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Abstract

The Hutchinson-Gilford progeria syndrome (HGPS, OMIM 176670) is a rare premature
aging disorder associated with hair loss, stunted growth, and weight loss in childhood.’
Myocardial infarction or stroke lead to an early death of 14.7 years." In 90 % of cases,
HGPS is linked to a mutation in exon 11 of the lamin A gene (GGC>GGT, G608G).
This generates a novel cleavage site resulting in a 50 amino acid deletion at the
carboxy-terminal tail of prelamin A.? The deletion removes the ZMPSTE24 cleavage
site from the lamin A processing pathway, resulting in a persistent farnesylation of the
protein, which is called progerin.®# Consequently, progerin is tightly anchored to the
nuclear envelope, causing nuclear blebbing, heterochromatin disorganization, and
DNA double-strand break (DSB) accumulation.’>® Attempts to reverse the HGPS
cellular phenotype have identified farnesyltransferase inhibitors (FTI), statins or
isoprenylcysteine carboxyl methyl-transferase (ICMT) inhibitors. By inhibiting the
farnesyl attachment to progerin, FTls reversed some of the phenotypic changes in
HGPS cells.”"® Three clinical trials with HGPS children have used the drugs mentioned
above.! FTI successfully improved vascular stiffness, bone structure, and the
audiological status of the children.' However, FTI showed inevitable side effects in
vitro e.g. donut-shaped nuclei, lamin B disruption, prelamin A accumulation, and no
improvements of DNA damage and cell growth.'?-14

In this study, proteomic analysis by 2D-gelelectrophoresis identified a mechanistic link
underlying progerin accumulation in the HGPS nucleome, which was interconnected
to the protein degradation pathways, autophagy and proteasome. Based on this,
compounds that can boost progerin degradation will ameliorate the HGPS cellular
phenotype. One of them is sulforaphane (SFN), which induces autophagy, proteasome
activity, and antioxidant response by activating Nrf2-Keap1 signaling pathway.'>-18
SFN improved proteostasis and mitochondrial function, as well as reducing progerin
and DNA damage levels of HGPS cells. Furthermore, autophagy and proteasome
activity can be activated via different upstream signaling pathways, which could have
an impact on restoring the HGPS cellular phenotype. For this, forskolin has been tested
to modulate Sirt1, AMPK, and cAMP signaling pathways to induce autophagy,
mitochondrial biogenesis, and proteasome activity, respectively.'®?° Forskolin
reversed all tested HGPS hallmarks including DNA damage, mitochondrial
dysfunction, and progerin accumulation. Forskolin showed similar positive effects as

SFN even though these compounds act on different signaling pathways. Both SFN and
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forskolin could be considered as candidate drugs for future therapeutics for HGPS
children and other age-related disorders.

A phase | clinical trial with FTI in combination with the rapamycin analog (rapalog)
everolimus has been initiated in 2016. However, studies regarding the efficacy and
side effects of such a combination are absent. Therefore, it has been tested whether
future therapies involving drug combinations further ameliorate the HGPS cellular
phenotype. Within this project, FTI has been used to block the farnesylation process
and SFN to activate the Nrf2-Keap1 signaling pathway. The identification of a novel
treatment regimen with FTI and SFN showed the highest clearance of progerin,
abolished the negative side effects of FTI, and ameliorated mitochondrial function and
DNA damage in HGPS fibroblasts. This novel regimen could be highly considered for
HGPS treatment.

Rapamycin activates autophagy through the specific inhibition of the mTOR signaling
pathway. Hence, rapamycin is an obvious candidate and has proven to reverse the
HGPS cellular phenotype.3%3' However, rapamycin is difficult to utilize clinically and
harbors high toxicity. The analysis of a FDA approved rapalog that is less toxic and
available for intravenous injection has been undertaken. By using temsirolimus (Tem),
the efficacy of rapalogs has been further assessed regarding proteostasis, DNA
damage, and - for the first time - mitochondrial function. Tem partially rescued the
HGPS cellular phenotype by reducing progerin via autophagy. Given that mTOR is
crucial for mitochondrial biogenesis, mitochondrial dysfunction of HGPS was not
ameliorated by Tem.3? This suggests that future therapeutic strategies should identify
drug combinations and treatment regimens that target all dysfunctionalities of HGPS
cells.

In sum, this study identified the significant impact of progerin expression on HGPS
proteostasis. A crucial function that cells need to maintain to remain viable. Several
strategies to rescue this important function has been undertaken by targeting different
signaling pathways implicated in the maintenance of proteostasis including Nrf2 by
SFN, AMPK by forskolin, and mTor by Tem. One of these strategies might hold some

hope in future treatment of HGPS and possibly other age-related conditions.
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Introduction

1 Introduction

1.1 Aging

Aging is one of the most complex and multi-dimensional processes that affects all
organisms from yeast to human. Molecules, cells and tissues start to accumulate
damage over time, resulting in loss of function and increased vulnerability to disease,
ultimately leading to death.3® Aging is one of the most important demographic
megatrends with implications for all aspects of our societies. A more aged society is
inevitable since health and quality conditions of elderly people have improved and new
insights into age-related diseases have been achieved.3* However, the molecular
mechanisms underlying physiological aging are not entirely understood. Many theories
have been proposed to explain the process and cause of aging. Modern biological
theories of human aging fall into two main categories, namely (1) programmed or (2)
damage and error theories. The programmed theories depend on changes in gene
expression that affect the system for maintenance, repair and defense response such
as failures in the conserved insulin/IGF-1 signaling pathway or dysregulated immune
response. The error theories emphasize environmental conditions that induce
cumulative DNA damage at various stages of the cell, such as DNA polymerase errors,
telomere shortening, mitochondrial free radical damage, and stem cell depletion.3®
Endogenously, DNA damage is caused by radiation (UV, X-ray or gamma-rays),
toxins, chemicals, and viruses. Intrinsically, our own metabolism produces reactive
oxygen species (ROS) in the mitochondria as a side product, inducing the damage of
macromolecules and structures of the cells. All theories ultimately lead to the notion
that DNA damage accumulation contributes to aging via genomic instability,
senescence, and cancer.

Research of aging ranges from deciphering of the mechanism to understanding the
different roles of extrinsic and intrinsic causes of senescence. Any biological change
could affect the lifespan of humans and their hormones, enzymes, and genes
implicated in age-related disorders. Models to understand the physiology and genetic
of aging are cells and organisms that do not age or age quickly. No signs of aging were
found in bacteria, yeast, and the clones of many plants as they propagate vegetatively,
i.e. through division of a mother cell in two totipotent daughter cells. Human beings age
and live 70 to 80 years, although they can also suffer from premature aging. Genetic

diseases that accelerate senescence are called progeriod syndromes or progeria and
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serve to identify specific genes and factors that influence life span in humans.3¢
Progeriod syndromes are classified into two classes: (1) unimodal and (2) segmental.
Unimodal progeriod syndromes show one predominant aspect of the normal aging
phenotype such as Alzheimer’s disease. By contrast, segmental progeriod syndromes
display multiple aspects of the aging phenotype that affect several but not all tissues
e.g. Werner's syndrome and Hutchinson-Gilford progeria syndrome (HGPS).%” Studies
of HGPS have not only provided insights into the disease’ cellular mechanisms but

also physiological aging.

1.2 Hutchinson-Gilford progeria syndrome

The Hutchinson-Gilford progeria syndrome is an extremely rare genetic disorder
affecting the skin, musculoskeletal, and vasculature systems. Signs of progeria were
first described in 1886 by Jonathan Hutchinson, who reported a 6-year-old male patient
whose overall appearance was similar to an old man. Independently in 1887, Hastings
Gilford depicted a second patient with similar clinical findings. HGPS has an incidence
of one per 4 to 8 million life births. Today, 124 cases of living patients in over 40
countries are identified.38-40

Phenotypic features of HGPS children are not present at birth and in early infancy, but
start to develop at 12 to 24 months after birth (Fig. 1).383° During their life, children
start to develop classical HGPS symptoms at different stages starting from failure of
thrive at the age of 1 to alopecia, skeletal abnormalities (stiffness of joints, low bone
density), loss of subcutaneous fat, and mid-facial cyanosis at the age of 2-3. HGPS
children present growth retardation and a reduced rate of weight gain.®®3° Progeria
signs also include the lack of ear lobes, conductive hearing loss, aged-looking skin,
dystrophic fingernails and toenails, prominent eyes, and a high-pitched voice.3°
However, HGPS individuals are normal regarding their motor and mental development.
The immune system, wound healing, and brain function are not affected in HGPS. In

these children, the tumor rate is not increased.*"
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1 year 2 years 6 years

7 years 8 yéars 10 years 12 years

Figure 1: Progress of the HGPS disease of a Dutch child. At the age of one year, he does not show
typical HGPS symptoms. The disease onset is between 12 and 24 months.38 [modified figure from
Hennekam, 2006]

Early death of most HGPS cases is caused by accelerated atherosclerosis of the
carotid and coronary arteries such as angina, congestive heart failure, myocardial
infarction, and stroke.3® The average life expectancy in HGPS is 13.5 years.3840
These clinical phenotypes and a genotype analysis led to the diagnosis of HGPS. The
most common HGPS genotype is a G608G mutation in the lamin A gene
(LMNA).3839:41-43
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1.2.1 Molecular basis of HGPS

While LMNA exons 1-10 encode lamin A and lamin C, exons 11 and 12 specifically
encode the carboxy-terminal tail of lamin A. The most common LMNA mutation occurs
in exon 11 at nucleotide position 1824. This mutation involves a C — T substitution
(cytosine to thymine), also known as G608G transition. This leads to an activation of a
cryptic splice donor site, resulting in a 150-base pair deletion. The translated protein is
50 amino acid shorter than the lamin A protein and is called progerin (Fig. 2). Progerin

and its incorrect processing is the cause of HGPS.

Splice donor site | GGTAAGTG |

Normal sequence | GGTGGGC
HGPS sequence | GGTGGGT

~_

G608G

Lamin C heot noman Alpha-helical rod domain Globuar tsil domain

sos/ 614
Prog erin [N Alpha-helical rod domain Globular taldomain (91 V¥ 4
. 664
Lamln A heﬁ:fﬁ;','f:,h Alpha-helical rod domain Globular tail domain CAAX

Figure 2: Mutation of HGPS in the lamin A gene. Schematic representation of the lamin A gene with
its 12 exons encoding for lamin A and lamin C. While exon 1-10 encodes for lamin C, exon 1-12 encodes
for lamin A with a terminal CAAX box. The HGPS mutation occurs within exon 11 (c.1824C>T,
p.G608G), leading to a novel cryptic splice site. Consequently, 150 nucleotides (A150) are deleted from
the lamin A mRNA, resulting in 50 missing amino acids within the protein that is called progerin.

Untranslated regions are displayed in purple.

The parents’ DNA does not carry the lamin A mutation of HGPS indicated by ex-
screening analysis. The HGPS patient carries a heterogeneous and de novo point
mutation in lamin A gene. These findings suggest that the mutation in lamin A gene

must have occurred in the germline cells.#44°
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1.2.2 Cellular phenotype of HGPS

The progerin protein acts in a dominant-negative manner to prevent the normal
assembly of nuclear lamins into the nuclear lamina. In contrast to lamin A, progerin is
tightly anchored to the nuclear envelope due to its farnesylation residue. This
emphasizes abnormal nuclear blebbing and aberrant nuclear shapes of HGPS
nuclei.'*** The truncated nuclear lamina leads to aberrant incorporation and
localization of lamina-associated proteins (e.g. emerin, LAP2a) to the nuclear
envelope. Thus, the disorganization may contribute to an observed loss of peripheral
heterochromatin and clustering of the nuclear pore complexes in HGPS.%46 This leads
to the disorganization of numerous transcription factors.*” These effects might be
responsible for the mis-regulated gene expression profiles and impaired DNA damage
response in HGPS.484° For this, HGPS cells exhibit an elevated steady-state level of
DNA DSB compared to wild-type fibroblasts. DSBs are caused by progerin-induced
nuclear structural irregularities.®® HGPS nuclei also harbor progerin accumulation,
reduced lamin B and LAP2, and abnormal lamin localization.54® Worsening of the
HGPS phenotype is clearly shown by the formation of nuclear introflections and
enlargement of nuclei, as well as progressive loss of peripheral heterochromatin.*® The
severity of nuclear architecture defects and higher progerin accumulation correlate with
patient age.

