional cell
line examined by WB (AG03513; Figure 8A). Of the six NR/NRM conditions tested, -Arg
significantly decreased progerin levels in all tested HGPS cell lines by IF (p < 0.001) and
three of four (HGADFNO003, HGADFN169, AG03513) tested cell lines by WB of whole
protein lysates. Unlike -Arg, -Leu only decreased progerin levels by IF in HGADFNOO3, but
achieved this in WB in HGADFNO003, HGADFN169 and AG03513. Combined, -ArgLeu
decreased progerin in two HGPS cell lines by IF (p < 0.001) and all patient fibroblasts tested
by WB. -GlcPyr significantly decreased progerin levels by IF in HGADFNO003 and
HGADFN169, but increased levels in HGADFN167 (p < 001). By WB, -GlcPyr treated
fibroblasts also exhibited increased progerin levels in HGADFN167 and AG03513. Of NRM
tested, metformin is more novel, whilst rapamycin is currently entering clinical trials for
HGPS treatment. Both compounds significantly decreased progerin levels in two of three cell
lines by IF. Metformin treatment resulted in decreased levels of progerin in all tested HGPS
patient lines, while rapamycin achieved this in three of four cell lines. In general, the
HGADFN167 (8y5m) was least responsive to NR/NRM. Finally, changes in progerin levels
were also reflected in WB for the non-mutant lamin A/C alongside mutant progerin (Table
4.1, Figures 4.5-4.7B and C, Figure 4.8A)., whilst no changes were observed in lamin A/C
protein levels in non-diseased 2DD and FSF (Figure 4.9 A and C). In general, every NR and
NRM condition tested demonstrated an ability to decrease progerin protein levels when

assayed by immunofluorescence and western blot.
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Previously, inhibition of the mammalian target of rapamycin (nTOR) pathway and
up-regulation of autophagy have been associated with health and lifespan extending benefits
of NR and NRM. Although these pathways have been of interest in terms of how compounds
degrade progerin, research is limited on the role of the mTOR pathway and its status in HGPS.
Therefore, mTOR phosphorylated at serine 2448 ((p)-mTOR) and LC3B were used as
markers to examine endogenous levels of mTOR inhibition and autophagy induction in HGPS
fibroblasts. In comparison to non-diseased FSF fibroblasts, (p)-mTOR protein levels were
increased in three HGPS cell lines (HGADFNO003, HGADFN167 and HGADFN169), and
decreased in AGO03513. LC3B levels were also higher in three HGPS cell lines
(HGADFNO003, HGADFN169 and AGO03513) and decreased compared to non-diseased
controls in HGADFN167 (Figure 4.5-4.8 D and E, Figure 4.9 C-E).

In response to -Arg, the youngest HGPS patient-derived cell line tested exhibited an
increase in (p)-mTOR, all other HGPS fibroblasts exhibited a decrease (Figure 4.5-4.8 D and
E). In response to -Leu, however, HGADFNO0O03 (2y0) exhibited roughly the same levels of
(p)-mTOR as untreated controls. Again, in all other HGPS fibroblasts tested, -Leu decreased
(p)-mTOR levels, but to a lesser extent than -Arg. Combined, -ArgLeu drastically decreased
levels of (p)-mTOR in HGADFNOO3 but maintained the lower levels of (p)-mTOR observed
in -Arg or -Leu. GIcPyr restriction resulted in half of tested HGPS samples increasing (p)-
MTOR levels, whilst the other half decreased (p)-mTOR levels. In three of four patient cell
lines, metformin increased or elicited no change in (p)-mTOR levels, with the remaining line
exhibiting a decrease. Surprisingly, rapamycin elicited a decrease in (p)-mTOR levels across
all patient lines tested. In non-diseased fibroblasts, a mix of decreases and increases of (p)-
MTOR protein levels were also observed dependent on cell line and treatment condition
(Figure 4.9 B and D). No obvious patterns were present in terms of cell-line specific responses
to explain these varied levels of (p)-mTOR, nor any obvious trends in response to treatment
type; however, it is possible that (p)-mTOR is no longer the ideal method of assessing mTOR

activity (Figueiredo et al., 2017).

The LC3B marker of autophagy was expected to increase in association with increased
(p)-mTOR levels (and therefore increased mTOR inactivation). In two of four HGPS cell
lines, -Arg or -Leu increased LC3B levels, whilst in the remaining lines, no change was

observed in one and a decrease observed in the other. Together, -ArgLeu-treated fibroblasts
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exhibited increased LC3B levels in three of four lines tested, with a decrease in the oldest line
tested (AG03513, 13y). Though -GlcPyr was the least successful condition in inducing
progerin degradation, it consistently increased LC3B levels, whilst metformin mimicked
findings observed in response to -Arg/-Leu. Rapamycin, contrary to expectations, resulted in
lower LC3B levels across all HGPS primary fibroblasts tested (Figure 4.5-4.8E). In non-
diseased FSF counterparts, decreases were observed in LC3B levels in response to all tested
conditions (Figure 4.9E). Therefore, the expected coupling of mTOR inactivation and
autophagy upregulation associated with progerin clearance was not observed, though sole

upregulation of autophagy was seen in most treatments that decreased progerin levels.

Table 4.5: Mean fluorescence intensity of progerin by immunofluorescence in three HGPS
patient fibroblast cell lines (HGADFNO003, HGADFN167, HGADFN169) in response to
defined NR and NRM conditions. %2

Treatment Condition

+0.5mM  +680
Metf nM Rap
HGADFNO003 22.50 18.51 17.08 19.04 18.52 20.45 15.24

Cell Line Untreated -Arg -Leu -ArgLeu  -GlcPyr

(2y0m) +0.88  +0.55%  +0.47%  +0.64*  +0.74*  +0.62*  +0.49*
HGADFN167 6.27 5.15 6.34 6.57 8.15 6.62 5.80

(8y5m) +021  +0.21*  #0.19  #0.19  +0.25* 017  +0.24
HGADFN169  36.90 2787 3760 23.26 28.92 1882  25.79
(8y6m) +1.46  +1.70* 167  +1.07%  +1.26%  +1.37%  +1.61*

'Reported as Arbitrary Units
2Mean * standard error of the mean of triplicates of at least 30 nuclei
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.5: Response of Progerin Levels to NR and NRM in HGADFNO003 (HGPS;
2y0m). (A) Bar graph for relative densitometry (%, Y-axis) of progerin levels by western blot

following 72 h of treatment (X-axis; FSF untreated (Non-Diseased) untreated HGPS
(Untreated), arginine restricted HGPS (-Arg), leucine restricted HGPS (-Leu), -ArgLeu,
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glucose and pyruvate restricted HGPS (-GlcPyr), HGPS treated with 0.5 mM metformin (+0.5
mM Metf) and HGPS treated with 680 nM rapamycin (+680 nm Rap). Western blots for
progerin (70 kDa) and lamin A/C (74 kDa and 63 kDa respectively) are presented below the
bar graph. All densities were compared to untreated HGPS in all western blots presented.
Every western blot was conducted in biological triplicates, with representative blots
presented. Coomassie load controls apply to each protein replicate and therefore are shown
once for each cell line and time point. (B) Box and whisker distribution of fluorescence
intensity for progerin in response to each of the above treatment conditions (X-axis). One dot
represents fluorescence intensity (arbitrary units, AU; Y-axis) of progerin in one nucleus. A
minimum of 30 nuclei were measured per condition per replicate (n=3). * p < 0.0083 by
students T-test corrected for multiple testing (C) Representative images of nuclei stained for
DAPI (blue; top) and immunolabelled for progerin (green; middle) for each treatment
condition. Merged image (bottom). Scale bar = 50 um. (D) Bar graph of western blot
densitometry relative to HGPS untreated (%, Y -axis) for phosphorylated mTOR ser2448 ((p)-
MTOR) in response 72 h of each treatment condition (X-axis) with western blot displayed
below. (p)-mTOR = 289 kDa. (E) Bar graph of western blot densitometry relative to HGPS
untreated (%, Y-axis) for LC3B in response 72 h of each treatment condition (X-axis) with
western blot displayed below. LC3B = 15 kDa.
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Figure 4.6: Response of Progerin Levels to NR and NRM in HGADFN167 (HGPS;

8yb5m). (A) Bar graph for relative densitometry (%, Y-axis) of progerin levels by western blot
following 72 h of treatment (X-axis; FSF untreated (Non-Diseased) untreated HGPS



(Untreated), arginine restricted HGPS (-Arg), leucine restricted HGPS (-Leu), -ArgLeu,
glucose and pyruvate restricted HGPS (-GlcPyr), HGPS treated with 0.5 mM metformin (+0.5
mM Metf) and HGPS treated with 680 nM rapamycin (+680 nm Rap). Western blots for
progerin (70 kDa) and lamin A/C (74 kDa and 63 kDa respectively) are presented below the
bar graph. All densities were compared to untreated HGPS in all western blots presented.
Every western blot was conducted in biological triplicates, with representative blots
presented. Coomassie load controls apply to each protein replicate and therefore are shown
once for each cell line and time point. (B) Box and whisker distribution of fluorescence
intensity for progerin in response to each of the above treatment conditions (X-axis). One dot
represents fluorescence intensity (arbitrary units, AU; Y-axis) of progerin in one nucleus. A
minimum of 30 nuclei were measured per condition per replicate (n=3). * p < 0.0083 by
students T-test corrected for multiple testing (C) Representative images of nuclei stained for
DAPI (blue; top) and immunolabelled for progerin (green; middle) for each treatment
condition. Merged image (bottom). Scale bar = 50 um. (D) Bar graph of western blot
densitometry relative to HGPS untreated (%, Y-axis) for phosphorylated mTOR ser2448 ((p)-
MTOR) in response 72 h of each treatment condition (X-axis) with western blot displayed
below. (p)-mTOR = 289 kDa. (E) Bar graph of western blot densitometry relative to HGPS
untreated (%, Y-axis) for LC3B in response 72 h of each treatment condition (X-axis) with
western blot displayed below. LC3B = 15 kDa.
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(Untreated), arginine restricted HGPS (-Arg), leucine restricted HGPS (-Leu), -ArgLeu,
glucose and pyruvate restricted HGPS (-GlcPyr), HGPS treated with 0.5 mM metformin (+0.5
mM Metf) and HGPS treated with 680 nM rapamycin (+680 nm Rap). Western blots for
progerin (70 kDa) and lamin A/C (74 kDa and 63 kDa respectively) are presented below the
bar graph. All densities were compared to untreated HGPS in all western blots presented.
Every western blot was conducted in biological triplicates, with representative blots
presented. Coomassie load controls apply to each protein replicate and therefore are shown
once for each cell line and time point. (B) Box and whisker distribution of fluorescence
intensity for progerin in response to each of the above treatment conditions (X-axis). One dot
represents fluorescence intensity (arbitrary units, AU; Y-axis) of progerin in one nucleus. A
minimum of 30 nuclei were measured per condition per replicate (n=3). * p < 0.0083 by
students T-test corrected for multiple testing (C) Representative images of nuclei stained for
DAPI (blue; top) and immunolabelled for progerin (green; middle) for each treatment
condition. Merged image (bottom). Scale bar = 50 um. (D) Bar graph of western blot
densitometry relative to HGPS untreated (%, Y-axis) for phosphorylated mTOR ser2448 ((p)-
MTOR) in response 72 h of each treatment condition (X-axis) with western blot displayed
below. (p)-mTOR = 289 kDa. (E) Bar graph of western blot densitometry relative to HGPS
untreated (%, Y-axis) for LC3B in response 72 h of each treatment condition (X-axis) with
western blot displayed below. LC3B = 15 kDa.
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Figure 4.8: Response of Progerin Levels to NR and NRM in AG03513 (HGPS; 13y). (A)
Bar graph for relative densitometry (%, Y-axis) of progerin levels by western blot following
72 h of treatment (X-axis; FSF untreated (Non-Diseased) untreated HGPS (Untreated),
arginine restricted HGPS (-Arg), leucine restricted HGPS (-Leu), -ArgLeu, glucose and
pyruvate restricted HGPS (-GlcPyr), HGPS treated with 0.5 mM metformin (+0.5 mM Metf)
and HGPS treated with 680 nM rapamycin (+680 nm Rap)). Western blots for progerin (70
kDa) and lamin A/C (74 kDa and 63 kDa respectively) are presented below the bar graph. All
densities were compared to untreated HGPS in all western blots presented. Every western blot
was conducted in biological triplicates, with representative blots presented. Coomassie load
controls apply to each protein replicate and therefore are shown once for each cell line and
time point. (B) Bar graph of western blot densitometry relative to HGPS untreated (%, Y-
axis) for phosphorylated mTOR ser2448 ((p)-mTOR) in response 72 h of each treatment
condition (X-axis) with western blot displayed below. (p)-mTOR = 289 kDa. (C) Bar graph
of western blot densitometry relative to HGPS untreated (%, Y-axis) for LC3B in response

72 h of each treatment condition (X-axis) with western blot displayed below. LC3B =15 kDa.
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Figure 4.9: Response of Non-Diseased Fibroblasts (FSF and 2DD) to NR and NRM. (A)
Western blot for lamin A/C (74 kDa and 63 kDa respectively) in untreated FSF (Untreated),
arginine restricted FSF (-Arg), leucine restricted FSF (-Leu), -ArgLeu, glucose restricted FSF
(-GlcPyr), FSF treated with 0.5 mM metformin (+0.5 mM Metf) and FSF treated with 680
nM rapamycin (+680 nM Rap). Every western blot was conducted in biological triplicates,
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with representative blots presented. Coomassie load controls apply to each protein replicate
and therefore are shown once for each cell line and time point. (B) Bar graph for relative
densitometry (%, Y-axis) compared to untreated FSF for phosphorylated mTOR ser2448 ((p)-
MTOR) in response to 72 h of each treatment condition (X-axis). Analyzed western blot
displayed below the bar graph. (p)-mTOR = 289 kDa. (C) Western blot for laminAC in 2DD
with the same conditions listed in (A). (D) Bar graph for relative densitometry (%, Y-axis)
compared to untreated 2DD for phosphorylated mTOR ser2448 ((p)-mTOR) in response to
72 h of each treatment condition (X-axis). Analyzed western blot displayed below the bar
graph. (E) Bar graph of western blot densitometry relative to untreated 2DD (%, Y-axis) for
LC3B in response 72 h of each treatment condition (X-axis) with western blot displayed
below. LC3B = 15 kDa.
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4.3 Decreases in Progerin Levels in HGPS Fibroblasts Occurs via Autophagy
Dependent and Independent Mechanisms

Progerin is depleted in response to NR and NRM; however, in this model, it is unclear
exactly how this progerin depletion is occurring. It was hypothesised that conditions of NR
or treatment with NRM would result in inactivation of mTOR (therefore an increase in (p)-
mMTOR) and activation of autophagy (and therefore an increase in LC3B). However, when
levels of these proteins were examined by western blot, data were mixed. Therefore, to
determine the role of autophagy in the decrease of progerin in patient HGPS fibroblasts
(HGADFN169) and non-diseased fibroblasts (FSF), ATGS5, a protein associated with the
formation of the autophagosome, was knocked down using shRNA. Arginine sensor
CASTORL1 and leucine sensor SESN2, both upstream of mMTORC1, were also knocked down

to establish the role of these sensors in this process (Figure 4.10).

ATG5 knock-down was achieved in FSF, with lower levels of ATG5 protein detected
by western blot. As predicted, LC3B levels also decreased in FSF across NR/NRM conditions
examined (-Arg, -Leu, -ArgLeu, +0.5 mM Metf, +680 nM Rap) at 72 h (Figure 4.10A). In
HGPS fibroblasts, ATG5 levels were also decreased following ATG5 knock-down; all
treatment conditions still exhibited a decrease in progerin levels compared to untreated HGPS,
with no obvious changes in (p)-mTOR levels or LC3B (Figure 4.10D). Therefore, progerin

degradation could be achieved using mechanisms alternate to ATG5-dependent autophagy.

In non-diseased fibroblasts with knocked-down arginine sensor CASTOR1, -Arg-
treated fibroblasts exhibited levels of (p)-mTOR and LC3B similar to that of untreated
fibroblasts, as expected. -Leu also appeared dependent on CASTORL to elicit changes in
mTOR activity and autophagy. In the absence of CASTORL1, other NR/NRM conditions (-
ArgLeu, +0.5 mM Metf, +680 nM Rap) induced a subtle increase in (p)-mTOR levels and a
concordant increase in LC3B protein levels. Therefore, these conditions are able to elicit
response independent of CASTOR1 (Figure 4.10B). In HGPS fibroblasts these changes were
not observed; however, only -ArgLeu exhibited a decrease in progerin levels compared to
untreated HGPS control. Furthermore, +0.5 mM Metf and +680 nM Rap treatment of these
knockdowns exhibited increased progerin levels. These data suggest an essential role for
CASTORL1 in mediating progerin degradation in response to -NR and NRM in HGPS
fibroblasts (Figure 4.10E).
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Knockdown of leucine sensor SESN2 resulted in decreased LC3B protein levels in
non-diseased fibroblasts treated with -Leu, in line with no longer responding to NR. No
change was observed in -Arg, or in NRM; however combined -ArgLeu still exhibited an
increase in LC3B (Figure 4.10C). Unexpectedly, levels of progerin were still decreased in
HGPS fibroblasts with decreased SESN2. In response to -Arg, progerin levels were increased,
suggesting the beneficial impacts of -Arg not only require intact arginine sensing, but also
depend on cellular ability to detect leucine levels using SESN2. To support this, progerin
levels in -ArgLeu exhibited no change (Figure 4.10F). Metformin had no change in progerin
levels in the absence of SESNZ2, whilst rapamycin was still able to induce progerin
degradation. Combined, these knockdowns indicate that the pathways governing progerin loss
in response to NR and NRM is not solely the result of mTOR inactivation and autophagy, and

that the beneficial effects of -Arg and -Leu may be dependent on SESN2 sensing.
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Figure 4.10: Knock-Down of Autophagy-Associated ATGS5, Arginine Sensor CASTOR1
and Leucine Sensor Sestrin2 in Non-Diseased and HGPS Fibroblasts. (A) Densitometry
of shATG5 in FSF fibroblasts for Scrambled, Untreated, arginine (-Arg) restricted, leucine
restricted (-Leu), arginine and leucine restricted (-ArgLeu), +0.5 mM metformin treated (+0.5
mM Metf) and +680 nM rapamycin treated (+680 nM Rap). Lamin AC (top; Lamin A (74
kDa) and Lamin C (63 kDa)), and LC3B (bottom; 15 kDa) western blots are shown below to
demonstrate the impact of this knockdown on markers of interest. (B) As with A but for
shCASTORL1 and containing an additional western blot for (p)-mTOR (middle; 289 kDa). (C)
As for A but for SASESN2. (D) Densitometry of sShATG5 in HGADFN169 HGPS fibroblasts

for Scrambled, Untreated, arginine (-Arg) restricted, leucine restricted (-Leu), arginine and
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leucine restricted (-ArgLeu), +0.5 mM metformin treated (+0.5 mM Metf) and +680 nM
rapamycin treated (+680 nM Rap). Lamin AC (top; Lamin A (74 kDa), Progerin (70 kDa)
and Lamin C (63 kDa)), (p)-mTOR (middle; 289 kDa) and LC3B (bottom; 15 kDa) western
blots are shown below to demonstrate the impact of this knockdown on markers of interest.
(E) As with D but for shCASTORL1. (F) As for D but for SASESN2.

4.4 NR and NRM Alter Molecular Pathologies Associated with Hutchinson-Gilford

Progeria Syndrome

4.4.1 Irregular Nuclei are Significantly Reduced in Response to NR and NRM in
Hutchinson-Gilford Progeria Syndrome Fibroblasts

Having established the promise of these treatment conditions in decreasing progerin
levels across patient cell lines, other molecular characteristics were assessed. Irregular nuclear
morphology is a classic cellular phenotype of HGPS, with improved nuclear morphology
associated with improved physiological patient outcomes. Nuclear morphology was
examined by immunolabelling nuclei for lamin AC. When comparing non-diseased
fibroblasts to HGPS fibroblasts, 73.31% of HGPS fibroblast nuclei on average were irregular
compared to 12.74% in non-diseased counterparts. As with decreasing progerin levels, all NR
and NRM conditions exhibited an ability to decrease the number of irregular nuclei in patient
fibroblasts. In fact, -Arg, -Leu, -ArgLeu, -GlcPyr and +0.5 mM Metf decreased irregular
nuclei in every patient cell line tested (Table 4.2, Figure 4.11 and 4.12). Rapamycin treatment
also decreased number of irregular nuclei across patient cell lines, but to a lesser extent.
Importantly, non-diseased fibroblasts treated with NR/NRM exhibited no statistically
significant increase in irregular nuclei. In FSF, 12.00% of nuclei were identified as irregular
in untreated samples, with NR/NRM conditions altering this number by + 3.23% (Table 4.2,
Figure 4.13 and 4.14). In juvenile fibroblasts, all conditions exhibited a decrease, except for
rapamycin, which resulted in an increase from 13.48% to 23.65% (Table 4.2). Therefore, NR and
NRM are capable of robustly decreasing the number of irregular nuclei in HGPS patient-cell

populations without compromising non-diseased counterparts.
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Table 4.6: Mean percentage of irregular nuclei as determined using cells labelled by

immunofluorescence by lamin AC. Samples were double blinded and determined number of
irregular nuclei in each sample for four HGPS (HGADFNO003, HGADFN167, HGADFN169,
AGO03513) and two non-diseased (FSF, 2DD) fibroblast cell lines in response to defined NR

and NRM treatment conditions. 2

Treatment Condition

+0.5 mM +680
Cell Line Untreated -Arg -Leu -ArgLeu -GlcPyr

Metf nM Rap

HGADFNO003 80.42 54.50 67.42 67.32 70.83 58.97 74.13
(2yOm) +3.53 +8.33 +5.12 +5.15 +1.82 +287* +3.69
HGADFN167 54.39 34.88 31.38 34.38 26.62 34.26 36.28
(8y5m) +3.87 +6.40 +4.21* + 2.56* + 3.54* +5.45 +3.92
HGADFN169 80.54 67.19 64.70 53.71 62.71 52.97 68.81
(8y6m) + 3.65 +1.10 +0.98 +0.97* +2.02* +2.31* +1.34
AGO03513 77.88 53.44 54.44 56.10 61.60 51.06 75.91
(13y) +5.35 +1.37 +1.22 +1.44 +2.99 +2.25* +5.06
FSF 12.00 15.23 10.83 11.00 12.90 10.51 14.48
(Neonate) +1.40 +2.40 +2.25 +1.64 +2.77 +1.39 +2.55
2DD 13.48 2.56 4.41 3.76 5.23 6.10 23.65
(Juvenile) +3.66 +1.84 +2.08 +1.32 +1.46 +1.56 +221

'Reported as percentage
2Mean + standard error of the mean of triplicates of at least 100 nuclei
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.11: Nuclear Morphology of HGADFN167 is Improved in Response to Nutrient

Restriction and Nutrient Restriction Mimetics. Representative images are presented for

Untreated, arginine restricted (-Arg), leucine restricted (-Leu), arginine and leucine restricted

(-ArgLeu), glucose and pyruvate restricted (-Glcpyr), treated with 0.5 mM metformin (+0.5

mM Metf) or 680 nM rapamycin (+680 nM Rap). Nuclei are labelled for lamin AC (green).