Progerin also forms insoluble cytoplasmic aggregates during mitosis and nuclei
disassembly. This interferes with chromosome segregation, causing binucleated
cells.>

These findings reveal that progerin is one cause of premature aging and cellular

senescence (Fig. 3). Many HGPS features were found in physiological aging.
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Figure 3: Impact of progerin on the cells. Progerin acts on different cellular function causing premature aging and cellular senescence.5:46.50.52
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1.3 Lamins

Eriksson (2003) identified mutations in the lamin A gene as being responsible for the
HGPS.253

Nuclear lamins were initially identified as the major component of the nuclear lamina
which is a proteinaceous layer between the chromatin and the inner nuclear
membrane.>* From sequencing of the lamin cDNA, Lenz-Bohme et al. (1997) revealed
that the nuclear lamins belong to the intermediate supergene family and were classified
as the type V intermediate family. °° Intermediate filaments have a well-defined
conserved domain structure consisting of a variable NH2-terminal globular head
domain, a central a-helical rod comprising 4 coiled-coil domains, and a globular
COOH-terminal tail domain (Fig. 2).56 All domains are known to be involved in the lamin
assembly.®” The rod domain interacts with other lamins while the tail domain binds to
chromatin, lamina-associated polypeptide 2, and emerin.%® The C-terminal tail domain
contains a structural Ig-fold domain and a nuclear localization signal.>® Analysis of
genomic sequences indicates that nuclear lamins are the progenitors of all
intermediate filaments.%°

Vertebrates have three lamin genes (LMNA, LMNB1, LMNBZ2) encoding at least 7
different isoforms.®' The LMNA (lamin A) gene is localized on the human chromosome
1921.2 and encodes the A-type lamins, lamin A and lamin C.%263 | MNB1 encodes for
lamin B1 and is located on chromosome 5g23.3-9q31.1, while the LMNBZ2 gene
encodes for lamin B2 and lamin B3 and is located on chromosome 19p13.3. A-type
lamins are known to be developmentally regulated. They are expressed in
differentiated cells, while B-type lamins are expressed at all developmental stages.465
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1.3.1 Posttranslational Modifications of the lamin proteins

Lamins A, B1, and B2 are expressed as prelamins that require extensive
posttranslational modifications of their carboxy-terminal CAAX (Cysteine-Aliphatic-
Aliphatic-any Amino Acid, Cys-Ser-lle-Met in prelamin A) box to become mature lamins
(Fig. 4).6 The CAAX motif triggers three sequential enzymatic modifications.®” The first
modification step is the farnesylation of the cysteine of the CAAX motif by
farnesyltransferase. The farnesylated modification is important but not sufficient for
targeting and anchoring the protein to the inner nuclear membrane.®® The next
prelamin A modification is the cleavage of the last 15 C-terminal amino acids (-AAX),
including the farnesyl group. This process requires the enzyme ZMPSTE24 (Zinc
metalloprotease related to the STE24 homolog in yeast, FACE1 — farnesylated-
proteins converting enzyme).®® A methyl esterification is the next maturation step of
the carboxy-terminal cysteine performed by isoprenylcysteine carboxyl
methyltransferase (ICMT). Finally, ZMPSTE24 catalyzes a second proteolytic
cleavage to remove another 15 amino acids at the C-terminus. This results in the
production of mature lamin A lacking the carboxy-terminal farnesyl and carboxymethyl
modifications. The enzymes required for modifying the carboxy-terminus of the lamins
are present in the inner nuclear membrane and endoplasmic reticulum membranes.
However prelamin A is processed in the nucleus due to their rapid transport into the
nucleus after translation, which takes place in the cytoplasm.'4 67

In HGPS, the G608G mutation activates a novel cryptic splice site that deletes 150
nucleotides on the prelamin A mRNA. The translated prelamin A does not contain the
second important recognition site for the ZMPSTE24 enzyme (RSYLLG). This absence
leads to a permanently farnesylated and carboxy-methylated lamin A protein as the
cleavage by ZMPSTEZ24 cannot occur. The truncated lamin A protein is produced in
HGPS and is referred to as progerin (farnesylated prelamin AA50, lamin AA50).
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Figure 4: Post-translational processing of prelamin A. The wild-type or normal processing of
prelamin A is shown on the left-hand side. The process contains 4 steps from prelamin A to mature
lamin A. In HGPS (right-hand side) the recognition site RYSLLG for ZMPSTE24 is missing, resulting in
a stop of the maturation process after step 3. Thus, the lamin AA50 protein stays remains permanently

farnesylated and carboxy-methylated and is known as progerin.

1.3.2 The lamin network

The nuclear envelope separates the cytoplasm from the nucleus and comprises the
outer nuclear membrane (ONM) and the inner nuclear membrane (INM), separated by
the perinuclear space (PNS).7° Cytoplasm and nucleus are connected through nuclear
pore complexes (NPC), which regulate the macromolecular trafficking across the
nuclear envelope.”! The outer nuclear membrane comprises ER proteins and
ribosomes, whereas the inner nuclear membrane has its own set of integral membrane
proteins. Most of these proteins interact with the nuclear lamina, which is underlying
the INM (Fig. 5).7°

The nuclear lamina is a filamentous meshwork built up from A- and B-type lamins and
nuclear lamin-associated proteins. Lamins have important anchorage functions for
nuclear envelope transmembrane (NET) proteins such as lamin B receptor (LBR),
lamin-associated polypeptide 1/2, emerin, and MAN1.144456.57 They are essential for

organizing peripheral chromatin, which is linked to gene expression control.”? Lamins
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organize the cytoskeleton as they localize NPC within the nuclear envelope.'#5.73-75
Lamin A and C interact with SUN and nesprin proteins to form the LINC complex, which
links the nucleoskeleton to the cytoskeleton. Depletion of A-type lamins leads to
abnormalities in nuclear architecture and mislocalization of integral membrane proteins
of the INM.” The absence of lamin A and lamin C from the nuclear envelope was
correlated with mislocalization of emerin to the endoplasmic reticulum.”® Such cells are
often characterized by an increased deformability, misshapen nuclei, and reduced
mechanical stiffness and viability when subjected to mechanical strain. 737> Emerin is
also known to interact with the chromatin bridging protein barrier-to autointegration
factor (BAF). Mutations in the BANF1 gene have been identified as the cause of
hereditary progeriod syndromes.”’

A-type lamins are also known to interact with the LBR, which contains a binding site
for heterochromatin 1 (HP1) and anchors heterochromatin as well as the lamina to the
membrane. LBR might mediate the interaction between chromatin and lamin B with
implications in gene silencing.”®

Lamins demonstrate interactions with transcription factors, chromatin remodeling
complexes, and DNA replication machinery.'440.72.79-81 | amins play an important role
during mitosis as the assembly and disassembly of the nuclear envelope is crucial.”
During mitosis, lamins are dephosphorylated by protein phosphatase 1 and bind to the
periphery of decondensing chromosomes.?? Dephosphorylation is required for lamin
assembly during the telophase/early G1 transition.”

The discoveries that lamins are involved in the regulation of cell cycle progression and
their different expression during development, suggest that they also function in the

regulation of cell differentiation. 83

-27 -



Introduction
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Figure 5: The network of the lamins. The nuclear lamina is composed of lamin A, C, and B and
interacts with chromatin and several transmembrane proteins such as emerin, HP1, and LAP2. The
lamina plays a role in NPC positioning and interact with the cytoskeleton through SUN 1/2 and nesprin
1/2.70

The interest in lamins has increased in the recent years due to the lamins major
interaction network. Lamins were found to play essential roles in a variety of human
diseases (laminopathies), including progeriod syndromes and disorders that affect

muscle, adipose, bone, and neuronal tissues.

1.3.3 Lamins and genetic diseases

Mutations in the lamin genes lead to severe alterations in the stability and shape of the
cell nucleus. These changes have a major impact on the organization of the
components of the nuclear envelope and can impair processes like gene transcription
and survival .84

Lamin A mutations are directly associated with a wide range of human diseases termed
laminopathies.? These diseases were grouped into 4 classes. The first one comprises

those diseases affecting striated skeletal and cardiac muscles, and includes Emery-
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Dreifuss muscular dystrophy (EDMD), limb-girdle muscular dystrophy 1B (LGMD-1B),
and dilated cardiomyopathy (DCM). The second group affects white fat deposition and
bone turnover and includes familial partial lipodystrophy (FPLD) and mandibuloacral
disease (MAD). The third group display the axonal neuropathy Charcot-Marie-Tooth
type 2B1 (CMT2B1) and results in demyelination of peripheral motor nerves and is an
additional sixth disease. Premature aging syndromes were added to the fourth group

and include the HGPS and some cases of atypical Werner's syndrome.8% 86

1.3.4 Involvement of progerin in physiological aging

Mutations in the LMNA gene are implicated in different premature aging diseases.
Premature aging features were also found in normal nuclei of elderly individuals and
include changes in histone modification and increased DNA damage. In healthy
individuals, the nuclear defects are caused by the sporadic use of the same cryptic
splice site in lamin A. This leads to the expression of progerin whose constitutive
activation causes HGPS.8788 The nuclear defects are caused by the prolonged
presence of progerin and not due to the amount of the aberrantly spliced LMNA mRNA
or the amount of progerin. Aged cells might be more sensitized to the presence of
progerin and less able to neutralize the negative effects due to the existence of a p53-
dependent checkpoint. Thus, structural abnormalities of the nuclear lamina are
recognized and linked to the activation of the senescence program and terminal
differentiation.87.88

In HGPS, progerin not only induces mitotic defects during the physiological aging
process but also binucleated and giant cells, which increase with passage number. In
normal fibroblasts, the bimodal distribution of progerin implicates the presence of an
irreversible switch in late-passage cells activating the cryptic splice site.5" Studies
demonstrated that the cryptic splice site of lamin A could be used in vivo in normal
individuals from human skin biopsies.?8 Progerin mRNA was detected in all skin
biopsies from newborn to 90 year-old individuals and remained constant with age. The
progerin protein appeared to accumulate in elderly samples specifically in primary
dermal fibroblasts and terminally differentiated keratinocytes. Progerin-positive nuclei

were first found near the basement membrane and started to spread throughout the
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dermis with advanced age. Progerin expression in vivo could correspond to a
terminally differentiated or senescent subpopulation.®

Another evidence shows that progerin is implicated in physiological aging as it plays a
role in cardiovascular disease of HGPS and cardiovascular aging of unaffected elderly
individuals.*' While HGPS patients showed clear nuclear progerin staining in vascular
smooth muscle cells (VSCM) and in the coronary arteries, unaffected subjects showed
also progerin-positive cells as cytoplasmic punctuate staining in some cells of the
coronary arteries but no staining in VSCM. This study supports the hypothesis that
progerin-positive cells increases with size and advanced age in different cell types and
in aging cardiovascular tissue.*' More evidence was provided as adult stem cells in
HGPS express low levels of progerin compared to non-stem cells. This means that
progerin-expressing cells in vivo can correspond to a subpopulation of terminally
differentiated cells or senescent cells.®®

The cause of increasing progerin expression in normal aging has recently been
specified. While HGPS subjects showed a mutation in exon 11 of the lamin A gene,
healthy aged subjects showed that telomere damage had a causative role activating
the cryptic splice site. Thus, progerin expression was activated in a telomere-
dependent cellular senescence during cell aging in vitro. The proposed mechanism in
senescent cells demonstrates progressive telomere shortening concomitant with
activation of p53. This leads to global alternative splicing including progerin expression
which in turn contributes to senescence.

In sum, progerin is one cause of premature aging and cellular senescence.
Researchers plan to continue exploring the mechanisms of HGPS, which might help
learning more about cardiovascular diseases that occurs during the normal aging
process.'’®! Thus, elderly individuals might benefit from finding new therapeutic

avenues for children with HGPS.
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1.4 Possible therapies of HGPS

In 2012, researchers discovered the first-ever treatment of progeria. Basic research
was performed in the last ten years to find possibilities for elongating the life of the
affected children. Children show improvement in one or more areas of their condition
after the first-ever progeria clinical drug trial. This proves that the farnesyl transferase
inhibitor drug lonafarnib is the first known, effective treatment for children with

progeria.’’