Scale bar = 50 um. Bar graph summarises data from three replicates. Percent irregular nuclei

(Y-axis) for each condition (X-axis) are presented. * p < 0.0083 by students T-test corrected

for multiple testing. All data were analyzed blinded to reduce bias in identification of irregular

nuclei.
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Figure 4.12: Nuclear Morphology of HGADFN169 is Improved in Response to Nutrient
Restriction and Nutrient Restriction Mimetics. Representative images are presented for
Untreated, arginine restricted (-Arg), leucine restricted (-Leu), arginine and leucine restricted
(-ArgLeu), glucose and pyruvate restricted (-Glcpyr), treated with 0.5 mM metformin (+0.5
mM Metf) or 680 nM rapamycin (+680 nM Rap). Nuclei are labelled for lamin AC (green).
Scale bar = 50 um. Bar graph summarises data from three replicates. Percent irregular nuclei
(Y-axis) for each condition (X-axis) are presented. * p < 0.0083 by students T-test corrected
for multiple testing. All data were analyzed blinded to reduce bias in identification of irregular

nuclei.
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Figure 4.13: Nuclear Morphology of FSF is Maintained in Response to Nutrient
Restriction and Nutrient Restriction Mimetics. Representative images are presented for
Untreated, arginine restricted (-Arg), leucine restricted (-Leu), arginine and leucine restricted
(-ArgLeu), glucose and pyruvate restricted (-Glcpyr), treated with 0.5 mM metformin (+0.5
mM Metf) or 680 nM rapamycin (+680 nM Rap). Nuclei are labelled for lamin AC (green).
Scale bar = 50 um. Bar graph summarises data from three replicates. Percent irregular nuclei
(YY-axis) for each condition (X-axis) are presented* p < 0.0083 by students T-test corrected
for multiple testing. All data were analyzed blinded to reduce bias in identification of irregular

nuclei.
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Figure 4.14: Nuclear Morphology of 2DD is Maintained in Response to Nutrient
Restriction and Nutrient Restriction Mimetics. Representative images are presented for
Untreated, arginine restricted (-Arg), leucine restricted (-Leu), arginine and leucine restricted
(-ArgLeu), glucose and pyruvate restricted (-Glcpyr), treated with 0.5 mM metformin (+0.5
mM Metf) or 680 nM rapamycin (+680 nM Rap). Nuclei are labelled for lamin AC (green).
Scale bar = 50 um. Bar graph summarises data from three replicates. Percent irregular nuclei
(Y-axis) for each condition (X-axis) are presented. * p < 0.0083 by students T-test corrected
for multiple testing. All data were analyzed blinded to reduce bias in identification of irregular

nuclei.
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4.4.2 DNA Damage Repair is Improved in Response to NR and NRM in
Hutchinson-Gilford Progeria Syndrome Fibroblasts

HGPS fibroblasts have been documented to exhibit dysregulation of DNA damage
and repair. The marker of unrepaired double strand breaks, y-H2AX, has classically been used
to identify this disruption in HGPS fibroblasts, with greater levels of y-H2AX in HGPS cells
and models compared to their respective controls (Chojnowski et al., 2020; Liu et al., 2006;
Liu et al., 2008; Richards et al., 2011), a finding replicated here. The ability of HGPS
fibroblasts to repair DNA following induction of DNA damage was examined by growing
cells for 72 h under NR or NRM before inducing double strand breaks with H20>. y-H2AX
levels were examined at 0 h, 1 h and 6 h (Figure 4.15) post-DSB induction. By 6 h,
HGADFNO003, HGADFN169 and AG03513 exhibited lower levels of DSB than untreated
counterparts in response to -Arg, -Leu, -ArgLeu, +0.5 mM Metf and +680 nM Rap. In
response to -GlcPyr, HGADFNO003 and AG03513 also exhibited lower levels of y-H2AX at
6 h. In the HGADN167 cells, only -ArgLeu and +0.5 mM Metf resulted in lower y-H2AX
levels (Figure 4.15b). In non-diseased fibroblasts, findings were varied, with some treatments
resulting in higher levels of y-H2AX following 6 h of recovery compared to untreated samples
(for example, in FSF only treatment with metformin resulted in lower detectable y-H2AX,
whilst in 2DD this was the case for -Arg, -Leu, +0.5 mM Metf and +680 nM Rap) (Figure
4.16). Finally, y-H2AX levels are lower than at the point of DNA damage induction following
6 h recovery, demonstrating that DNA damage repair is improved in response to the NR

conditions arginine and/or leucine as well as metformin or rapamycin treatment.
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Figure 4.15: Altered Protein Levels of the DNA Damage Marker y-H2AX in HGPS
Fibroblasts Following Treatment with NR and NRM. Densitometry for y-H2AX (15 kDa)
is presented as bar graphs with corresponding western blots presented below at 0 h, 1 h, and
6 h following exposure to 150 uM H>O,. HGPS patient fibroblasts (A) HGADFNO003, (B)
HGADFN167, (C) HGADFN169, (D) AG03513 were grown for 72 h under regular growth
conditions (Untreated), arginine restricted (-Arg), leucine restricted (-Leu), arginine and
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leucine restricted (-ArgLeu), glucose and pyruvate restricted (-GIcPyr) or treated with 0.5
mM metformin (+0.5 mM Metf) or 680 nM rapamycin (+680 nM Rap) (X-axis) before
exposure to H.O> for thirty minutes. Protein used in western blots are from whole-cell lysates.
A non-diseased control lysate is presented alongside HGPS lysates. All densitometry is
compared back to untreated HGPS fibroblasts and presented as a percentage of untreated

conditions (Y-axis).
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Figure 4.16: Altered Protein Levels of the DNA Damage Marker y-H2AX in Non-
Diseased Fibroblasts Following Treatment with NR and NRM. Densitometry for y-H2AX
(15 kDa) is presented as bar graphs with corresponding western blots presented below at 0 h,
1 h, and 6 h following exposure to 150 uM H202. HGPS patient fibroblasts (A) FSF and (B)
were grown for 72 h under regular growth conditions (Untreated), arginine restricted (-Arg),
leucine restricted (-Leu), arginine and leucine restricted (-ArgLeu), glucose and pyruvate
restricted (-GlcPyr) or treated with 0.5 mM metformin (+0.5 mM Metf) or 680 nM rapamycin
(+680 nM Rap) (X-axis) before exposure to H20- for thirty minutes. Protein used in western
blots are from whole-cell lysates. All densitometry is compared back to untreated HGPS

fibroblasts and presented as a percentage of untreated conditions (Y -axis).
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4.4.3 NR and NRM Result in Divergent Changes in H3K27me3 Levels in
Hutchinson-Gilford Progeria Syndrome Fibroblasts

Among the numerous cellular characteristics associated with HGPS is loss of inactive
chromatin, indicated by a decrease in the repressive mark H3K27me3. This decrease in
H3K27me3 was recapitulated when comparing non-diseased and HGPS fibroblasts here
(Figures 4.17-4.19C). It was hypothesised that H3K27me3 levels will increase in response to
NR and NRM. Protein levels of H3K27me3 were examined by immunofluorescence (IF) and
western blot (WB) following 72 h of NR or NRM. In data collected by IF, -Arg decreased
levels of H3K27me3 in two of three HGPS fibroblast lines tested, whilst -Leu, combined -
ArgLeu, and -GlcPyr decreased levels of H3K27me3 in all three of these cell lines (Table 4.3,
Figures 4.17-19A and B). By IF, the NRM metformin reduced levels of H3K27me3 in two of
the three diseased lines, whilst rapamycin achieved this reduction across all lines. In non-
diseased fibroblasts, -ArgLeu significantly increased H3K27me3 levels, but otherwise all
other NR/NRM conditions tested decreased levels, as with HGPS fibroblasts. By WB, -Arg
data coincided with IF findings, with decreased H3K27me3 levels in two (HGADFNO003,
HGADFN169) patient fibroblast samples (Figures 4.17-19C). -Leu, was also decreased in
line with IF as reported in two of the three HGPS samples; however, an increase was noted in
HGADFN167. Contrary to IF, -ArgLeu and -GlcPyr induced increased H3K27me3 levels in
two of the three HGPS cell lines tested (HGADFN167, HGADFN169). Metformin results by
WB were in line with IF, demonstrating two cell-lines exhibited lower levels of H3K27me3
than untreated controls. Rapamycin achieved this decrease in H3K27me3 protein levels as in
the case of metformin-treated fibroblasts, whilst a small increase was observed in
HGADFN169. Non-diseased fibroblasts exhibited greater divergence in techniques, with all
treatments but rapamycin increasing H3K27me3 in FSF, while only -ArgLeu achieved this
by IF (Table 4.3, Figure 4.20 A-C). In summary, the majority of treatments under NR/NRM
conditions are inducing a reduction in H3K27me3 levels, with fewer instances of increased
H3K27me3 reported by either assay. Therefore, NR/NRM are able to alter the inactive

chromatin environment of HGPS patient fibroblasts.

EZH2 is the methyltransferase primarily responsible for H3K27 methylation. In
HGPS cells, it has previously been reported that levels are lower than non-diseased
counterparts (McCord et al., 2013; Shumaker et al., 2006). However, in these HGPS
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fibroblasts, when compared to neonate control, EZH2 protein levels are higher (Figures 4.16-

18D). In response to -Arg, -Leu and -ArgLeu, EZH2 protein levels increase following 72 h of

treatment in two of the three HGPS cell-lines examined, whilst in all other conditions (-

GlcPyr, +0.5 mM Metf, +680 nM Rap) a decrease is observed. In non-diseased FSF, levels of

EZH2 are low across all conditions, compared to HGPS, with a potential increase in response

to -Leu. In general, in conditions under which H3K27me3 is being decreased, EZH2 levels

are increasing.

Table 4.7 Mean fluorescence intensity of H3K27me3 by immunofluorescence in three HGPS
patient fibroblast cell lines (HGADFN003, HGADFN167, HGADFN169) and two non-
diseased cell lines (FSF) in response to defined NR and NRM conditions. 2

Treatment Condition

. +0.5mM  +680 nM
Cell Line Untreated -Arg -Leu -ArgLeu -GlcPyr
Metf Rap

HGADFNO003 38.90 31.32 22.48 24.75 30.95 23.50 19.75
(2yOm) +1.30 +1.25% +0.90* + 1.45*% +1.59* +0.94* +0.71*
HGADFN167 6.75 7.31 5.57 6.62 6.12 4.97 5.66
(8y5m) +0.20 +0.28 +0.15* +0.17 +0.15* +0.13* +0.21*
HGADFN169 8.04 7.76 7.50 7.52 7.14 9.54 7.00
(8y6m) +0.24 +0.23 +0.21 +0.27 +40 +0.37* +0.18*
FSF 18.14 15.07 16.66 24.00 13.65 14.95 15.84
(Neonate) +0.23 +0.26* +0.38* + 0.53* + 0.42* +0.35*% +0.42*

'Reported as percentage
2Mean + standard error of the mean of triplicates of at least 100 nuclei
*p < 0.0083 by students T-test corrected for multiple testing
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Figure 4.17: Alterations in Inactive Chromatin in Response to NR and NRM in
HGADFNO0O03 (HGPS; 2y0Omo). (A) Representative images of nuclei stained for DAPI (blue;
left) and immunolabelled for H3K27me3 (red; middle) for each treatment condition. Merged
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image (right). Treatment conditions listed along the left-hand side: 72 h of standard growth
conditions (Untreated), arginine restricted (-Arg), leucine restricted (-Leu), -ArgLeu, glucose
and pyruvate restricted (-GIcPyr), treated with 0.5 mM metformin (+0.5 mM Metf) and treated
with 680 nM rapamycin (+680 nm Rap). Scale bar = 50 um. (B) Box and whisker distribution
of fluorescence intensity for progerin in response to each of the above treatment conditions

(X-axis). One dot represents fluorescence intensity (arbitrary units, AU; Y-axis) of
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H3K27me3 in one nucleus. A minimum of 30 nuclei were measured per condition per
replicate (n=3). * p < 0.0083 by students T-test corrected for multiple testing. (C) Bar graph
for relative densitometry (%, Y-axis) of progerin levels by western blot following 72 h of
treatment (X-axis; FSF untreated (Non-Diseased) untreated HGPS (Untreated), and HGPS
under -Arg, -ArglLeu, -GlcPyr, +0.5 mM Metf, +680 nM Rap. Western blot for H3K27me3
(~17 kDa) below the bar graph. All densities were compared to untreated HGPS in all western
blots presented. (D) Bar graph of western blot densitometry relative to HGPS untreated (%,
Y-axis) for EZH2 (~85 kDa) in response 72 h of each treatment condition in (C; X-axis) with
western blot displayed below. All western blots were biologically replicated a minimum of
three times, with representative western blots presented. All proteins were equally loaded as

determined by Coomassie blue, presented alongside previously shown progerin western blots.
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Figure 4.18: Alterations in Inactive Chromatin in Response to NR and NRM in
HGADFN167 (HGPS; 8y5mo). (A) Representative images of nuclei stained for DAPI (blue;
left) and immunolabelled for H3K27me3 (red; middle) for each treatment condition. Merged
image (right). Treatment conditions listed along the left-hand side: 72 h of standard growth
conditions (Untreated), arginine restricted (-Arg), leucine restricted (-Leu), -ArgLeu, glucose
and pyruvate restricted (-GlcPyr), treated with 0.5 mM metformin (+0.5 mM Metf) and treated
with 680 nM rapamycin (+680 nm Rap). Scale bar = 50 um. (B) Box and whisker distribution

of fluorescence intensity for progerin in response to each of the above treatment conditions
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(X-axis). One dot represents fluorescence intensity (arbitrary units, AU; Y-axis) of
H3K27me3 in one nucleus. A minimum of 30 nuclei were measured per condition per
replicate (n=3). * p < 0.0083 by students T-test corrected for multiple testing. (C) Bar graph
for relative densitometry (%, Y-axis) of progerin levels by western blot following 72 h of
treatment (X-axis; FSF untreated (Non-Diseased) untreated HGPS (Untreated), and HGPS
under -Arg, -ArglLeu, -GlcPyr, +0.5 mM Metf, +680 nM Rap. Western blot for H3K27me3
(~17 kDa) below the bar graph. All densities were compared to untreated HGPS in all western
blots presented. (D) Bar graph of western blot densitometry relative to HGPS untreated (%,
Y-axis) for EZH2 (~85k Da) in response 72 h of each treatment condition in (C; X-axis) with
western blot displayed below. All western blots were biologically replicated a minimum of
three times, with representative western blots presented. All proteins were equally loaded as

determined by Coomassie blue, presented alongside previously shown progerin western blots.
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Figure 4.19: Alterations in Inactive Chromatin in Response to NR and NRM in
HGADFN169 (HGPS; 8y6mo). (A) Representative images of nuclei stained for DAPI (blue;
left) and immunolabelled for H3K27me3 (red; middle) for each treatment condition. Merged
image (right). Treatment conditions listed along the left-hand side: 72 h of standard growth
conditions (Untreated), arginine restricted (-Arg), leucine restricted (-Leu), -ArgLeu, glucose
and pyruvate restricted (-GlcPyr), treated with 0.5 mM metformin (+0.5 mM Metf) and treated
with 680 nM rapamycin (+680 nm Rap). Scale bar =50 um. (B) Box and whisker distribution

of fluorescence intensity for progerin in response to each of the above treatment conditions