1.4.1 Farnesyltransferase inhibitors (FTI)

Finding the gene for progeria was the key element to this entire avenue of possible
therapies. Basic research on prelamin A and lamin A provided the understanding that
FTls may be a viable treatment for progeria. FTls were first tested on progeria cells
and subsequently on progeria mice.®’

The farnesyl group of progeria cells remains attached at the mutated prelamin A protein
leading to a permanent link to the nuclear envelope. FTls function by inhibiting the
attachment of the farnesyl molecule onto progerin in the first place, thus “neutralizing”
the damaging properties of progerin and restoring the nucleus to a more normal state
(Fig. 6, Table 2).°! FTI treatment led to a significant increase of soluble progerin in the

mitotic cytoplasm.51.92-94

Figure 6: Inmunofluorescence staining of skin cells with FTI. (A) Normal skin cell, (B) Progeria skin

cell, and (C) Progeria skin cell after FTI treatment.®3
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FIT treatment of fibroblasts reversed gene expression defects. Retinoblastoma was
identified as a key factor in HGPS pathogenesis and its modulation could ameliorate

premature aging and possibly complications of physiological aging.®®

Table 2: Treatment of HGPS with FTIs in vitro.5192-95

Syndrome FTI Dose Reduction of
misshaped nuclei
HGPS (G608) | PB-43 7d, 2.5 uM 11.2-14.6 %
HGPS (R644C) | PB-43 7d, 2.5 uM 5.7 %

HGPS (G608G) | Lonafanrib | 72h, 0.5-2 yM | 20-30 %

HGPS (G608G) | PD169541 72h, 100 nM 33 %

HGPS (G608G) | Lonafarnib | 72h, 1.5 yM 25 %

Nuclear-shape abnormalities and heterochromatin organization may also be rescued
by FTI treatment, followed by a chromatin-modifying drug. Reversal of the nuclear
defects is related to lowering of the progerin level in drug-treated samples and elicits
recovery of the ribonucleoprotein staining pattern.*

Nevertheless, FTl was the first possible drug treatment for HGPS children and it
promised to reverse the cellular phenotype of HGPS nuclei. For this, FTIs were tested
in progeria mice. In progeria mice, disease symptoms were prevented by FTI
treatment. Yang et al. (2008) created a knock-in mouse experiment expressing non-
farnesylated progerin (Lmna"i®*). Aside from a cysteine-to-serine substitution in the
CAAX motif, Lmna™™®* mice were genetically identical to the original mouse model
Lmna"®*, The absence of progerin farnesylation in LmnaH®* cells was verified with
metabolic labeling experiments. The Lmna""®* mice developed the same spectrum of
disease phenotypes as found in LmnaH®* mice. The important message of this study
is that non-farnesylated progerin is still toxic. Nonetheless, the extent of the disease
phenotypes in Lmnat®* mice was milder than in Lmna™®* mice, and mouse embryonic
fibroblasts (MEFs) contained less misshapen nuclei. A possible explanation of the
milder phenotypes is lower steady-state levels of progerin in Lmna™®*. Treatment of
Lmna"¢* MEFs with FTI reduced the progerin levels. Lmna™¢* mice still developed

severe disease phenotypes even though progerin farnesylation was absent.%
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Studies from Varela et al. (2008) demonstrated that both prelamin A and progerin
undergo alternative prenylation by geranylgeranyltransferase in the setting of
farnesyltransferase inhibition. This could explain the low efficiency of FTls in
ameliorating the phenotypes of progeriod mouse models.®” Hence, two additional
compounds have been implicated in clinical trial studies (Table 3). Bisphosphonates
have been used to block geranylgeranylation (Zoledronic acid) whereas statins
(Pravastatin) have been used to block prenylation.%”

Fong et al. (2004) tested the efficacy of FTI in ZMPSTE24-deficient mice. This progeria
mouse model resembles HGPS in sharing phenotypes like retarded growth, alopecia,
dental abnormalities, micrognathia, osteolytic lesions in bones, and osteoporosis. The
FTl-treated mice exhibit improved body weight, grip strength, bone integrity, and
percent survival at 20 weeks of age. These results suggest that FTls may have
beneficial effects in human with progeria.®

To date, five clinical trials have been performed for treatment of HGPS with FTls and
its combination with bisphosphonates and statins (Table 3). All of the studies use the

age groups child/adult/senior and are not double-blind (no placebo).

Table 3: Clinical trials of FTls in HGPS patients.

Conditions | Start End Intervention Phase Number of
children enrolled

Progeria 10/2004 Clinical study 15

Progeria, |5/2007 | 10/2009 | Lonafarnib Il 28

HGPS

HGPS 10/2008 | 3/2013 | Zoledronic Acid, | I 15
Pravastatin

Progeria 3/2009 | 4/2009 | Lonafarnib, Il 5
Zoledronic Acid

Progeria 8/2009 | 2/2012 | Lonafarnib, I 45
Zoledronic Acid,
Pravastatin
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One of the clinical trials recently led to the first results.’” Lonafarnib has not only proven
effective for cancer but also for progeria. Twenty-eight children from 16 countries
participated in the 2 V2 year drug trial, representing 75 % of known progeria cases
worldwide at the time when the trial began. Every child showed improvement in one or
more of four HGPS characteristics. The first primary outcome was that the children
gain weight. Improvements of the bone structure and better hearing was also
observed. Most importantly, the flexibility of blood vessels was increased. This was a
breakthrough for children, since heart attack or stroke (cardiovascular disease) are the
causes of death in HGPS. However, a statement is not possible concerning whether a
two-year treatment period delayed strokes, heart attacks or increased longevity."

In contrast to the positive effects of FTI, evidence raises that FTI induces severe
consequences for the nuclei.

FTI has recently been shown to disrupt the lamin B 1/2 processing and localization.'®
A- and B-type lamins form separate, but interacting, networks in the nucleus. Depletion
of lamin B1 can affect the remaining lamin B2 and lamin A/C network. This means that
some disease phenotypes ascribed to dysfunction of lamin A, may be mediated
through changes in the lamin B network. B-type lamins are important for cell
proliferation and organ development. Changes in one lamin network by FTI will
automatically affect the other lamin network leading to mechanisms that induces other
progeriod symptoms. In addition, treatment with FTI led to a rapid cell cycle arrest that
induces senescence in proliferating cells.’3

Treatment with FT| also mediated spindle defects and donut-shaped nuclei.'® Thus,
nuclei divided abnormally and became aneuploid.'> Moreover, FTI could not reduce
the accumulated DSBs in HGPS cells. This suggests that DNA damage accumulation
and misshapen nuclei are probably two unrelated phenotypes caused by prelamin A
accumulation in HGPS. Strategies for treatment of HGPS need to combine elimination
of DNA damage accumulation as well as normalization of nuclear morphology.®
Research for new treatments of progeria has to be conducted. Small compounds have
recently cleared progerin and ameliorated the diseases’ phenotype via the activation
of the protein degradation pathways.3%%° The two major protein degradation pathways

are autophagy and ubiquitin-proteasome system. %
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1.4.2 The Autophagy Pathway — Rapamycin

Autophagy encompasses the different routes that cells use to deliver unnecessary or
dysfunctional cytoplasmic substrates to lysosomes for protein degradation. These
include macroautophagy, chaperone-mediated autophagy, and microautophagy. %’
Autophagy comprises two key steps: 1) formation of autophagosomes that capture the
substrates; and 2) fusion of autophagosomes and lysosomes to form autolysosomes
in which the autophagic content is degraded.'%%'% The membrane trafficking
processes in autophagy are controlled by autophagy-related genes (ATGs) and
signaling lipid phospatidylinositol-3-phosphate that recruits effector proteins to the
autophagic vacuoles.'9>1% Signals for the autophagosome formation are regulated by
the mammalian target of rapamycin (mMTOR). mTOR is inhibited under starvation
conditions, and this contributes to autophagy.’®'1% Factors that activate or inhibit
mTOR are insulin-like growth factor (IGF1R), GTPases, p53, adenosine
monophosphate-activated protein kinase (AMPK). This leads to an activation or
inhibition of autophagy (Fig. 7).24107-111
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Figure 7: Inhibition of autophagy by mTOR. Inhibition of mTOR leads to activation of ULK1 complex,
which leads to VSP34 activation through phosphorylation and phagophore formation. Induction of
autophagy is controlled by autophagy-related (Atg) gene products. Atg control autophagosome
formation through Atg5-Atg7-Atg 12 (ULK complex) and LC3-Il complexes. Pro-LC3 is cleaved Atg4
protease to generate the cytosolic LC3-1. LC3-l is conjugated to phosphatidylethanolamine (PE) that
requires Atg7 and Atg3. The lipidated form of LC3, known as LC3-Il, is attached to the autophagosome
membrane. The autophagosome subsequently fuses with the lysosome to form an autolysosome which
degrades the internal contents. Formation of the ULK complex is blocked by mTOR and thus, autophagic
cargo is not degraded. Rapamycin inhibits the mTOR signaling pathway activating the autophagy

machinery. 112113
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Emerging evidence has shown that impairment of autophagy has been linked to
degenerative disease and carcinogenesis.'%2'14 Autophagy is a predominantly
cytoprotective process affecting the liver, heart, nervous system, and kidney.101.106,115-
118 Autophagy has a prominent role in determining the life span of model organisms.
Reduced autophagy has been associated with accelerated aging.'® Induction of
autophagy is proposed as an attractive therapeutic strategy for diseases in which an
increased protein degradation capacity is beneficial. Thus, a number of molecule-
based autophagy inducers (incl. drugs in clinical use) or natural products have been
identified.102,120-122

Cao et al. (2011) investigated the effect of the drug rapamycin on cultured HGPS
fibroblasts.®® The FTI lonafarnib is a relatively cytotoxic agent with gastrointestinal and
hematological dose-limiting toxicities in cancer patients.'?® Rapamycin, a non-toxic
drug is an attractive option for progeria children.

Rapamycin cleared progerin, prevents nuclear abnormalities (nuclear blebbing), and
delayed replicative senescence. Rapamycin induced the clearance of progerin through
the autophagy pathway by inhibiting the mTOR pathway.3® Rapamycin slowed the
progression of cellular senescence as less B-Gal-positive cells were detected at day
60.30 In further detail, rapamycin suppresses the geroconversion (conversion from
quiescence to senescence) by progerin clearance.’?® A senescent phenotype can be
linked to hyper-active growth-promoting and nutrient-sensing pathways such as
mTOR. Activated mTOR drives the senescent morphology when the cell cycle is
arrested. 3123 Rapamycin and upstream inhibitors of mTOR inhibit geroconversion in
premature and physiological aging.'?*12% The cellular life span was extended by the
rapamycin inhibition of the TOR pathway.3°

Furthermore, rapamycin prevents atherosclerosis in animal models of accelerated
atherosclerosis. It prevents atherosclerotic restenosis in humans by increasing lipolysis
and simultaneously reducing the lipid entry into tissues.'26.127

Rapamycin is a clinically approved, non-toxic drug, which is already used in transplant
patients and in children with TSC syndrome.'? The positive effects of rapamycin in
cells proved the drug for usage in future mouse models.

Nevertheless, the negative side effects of rapamycin should be considered before
applying to HGPS individuals. Rapamycin induces gastrointestinal symptoms, edema,

infection, delayed wound healing, high cholesterol and triglyceride levels, anemia, and
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interstitial pneumonitis.3’ Moreover, rapamycin showed only diminishing effects on
mammalian aging rates. While a number of aging phenotypes were improved by
rapamycin (cancer potential, immune system); myocardial pathology, arterial
degeneration, and DNA damage - among others - were not measurably altered. This
indicates only a direct influence of rapamycin on these traits and not slowing down
aging.'?8

For this purpose, it will be important to identify safer analogs of rapamycin for chronic

treatments in humans to minimize toxicity and further improve the cellular phenotype.

1.4.3 Ubiquitin — Proteasome Pathway (UPS)

The UPS contributes to the maintenance of cellular homeostasis and protein quality
control. It also functions as a regulator of many cellular processes, including
proliferation, cell cycling, gene transcription, apoptosis, antioxidant responses, and
immune reactions. 129130

Proteasomes are multi-sub-unit complexes comprising the 20S proteolytic core particle
and 19S regulatory core complex. Proteolysis is performed by three subunits, which
have caspase-like (B1), trypsin-like (B2), and chymotrypsin-like (B5) activites.'3" At
present, little is known about the importance of each proteasomal activity in vivo. The
clearance of defect proteins involves several steps by the ubiquitin-proteasome
system, whereby a chain of activated ubiquitin monomers is covalently linked to lysine
residues of the target protein in an ATP-dependent manner. The process is initiated by
the action of ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2),
and ubiquitin ligases (E3). E1 activates and transfers ubiquitin to the carrier protein E2.
E2 presents ubiquitin to E3, whereby the latter binds to the target protein. Thus, E3
interacts with E2 to covalently attach the ubiquitin to the target protein. This process is
carried at least 4 times, creating a polyubiquitin chain. The ubiquitin chain serves as a

recognition signal by the proteasome (Fig. 8).132-135
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Figure 8: Protein Ubiquitination Pathway. E1 hydrolyzes ATP and adenylates a ubiquitin molecule, which is subsequently transferred to the E1-active site. A
second ubiquitin is added and the complex is transferred to E2. E3 recognizes the specific protein to be ubiquitinated and catalyzes transfer of ubiquitin from E2 to

the target protein. A target protein must be labeled with at least 4 ubiquitin molecules before it is recognized by the proteasome. 32
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The proteasome has emerged as an attractive target for cancer therapy. Bortezomib
was the first proteasome inhibitor. It encouraged anti-tumor activity in preclinical
studies and clinical trials.133.136

Evidence is mounting to support the central hypothesis that proteasome functional
insufficiency represents a common pathological phenomenon in heart disease.
However, pharmacological inhibition of the proteasome is implicated as a potential
therapeutic strategy to intervene pressure-overload cardiac hypertrophy, viral
myocarditis, doxorubicin cardiotoxicity, and perhaps myocardial ischemic injury. It
exists a multitude of unexplained inconsistencies and controversies between the two
possibilities of the proteasome impact, which may eventually be clarified.'3”
Proteasome dysfunction might also be involved in Alzheimer disease. The age-
dependent decrease of the proteasomal activity might lead to the accumulation of Aj
and tau. The proteasome activity was reduced by 50 % in primary neurons isolated
from APP transgenic mice compared to neurons of wild-type mice. Additionally, the
proteasomal activity is further reduced once AP and tau aggregate. Proteasome activity
was normalized in APP mutated neurons to wild-type levels when treated with -
secretase inhibitor.138.139

Recent studies showed a marked decrease in the 20S proteasome activity by in vitro
assays of substantia nigra extracts from Parkinson’s disease brains.'#%141 Spillantini et
al. (2003) observed a 55 % reduction in the proteasomal chymotrypsin-like activity in
the substantia nigra. These results suggest structural and functional impairments of
the ubiquitin-proteasome system in sporadic Parkinson’s disease.4".142
Physiologically, the proteasomal activity decreases with age.'#3'44 A decline in
proteasome function is assumed to contribute to the development of age-related
pathology and to aging process itself.’*® This hypothesis was proven by mouse
hepatocytes, which undergo premature senescence due to disassembly of the 20S
proteasome.'#® Furthermore, reduced 26S proteasome activity was shown to shorten
life span and enhance the development of neurodegenerative phenotypes in
Drosophila.’*® Tomaru et al. (2012) provided the evidence that a reduced
chymotrypsin-like activity shorten the life span of mice. The diminished activity
accumulated ubiquitinated and oxidized proteins. The results suggest that reduced
proteasomal activity accelerates the aging process and enhances the development of
age-related pathology.’® The lower proteasomal activity of dermal fibroblasts from

elderly people is attended by a reduction of the proteasomal catalytic subunits PSMB5
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and PSMB6 and an accumulation of oxidized and ubiquitinated proteins.'#” A lentiviral
gene transfer restored the proteasomal activity and decreased the accumulation of
oxidized and ubiquitinated proteins. This delayed the senescence in dermal fibroblast
from elderly people.™’

HGPS analysis revealed a decrease in overall caspase-like proteasome activity and in
the levels of two the active proteolytic B5- and p7-complex subunits.® The HGPS cells
showed higher ROS than age-matched controls. Increased ROS levels induced higher
levels of mitochondrial superoxide dismutase (SOD).48

The list of proteins is long that are involved in the ubiquitin-proteasome system. The
substrate recognition and processing by the UPS require a close cooperation with
molecular chaperones.’® Chaperones are defined by their ability to recognize non-
native conformations of other proteins. They are suited to distinguish between native
and abnormal proteins during substrate selection.#®

However, further studies are necessary to address the molecular mechanisms
underlying an age-related decrease in proteasomal activity and identify specific
substrate proteins and the altered expression involved in the development of age-
related diseases. Such studies may provide a new approach to the prevention and

treatment of age-related diseases.
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2 Aim of the thesis

Several studies have shown that cells or mouse models of HGPS treated with FTI,
statins or ICMT inhibitor could reverse some of the phenotypic changes of these cells
or tissues.”'% Three clinical trials involving children with HGPS have been initiated with
the drugs mentioned above and revealed positive effects of FTl. However, recent
evidence indicates negative side effects of the FTI treatment, which require further
mechanistic studies to determine the causes of the phenotypic changes occurring in

HGPS cells and hopefully find ways to target these defects.!?13

The main objective of this thesis is to understand the molecular mechanisms that are
triggered by the accumulation of progerin at the nuclear envelope in HGPS cells.
Proteomic analysis allows the identification of differentially expressed proteins in
HGPS cells to determine their functional relationships to signaling pathways to
prioritize specific targets for testing new therapeutic strategies. It is hypothesized that
in particular the protein degradation pathways in HGPS are altered and that

therapeutics should reverse this defect to normalize the HGPS cellular phenotype.

To test this hypothesis this work investigates the following aims:

1) To dissect how progerin impacts the nuclear compartment of HGPS cells and
triggers premature senescence. To understand the mechanistic defects underlying
HGPS, a proteome analysis of dermal fibroblasts from progeria patients in comparison
to fibroblasts from control individuals was performed. The focus was on the nuclear
compartment as progerin accumulates in this compartment. Protein profiling using 2D
DIGE gel electrophoresis coupled with mass spectrometry was performed to identify
changes in the nuclear proteome. Bioinformatic analyses of the protein list found to be
altered in the nuclear compartment in HGPS cells could be interconnected to a
molecular network regulating the protein degradation pathways.

2) To determine new therapeutics derived from signaling pathway-based
investigations, and establish the criteria of reversibility of cellular dysfunctions.
Based upon the result of the 2D-DIGE proteomics, enhancers of the protein
degradation pathways were analyzed. Autophagy and UPS can be activated via
different upstream signaling pathways, which might impact the reversibility of HGPS
cellular dysfunction. For this, two novel drugs, sulforaphane and forskolin, have been

identified that can enhance the protein degradation pathways via different signaling
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pathway targets. Sulforaphane activates protein degradation via Nrf2-Keap1 signaling
pathway, forskolin enhances protein degradation via Sirt1 and AMPK signaling
pathway. Furthermore, these drugs provide a low toxicity and side effects profile, and
exhibit antioxidant properties. They are tested in control and HGPS cells and analyzed
by several biochemical assays such as proteostasis levels and Western blotting.

3) To define a rapamycin analog with a more favorable pharmacokinetic profile,
and study the impact of this rapalog on mitochondrial function. Rapamycin is
known as a specific inhibitor of the mTOR signaling pathway. The inhibition of mMTOR
activates the protein degradation via autophagy.® Therefore rapamycin has been an
obvious candidate, proving to improve HGPS cellular phenotype in vitro.3° However,
due to its high toxicity, the analysis of a rapalog that is FDA approved, less toxic, and
available for intravenous injection has been undertaken to determine the extent to
which it rescues HGPS cellular phenotype. This study further assesses the efficacy of
rapamycin analogs by using temsirolimus.’® Moreover, mTOR is known to play a
crucial role for mitochondrial biogenesis.3? This is the first report investigating the effect
of rapamycin analogs on mitochondrial function. It is hypothesized that therapeutics
need to target diverse signaling pathways to reverse the HGPS cellular phenotype than
only activating protein degradation pathways. Temsirolimus is tested in control and
HGPS cells and analyzed by several biochemical assays to examine proteostasis,
mitochondrial function, DNA damage, nuclear morphology and others.

4) To investigate potential future therapy involving drug combinations on the
HGPS cellular phenotype. Today, the HGPS children that are enrolled in the PRF
clinical trial are treated with FTI. This treatment showed improvements in vascular
stiffness, bone structure, and audiological status of the children.’" FTI inhibits the
farnesylation of progerin thereby preventing its incorporation into the nuclear
envelope.® To test novel potential treatments that could ameliorate further the disease
condition, search for additional candidate drugs for combination with FTI are underway.
In April 2016, a phase | clinical trial with rapamycin analog everolimus in combination
with FTI has been initiated. However, the efficacy and potential side effects of the
combination in vitro are unknown.

In this study, the effect of such a treatment regimen has been tested in vitro by using
FTI in combination with sulforaphane to determine the extent to which HGPS cellular
phenotype can be restored. While FTI blocks the farnesylation pathway, sulforaphane

enhances autophagy and mitochondria function via activation of Nrf1-Keap1 signaling.
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This is the first study testing the effect of a drug combination. This regimen could open
a completely new avenue for further drug testing of HGPS. A new application scheme
and fast evaluation will be provided within this study, which allows rapid testing of new
drug combinations. After verifying a beneficial drug sequence, control and HGPS cells
are treated in combination and analyzed for proteostasis, mitochondrial function, and
DNA damage response.

The outcome of these studies may significantly improve the recovery of HGPS
children. Two novel drugs, sulforaphane and forskolin, and a drug combination, SFN
and FTI, have been identified as candidate drugs for treatment of HGPS disease.
With the knowledge of this study, other age-related diseases such as Parkinson’s and
Alzheimer’s disease could benefit from these therapeutic strategies. Indeed both age-
related diseases exhibit similar functional defects as observed in HGPS condition, in
particular alteration in proteostasis and mitochondria dysfunction.

The approach of 2D-gelelectrophoresis allows the rapid identification of defective
signaling pathways, which is important for the screening for diseases with abnormal

protein accumulations.
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3 Materials and Methods

3.1 Materials

The following items were used for experimental procedures and cell culture.

3.1.1 Equipment

Table 4: Technical Equipment.

Device Manufacturer
Axio Imager D2 Zeiss

Axiovert 40CFL Zeiss

Balance Cp 4202 S Sartorius

Biofuge fresco

CASY Cell Counter

Certomat BS-1

Chemi-Doc MP Imaging System
FLUOstar Omega

HeraSafe

Incubator

InoLab pH 720

Mastercycler DNA Engine Thermal cycler PCR
Mini Gel cell / Mini Trans-Blot cell
Multifuge 3S-R+

Nano Drop Spectrometer ND-1000
Power Pac Universal / HC
Real-time PCR MX3000P

Rocking platform

Sonifier 250

Thermomixer comfort

Universal Hood Il

Vortex Genie-2

Thermo Scientific
Roche

Sartorius

BioRad

BMG Labtech
Thermo Scientific
Binder

WTW

Eppendorf
BioRad

Thermo Scientific
PeqgLab

Bio-Rad
Stratagene

VWR

Branson
Eppendorf
BioRad

VWR

-44 -



Material and Methods

3.1.2 Consumables

Table 5: Consumables.

Name Manufacturer
3.5, 6, 10 cm tissue culture dish Falcon

4-20 % Mini-Protean TGX Precast Gel BioRad
Eppendorf tubes (1.5, 2 ml) Eppendorf

IPG strips

Luminunc 96- well plates white
Membrane high-bond ECL (nitrocellulose)
Microscope slides superfrost plus

Mini Transblot filterpaper

Polypropylen conical tubes (15, 50 ml)
Serological pipets (1, 2, 5, 10, 25 ml)
Superslip coverslips

Tip one pipet tips (10, 20, 200, 1000 pl)

GE Healthcare
Thermo Scientific
Amersham
Thermo Scientific
BioRad

Falcon

Sarstedt

Fisher Scientific
Starlab

Zip-tip C18 Millipore

3.1.3 Reagents

Table 6: Reagents.
Name Manufacturer
0.25 % Trypsin EDTA Invitrogen
2-Mercaptoethanol BioRad
7-Amino-4-methylcoumarin Sigma Aldrich
Agarose ultrapure BioRad
Dapi Vectashield mounting medium Vector Inc.
DEPC treated water Invitrogen
Destreak solution GE Healthcare
Dimethylformamide Merck
DMEM (1x) GlutaMax 4.5 g/l D-glucose+pyruvate  Gibco
Dodecyl sulfate sodium salt (SDS) Merck
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Ethanol

Ethidium bromide

Fetal bovine serum (FBS)
Forskolin

D-(+)-Galactose

Gentamycin (10 mg/ml)
Glutamine (200 mM)

Glycine

HEPES

2x Laemmli Buffer
L-Sulforaphane

Magnesium chloride

Matrix solution

Methanol

Modified porcine trypsin protease
Penicillin-Streptomycine (5,000 U/ml)
Phosphate-buffered saline (PBS)
Ponceau S

Potassium chloride

Precision Plus protein standards (dual color)
Sodium chloride

Sodium hydroxide

Sso Fast Eva Green Supermix
Sucrose

Temsirolimus

Triton X-100

Trizma base

Tween 20

Urea

Roth

Sigma Aldrich
Invitrogen
Sigma Aldrich
Sigma Aldrich
Invitrogen
Invitrogen
Sigma Aldrich
Sigma Aldrich
BioRad
Sigma Aldrich
Sigma Aldrich
Agilent Technologies
Roth
Promega
Invitrogen
Invitrogen
Sigma Aldrich
Fisher Scientific
BioRad
Merck

Merck
BioRad
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
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3.1.4 Kits

Table 7: Kits.