93



(X-axis). One dot represents fluorescence intensity (arbitrary units, AU; Y-axis) of
H3K27me3 in one nucleus. A minimum of 30 nuclei were measured per condition per
replicate (n=3). * p < 0.0083 by students T-test corrected for multiple testing. (C) Bar graph
for relative densitometry (%, Y-axis) of progerin levels by western blot following 72 h of
treatment (X-axis; FSF untreated (Non-Diseased) untreated HGPS (Untreated), and HGPS
under -Arg, -ArglLeu, -GlcPyr, +0.5 mM Metf, +680 nM Rap. Western blot for H3K27me3
(~17 kDa) below the bar graph. All densities were compared to untreated HGPS in all western
blots presented. (D) Bar graph of western blot densitometry relative to HGPS untreated (%,
Y-axis) for EZH2 (~85 kDa) in response 72 h of each treatment condition in (C; X-axis) with
western blot displayed below. All western blots were biologically replicated a minimum of
three times, with representative western blots presented. All proteins were equally loaded as

determined by Coomassie blue, presented alongside previously shown progerin western blots.
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Figure 4.20: Alterations in Inactive Chromatin in Response to NR and NRM in FSF
(Non-Diseased; Neonate). (A) Representative images of nuclei stained for DAPI (blue; left)
and immunolabelled for H3K27me3 (red; middle) for each treatment condition. Merged
image (right). Treatment conditions listed along the left-hand side: 72 h of standard growth
conditions (Untreated), arginine restricted (-Arg), leucine restricted (-Leu), -ArgLeu, glucose
and pyruvate restricted (-GIcPyr), treated with 0.5 mM metformin (+0.5 mM Metf) and treated
with 680 nM rapamycin (+680 nm Rap). Scale bar =50 um. (B) Box and whisker distribution

of fluorescence intensity for progerin in response to each of the above treatment conditions
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(X-axis). One dot represents fluorescence intensity (arbitrary units, AU; Y-axis) of
H3K27me3 in one nucleus. A minimum of 30 nuclei were measured per condition per
replicate (n=3). * p < 0.0083 by students T-test corrected for multiple testing. (C) Bar graph
for relative densitometry (%, Y-axis) of H3K27me3 levels by western blot following 72 h of
treatment (X-axis: FSF Untreated, -Arg, -ArgLeu, -GlcPyr, +0.5 mM Metf, +680 nM Rap).
Western blot for H3K27me3 (~17 kDa) below the bar graph. All densities were compared to
untreated FSF. (D) Bar graph of western blot densitometry relative to FSF untreated (%, Y-
axis) for EZH2 (~85kDa) in response 72 h of each treatment condition in (C; X-axis) with
western blot displayed below. All western blots were biologically replicated a minimum of
three times, with representative western blots presented. All proteins were equally loaded as
determined by Coomassie blue, presented alongside previously shown FSF lamin AC western

blots.
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4.4.4 Chromosome Territory Localization

Chromosome territory positions in HGPS fibroblasts are mis-localized (Meaburn et
al., 2007; Mehta et al., 2011), with mis-localization representative of altered genome
organization and gene regulation. Fluorescence in-situ hybridization (FISH) was used to
probe for chromosomes 10, 18 and X in non-diseased (FSF) and HGPS (AGO03513,
HGADFNOO03) fibroblasts. Subsequent analyses using the cell nucleus analyzer (a software
that breaks nuclei into five concentric rings of equal area and calculates signal ratio of
probe:chromatin (Gillespie et al., 2019)) were conducted to determine chromosome
localization. Chromosome X is used as a control and maintains localization at the nuclear
periphery in all cell-lines and conditions tested. Analyses were conducted on untreated non-
disease and HGPS fibroblasts to recapitulate previous findings, confirming altered
localization of chromosomes 10 and 18 in HGPS (AG03513, HGADFNO003) (Meaburn et al.
2007, Mehta et al. 2011) (Figures 21 and 22).

Previously, compounds that mimic NR have been documented to alter positions of
chromosomes 10 and 18 in fibroblasts (Bikkul et al., 2018; Gillespie et al., 2015; Gillespie et
al., 2019); however, it is unknown if amino-acid restriction could also achieve this re-location.
In non-diseased fibroblasts (FSF) restricted of arginine or leucine, or both, for 72 h, no
significant repositioning of chromosome 18 occurred, with subtle changes in localization of
chromosome 10 to the nuclear interior in response to leucine deprivation. Additionally, 72 h
of 0.5 mM metformin treatment induced repositioning of chromosome 10 to the nuclear
periphery (as previously reported in (Gillespie et al., 2019)) and no significant changes in
chromosome 18 localization (although ratios indicate a shift to the nuclear interior). These
changes were likely more subtle due to the shorter treatment time compared to literature.
However, these findings indicate no significant impact on genome organization in response

to amino acid restriction in non-diseased fibroblasts.

Having established that HGPS fibroblasts exhibit mis-localization of chromosomes 10 and
18, and that NR via amino acid restriction has no significant impacts on localization in non-
diseased cells, HGPS fibroblasts (AG03513, HGADFNO0O03) were treated with the same
conditions (72 h -Arg, -Leu, -ArgLeu, or 0.5 mM Met) to determine if NR/NR mimetics have
the potential to alter or restore chromosome territory positions to those of non-diseased

passage-matched fibroblasts. Chromosome 10 showed significant relocation to the nuclear
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periphery in AG03513 cells (Figure 20). This relocation was not corrected in response to
leucine deprivation or metformin treatment, both of which demonstrated the same significant
difference as the untreated AG03153 cells when compared to control. Arginine restriction of
AG03513 demonstrated no significant difference to non-diseased control fibroblasts,
suggesting restoration of chromosome localization, whilst treatment with arginine and leucine
deprivation resulted in chromosome 10 having more intermediate localization, with no
obvious preference for the interior or periphery of the nucleus. Localization of chromosome
18 in AG03513 was more obviously different to that of non-diseased control fibroblasts,
preferring an interior localization. Following 72 h treatment with arginine deprivation or 0.5
mM metformin, no significant differences were detected between treated fibroblasts and
control, with 0.5 mM metformin treated fibroblasts appearing highly parallel to non-diseased
localization. Both leucine deprivation and combined arginine/leucine deprivation also
decreased differences between treated progeria and non-diseased control cells, and although
localization was not restored to that of non-diseased fibroblasts, it was more intermediate
(Figure 21). In HGADFNOO03 fibroblasts, both 72 h arginine and leucine promoted positioning
of chromosome 10 to the nuclear interior (more than that of the FSF), whilst combined -
ArgLeu showed no significant differences between non-diseased and HGADFNOO3
fibroblasts. For all NR assessed in HGADFNO0O03, chromosome 18 was significantly
positioned to the exterior (Figure 22). These findings indicate that 72 h of NR can restore
chromosome territory localization to that of non-diseased human fibroblasts, suggesting

alterations in genome function and regulation.
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Normal (FSF) vs HGPS (AG03513)
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Figure 4.21: Chromosome Territories Re-localize in Response to NR/NRM in HGPS
AGO03513 (13y) Fibroblasts. Chromosomes 10 (top), 18 (middle) and X (bottom) were
identified in 72h proliferative (Pro), arginine (-Arg), leucine (-Leu), and combined arginine
and leucine deprived (-ArgLeu) and 0.5 mM metformin (+Met) treated AG03513 (HGPS)
fibroblasts. Cell nucleus analyser (CNA) broke nuclei into five concentric shells of area, 1
being the most exterior and 5 the most interior (X-axis). Y-axis is the ratio of % chromosome
signal/% DAPI signal in each shell. Error bars = S.E.M. * = p < 0.05 by students T-test,
comparing AG03513 (Light grey) to FSF Control (Dark grey).
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Normal (FSF) vs HGPS (HGADFN003)
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Figure 4.22: HGADFNO003 Chromosome Territories Re-localize in Response to
NR/NRM in HGPS HGADFNO0O03 Fibroblasts. Chromosomes 10 (top), 18 (middle) and X
(bottom) were identified in 72h proliferative (Pro), arginine (-Arg), leucine (-Leu), and
combined arginine and leucine deprived (-ArgLeu) and 0.5 mM metformin (+Met) treated
AG03513 (HGPS) fibroblasts. Cell nucleus analyser (CNA) broke nuclei into five concentric
shells of area, 1 being the most exterior and 5 the most interior (X-axis). Y-axis is the ratio of
% chromosome signal/% DAPI signal in each shell. Error bars = S.EM. * = p < 0.05 by
students T-test, comparing AG03513 (Light grey) to FSF Control (Dark grey).
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4.5 Discussion

These data demonstrate for the first time in HGPS patient fibroblasts (ranging in age
from 2 to 13 years) that restriction of specific amino acids from the diet induce progerin
degradation. Treatment with the NRMs metformin and rapamycin were similarly able to result
in decreased progerin levels. Furthermore, these data demonstrate that combined arginine and
leucine restriction reduce progerin levels to a greater extent than rapamycin, the current gold
standard entering clinical trials. This is particularly important when considering NR and
metformin have fewer life-altering side effects than rapamycin and could provide a better
quality of life, as well as an extended lifespan, for HGPS patients. In addition to reduction of
progerin, NR of arginine and/or leucine and NRM also altered or ameliorated HGPS cellular
phenotypes, including improved nuclear morphology, altered DNA damage repair responses,
and changes in genome structure, without any negative effects in non-diseased counterparts

(i.e., decreased cell survival or increased numbers of irregular nuclei).

Though the ability of NR and NRM to decrease progerin levels in HGPS fibroblasts
is obvious from these data, exactly how progerin is depleted is not. Previous work identified
rapamycin as inducing progerin degradation via mTOR inhibition and autophagy induction,
with knock-down of autophagy via ATG7 (a protein essential for autophagosome formation
in autophagy) preventing progerin degradation (Cao et al.,, 2011b). As NR and NRM
strategies have also been demonstrated to inhibit mTOR activity (reviewed in (Almendariz-
Palacios et al., 2020)), it was expected that these conditions would function in a similar
manner. Surprisingly, though generally decreases in progerin were associated with increases
of the autophagy marker LC3B, no clear association could be made with (p)-mTOR levels.
To dissect this response, ATG5 (key in formation of autophagic membranes and essential for
autophagy (Arakawa et al., 2017) was knocked down in non-diseased and HGPS fibroblasts
which subsequently underwent 72 h of arginine and/or leucine restriction, treatment with 0.5
mM metformin or 680 nM rapamycin. LC3B levels were reduced across conditions in non-
diseased and HGPS fibroblasts; however, lower levels of progerin were still maintained. This
disconnect between the mechanism of progerin degradation via rapamycin here and
previously published findings are likely the result of model used; the work by Cao and
colleagues utilized a HeLa cell model expressing progerin. It is possible that given the short

time these cells expressed progerin (compared to years in HGPS patients), and their cancerous
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background, cells functioned to remove proteins differently in response to rapamycin (Cao et
al., 2011b). Furthermore, the proteasome has been reported as disrupted in HGPS fibroblasts,
and levels of autophagy and autophagic regulation appear to change with age, passage
number, and model (Cenni et al., 2011; Gabriel et al., 2016; Gabriel et al., 2015; Pan et al.,
2020). These factors could contribute to divergent responses to NR and NRM reported.
Alterations in LC3 levels could also be attributed to fibroblast aging in vitro (Demirovic et
al., 2015); however, age-matching of fibroblasts in this assay, alongside parallel growth
conditions and passage numbers for diseased and non-diseased fibroblasts, make this an
unlikely cause of LC3 levels presented here. Additional mechanisms of progerin depletion
could also play a role, such as ubiquitination (Borroni et al., 2018) and splicing regulation
(Harhouri et al., 2017). Finally, since depletion of progerin in response to NR/NRM in the
absence of ATG5 is persistent, and that ATG5/7 independent methods of proteasomal
degradation have been identified (Arakawa et al., 2017; Goebel et al., 2020; Nishida et al.,
2009), (p)-mTOR/LC3 independent mechanisms of progerin-degradation should be
considered. Additional elucidation of autophagic/proteasomal pathways in HGPS and
subsequent assays in HGPS fibroblasts would be required to identify exactly how these

conditions are inducing progerin degradation.

To further examine cellular response to NR/NRM, amino acid sensors CASTOR1
(arginine) and SESN2 (leucine) were also knocked down. As with ATGS5, if signalling were
occurring solely through these proteins, mTOR signalling, autophagy, and progerin levels
would no longer be responsive to treatment conditions. Arginine sensing is required for
depletion in response to both -Arg and -Leu, whilst -ArgLeu still promoted decreased progerin
levels, whilst in the absence of leucine sensor SESN2, arginine restriction no longer induces
progerin depletion. Therefore, there is an interplay between these two amino acid sensors
required for progerin depletion. Interestingly, metformin requires both CASTOR1 and
SESN2 to induce progerin degradation, whilst rapamycin requires CASTORL. This is
unexpected as treatment with metformin likely functions via activation of AMPK
(Almendariz-Palacios et al., 2020; Rena et al., 2017), whilst rapamycin acts directly on the
mTORC1 complex (Choi et al., 1996). This structure-function link to the importance of

CASTORL1 and SESN2 in response to these compounds will require further investigation.
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In addition to progerin degradation, NR and NRM slowed cellular growth and
improved nuclear morphology of HGPS fibroblasts. Non-diseased counterparts similarly
exhibited slowing of growth profiles and either no change or improved number of regular
nuclei. Neither patient nor control cell-lines exhibited decreased cell survival in response to
NR and NRM. Another classical feature of HGPS patient cells is disrupted DNA damage
response (Musich et al., 2009; Musich et al., 2011). Our data were concordant with previous
reports of increased y-H2AX in HGPS, with the NRMs metformin (Park et al., 2017) and
rapamycin (Bikkul et al., 2018) decreasing y-H2AX levels. Furthermore, metformin
concentration used to achieve this here is lower than previously reported (Park et al., 2017).
Significantly, these data examine the ability of cells to repair DNA following DNA damage
induction, and not just endogenous levels following treatment, as has previously been done.
Finally, for the first time, NR conditions of arginine and/or leucine were shown to decrease
v-H2AX levels following DSB induction when compared to untreated counterparts, indicating

increased DNA damage repair.

HGPS patients exhibit substantial alterations in genome architecture and function.
H3K27me3 is often decreased in HGPS patient fibroblasts and models, and general gene
expression altered. It is generally accepted that an increase in H3K27me3 in HGPS is
desirable given its loss is an initial step in progression of HGPS at a molecular level. However,
HGPS patient fibroblasts treated for 72 h with NR/NRM exhibit no consistent increase in
H3K27me3 for any one condition, surprising given other improvements in cellular health in
response to these treatments. Data in other models are varied, such as cancer cell-lines cells
(restriction of (Fontana et al., 2013; Tang et al., 2018; Tang et al., 2015), elderly human
dermal fibroblasts (Cuyas et al., 2018), HGPS model cell-lines (Chojnowski et al., 2020), and
flies (Ma et al., 2018), with increases/decreases in H3K27me3 both reported and associated
with better/worse outcomes in response to NR/NRM or aging. Recently, H3K27me3 has been
identified as essential in three-dimensional gene regulation (Cai et al., 2021). EZH2,
responsible for H3K27 tri-methylation, was demonstrated to be up-regulated in HGPS and
down-regulated in response to NR/NRM, but still expressed at far greater levels than untreated
counterparts. From these reports and data here, it is likely that H3K27me3, in conjunction
with EZH2, is involved in dynamic regulation of the genome, with specific regions of
H3K27me3 enrichment/depletion more important that global gain/loss. H3K27me3 will
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require further examination in HGPS fibroblasts to determine how NR/NRM function to

promote progerin depletion and healthy cellular phenotypes in HGPS.

In contribution to the alterations in genome function exhibited by HGPS patient
fibroblasts is the mis-localization of chromosome territories. First, this mis-localization was
recaptured here in a comparison between untreated HGPS fibroblasts and non-diseased
fibroblasts. Surprisingly, the HGPS cell-line HGADFNOO3 (which has not previously been
examined for chromosome localization) exhibited re-positioning to a much lesser extent than
AGO03513. These discrepancies could be due to age of the patient when samples were taken
(2yOm and 13y respectively). The phenotypes of HGPS are attributed to accumulation of
progerin, patients fail to meet growth milestones and are typically diagnosed at ~2 years old,
therefore it is possible that chromosomal mis-localizations at this stage of the disease are not
as prominent as older patients with HGPS. Additional analyses will be required to confirm
this in age and passaged matched HGPS cell-lines. Furthermore, it was established that
changes in chromosome territory positioning were occurring in HGPS fibroblasts in response
to NR/NRM, and that in multiple instances differences could no longer be identified between
non-diseased and HGPS fibroblasts. Chromosome territory localization has been associated
with maintaining appropriate gene-gene interactions and genome regulation. Therefore, this
data indicates the possibility that NR/NRM can alter, and restore, genome organization and
function in HGPS fibroblasts.
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5.0 Molecular Pathways Associated with Hutchinson-Gilford Progeria Syndrome and
the Cellular Lifespan-Extending Effects of NR and NRM

5.1 NR and NRM Increase Cellular Lifespan of Non-Diseased and Hutchinson-
Gilford Progeria Syndrome Fibroblasts in Cell Culture

Children suffering from HGPS have significantly shortened lifespans of ~14 years
(Baker et al., 1981; Csoka et al., 2004b; De Sandre-Giovannoli et al., 2003; Eriksson et al.,
2003b). This shortened lifespan is recapitulated in tissues affected by HGPS, with cells
entering senescence prematurely (Cao et al., 2011a). To determine if restriction of amino
acids, or treatment with metformin, can maintain lower levels of progerin over longer periods
of time, cells from both non-diseased (2DD, FSF) and HGPS (HGADFN271, HGADFNO0O03,
HGADFN169, AG03153) patients were maintained under control conditions or treated with
intermittent (Int; 7 days treated, 7 days control) arginine/leucine (-ArglLeu) deprivation,
intermittent 0.5 mM metformin (+0.5 mM Metf), continuous (Cont.) +0.5 mM Metformin
(0.5 mM Met Cont.) or continuous +680 nM Rapamycin (+680 nM Rap; included as a positive
control). At 5 weeks, protein extracts were collected, and western blots conducted for
progerin (Figure 5.1), H3K27me3 (Figure 5.2), and EZH2 (Figure 5.3). These treatments were
selected due to their ability to decrease progerin levels and improve nuclear morphology
across HGPS patient cell-lines at 72 h. Following 5 weeks, -ArgLeu maintained lower levels
of progerin except for in HGADFNO03. Metformin treatment, regardless of
intermittent/continuous treatment, maintained lower progerin levels across all cell lines
tested. Finally, rapamycin maintained lower progerin levels in HGADFNO003 and
HGADFN167 at 5 weeks. Notably, at 72 h, HGADFN167 progerin levels were unresponsive
to NR or NRM; however, following 5 weeks of these protocols, progerin levels were
decreased. Combined treatment of NR and NRM (-ArgLeu +0.5 mM Metf(Cont.)) also
reduced progerin levels across all lines tested. Therefore, longer-term strategies for reducing

progerin levels via NR and NRM are successful in HGPS patient fibroblasts.

Global levels of H3K27me3 were examined at 72 h and exhibited mixed responses in
response to each NR/NRM condition tested. As a dynamic process, it was possible that this
was examined during a phase of chromatin remodelling, therefore these levels were also

examined at 5 weeks under the previously defined long-term conditions. At this time point,
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H3K27me3 protein levels by western blot were lower than untreated HGPS controls in two
patient samples, while in the third cell line tested, no obvious increase or decrease was
observed. In FSF non-diseased counterparts, metformin, and rapamycin increased levels of
H3K27me3, whilst in 2DD non-diseased fibroblasts, rapamycin was the only condition in
which an increase was not observed (Figure 5.2). EZH2 protein levels were also examined.
In HGADFNOO3, -ArgLeu and -ArgLeu combined with metformin exhibited greater EZH2
levels than other conditions. In AG03513, metformin (cont.) and rapamycin resulted in EZH2
increases. In non-diseased 2DD, both intermittent and continuous metformin treatments
increased EZH2 (Figure 5.3). FSF levels of EZH2 were not detectable across any condition
(data not shown). Therefore, levels of chromatin inactivation appear more consistent across

treatment groups at 5 weeks; however, EZH2 levels are still in flux.

Progerin levels were maintained at lower levels for a minimum of 5 weeks, therefore
it was examined if this could be associated with an increase in cellular lifespan under the same
conditions. HGPS fibroblasts survived fewer days in culture than non-diseased counterparts,
an average of 96.5 days compared to 140.8 days (Figure 5.4). In three of the four HGPS
patient fibroblast samples examined, -ArgLeu significantly increased days in culture
(HGADFNOO03 from 96.5 days to 135.5 days, HGADFN169 from 127 days to 149 days,
AG03513 from 84 days to 144 days). No significant change was observed in HGADFN271
in response to -ArgLeu (Control: 60 days, -ArgLeu: 58 days). +0.5 Metf(Int.) significantly
increased days in culture in HGADFN169 only (127 days to 149 days). Other HGPS cell lines
exhibited no significant changes in response to +0.5 mM Metf(Int.) (HGADFN271: 58 days,
HGADFNO0O03: 100 days, AG03513 86 days). Of the three HGPS cell-lines examined for
response to +0.5 mM Metf(Cont.) all exhibited significant increases in days in culture
(HGADFN271: 151 days, HGADFNO003: 111 days, HGADFN169: 125 days). Similarly, in
the same cell lines, +680 nM Rap(Cont.) also significantly increased days in culture
(HGADFN271: 151 days, HGADFNO0O03: 224 days, HGADFN169: 194 days), as previously
reported (Cao et al., 2011b) (Figure 5.4). On average, -ArgLeu and +0.5 mM Met(Cont.)
increased the number of days HGPS fibroblasts survived in culture from 96 days to 122 days

and 129 days, respectively.

In 2DD, +0.5 mM Metf(Int.) and +680 nM Rap(Cont.) significantly (p < 0.05)
extended time in culture from 128 days to 158 and 207 days respectively, whilst +0.5 mM
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Metf(Cont.) decreased cellular time in culture (100 days; Figure 5.4). -ArgLeu had no impact
on days in culture of 2DD. In the second non-diseased fibroblast cell line, FSF, -ArgLeu
significantly (p < 0.05) extended cellular lifespan from 147.25 days to 187.5 days, whilst +0.5
mM Metf(Int.) and + 0.5 mM Metf(Cont.) had no significant impact on cell survival in culture
(143.25 days and 149 days respectively). On average, -ArgLeu and +680 nM Rap significantly
increased days in culture of non-diseased fibroblasts, whilst both +0.5 mM Metf(Int.) and
(Cont.) had no significant impact on days in culture (Figure 5.4). These conditions were

therefore selected for RNA sequencing to establish if genome function was also restored.
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Figure 5.1: Decreases in Progerin Levels Persist at 5 Weeks in HGPS Fibroblasts in
Response to Combinations of Arginine and Leucine Restriction, Metformin, and
Rapamycin. Western blots conducted on whole cell lysates of HGPS (HGADFNOO3,
HGADFN167, AG03513) and 2DD fibroblasts following 5 weeks of growth under standard
conditions (Untreated), arginine and leucine restriction (-ArgLeu), intermittent (Int.) or
continuous (Cont.) treatment with metformin +0.5 mM Metf, continuous rapamycin treatment
(+680 nM Rap(Cont.)) or combined -ArgLeu (Int) + 0.5 mM Metf(Cont). Extracts were
immunoblotted for lamin A/C (74 kDa and 63 kDa respectively), which also binds progerin
(70 kDa). Bands are identified to the left of the western blot. Non-diseased FSF were run
along with every HGPS cell-line. HGADFN167 non-diseased is from a lower exposure time
to avoid saturation. Each western blot was conducted in biological triplicate and
representative images are presented. Coomassie blue load controls for these samples are
shown with H3K27me3 western blots (Figure 5.2).
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Figure 5.2: H3K27me3 Levels Remain Altered at 5 weeks in HGPS and Non-Diseased
Fibroblasts in Response to Combinations of Arginine and Leucine Restriction,
Metformin, and Rapamycin. Western blots conducted on whole cell lysates of HGPS
(HGADFNO003, HGADFN167, AG03513) and non-diseased (FSF and 2DD) fibroblasts
following 5 weeks of growth under standard conditions (Untreated), arginine and leucine
restriction (-ArgLeu), intermittent (Int.) or continuous (Cont.) treatment with metformin (+0.5
mM Metf), continuous rapamycin treatment (+680 nM Rap(Cont.) or combined -ArgLeu (Int)
+ 0.5 mM Metf(Cont). Extracts were immunoblotted for H3K27me3 (15 kDa). Bands are
identified to the left of the western blot. Non-diseased FSF were run along with every HGPS
cell-line. Each western blot was completed in biological triplicate and representative images