Name

Manufacturer

20S Proteasome Assay
Autophagy/Cytotoxicity Dual Staining
CellTiter-Glo Luminescent Cell Viability Assay
CellTox Green Cytotoxicity Assay

Clarity Western ECL substrate

DCFDA - Cellular ROS Detection Assay
Omniscript RT Kit

Oxygen Consumption/Glycolysis Dual Assay

Cayman Chemicals
Cayman Chemicals
Promega

Promega

BioRad

Abcam

Qiagen

Cayman Chemicals

QlAshredder Kit Qiagen
RNeasy Mini Kit Qiagen
Total ROS/Superoxide Detection Kit EnzoLifescience

3.1.5 Antibodies

Table 8: Primary Antibodies.
Antibody Species IF WB Supplier Order Number
Anti-53BP1 rabbit 1:2000 1:10000 Bethyl Lab. A300-272A
Anti-pAMPKa rabbit 1:100 1:1000 Cellsignaling 2539
Anti-Beta-Actin mouse - 1:10000 Sigma Aldrich  A1978
Anti-Beta-Tubulin mouse - 1:1000  Sigma Aldrich  T8328
Anti-FHL1 rabbit 1:100 1:1000  Santa Cruz sc-8017
Anti-H2A.X mouse 1:250 - Millipore JBW301
Anti-HDJ-2 mouse - 1:5000  Abcam ab3089
Anti-HP1-y mouse 1:100 1:3000  Millipore mab3450
Anti-Hsp27 mouse - 1:3000  Abcam ab2790
Anti-Lamin A rabbit 1:500 - Sigma Aldrich L1293
Anti-Lamin A mouse 1:500 - Abcam ab8980
Anti-Lamin A/C mouse - 1:5000 Thermo Fisher mab636
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Anti-Lamin A/C 15 rabbit - 1:5000 N. Chaudhary -
Anti-Lamin A/C H110  rabbit - 1:3000 Santa Cruz sc-20681
Anti-Lamin B1 goat 1:60 1:500 Santa Cruz sc-6217
Anti-Lap2a rabbit 1:500 - ImmuQuest Q175
Anti-LC3B rabbit - 1:20000 Sigma Aldrich L7543
Anti-MTCO2 rabbit 1:250 1:5000 Abcam ab79393
Anti-NPC [414] mouse 1:500 - Abcam ab50008
Anti-PGC1a rabbit 1:70 1:700 Santa Cruz sc-13067
Anti-Prelamin A goat 1:300 1:3000 Santa Cruz sc-6214
Anti-Progerin mouse 1:300 - Enzo Lifesc. ALX-804-662-
R200
Anti-Progerin (S5) 8  rabbit 1:1 1:2.5 K. Djabali -
Anti-Proteasome 20S mouse - 1:5000 Abcam ab22665
Anti-Sirt1 rabbit 1:100 1:3000 Abcam ab32441
Anti-Rad51 rabbit 1:300 1:1000 Novus Biolog. NBP2-32622
Anti-Ubiquitin mouse - 1:2000 Santa Cruz sc-8017
p-E4BP1 rabbit 1:100 1:1000 Cell Signaling 9459
p-S6RP rabbit 1:200 1:2000 Cell Signaling 2211
Table 9: Secondary Antibodies.
Antibody Species Dilution Supplier Order
Number
a-mouse-Alexa Fluor 488 donkey 1:750 Invitrogen A21202
a-rabbit- Alexa Fluor 488 donkey 1:750 Invitrogen A21206
a-mouse- Alexa Fluor 555 donkey 1:750 Invitrogen A31570
a-rabbit- Alexa Fluor 555  donkey  1:750 Invitrogen A31572
a-goat- Alexa Fluor 555 donkey 1:750 Invitrogen A11055
a-mouse-HRP goat 1:5000 Jackson 115-035-003
ImmunoResearch
a-goat-HRP donkey 1:5000 Jackson 705-035-003
ImmunoResearch
a-rabbit-HRP goat 1:5000 Jackson 111-035-003
ImmunoResearch
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3.1.6 DNA Oligonucleotides

Table 10: List of oligonucleotides used for real-time PCR and qPCR.

Primer Primer sequence

STUB1 fw 5-CTGCTGTTGGACTGTGGACT-3’
STUB1 rev 5-CTCGTGCTCACGGATTTTAT-3
BAG3 fw 5-GGAGTGCTGAAAGTGGAAGC-3
BAG3 rev 5-CTGGACTTGACCTGGGACAT-3
BAG2 fw 5-GCTTTGAGAGAAGCAGCAAC-3’
BAG2 rev 5-GCTGGGGGTTTCTAATTGTT-3’
BAG1 fw 5-AGCAATGAGAAGCACGACCT-3
BAG1 rev 5-GAAGTGCACCATGGAGAGGAG-3
Hsp27 fw 5-GTCCCTGGATGTCAACCACT-3
Hsp27 rev 5-GACAGGGAGGAGGAAACTTG-3’
Hsp70 fw 5-GCTCTTTGCTGCTTCACTTC-3’
Hsp70 rev 5-AGGTGGCAGTGTTGATTCAT-3
Hsp90a fw 5-GTCTAGTTGACCGTTCCGCA-3
Hsp90a rev 5-GAGGAGGCACCCTCAAGTTC-3
Hsp90b fw 5-GAAGTGCACCATGGAGAGGAG-3
Hsp90b rev 5-GCGAATCTTGTCCAAGGCATC-3’
LMNA/C fw 5-GCAAAGTGCGTGAGGAGTTT-3’
LMNA/C rev 5-GAGTTCAGCAGAGCCTCCAG-3’
Progerin fw 5-ACTGCAGCAGCTCGGGG-3

Progerin rev
LMNA fw
LMNA rev
GAPDH fw
GAPDH rev

5'-TCTGGGGGCTCTGGGC-3'
5’-GTGAGTACAACCTGCGCTCG-3
5’-GAGTGACCGTGACACTGGAG-3
5'-CTCTGCTCCTCCTGTTCGAC-3’
5'-TTAAAAGCAGCCCTGGTGAC-3’
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3.1.7 Cell culture media
The following media were prepared under sterile conditions according to the recipes
below.

Table 11: Cell culture medium-Fibroblast growth medium containing glucose.

Fibroblast growth medium containing glucose

DMEM (high glucose) 500 ml

FBS 75 ml (15 %)
Gentamicin 2.5ml (0.5 %)
Penicillin-Streptomycin 5ml(1%)
Glutamine 5ml (1 %)

Table 12: Cell culture medium-Fibroblast growth medium containing galactose.

Fibroblast growth medium containing

galactose

DMEM (no glucose) 500 ml

FBS 75 ml (15 %)
Gentamicin 2.5 ml (0.5 %)
Penicillin-Streptomycin 5ml (1 %)
Glutamine 5ml (1 %)
Sodium pyruvate 5.75 ml (1.0 mM)
Galactose 1.035 g (10 mM)

Table 13: Cell culture medium-Freezing medium.

Freezing medium
FBS 9ml
DMSO 1 ml
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3.1.8 Buffers

Table 14: TBS buffer.

10x TBS buffer

Trizma 60.55 g
Sodium chloride 87.66 g
Milli-Q water Ad 11

Table 15: TBS-Tween and PBS-Tween.

1x TBS-T and PBS-T

10 x TBS/ 10x PBS 100 ml
Milli-Q water 900 ml
Tween 20 500 ul

Table 16: Blocking buffer for Inmunofluorescence.

Blocking buffer for
Immunofluorescence

FBS 7.5ml (15 %)
Tween 20 150 pl

PBS Ad 50 ml

Table 17: 2x2-D sample buffer.

2x2-D sample buffer

Urea 8M

CHAPS 4 %

DTT 20 mg/ml
Pharmalytes 2%
Bromphenol blue Trace amount
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Table 18: Buffer A.

Buffer A

Hepes/KOH (pH 7.9) 10 mM
Magnesium chloride 1.5 mM
Potassium chloride 10 mM
DTT 0.5 mM

Protease inhibitor cocktail
Phosphatase inhibitor cocktail

Table 19: Buffer B.

Buffer B

Trizma (pH 7.5) 10 mM
Magnesium chloride 3.3 mM
sucrose 0.25 mM

Table 20: Buffer X.

Buffer X
Trizma (pH 8.0) 70 mM
Triton-X 100 0.045 % v/v

Table 21: Equilibration buffer-1.

Equilibration buffer-1

Trizma (pH 8.8) 50 mM

Urea 6M

Glycerol 30 %

SDS 2%

DTT 10 mg/mi
Bromphenol blue Trace amount
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Table 22: Equilibration buffer-2.

Equilibration buffer-2

Trizma (pH 8.8) 50 mM

Urea 6M

Glycerol 30 %

SDS 2%
lodacetamide 45 mg/mi
Bromphenol blue Trace amount

Table 23: Lysis buffer for nuclei preparation.

Lysis buffer for nuclei

preparation

Trizma (pH 8.8) 30 mM
Urea 7M
Thiourea 2M
CHAPS 4 %

Table 24: Rehydration buffer.

Rehydration buffer

DTT 20 mg/ml
Urea 7M

Thiourea 2M

CHAPS 4 %
Pharmalytes 1%
Bromphenol blue Trace amount

Table 25: 10x SDS gel running buffer.

10x SDS gel running buffer

Glycine 144 g (1.92 M)
Trizma 30 g (0.248 M)
SDS 109 (1 %)
Milli-Q water Ad 11
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Table 26: Western blot transfer buffer.

Western blot
buffer

Glycine 11.3 g (150 mM)
Trizma 2.42 g (20 mM)
MeOH 200 ml (20 %)
SDS 19 (0.1 %)
Milli-Q water Ad 11
Table 27: Sample Laemmli buffer.
Sample Laemmli buffer
2x Laemmli buffer 950 pl
2-Mercaptoethanol 50 pl
Proteinase inhibitor cocktail 10 pl
200 mM PMSF 5 ul
Table 28: Milk buffer.
Sample Laemmli buffer
Milk powder (non-fat) 06g
Tween-20 150 pl
PBS Ad 50 ml
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3.2 Cell culture and Drug treatments

Dermal fibroblasts from subjects with HGPS were obtained from the Progeria
Research Foundation Cell and Tissue Bank. The following fibroblast strains were used:
HGADFNO0O03 (M, age 2), HGADFN127 (f, age 4), HGADFN155 (f, age 1), HAGDFN164
(f, age 5), HGADFN188 (f, age 2), and HGADFN178 (f, age 6).

Age-matched control fibroblasts from young skin were obtained from the Coriell
Institute for Medical Research (Camden, NJ). The following control strains were used:
GMO1651C (f, age 13), GMO3348E (m, age 10), GMO3349C (m, age 10), GMO323B
(m, age 11), and GMO8398A (m, age 8).

Adherent cultured cells were grown in 10 cm cell culture dishes in an incubator with 5
% CO2 and 37°C in fibroblast growth medium. To keep the cells in the logarithmic
growth phase, cells were passaged according to their doubling time by splitting. For
this, cells were washed with PBS and incubated with 1.5 ml 0.25 % trypsin for 10
minutes. Trypsinized cells were resuspended in 6.5 ml fresh DMEM medium and
collected by centrifugation at 1,000 x g for 5 minutes. After centrifugation, the medium
was removed and the cells were seeded in 8 ml of fibroblast growth medium and
splitted according to the planned experiments.