presented.
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Figure 5.3: EZH2 Levels Remain Altered at 5 Weeks in HGPS and Non-Diseased
Fibroblasts in Response to Combinations of Arginine and Leucine Restriction,
Metformin, and Rapamycin. Western blots conducted on whole cell lysates of HGPS
(HGADFNO003, AG03513) and non-diseased (2DD) fibroblasts following 5 weeks of growth
under standard conditions (Untreated), arginine and leucine restriction (-ArgLeu), intermittent
(Int.) or continuous (Cont.) treatment with metformin (+0.5 mM Metf), continuous rapamycin
treatment (+680 nM Rap(Cont.) or combined -ArgLeu (Int) + 0.5 mM Metf(Cont). Extracts
were immunoblotted for EZH2 (85 kDa). Bands are identified to the left of the western blot.
Non-diseased FSF were run along with every HGPS cell-line. Each western blot was run in
biological triplicate and representative images shown. Correlating Coomassie blue load

controls for these samples are show in Figure 5.2.
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Figure 5.4: NR and NRM Extend HGPS Cell Lifespan in Culture. Bar graphs representing
days in culture for non-diseased (2DD, FSF) and HGPS (HGADFN271, HGADFNO0O03,
HGADFN169, AGO03513) fibroblasts. Each patient cell-line was grown under control
conditions or treated with intermittent (Int; 7 days treated, 7 days control) arginine/leucine (-
ArgLeu) deprivation, intermittent 0.5 mM metformin (+0.5 mM Metf), continuous (Cont.)
+0.5 mM Metformin (0.5 mM Met Cont.) or continuous +680 nM Rapamycin (+680 nM Rap).
Cells were grown and passaged until minimum plating values (3000 cells/cm?) could be
achieved, and days in culture recorded (X axis). Blue bar graphs represent averages of time

in culture for non-diseased and HGPS cells. ND = not determined. Error bars = standard error
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of the mean. * p < 0.0083 by students T-test corrected for multiple testing.
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5.2 Hutchinson-Gilford Progeria Syndrome Fibroblasts Exhibit Enrichment of
Cytokine-Cytokine Receptor Signalling and Transforming Growth Factor-
B Signalling Pathways

To confirm that the transcriptome of HGPS fibroblasts is divergent to that of non-
diseased control fibroblasts, RNAseq data was processed and analysed following five weeks
of growth in culture. Replicates of each cell line correlated well, with R scores (correlation
value) of 0.997 (FSF non-diseased) and 0.945 (HGPS) respectively; however, when
comparing non-diseased and HGPS fibroblasts, correlation was much lower, averaging an R
score of 0.796 (Figure 5.5A). Data were analyzed with DESeq2, identifying 4450/35805
probes as significantly changing (p <0.05) between non-diseased and HGPS fibroblasts,
confirming alterations in the transcriptome between these samples (Figure 5.5B). Genes
changing expression >5-fold in HGPS fibroblasts were identified (901 up-regulated, 1257
down-regulated), with subsequent analyses analysing gene lists for changes in biological
function (Figure 5.5C). Cytokine-cytokine receptor interaction pathway was enriched in
genes up-regulated in HGPS, as were the transforming growth factor (TGF)-beta signalling
pathway and pathways involved in development (activation of anterior HOX genes in
hindbrain development during early embryogenesis). No pathway enrichment was identified
in genes >5-fold down-regulated in HGPS compared to control. The large number of genes
changing expression, but the lack of enrichment could be a result of the lack of genome
function regulation in HGPS fibroblasts. GO terms were reflective of these alterations in
pathway enrichment, identifying terms associated with changes in transcription, inflammatory
responses, and development (GO Biological Process, GO Molecular Function) (Figure 5.6).
Terms associated with >5-fold down-regulated genes included GO Biological Process for
regulation of development of the cardiovascular and respiratory system (Figure 5.6). Analysis
of gene lists using DisGeNET identified the genes changing as associated with HGPS, as well

as cardiovascular, diabetic, and arthritic conditions.
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Figure 5.5: HGPS Fibroblasts Exhibit Differential Transcript Profiles to Non-Diseased
Fibroblasts. (A) Correlation matrix of FSF (Non-Diseased) and HGADFN169 (HGPS) RNA

sequencing replicates (1, 2) based on raw reads. R values are given, with higher correlation

indicated with warmer colours, and lower correlation by cooler colours (colour-correlation
key under the matrix). R values of 1.0 are highlighted in white. (B) DESeq2 used to identify

genes that significantly statistically different (p <0.05) between FSF (Non-Diseased; grey)
and HGADFN169 (HGPS; blue). Raw reads were log(2) transformed using SeqgMonk and
plotted on a scatter graph. (C) Bar graph demonstrating pathway enrichment of genes up-
regulated >5-fold in HGADFN169 (HGPS) compared to FSF (Non-Diseased). X axis is the -
log(False Discovery Rate (FDR)) and Y-axis lists enriched pathways. The larger the -

log(FDR) the greater the confidence in pathway enrichment. All pathways p-value <0.05,

FDR<0.05.
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Figure 5.6: Gene Ontology (GO) Terms Associated with Genes >5-fold Altered in HGPS
Fibroblasts. Dot plots representing alterations in GO terms between HGPS and Non-
Diseased fibroblasts. Size of dot represents number of genes from the GO Term network in
relation to the networks size (Ratio of Genes from Network) and colour represents -log(FDR)
(scales top right). GO terms are listed to the left of the dot plot. All p-value and FDR <0.05
for displayed terms.

114



5.3 Restriction of Arginine and Leucine, or Treatment with Metformin, Does Not
Restore Non-Diseased Genome Profiles in Hutchinson-Gilford Progeria
Syndrome (HGPS) Fibroblasts but Does Repress Disease-Associated Molecular
Pathways of HGPS

It has previously been reported that the HGPS transcriptome is divergent to that of
non-diseased, age matched fibroblasts (Kreienkamp et al., 2018; Kubben et al., 2016; McCord
et al.,, 2013; Prokocimer et al., 2013); however, there is limited evidence of whether
treatments that reduce progerin levels also restore the transcriptome of HGPS cells to that of
fibroblasts isolated from healthy donors (non-diseased). Furthermore, the impacts of long-
term amino acid restriction or treatment with metformin in the transcriptomes of HGPS and
non-diseased fibroblasts are unknown. Principal component analysis (PCA) of HGADFN169
(HGPS) fibroblasts grown for 5 weeks under control (Untreated), -ArgLeu or +0.5 mM
Metf(Cont.) and FSF (non-diseased) fibroblasts grown for 5 weeks under control conditions
reveal divergence between non-diseased fibroblasts and HGPS, providing evidence that the
transcriptome is not restored to that of non-diseased fibroblasts (Figure 5.7A). Although the
genome of treated HGPS fibroblasts does not resemble that of non-diseased fibroblasts,
average correlation values of probes for -ArgLeu (R = 0.787) and +0.5 mM Metf(Cont.;
0.804) treated HGPS fibroblasts indicate that treatments do alter gene expression profiles, and
that these are different to untreated HGPS (R = 0.796) (Figure 5.7B). DESeq2 analysis for
identification of DEGs support this, with 7018 genes changing expression in response to -
ArglLeu and 4636 in response to +0.5 mM Metf(Cont.) when compared to untreated FSF
controls (Figure 5.7 C and 4D).

It is possible that DEGs are different to those altered in response to untreated disease
state. Gene lists were generated from genes >5-fold up- or down-regulated for HGPS
untreated, HGPS -ArgLeu and HGPS +0.5 mM Metf(Cont.) compared to non-diseased
untreated fibroblasts. In response to -ArgLeu, 606 genes were common between up-regulated
lists, and 691 common in down-regulated lists (Figure 5.7). Therefore, -ArgLeu did not
prevent expression of many HGPS-associated genes; however, 692 genes were solely >5-fold
up-regulated and 292 solely >5-fold down-regulated by -ArgLeu. 295 and 565 genes
respectively, were unique to HGPS disease phenotype compared to non-diseased fibroblasts
and were not found in treated fibroblasts (Figure 5.7). In +0.5 mM Metf(Cont.)-treated HGPS
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fibroblasts, as with -ArgLeu, subsets of genes changing >5-fold were common between +0.5
mM Metf(Cont.) and Untreated (497 up-regulated, 936 down-regulated), some were unique
to HGPS (404 up-regulated, 320 down-regulated) and some were unique to +0.5 mM
Metf(Cont.) (241 up-regulated, 442 down-regulated) (Figure 5.7).

Genes changing only in response to treatment may be responsible for the positive
effects observed on cellular lifespan, therefore additional pathway analyses were conducted
on these genes. No pathways were significantly enriched in genes up-regulated >5-fold in
response to -ArglLeu, but in the down-regulated gene list, pathways included those involved
in chemokine signalling (CXCR3-mediated signalling events, class A/1 (rhodopsin-like
receptors) and cell cycle regulation (activation of PKC through G-protein coupled receptors,
PLK1 signalling events), as well as the advanced glycation end-product/receptor advanced
glycation end products (AGE-RAGE) signalling pathway in diabetic complications (Figure
5.8). Thus, -ArgLeu is down-regulating pathways associated with chemokine and cytokine
signalling that were identified as associated with HGPS-disease phenotype (class A/l
(rhodopsin-like receptors), viral protein interaction with cytokine and cytokine receptor) as
well as pathways whose down-regulation may be pro-longevity specific. These analyses did
not reveal any pathways potentially involved in the ability of metformin to improve

phenotypes and lifespan of HGPS fibroblasts (Figure 5.8).

Although genes were still common between HGPS untreated and treated fibroblasts,
it is possible that these are still exhibiting changes in gene expression levels that may be
significant to HGPS disease progression. Analysis of these genes revealed that 388/606 (64%)
genes were up-regulated compared to HGPS untreated, with the remainder (36%) down-
regulated. No pathway enrichment was identified in the up-regulated shared genes; however,
common down-regulated genes exhibited enrichment of signalling by Type 1 Insulin-like
Growth Factor 1 Receptor, and notably, enrichment of TGF-beta signalling pathway (a
pathway up-regulated in untreated HGPS). Fewer changes in expression levels were observed
in down-regulated common genes, with 420/691 (61%) not changing in response to -ArgLeu;
and no pathway enrichment in the 101 (15%) genes further decreasing expression. 170 (25%)
genes increased expression, which were enriched in the inflammatory mediator regulation of

TRP channels, thus this pathway was also down-regulated by -ArgLeu.
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Figure 5.7: Changes in Gene Expression in HGPS Fibroblasts Restricted of Arginine
and Leucine or Treated with 0.5 mM Metformin for 5 Weeks. (A) Principal component
analysis (PCA) of HGADFN169 (HGPS) fibroblasts grown for 5 weeks under control (green),
-ArgLeu (blue) or +Metf (orange) and FSF (non-diseased) fibroblasts (grey) grown for 5
weeks under control conditions. (B) Correlation matrix for two replicates (1, 2) of untreated
FSF (Non-Diseased), HGADFN169 (169 HGPS), HGADFN169 restricted of arginine and
leucine (169 -ArgLeu) and HGADFN169 treated with 0.5 mM metformin (169 +Metf) for 5
weeks. R values are given, with higher correlation indicated with warmer colours, and lower
correlation by cooler colours (colour-correlation key under the matrix). R values of 1.0 are
highlighted in white. (C) DESeqg2 used to identify genes that significantly statistically
different (p <0.05) between FSF (non-diseased; grey) and HGADFN169 -ArgLeu (HGPS;
blue). Raw reads were log(2) transformed using SeqgMonk and plotted on a scatter graph. (D)
DESeq?2 was used to identify genes that significantly statistically different (p <0.05) between
FSF (Non-Diseased; grey) and HGADFN169 +Metf (HGPS; blue). Raw reads were log(2)

transformed using SeqMonk and plotted on a scatter graph.
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Figure 5.8: Mediation of Pathways Associated with HGPS Disease Phenotype in
Response to Restriction of Arginine and Leucine or Treatment with Metformin. Venn
Diagrams of genes changing >5-fold in HGPS control fibroblasts or HGPS fibroblasts treated
with -ArgLeu or +Metf when compared to untreated (FSF) fibroblasts. Bar graphs are linked

to the appropriate portion of the venn diagram analysed with marker. *: Pathways enriched in
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genes down-regulated by -ArgLeu (but still meeting criteria for >5-fold). Inset: Pathway
enrichment of genes uniquely down-regulated >5-fold in HGADFN169 (HGPS) -ArgLeu
compared to FSF (non-diseased). #: Pathways enriched in genes increasing expression but
still down-regulated >5-fold and in common between HGADN169 Control and HGADFN169
-ArgLeu. &: Genes down-regulated but still >5-fold up-regulated by +Metf common between
HGADFN169 Control and -ArgLeu. X axis is the -log(False: Discovery Rate (FDR)) and Y-
axis lists enriched pathways. Larger the -log(FDR) the greater the confidence in pathway
enrichment. All pathways p-value <0.05, FDR<0.05. If no bar graphs are presented, no

pathway enrichment was detected in the gene lists.

5.4 Restriction of Arginine and Leucine or Treatment with Metformin Induces

Transcriptional Changes in Non-Diseased Fibroblasts

HGPS fibroblasts treated for 5 weeks with either intermittent -ArgLeu or +0.5 mM
Metf(Cont.) do not exhibit the same transcriptome as that of non-diseased, untreated, human
fibroblasts. Previously, the transcriptome of non-diseased dermal human fibroblasts has been
demonstrated to change in response to treatment with metformin, as well as other compounds
that impact central nutrient sensing pathways, such as mTOR. Therefore, it is possible that
the transcriptome of -ArgLeu or +0.5 mM Metf(Cont.) treated HGPS fibroblasts could instead
exhibit similar gene expression profiles to equivalently treated non-diseased foreskin
fibroblasts. Principal component analysis of these profiles revealed that although -ArgLeu
and +0.5 mM Metf(Cont.) treatments do induce divergent gene expression profiles to that of
FSF, these are also different to the profiles observed in response to the same treatments in
HGPS (Figure 5.9A), with 6056 DEG between FSF -ArgLeu and HGPS -ArgLeu (Figure
5.9B), and 3719 DEG between FSF +0.5 mM Metf(Cont.) and HGPS +0.5 mM Metf(Cont.)
(Figure 5.9C).

Although more genes were found to be changing when comparing like-treated HGPS
and non-diseased fibroblasts, genes shared between these datasets could identify pathways
involved in extending health and lifespan of cells in non-diseased and disease states. Genes
changing >5-fold in each condition were examined and shared genes identified (Figure 5.9D).

In -ArgLeu, only 41 (2.9%) up-regulated genes and 56 (5.7%) down-regulated genes were
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common between the non-diseased and HGPS cells under identical treatment conditions. In
+0.5 mM Metf(Cont.), 4 (0.4%) genes were common in up-regulated and 26 (1.7%) in down-
regulated between disease and non-diseased. Pathway enrichment of these shared genes was
conducted using Cytoscape 3.8.2 and ReactomeFI, with networks linked to cell cycle (mitotic
prometaphase, cell cycle checkpoints, mitotic metaphase and anaphase, PLK1 signalling
events) identified in response to genes common between >5-fold in down-regulated non-
diseased and HGPS +0.5 mM Metf(Cont.) treated samples (Figure 5.9E). No pathway

enrichment was detected in other overlaps.
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Figure 5.9: NR and NRM Induce Transcriptional Changes in Non-Diseased Fibroblasts.

(A) Principal component analysis (PCA) of HGADFN169 (HGPS) fibroblasts grown for 5
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weeks under -ArgLeu (blue) or +Metf (orange) conditions and FSF (Non-Diseased)
fibroblasts (grey) grown for 5 weeks under control, -ArgLeu (dark blue) or +Metf (yellow)
conditions. (B) DESeqg2 used to identify genes that significantly statistically different (p
<0.05) between FSF -ArgLeu (non-diseased; grey) and HGADFN169 -ArgLeu (HGPS; blue).
Raw reads were log(2) transformed using SeqMonk and plotted on a scatter graph. (C) Venn
Diagrams of genes changing >5-fold in HGPS control fibroblasts or HGPS fibroblasts treated
with -ArgLeu or +Metf when compared to Untreated (FSF) fibroblasts. Bar graphs are linked
to the appropriate portion of the venn diagram analysed with marker. (D) *: Genes commonly
down-regulated by +Metf in FSF and HGADFN169. X-axis is the -log(False: Discovery Rate
(FDR)) and Y-axis lists enriched pathways. Larger the -log(FDR) the greater the confidence
in pathway enrichment. All pathways p-value <0.05, FDR<0.05. If no bar graphs are given,

no pathway enrichment was detected in the gene lists.

5.5 Are Different Pathways Promoting Cellular Longevity in Response to NR or
NRM Non-Diseased and Hutchinson-Gilford Progeria Syndrome Fibroblasts?

Maintenance of FSF (non-diseased) and 2DD (non-diseased) fibroblasts under -
ArgLeu or +0.5 mM Metf(Cont.) extended cellular lifespan in culture. Therefore, these
treatments are inducing changes at the cellular level that promote cellular lifespan. Although
treated HGPS do not exhibit the same transcriptome as non-diseased cells, analysis of
genomic changes in response to -ArgLeu or +0.5 mM Metf(Cont.) may provide insight into
how to extend health and lifespan. Therefore, DEGs changing >3-fold (467 up-regulated, 316
down-regulated) in response to -ArgLeu and 497 up-regulated, and 651 down-regulated in
response to +0.5 mM Metf(Cont.) were examined. No pathway enrichment was identified in
genes down-regulated in FSF -ArglLeu, but pathways involved in cell proliferation and
modulation of immune responses (TNF signalling pathway, toll-Like receptor signalling
pathway, interferon alpha/beta signalling and cytokine-cytokine receptor interaction) were
identified in up-regulated genes (Figure 5.10A). Metformin up-regulated genes also showed
enrichment in toll-like receptor signalling pathway, interferon alpha/beta signalling and
cytokine-cytokine receptor interaction (Figure 5.10B). Cytokine-cytokine receptor interaction
was also enriched in metformin down-regulated genes (Figure 5.10B). Visualization of GO
terms for -ArgLeu and +0.5 mM Metf(Cont.) up-regulated genes highlighted the similarity of

biological impacts of these conditions despite varied changes in gene expression (GO
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Biological Process: Figure 5.11; GO Molecular Function: Figure 5.12). Most of these terms

were associated with regulation of inflammation/immune response or cell proliferation.

Thus far, analyses of the HGPS have focused on comparisons back to the non-diseased
fibroblast gene expression profiles from both 2DD and FSF cells. To identify any other
biological processes that might be changing in response to -ArgLeu or +0.5 mM Metf(Cont.)
in HGPS, treated samples were compared to controls, with 2452 (1711 up, 741 down) genes
and 1938 (754 up, 1184 down) genes identified as changing expression >3-fold respectively.
In addition to inflammatory and cell proliferative pathways previously identified in response
to -ArgLeu or +Metf, pathways associated with DNA damage were also down-regulated in
response to -ArglLeu (Figure 5.10C) and additional cell signalling/growth pathways were
identified as down-regulated in response to +0.5 mM Metf(Cont.) (Figure 5.10D). Unlike
non-diseased fibroblasts, -ArgLeu and +0.5 mM Metf(Cont.) exhibited limited similarity
between pathway analyses, GO Biological Process (Figure 5.11), and GO Molecular Function
(Figure 12). Although discrepancy in metabolic processes of HGPS fibroblasts was not
examined in this assay, these findings hint at altered or dysregulated response to dietary input

compared to non-diseased counterparts.
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Figure 5.10: Pathway Enrichment of Non-Diseased and HGPS Fibroblasts Restricted of
Arginine and Leucine or Treated with Metformin. (A) Bar graph demonstrating pathway
enrichment of up-regulated and down-regulated genes changing >3-fold in FSF -ArgLeu
compared to FSF (non-diseased). (B) Bar graph demonstrating pathway enrichment of up-
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regulated and down-regulated genes changing >3-fold in FSF +Metf compared to FSF (non-
diseased). (C) Bar graph demonstrating pathway enrichment of up-regulated and down-
regulated genes changing >3-fold in HGPS -ArgLeu compared to HGPS Untreated. (D) Bar
graph demonstrating pathway enrichment of up-regulated and down-regulated genes
changing >3-fold in HGPS +Metf compared to HGPS Untreated. X-axis is the -log(False
Discovery Rate (FDR)) and Y-axis lists enriched pathways. Larger the -log(FDR) the greater
the confidence in pathway enrichment. No significant pathway enrichment in genes uniquely

changed by metformin. All pathways p-value <0.05, FDR<0.05.
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Figure 5.11: Gene Ontology of Biological Processes Comparing Non-Diseased and
HGPS Fibroblasts Restricted of Arginine and Leucine or Treated with Metformin. Dot

plots of gene ontology (GO) biological process associated with genes >3-fold altered in HGPS
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and non-diseased fibroblasts under -ArgLeu or +Metf. Size of dot represents number of genes
from the GO Term network in relation to the networks size (Ratio of Genes from Network)
and colour represents -log(FDR) (Scales top right). GO terms are listed to the left of the dot
plot. All p-value and FDR <0.05 for displayed terms.
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Figure 5.12: Gene Ontology of Molecular Function Comparing Non-Diseased and HGPS
Fibroblasts Restricted of Arginine and Leucine or Treated with Metformin. Dot plots of
gene ontology (GO) molecular function associated with genes >3-fold altered in HGPS and
non-diseased fibroblasts under -ArgLeu or +Metf. Size of dot represents number of genes
from the GO Term network in relation to the networks size (Ratio of Genes from Network)
and colour represents -log(FDR) (Scales top right). GO terms are listed to the left of the dot
plot. All p-value and FDR <0.05 for displayed terms.
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5.8 Discussion

For decades, it has been known that restriction of nutrients can extend health and
lifespan across model organisms, but only recently have researchers begun to refine which
aspects of the diet can be removed or retained to achieve these effects. Simultaneously, a new
class of drugs, dietary restriction mimetics (DRM), have been generated which are proposed
to achieve the same benefits as nutrient restriction without the need for dietary restrictions.
Hutchinson-Gilford Progeria Syndrome, HGPS, a disease in which children age prematurely,
has no cure or effective treatments; therefore, application of amino acid restriction
(specifically removal of arginine and leucine from the diet) or treatment with the proposed
DRM metformin are promising avenues for reversing the features of this devastating disease,
including the dysregulated genome.

RNA sequencing of non-diseased (FSF) and progeroid (HGADFN169) cells treated
for 5 weeks in culture with intermittent arginine and leucine restriction (-ArgLeu) or
continuous 0.5 mM metformin (+0.5 mM Metf(Cont.)) was conducted and bioinformatic
analyses completed. Initial analyses confirmed previous findings that HGPS fibroblasts do
exhibit divergent transcript profiles to those of non-diseased fibroblasts (Csoka et al., 2004a;
Kohler et al., 2020; Kreienkamp et al., 2018; Kubben et al., 2016; McCord et al., 2013;
Prokocimer et al., 2013). Specifically, we also identified up-regulation of the Transforming
Growth Factor-f signalling pathway (Aliper et al., 2017) which is known in HGPS to
resemble this pathways expression in the elderly. TGF-f is a cytokine involved in regulating
numerous processes in the body, including cell growth, division, and homeostasis.
Upregulation of TGF-f signalling has been associated with cellular senescence and aging
(reviewed in (Tominaga et al., 2019)). Pathway enrichment analyses also identified up-
regulation of other cytokine-linked pathways, including Class A/l (Rhodopsin-Like
Receptors) and Cytokine-Cytokine Receptor Interaction. It is well known that inflammation
is a key promoter of aging; however, exactly how these pathways are linked beyond
chemokine and cytokine expression/regulation still needs to be examined. Other researchers
have also identified up-regulation of inflammatory pathways, including stat-1 regulated
interferon like response in HGPS fibroblasts (compared to parental controls (Kreienkamp et
al., 2018) and NF-kB transcriptional profiles in HGPS mice (Osorio et al., 2012), with down-

regulation of these profiles linked to improved cellular pathologies and HGPS mouse
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lifespans (Kreienkamp et al., 2018). Our findings correlate with the literature, providing
additional inflammation-linked pathways associated with HGPS.