Cells were treated as indicated in the following table.

Table 29: Final concentration of Compounds used in experiments.

Compound Concentration
L-Sulforaphane (SFN) 1.0 uM
2.0 uM
3.0 uyM
Temsirolimus (Tem) 1.0 uM
Forskolin (Fors) 2.5 uM
Farnesyltransferase inhibitor (FTI) 0.0625 uM
0.25 uM
0.5 uM
1.0 uM
1.5 uM
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To every treatment, mock-treated cells containing the vehicle (DMSQO) were carried
along. Unless otherwise stated, cells were grown in Fibroblasts growth medium
containing glucose.

Wild-type and progerin mouse fibroblasts harboring the G609G mutation were kindly
provided by Prof. Carlos Lopez-Otin (Biochemistry and Molecular Biology, Universidad
de Oviedo). Cells were cultured as stated for human fibroblasts and treated with
sulforaphane only.

3.3 One-dimensional gel electrophoresis

3.3.1 SDS-gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a
technique to separate proteins according to their electrophoretic mobility. The samples
of a SDS-gel electrophoresis have identical charge per unit due to binding of SDS. This
interaction results in fractionation by size.%?

For SDS-PAGE under reducing conditions, gel solution with 30 % acrylamide in the
resolving part was prepared using an acrylamide/bisacrylamide solution. Precast gels
were purchased from BioRad with a concentration of 4-20 %.

Freshly harvested cell pellets of mock-treated and drug-treated fibroblasts were
collected and washed with PBS. For the isolation of proteins Laemmli-sample buffer
was added in a ratio of 100 ul to 1 x 10° cells. The probes were heated 3 times for 5
minutes at 95 °C. Protein concentrations were determined by using the Dotblot
quantification of 2 pl drops of samples and a dilution series of BSA standard. Samples
were adjusted to 30 pg and loaded on the gel. A molecular weight standard was loaded

as a running control. The gel was run at a constant voltage of 210 V.
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3.3.2 Western blot analyses

Tobwin et al. developed the Western blot method in 1979. This method is an analytical
technique used to detect specific proteins in a given sample of tissue homogenate or
extract with poly- or monoclonal antibodies.®3

Electrophoretic transfer of proteins from polyacrylamide gels to a polyvinylidene
fluoride (PVDF) membrane was performed by use of a wet blot apparatus. Transfer
was carried out for 1.5 hours at 400 mA at room temperature. After the transfer, the
membrane was stained with Ponceau-S in order to verify the transfer efficiency. The
Ponceau-S was removed from the membrane by using PBS and the membrane was

directly used for protein detection.

3.3.3 Detection of transferred proteins with specific antibodies

The detection of the proteins is called immunodetection, which uses the principle of
antigen-antibody interactions. An antigen-specific primary antibody binds at the
epitope of the antigen, which is fixed on the membrane. Another secondary antibody
in turn binds a specific region of the primary antibody. The secondary antibody is
labeled with an enzyme e.g. HRP (horseradish peroxidase). This enzyme catalyzes
the conversion of luminol to its oxidized form. The chemiluminescence of the oxidized
form can be detected.'®?

For protein detection with antibodies, the activated membrane was incubated in milk
buffer over night at 4 °C or 1h at room temperature. Then, the membrane was
incubated with the primary antibody (Table 8). To remove unbound antibody, the
membrane was washed with PBS-T and subsequently, incubated with the secondary
antibody conjugated to horse radish peroxidase (HRP) at room temperature (Table 9).
After washing the membrane in PBS-T, protein bands were visualized with ECL
substrate (luminol and hydrogen peroxide) by ChemiDoc MP and Image Lab software.

Relevant bands were analyzed and normalized to internal b-actin.
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3.4 Two-dimensional gel electrophoresis

3.4.1 Nuclei Preparation

Control and HGPS cells in growth phase were collected in parallel, and washed in PBS
3 times. The cells were pelleted by centrifugation (1,900 x g, 10 minutes). On average,
107 cells were used for this approach. Each 107 cells were resuspended in 5 ml of
buffer A (10 mM Hepes/KOH pH 7.9, 1.5 mM MgClz2, 10 mM KCI, 0.5 mM DTT
supplemented with protease inhibitor and phosphatase inhibitor cocktails), incubated
for ten minutes on ice, and then broken with 12-15 strokes in a tight dounce
homogenizer. The fractionation steps were carried at 4 °C. The crude nuclear (pellet)
and cytoplasmic (supernatant) fractions were isolated by centrifugation at 800 x g for
10 minutes and 4 °C. The pellet was resuspended in 10 ml of buffer B containing 10
mM Tris/HCI pH 7.5, 3.3 mM MgCl2 and 0.25 M sucrose and centrifuged for 5 minutes
at 1,000 rpm. The resulting pellet was resuspended in 2.5 ml of 10 mM MgClz and 0.25
M sucrose, layered over a 2.5 ml of 0.5 mM MgClz, and 0.35 M sucrose. The solution
was pelleted by centrifugation at 2,500 rpm for 10 minutes. That pellet was correspond
to the purified nuclei preparation and was verified by microscopy. Nuclei pellets were
analyzed two by two. One control and one HGPS nuclei pellet were resuspended in
two-dimensional lysis buffer (30 mM Tris-HCI, pH 8.8, 7 M urea, 2 M thiourea, and 4
% CHAPS) at a concentration between 4-6 mg/ml. The mixture was sonicated at 4°C
followed by shaking for 30 minutes at room temperature. The samples were centrifuged
for 30 minutes at 14,000 rpm, and the supernatant was collected. Protein concentration

was measured using the Bradford assay.

3.4.2 Protein determination by Bradford Assay

The Bradford protein assay is a spectroscopic analytical procedure used to measure
the concentration of protein in a solution. It is based on an absorbance shift of the dye

Comassie Brilliant Blue G-250 under acid conditions when a redder form of the dye is

converted into a bluer form on binding to the protein.%®
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The 5 x Bradford Reagent was diluted in the ratio of 4:1 with water and run through a
gravity filter. The standards were created from BSA stock (1 mg/ml) to give a standard
curve from 0-1 mg/ml. Therefore, the amounts of BSA and buffer were used as written
in Table 30.

Table 30: Preparation of the standards.

Sample BSA amount [pl] | Buffer amount [pl]
Sample #1 (0.0 mg/ml) | O 30

Sample #2 (0.2 mg/ml) | 6 24

Sample #3 (0.4 mg/ml) | 12 18

Sample #4 (0.6 mg/ml) | 18 12

Sample #5 (0.8 mg/ml) | 24 6

Sample #6 (1.0 mg/ml) | 30 0

The standards were plate in a 96-well plate in triplicates (10 pl per well) as well as the
protein samples. 200 pl of diluted Bradford reagent was added to each well, and let
stand for 5 minutes. The plate was set into the ELISA-reader and measured at 595 nm.
The standard curve and the data from Bradford were used to determinate unknown

protein concentration.

3.4.3 Two-dimensional gel electrophoresis

The analysis of the proteome as the final level of gene expression started out with
techniques based on 2-D gel electrophoresis as introduced by O’Farrell and Klose
(1975). 2-D gels may separate up to 10,000 protein spots on one gel.'*
High-resolution 2-D gel electrophoresis can reveal virtually all proteins present in a cell
or tissue at any given time, including those with posttranslational modifications and
rapid turnover rates.??

The 2-D gel electrophoresis is a technique that combines first-dimension isoelectric
focusing in a polyacrylamide gel with a pH gradient and a high concentration of urea
with a second-dimension separation on SDS polyacrylamide gels. In the first
dimension, the proteins are separated according to their charges (pl), and in the

second dimension according to their molecular weight (MW). Starting materials, such
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as cell lysates or tissue extract, can be applied to gels directly and fractionated with
high resolution. The separated proteins are embedded in the matrix where they can be
detected with high sensitivity.8?

3.4.3.1 CyDye labeling

For each sample, 30 ug of protein was mixed with 200 pmol CyDy2 or Cy3 and kept in
the dark on ice for 30 minutes. The labelling reaction was stopped by adding 10 mM
lysine to each sample, and incubating in the dark on ice for an additional 15 minutes.
The labelled samples were mixed together. 2 x 2-D Sample buffer, destreak solution,
and rehydration buffer were added to a final volume of 260 ul. The samples were mixed

well and spun down before loading onto the strip holder.

3.4.3.2 Isoelectric focusing and SDS-PAGE

After loading the labeled samples to pH 3-10 linear IPG strips, the isoelectric focusing
(IEF) was run for 12 hours rehydration at 20 °C, followed by 500 V for 1,000 VHr, 1,000
V for 2,000 VHr, and 8,000 V for 24,000 VHr. Upon finishing the IEF, the IPG strips will
incubated in freshly made equilibration buffer-1 for 15 minutes with gentle shaking.
Then the strips were rinsed in freshly made equilibration buffer-2 for 10 minutes with
gentle shaking. Next, the IPG strips were rinsed in SDS-gel running buffer before
transferring into 12 % SDS-gels (18 x 16 cm) followed by sealing with 0.5 % Agarose
in SDS- polyacrylamide gel electrophoresis (SDS-PAGE) running buffer. The SDS-gels
were run at 15 °C until the dye front ran out of the gels.
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3.4.3.3 Image scan and data analysis

Gel images were scanned immediately following the SDS-PAGE using Typhoon TRIO
(Amersham BioSciences) of Cy2, and Cy3 labeled protein images by excitation at 488,
532, and 633 nm, respectively, and emission at 520, 590, and 680 nm, respectively, at
a spatial resolution of 100 um. The scanned images were then analyzed by Image
Quant software Version 6.0 (Amersham BioSciences), followed by in-gel analysis
using DeCyder software Version 6.0 (Amersham BioSciences). The DeCyder spot
detection algorithm calculated ratio (volume of a spot from the secondary
image/volume of the corresponding spot from the primary image), and a threshold of

1.5-fold change were set.

3.4.3.4 Protein identification by mass spectrometry

Spot picking and Trypsin digestion: The spots of interest were picked up by Ettan Spot
Picker (Amersham BioSciences) based on the in-gel analysis and spot picking design
by DeCyder software. The gel spots were washed a few times, then digested in-gel
with modified porcine trypsin protease (Trypsin Gold, Promega). The digested tryptic
peptides were desalted by Zip-tip C18 (Millipore), and peptides were elute from the
Zip-tip with 0.5 yl of Matrix solution (Agilent Technologies) and spotted on the matrix-
assisted laser desorption/ionization (MALDI) plate (model ABI 01-192-6-AB). MALDI-
time of flight (TOF; MS) and TOF/TOF (tandem MS/MS) was performed on an ABI
4700 mass spectrometer (Applied Biosystems). MALDI-TOF mass spectra was
acquired in reflection-positive ion mode, averaging 4,300 laser shots per spectrum.
TOF/TOF tandem MS fragmentation spectra was acquired for each sample, averaging
4300 laser shots per fragmentation spectrum on each of the ten most abundant ions
present in each sample (excluding trypsin autolytic peptides and other known
background ions). Both of the resulting peptide mass and the associated fragmentation
spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT search
engine (Matrix Science) to search the database of National Center for Biotechnology
Information non-redundant (NCBInr). The parameters were set at 800-4000 Da to
create the “peak list.” Searches were performed without constraining protein molecular

weight or isoelectric point, with variable carbamidomethylation of cysteine and
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oxidation of methionine residues, and with one missed cleavage allowed in the search
parameters. Mass tolerance was set at 0.3 Da and 100 ppm. Candidates with either
protein score confidence interval (C.l.) % or lon C.l. % greater than 95 will consider

significant.

3.4.3.5 Bioinformatic research

The identified proteins that are involved in the proteostasis of a cell were analyzed by
UniProt, Ingenuity, and NCBI. For this, involved pathways of the proteins were
analyzed, designed, and combined in order to find differences or similarities between
control and HGPS cells.