Treatment of HGPS fibroblasts with -ArgLeu or +0.5 mM Metf(Cont.) failed to
restore gene expression profiles of HGPS to non-diseased fibroblasts; however, as cellular
lifespan is increased in response to these conditions, it is likely that changes occurring in
response to these conditions could be important in understanding how to treat this disease.
Treatment with -ArgLeu was able to reverse many of the up-regulated pathways associated
with HGPS, including of Class A/1 (Rhodopsin-Like Receptors) and Viral Protein Interaction
with Cytokine and Cytokine Receptor. Furthermore, although genes associated with TGF-3
signalling were still up-regulated, these were expressed at much lower levels than in untreated
controls. The remaining pathways are no longer enriched in up-regulated genes. Therefore,
though the gene expression profiles of the HGPS -ArgLeu is different to that of non-diseased
cells, treatment has repressed up-regulation of HGPS-associated pathways. -ArgLeu also
down-regulated expression of additional cytokine/chemokine-linked pathways. Genes
associated with the Class A/l (Rhodopsin-Like Receptors) are also down-regulated by
metformin treatment and no other pathways were detected in comparison to non-diseased
fibroblasts, again mediating HGPS-associated pathway enrichment. This supports the
findings that inflammatory genes are involved in HGPS cellular pathology, and down-

regulation of these pathways can improve cellular phenotype.

Other pathways were also enriched in HGPS -ArgLeu down-regulated genes,
including PLK-1 signalling events. This pathway has previously been associated with TGF-
B signalling, with down-regulation of TGF-f signalling linked to down-regulation of PLK-1
signalling events (Shin et al., 2020). PLK-1 signalling has also been linked to activation of
the anaphase promoting complex (APC) (Hansen et al., 2004), with down-regulation of PLK-
1 signalling likely down-regulating the APC. Substrates of the APC are often overexpressed
in cancers (VanGenderen et al., 2020), however, down-regulation of PLK-1 can induce
cellular senescence of human dermal fibroblasts (Kim et al., 2013). Furthermore, in some
circumstances up-regulation of the APC may be pro-longevity (reviewed in (Harkness 2018)).
It is possible that the APC is poorly regulated in HGPS, and homeostasis needs to be re-
established to promote longevity. Gene expression profiles of HGPS -ArgLeu or +0.5 mM

Metf(Cont.) were also dissimilar to their non-diseased fibroblast counterparts, with very few
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genes in common. It was postulated that common genes may be central to promoting health
and lifespan, as both cell lines exhibited significant increases in time in culture under these
conditions; however, pathway enrichment was only detectable in down-regulated genes
shared between metformin-treated cells. Despite these limited findings, this analysis
identified further cell-cycle and APC-linked pathways (including PLK-1 signalling events),
further supporting the role of these processes in promoting longevity in non-diseased and
HGPS fibroblasts.

The impact of amino acid restriction (specifically of -ArgLeu) on the genome of
human dermal fibroblasts is unknown. Analysis of gene expression profiles again identified
cytokine-cytokine receptor interactions, and other inflammation-linked pathways, as up- and
down-regulated in response to -ArgLeu. The appearance of these pathways in both up- and
down-regulated lists suggests that careful regulation of cytokines and inflammation linked
genes is required to promote health and lifespan. Similar findings were found in response to
metformin treatment and are in line with previously published data. Overall, numerous genes
are divergently up/down-regulated across treatment groups — perhaps an indicator of genome
dysregulation of HGPS. Although it seems sufficient to down-regulate HGPS-linked
pathways to promote cellular longevity of HGPS-fibroblasts, re-establishing regulation of the
genome to mitigate these altered profiles could be important in establishing a lifespan equal
to that or non-diseased fibroblasts. Finally, two groups of pathways warrant further
investigation in promoting health and lifespan, those associated with the APC/Cell cycle
progression, and those involved in orchestrating the balance of inflammation-linked genes.
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6.0 CONCLUSIONS AND FUTURE DIRECTIONS

Hutchinson-Gilford progeria syndrome is a catastrophic disease, with accumulation
of progerin associated with defects in basic cellular function. For the first time, we have
demonstrated that it is possible to induce progerin degradation by restricting HGPS patient
fibroblasts of arginine or leucine for just 72 h. These same conditions successfully improved
nuclear morphology, rates of DNA damage repair, and restored a level of genome
organization (via positioning of chromosome territories). Although increases in H3K27me3
were not observed, depleted levels of progerin continued in longer-term assays, with HGPS
fibroblasts exhibiting significantly extended lifespan in culture. Analysis of the transcriptome
further demonstrated the ability of arginine and leucine restriction to ameliorate pathways
associated with HGPS disease pathogenesis. Surprisingly, this form of nutrient restriction
often performed better in depleting progerin levels and extending cellular lifespan than the
current standard, rapamycin. Metformin, a nutrient restriction mimetic, achieved similar
results to arginine and leucine restriction. RNA sequencing analyses further demonstrate that
HGPS fibroblasts exhibit an altered metabolism, responding divergently to arginine and
leucine restriction, and metformin treatment, whereas non-diseased counterparts exhibited
similar responses to both. This further solidifies metformin as a nutrient restriction mimetic
and provides insight into the mechanism of action of metformin, functioning via similar
pathways as restriction of amino acids. Additionally, knock-down studies of autophagy
associated transcript reveal that autophagy-independent mechanisms of progerin degradation
are being induced. This provides new evidence on the function of metformin and rapamycin
— determining that amino acid sensors are involved in achieving progerin degradation in
HGPS in response to these compounds (particularly surprising for rapamycin given its direct
binding of mMTORC1 downstream of these sensors).

The impact of amino acid restriction in non-diseased fibroblasts is also unknown. Here
we demonstrated that no negative phenotypes or decrease in cell viability were observed in
response to arginine and leucine restriction; however, I do acknowledge that this is a cell
culture environment and that other tissues or systems, such as muscle, may suffer adverse
effect. As such, further validation of this approach needs to be conducted in additional cell

lines and model organisms. We demonstrated these conditions can alter chromosome territory
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localization; the first-time genome organization has been examined in response to amino acid
restriction. Analysis of RNA sequencing data for both non-diseased and diseased fibroblasts
identified commonly up-regulated pathways not associated with HGPS disease progression
and instead likely associated with promoting longevity. Therefore, although devastating,
HGPS has provided researchers with the ability to better understand genome function and
organization and how dysregulation of the genome and its organization are heavily linked to
disease. These data have further enabled modelling of how nutrient restriction, or nutrient
restriction mimetics, can be utilized not only to treat a fatal condition, but provide proof of
principle in the ability of restriction of individual amino acids from a cellular diet to alter
genome function and organization for the better. As discussed, HGPS is a multifaceted disease
with correlations to the aging process in non-diseased individuals. Understanding the
mechanisms of HGPS disease progression, as well as how interventions can treat HGPS,
could also have important implications for the normal aging process. In the case of HGPS,
arginine and leucine restriction, or treatment with metformin, are interventions with far fewer
serious side effects, and should be considered for treatment of HGPS and other diseases with

age-like phenotypes.

Additional research directions building on this foundation are numerous. NR via
restriction of total amino acids has previously been tested in human subjects for short periods
of time, whilst metformin has been prescribed to millions as a treatment for type 2 diabetes.
Given the already identified safety of these interventions, minor clinical studies should be
conducted in animal models to confirm cellular findings, before considering clinical trials for
HGPS disease treatment. The caveat of this is that there are limited number of patients
suffering HGPS and many will be enrolled in multiple clinical trials and prescribed various
medications. Many HGPS model organisms utilized in study of potential treatments are
associated with loss of the ZMPSTE24 enzyme, and do not exactly recapitulate the HPGS
phenotype. Recently, a CRISPR-cas9 model was generated by Sanchez-Lopez and colleagues
which more precisely recapitulates the HGPS phenotype (Sanchez-Lopez et al., 2021).
Therefore, this mouse model is well suited for use in a trial of arginine and leucine restriction,
or treatment with metformin, ahead of patient trials. Mice of both sexes should be examined,
monitoring both molecular (nuclei shape, progerin levels, DNA damage) and physiological

(weight, height, muscle mass, cardiovascular health, bone mass, blood chemistry, lifespan)
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features of HGPS. Additionally, RNA sequencing and chromatin immunoprecipitation
(ChlP)-sequencing should be performed on various tissues extracted from mice at different
time points of treatment. These data will help identify the mechanism by which arginine and
leucine restriction, or treatment with metformin, are able to induce progerin degradation.
Commonly identified target molecules or genomic regions across tissues could then be subject
to genetic manipulations to prove mechanism, contributing to understanding of HGPS as a
disease, and to NR and NRM as treatments. Analyses will provide important insight into the
influence of disease on genome function, and how NR and NRM can reverse or alter genome
structure and function. Identified molecules could further be examined as druggable anti-
aging targets. If successful in improving molecular and physiological aspects of HGPS, trials
should be carried forward into HGPS patients. A trial of NR in otherwise healthy adults would
also be informative for the possibility of this as an anti-aging intervention, following similar
experimental protocols to those discussed above. Though tissue RNA and ChlIP-sequencing
is not likely a possibility in these trials, examination of participants blood by these techniques
could be informative. Assays in other diseases with accelerated aging-phenotypes and
laminopathies, such as Werner Syndrome, would expand the utilization of these interventions
and provide further evidence of the applicability of these findings across diseases.
Furthermore, some trials have been conducted in cancer following various amino acid
restriction strategies, whilst general caloric restriction has been examined in humans for
defined periods of time. To specifically examine a modified diet restricted of arginine and
leucine or supplemented with metformin could provide valuable insight onto the applicability
of these conditions as pro-longevity interventions, in addition to treatment of disease.

Although it is obvious that NR and NRM are having beneficial impacts on cellular
health and lifespan in fibroblasts from HGPS patients, one molecular characteristic has raised
numerous questions. H3K27me3 has been classically considered as globally lost in the normal
aging process, with the same loss reported in HGPS fibroblasts in age-matched counterparts.
Therefore, restoration of this mark would logically have been the desired outcome. Although
these data recapitulate the loss of H3K27me3 in HGPS fibroblasts compared to non-diseased
counterparts, levels of this histone modification were further reduced in response to
NR/NRM. Various assays could be conducted to better understand this process. Firstly, there

is evidence that repression of specific genes in the aging process is more important than global
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gene repression, therefore conducting ChlP-Seq on HGPS fibroblasts treated with NR/NRM
could assist in identification of regions of the genome that are necessary for promoting
longevity, regardless of overall chromatin inactivation by H3K27me3. Assuming
identification of regions of enrichment and depletion of H3K27me3, the importance of these
regions could be confirmed by knock-down assays by siRNA or CRISPR-Cas9 in cell and
animal models. These experiments would provide important information on the mechanism
of NR/NRM in regulating the genome and could identify genes and regulatory regions
essential in promoting health and lifespan. Data may also provide novel targets for anti-aging
therapies. In the future, these data could contribute to genetically induce NR/NRM-like states
via knock-down of identified targets in patients; however, it is generally agreed that the
technology is not yet able to effectively knock-down genes in all target tissues, with too many
unknowns for safe use in humans. To extend this work, additional histone modifications, such
as H3K9me3, should be examined by immunofluorescence, western blot, and ChIP-seq.
Analysis should consider interaction of these other histone modifications with one another
and with H3K27me3, as well as other features of genome regulation (such as LADs and
TAD:s).

It is known that genome organization plays an essential role in human aging and
disease. Furthermore, organization of the genome in HGPS is severely perturbed, as examined
by HiC and ATAC-seq. Conducting these assays following NR and NRM, combined with
data from ChIP-seq and RNA-seq, would provide a complete database upon which to examine
features of genome regulation (i.e. transcription factors) and organization (folding of the
genome in three-dimensional space). These data could provide insight into regulatory
elements, as well as co-regulated or co-localised genes. This could provide insight into the
mechanisms governing HGPS disease progression, and how exactly NR/NRM are able to
counteract this. Inclusion of non-diseased datasets across age-ranges for both sexes would
further expand the functionality of this dataset. Though some sequencing data already exist
for a range of individuals of a variety of ages from non-diseased and HGPS backgrounds,
these data do not examine NR/NRM. To build on the RNA-seq conducted in this thesis,
transcription factor binding sites enriched for in DEGs should be identified computationally.
This would provide additional targets for functional studies in cell models and model

organisms.
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