3.5 Measurement of proteasome activity in fibroblasts

The ubiquitin-proteasome pathway is the major proteolytic system in the cytosol of
eukaryotic cells. The proteasome catalyzes the selective degradation of short-lived
regulatory proteins and the rapid elimination of proteins with abnormal conformation.
The proteasome complex is known as the 26S proteasome and contains one 20S core
particle structure and two 19S regulatory caps. The 20S proteasome is the catalytic
core of the proteasome complex, and is responsible for the breakdown of key proteins
involved with apoptosis, DNA repair, endocytosis, and cell cycle control.’®3 The
multicatalytic 20S proteasome has three peptidase activities (trypsin-like,
chymotrypsin-like, and peptidylglutamyl-peptide hydrolyzing).'%®

Treated and mock-treated cells were harvested and counted using CASY cell counting
technology. The pellets were washed and seeded by a density of 1x10° cells in 96-well
plate. The cells were allowed to attach overnight. For cell lysis, 100 ul of Lysis buffer
were added and the cells were incubated with the Lysis buffer for 30 minutes. The
solution was centrifuged at 1,000 x g for 10 minutes. 90 ul of the Lysate were
transferred to a new well and 10 pl of AMC-conjugated chymotrypsin substrate (2.5
pMmol) were added. The plates were incubated for 1h at 37 °C. Each cell line was done
in duplicates or triplicates. To each of these wells, 10 pl of AMC-conjugated
chymotrypsin substrate were added. The fluorescent intensity of each well (excitation
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= 360 nm, emission = 480 nm) was read immediately, after 1 hour of incubation at 37
°C with FLUOstar Omega.

3.6 Autophagy measurements in fibroblasts

The intensity levels of autophagic vacuoles in fibroblasts were measured using an
Autophagy/Cytotoxicity Dual Staining Kit. Mock-treated and drug-treated cells were
treated for the desired period, harvested, and equal amounts were seeded on a 96-
well plate in triplicates. Cells were allowed to attach at 37 °C in their corresponding
medium. Plates were centrifuged and the medium was aspirated.
Monodansylcadaverine was added to the wells at a ratio of 1:1,000 in a final volume
of 100 pl. The plates were incubated at 37 °C for 10 minutes. Then, the cells were
washed with Assay buffer. 100 pl of Assay buffer were added to the wells before

measuring the autophagic vacuole intensity (Excitation=335 nm, Emission=512 nm).

3.7 Cell toxicity measurements of fibroblasts

Cytotoxicity was determined using a CellTox™ Green Kit. Cells were seeded in 96-well
plate at a density of 6000 cells per well. The plate was incubated for the desired
exposure period of 5 hours, 24 hours, and 48 hours with DMSO, SFN, Tem, and Fors.
CellTox™ Green Reagent was prepared according to the manufacturer’s instruction of
the Endpoint Method (1:500). 100 ul of the Reagent were added to the wells and the
plate was mixed for one minute in an orbital shaker. Afterwards, the plate was incubate
for at least 15 minutes at room temperature shielded from light. Fluorescence was

measured at an excitation of 485-500 nm and an emission of 520-530 nm.
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3.8 Population doublings (PPD)/Cumulative population doublings
(CPD) determination

Cells were seeded in triplicates at a density of variable cell amounts per 10cm-dish.
Cells were cultivated for the desired period in DMEM high glucose medium containing
the vehicle DMSO or the drugs. After the growth period, cells were harvested, and the
number of cells was measured with a CASY® Cell Counter. PPDs were determined
using the formula: n=3.32 (log (cells harvested) - log (cells seeded)), where n= the final
PPD number at the end of a given subculture. CPDs were determined using the
following formula: n= 3.32 (log (cells harvested) — log (cells seeded)) + X, where n=
the final CPD number at the end of a given subculture and X= former CPD as described

previously.%®

3.9 Measurement of reactive oxygen species (ROS) in fibroblasts

Reactive oxygen species were measured using the DCFDA cellular ROS Detection
Assay Kit. Mock-treated and drug-treated cells were seeded in a 96-well plate at a
density of 32,000 cells per well in their corresponding medium. Cells were allowed to
attach overnight. Then, cells were washed with 1x PBS and incubated with 25 yM
DCFDA for 45 minutes at 37 °C. The reagent was removed and the cells were washed
with 1x PBS. After addition of 100 pl of 1x buffer solution to the wells, fluorescence

was measured at Ex485 nm/Em535 nm.

3.10 Measurement of intracellular ATP content in fibroblasts

The intracellular ATP content of mock-treated and treated fibroblast cells was
measured using a CellTiter Glo Luminescent Cell Viability Kit. Cells were incubated for
the desired period in vehicle-containing (DMSO) or drug-containing medium. Then,
cells were harvested and seeded in equal densities (32,000 cells) in a 96-well plate in
triplicates. Cells were allowed to attach at 37 °C overnight in their corresponding
medium. The plates were equilibrated at room temperature for 30 minutes, centrifuged,
and the medium was aspirated. Afterwards, 100 ul of CellTiter Glo reagent was added
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to the wells. The plates were mixed for two minutes in an orbital shaker, followed by a
10-minute incubation. An ATP standard was prepared and added to unused wells in

triplicates. The luminescence intensity was measured.

3.11 Measurement of Mitotoxicity in fibroblasts

Cells were cultured in either glucose or galactose medium supplemented with 1.0 yM
temsirolimus. For the measurement, cells were treated for 2h with galactose +
temsirolimus and compared to mock-treated cells in glucose medium. Cells in glucose
medium supplemented with temsirolimus were carried along. After treatment,
measurement were performed using a Mitochondrial ToxGlo Assay from Promega. For
this, cells were seeded at a density of 10,000 cells per well in a 96-well plate format.
Cells were allowed to attach over night at 37 °C before the treatment was carried out.
To measure cytotoxicity, cells were incubated with a bis-AAF-R110 substrate for 30
min at 37 °C before the fluorescence was measured. The same plate was used
afterwards for measuring the intracellular ATP content. Thus, substrate was added to

the wells and mixed for 5 min. Luminescence signal was measured.

3.12 Measurement of total ROS and superoxide in fibroblasts

For fluorescence microscopy, cells were splitted directly on to coverslips and treated
with the test compounds or the vehicle. On the day of the experiment, the medium was
replaced with fresh medium. A ROS inhibitor (N-acetyl-L-cysteine) was added 30
minutes before Induction. For induction, ROS/Superoxide Detection solution was
added at the same volume. Coverslips were incubated at 37 °C for 30 min. After 20
minutes, ROS production was induced with pyocyanin and allowed to incubate for
another 10 minutes at 37 °C. Then, coverslips were washed and covered with 1x
washing buffer. Fluorescence was detected at ExX’Em: 490/525nm (green, ROS) and
Ex/Em: 550/620nm (orange, superoxide).

For fluorescence microplate assays, cells were cultured in normal medium and
medium containing the vehicle or test compound. The day before the experiment, cells

were seeded in a 96-well clear bottom/black wall plate at a density of 20.000 cells/well.
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Cells were allowed to attach over night at 37 °C. Then, cells were washed and treated
according manufacturer’'s instructions for negative and positive control. 100 yl of
ROS/Superoxide detection solution were added and incubated for 60 minutes at 37
°C. Plate was read (bottom reading) with FLUOStar and standard fluorescein
(488/520nm) and rhodamine (550/610nm) filter sets.

3.13 Measurement of Oxygen Consumption and Glycolysis in

fibroblasts

Oxygen consumption and glycolysis levels of mock-treated and treated fibroblast cells
were measured using an Oxygen Consumption/Glycolysis Dual Assay Kit. Cells were
incubated for the desired period in mock-treated or drug-treated medium. Then, cells
were harvested and seeded in equal densities in a 96-well plate in triplicates. Cells
were allowed to attach at 37 °C overnight in their corresponding medium. For oxygen
consumption, 10 ul MitoXpress Solution were added to the wells and overlaid with 100
Ml HS Mineral Oil. The fluorescence intensity was measured at 37 °C at Ex/Em:
380+£20nm/650+20nm. For glycolysis, a new 96-well plate was used and to every well
90 pl of Assay buffer was added. Next, 10 pl of the samples from the oxygen
consumption plate was transferred to the new plate and 100 ul of Reaction solution
was added. The plate was incubated with gentle agitation for 30 minutes at room

temperature. The absorbance was read at 490nm with FLUOStar.

3.14 Measurement of MAPK and PI3K signaling pathway activity

The activity of MAPK and PI3K signaling pathways was measured using Muse
PI3K/MAPK Dual Pathway Activation Kit. Control and HGPS cells were mock-treated
or 2.5 uM forskolin-treated for different time periods. Then, cells were collected and
washes with PBS. Cells were resuspended with 50 ul 1x Assay buffer per 100,000
cells. Equal parts of Fixation buffer were added to the cell suspension and mixed by
gently pipetting followed by 10 minutes incubation on ice. Cells were centrifuged and
the supernatant was discarded. Permeabilization buffer was added to the cells for 10

minutes on ice. Cells were centrifuged and the permeabilization buffer was replaced

- 606 -



Material and Methods

by 90 ul Assay buffer per 100,000 cells. Subsequently, 10 pl antibody working cocktail
were added for 30 minutes in the dark at room temperature. Antibody solution
contained anti-phospho-ERK1/2 and anti-phospho-Akt. Following incubation step, 100
ul Assay buffer were added before the samples were centrifuged and the supernatant

was discarded. Samples were measured with the Muse Cell Analyzer.

3.15 Immunocytochemistry

Mock-treated and drug-treated fibroblast cells were grown directly on coverslips. Cells
were fixed in ice-cold methanol at -20 °C for 10 minutes. Cells were permeabilized with
0.3 % Triton X-100, followed by blocking with 5 % FBS in PBS. Then, cells were
incubated for 2 hours with primary antibodies (Table 8) and for 1 hour with secondary
antibodies (Table 9), separated by washing steps. Samples were counterstained with
Dapi Vectashield mounting medium. Time-matched images were acquired using an

Axioplan fluorescence microscope.

3.16 Real-time and reverse transcription Polymerase Chain
Reaction (PCR)

PCR was developed by Kary Mullis in 1983. PCR is a laboratory technique which is
used to amplify, detect and quantify targeted DNA molecules.'® The quantity of the
DNA can be an absolute number of copies or a relative amount when normalized to
additional genes. Non-specific fluorescent dyes e.g. SYBR green intercalate with any
double-stranded DNA which allows the detection of the genes. The key feature is that
the amplified DNA is detected as the reaction progresses in real time whereas the

product of PCR is detected at its end (reverse transcription). 157:158
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3.16.1 RNA Isolation

Fibroblasts were grown until they reached a confluency of 90 %. Cells were collected,
washed with PBS, and RNA was isolated with the RNeasy Mini Kit. Cells were
disrupted by adding 600 pl of buffer RLT (containing f-Mercaptoethanol). The solution
was transferred directly into a QlAshredder spin column, and centrifuged for 2 min at
full speed. One Volume of 70 % Ethanol was added to each homogenized lysate. 700
ul of each sample were transferred to an RNeasy spin column and centrifuged.
Afterwards, 700 ul of buffer RW1 and 500 pl buffer RPE (twice) were added to the
RNeasy spin column with centrifugation steps in between. The RNeasy spin column
was placed on a new tube and 30 pl of RNAse-free water were added. A last
centrifugation step was performed to elute the RNA. RNA amount was measured using
NanoDrop. RNA was stored at -80 °C until use.

3.16.2 cDNA synthesis

Fibroblast-cDNA was synthesized out of total cellular RNA by using Omniscript
Reverse Transcriptase. Briefly, 2 ug RNA, 2 pl 10x reaction buffer, 2 yl 10 mM dNTP-
Mix, 2 pl Oligo-dT-primer, 1 yl RNAse-Inhibitor, and 1 pl reverse transcriptase were
mixed together and filled up to a volume of 20 pl with DEPC water. The following cDNA
synthesis was performed at 37 °C for 1 hour with the Thermocycler assuming a final

cDNA concentration of 50 ng/pl.

3.16.4 Reverse transcription PCR

Primers were designed using Primer3

(http://frodo.wi.mit.edu/cgibin/primer3/primer3_www.cgi). The efficiency of primers

were tested by using reverse transcription PCR (RT-PCR). The list of genes that were
validated by RT-PCR and their corresponding primers are shown in Table 10.

For the approach, Taq DNA polymerase Kit from Qiagen was used. For this, 2 pl 10x
buffer, 2 ul 25 mM MgClz, 0.4 pul 10 mM dNTP, 0.1 ul Tag-polymerase were mixed and
filled with DEPC water to a final volume of 16 ul. Then, 1 ul 1 uM forward primer, 1 pl
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1 uM reverse primer, and 2 ul of cDNA were added to the sample. The reaction was

performed by using the Thermocycler and the following program (Table 31).

Table 31: Reaction cycle of reverse transcription PCR for primer testing.

Cycles Time Temperature

1x 15 min 95°C
10 sec 95 °C

50x 45 sec Tm (primer specific)
30 sec 72 °C

1x 10 min 72 °C

To analyze the PCR product, a 1.5 % agarose gel was prepared with high purity
agarose, 0.4 % EtBr and 1xTBE buffer. To 20 ul of the reaction samples, 6 pl of
Orange-G were added. Thereafter, 12 ul of the samples were added to the lanes and
a 100 bp marker was also loaded. The gel was run at 180V until the loading front
reaches the end of the gel.

If the amplicon was not detectable with the given Tmof the primers, Gradient-PCR were
performed. In this approach, Tm was variable within a 4 °C variation. The best Tm was

chosen according to the best amplicon signal in the gel.

3.16.3 Real-time PCR

Real-time PCR reactions contained Power SYBR Green PCR mastermix (Applied
Biosystems), 300 nM of each primer (Table 10), and 100 ng of template in a 20 pl
reaction volume. Amplification was carried out using the Mx3000P Real-Time PCR
Detection System (Stratagene) with an initial denaturation at 95°C for two minutes
followed by 40 cycles at 95 °C for 35 seconds, 59-60 °C for 20 seconds, and 70 °C for
30 seconds. Three experiments were performed for each assay in which the samples
were run in triplicate. GAPDH was used as an endogenous control and quantification
was performed using the relative quantification method where the real-time PCR signal
of the experimental RNA was measured in relation to the signal of the control. The

2(AACT) method was used to calculate relative changes in gene expression.'%?
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3.17 Statistical Analyses

The results are presented as the mean £ S.D. Comparisons were performed using

Student’s T-Test. A p-value<0.05 was considered statistically significant.
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4 Results

At the beginning of this project, proteomic analysis of HGPS fibroblasts has been
barely performed. Drug interventions have been chosen according to their ability of
farnesylation inhibition and longevity increase. However, a direct link to the HGPS
signaling pathways was missing. Within this project, the impact of progerin on the
nucleoproteome has been identified. This allows the identification of defective signaling
pathways by using a novel approach of HGPS proteomic analysis. In order to identify
altered nuclear protein expressions, a 2D-gelelctrophoresis was performed of isolated
nuclear proteins of control and HGPS fibroblasts followed by mass spectroscopy.
Bioinformatic analysis allowed the connection of these proteins to signaling pathways.
The data were verified by proteostasis assays, Western blot, and real-time PCR.

4.1 Basic analysis of control and HGPS fibroblast cells

4.1.1 Proteomic analysis of HGPS nuclei

As major cellular alterations occur in the nucleus, nuclear HGPS protein extracts were
quantitatively compared to normal dermal fibroblasts using two-dimensional difference
gel electrophoresis (2D-DIGE) followed by mass spectroscopy of selected protein

spots (Fig. 9).

-71 -



Results

150 kDa

120 kDa
96 kDa
84 kDa
75 kDa

67 kDa

50kDa ———

40 kDa

30 kDa

20 kDa

14 kDa

pH

Figure 9: 2D-DIGE analysis of the nuclear proteome in HGPS fibroblasts. HGPS and normal
fibroblast nuclei were labeled with CyDye DIGE fluors. Both samples were simultaneously separated on
a single 2D gel, using IEF with a linear pH 3—10 IPG strip in the first dimension followed by a 12 % SDS-
PAGE in the second dimension. After electrophoresis, the gel was scanned using a Typhoon image
scanner. ImageQuant software was used to generate the presented image data. The control nuclei
preparation (GMO3349C) is labeled in green, and the HGPS nuclei preparation (HGADFN127) is
labeled in red; the merged image corresponds to the overlay of both samples. Representative gel image

is shown.

Proteins are shown in red that have a higher expression in HGPS fibroblasts, proteins
with higher expression in control fibroblasts are shown in green. Equally expressed
proteins appear yellow.

An average of 1,000 protein spots was detected on gels and almost 114 spots were
found to be changed by more than 1.5-fold in HGPS nuclei by comparison to control
nuclei. The 40 most significantly altered protein spots were identified by peptide mass-
fingerprint analysis. Tandem mass spectroscopy fragmentation spectra were acquired
for each of the ten most abundant ions present in each protein spot that were submitted
for a search to identify proteins from the NCBInr database. Candidates were
considered significant when they showed a protein score confidence interval (C.I.) %

or lon C.I. % greater than 95.
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The most altered proteins were found to be spots 17-19a/b (Fig. 9). These spots were
highly represented in HGPS nuclei showing 10- to 20-fold increase by comparison to
normal nuclei. Mass spectroscopy revealed the spots as the progerin protein, the
disease-causing lamin A variant responsible for HGPS. As expected, the progerin
spots migrated between lamin A (spot 111 to 112) and lamin C (spots 113 to 114) as
indicated in figure 10.

GMO3349C HGADFN127 Merge

e 111

Lamin A (i) .
- © 18
Progerin C ) COOOOO

. 1a17b 180 — 19
Lamin C p

Figure 10: Enlarged gel images of the 2D-DIGE analysis. Images correspond to enlarged gel images
that indicate the positions of A-type lamin protein spots as indicated. The control nuclei preparation
(GMO3349C) is labeled in green, and the HGPS nuclei preparation (HGADFN127) is labeled in red; the

merged image corresponds to the overlay of both samples.

Several protein spots were found in a linear rage according to their isoelectric point
due to the different post-translationally modified isoforms of lamin A and C. Lamin A
and C were expressed similar in HGPS and normal nuclei and for this, are shown in
yellow on the merged image of the gel (Fig. 10). Progerin spots were abundant and
detected primarily in HGPS nuclei. However, progerin was detected in normal nuclei
preparation as relatively weaker spots at position 17a,b and 18a. This provides the first
proteomic evidence of the presence of progerin in normal nuclei (Fig. 10).

Collectively, analyses of the HGPS nucleome indicate that progerin protein spots are
biomarkers of HGPS. 2D-DIGE demonstrates that trace amount of progerin were

detectable in normal nuclei.

4.1.2 Proteins are differentially represented in HGPS nucleosome

From two independent 2D-DIGE analyses, 75 proteins spots were identified by MS and
28 proteins were found to be differentially represented in both studies (Table 32).
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Table 32: Proteins identified via 2D-DIGE by mass spectroscopy. Two independent 2D-DIGE revealed 28 proteins that were differentially expressed in HGPS

nuclei compared to control nuclei.

reading frame 166

Proteins Swiss | Fold Localization Function
Prot change
Nr

26S protease | P35998 | -1.44 Nucleus/Cytoplasm | Subunit of the 26S proteasome complex, involved in: degradation of

regulatory subunit 7 proteins, hydrolysis of ATP, proliferation of cells’

(PSMC2)

Annexin A1 P04083 | 2.88 Nucleus/Cytoplasm | Is a calcium/phospholipid binding protein, responsible for: cellular
development, cellular growth and proliferation, fusion of vesicles, actin
cytoskeleton '

ATP-dependent RNA | Q92499 | 2.01 Nucleus/Cytoplasm | Is a putative RNA helicase, involved in: cellular development, growth and

helicase (DDX1) proliferation, has exonuclease and helicase activity'

BAG family molecular | 095816 | 2.42 Nucleus/Cytoplasm | Co-Chaperone, involved in: folding of proteins, metabolism of proteins,

chaperone regulator 2 Inhibition of Ubiquitin ligase CHIP *#

(Bag2)

Chaperone protein | P08238 | -1.57 Nucleus/Cytoplasm | Chaperone protein, involved in: protein folding, protein degradation '°

HSP90 beta (Hsp90b)

Chromosome 14 open | Q549M8 | 1.75 Nucleus Is a protein-coding gene, involved in: binding to RNA polymerase I,

regulation of transcription
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Collagen, type VI, alpha | P12109 | -2.31 Endoplasmic Main component of connective tissue, responsible for: axon guidance, cell

1 reticulum adhesion, extracellular matrix organization

Cysteine and glycine- | P21291 3.56 Nucleus Encodes LIM-domain proteins, responsible for: cellular development,

rich protein 1 cellular growth and proliferation

EH-domain containing | Q9NZN3 | -1.59 Nucleus/Cytoplasm | Is a protein-coding gene, features: binds ATP, calcium ion binding, has

3 GTPase activity

Enolase 1, (alpha) P06733 | -1.44 Nucleus/Cytoplasm | Is a glycolytic enzyme, features: DNA binding, magnesium ion binding,
phosphopyruvate hydratase activity, protein binding, has transcription
corepressor activity ’

Eukaryotic translation | Q9GZV4 | -1.56 Nucleus/Cytoplasm | Essential factor for protein synthesis, it has GTPase activity and

elongation factor 2 translation elongation factor activity '

Four and a half LIM| Q13642 |-3.79 Nucleus/Cytoplasm | Involved in cytoskeleton organization, cellular development, growth and

domain protein 1 proliferation, depolarization of cellular membrane, migration of vascular

(FHL1) smooth muscle cells '

Guanine nucleotide- | P63244 | -2.64 Nucleus/Cytoplasm | Receptor for activated C kinase 1, involved in: cellular development,

binding protein subunit growth and proliferation, disruption of cell-cell contacts, positive

beta-2-like 1 regulation of proteasomal ubiquitin-dependent protein catabolic process '

Heat shock protein | P04792 | -1.89 Nucleus/Cytoplasm | Chaperone, responsible for: folding of proteins, degradation of proteins,

beta-1 (Hsp27)

antiapoptosis, initiation of translation of MRNA, Ubiquitin binding '3
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Heat shock-related 70 | P54652 | 2.68 Nucleus/Cytoplasm | Chaperone, responsible for: unfolded protein binding, refolding of

kDa protein 2 (Hsp70) proteins, dissociation and reassociation of 26S proteasome 2

Lamin A/C P02545 | - Nucleus Component of the nuclear lamina, important role in: nuclear assembly,
chromatin organization, nuclear membrane and telomere dynamics

Lamin A Variant, | P02545 10-20 Nucleus Mutant lamin A linked to HGPS '

Progerin

Lamin B1 P20700 |-1.99 Nucleus Nuclear membrane protein, involved in: cellular component disassembly
involved in apoptotic process '

Leprecan-like 2 Q8IVL6 1.88 Nucleus Extra cellular matrix organization, metal ion binding, oxidoreductase
activity !

Mitogen-activated P45983 | 2.01 Nucleus/Cytoplasm | regulator of pancreatic beta-cell function, has protein kinase inhibitor

protein kinase 8 activity !

interacting protein 1

Prolyl  4-hydroxylase | P13674 | -1.55 Endoplasmic Key enzyme in collagen synthesis, involved in: Cellular development,

subunit alpha-1 Reticulum growth and proliferation '

Protein disulfide | PO7237 |-1.13 Endoplasmic Enzyme that binds lipids, breaks disulfide bonds, folds proteins, synthesis

isomerase family A, reticulum of cyclic GMP '

member 2

Pyruvate kinase, | P14618 | -2.21 Nucleus/Cytoplasm | Enzyme in Glycolysis, has catalytic activity, kinase activity, binds metal

muscle ion, proteins and nucleotides '

Ras and Rab interactor | Q8WYP3 | -1.13 Nucleus/Cytoplasm | GTPase activator activity '

2
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Serpin H1 P50454 ]-2.89 Endoplasmic Chaperone protein for collagen, involved in: cellular development, growth
reticulum and proliferation, extracellular matrix organization, collagen organization
1
Transketolase P51854 |-3.5 Nucleus/Cytoplasm | Enzyme that has catalytic activity, transferase activity, transketolase
activity, binds metal ion and monosaccharide '
Valosin-containing P55072 ] -2.02 Nucleus/ Includes ATP-binding proteins, involved in: aggresome formation, protein
protein (VCP) Endoplasmic degradation, ER stress response, proliferation of cells, proteasomal
reticulum/ ubiquitin-dependent protein catabolic process '
Cytoplasm
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Functional analysis of these 28 proteins revealed their functional link to at least 4 major
biological categories using bioinformatic software program (Ingenuity Systems):

(1) Cytoskeleton and Actin-related proteins

(2) Collagen-associated proteins

(3) Signal transduction and Protein processing proteins

(4) Protein degradation and Chaperone proteins.
Proteins involved in protein degradation and chaperone assistance play a crucial role
in cell homeostasis. Some of these proteins are molecular chaperones, namely Hsp27,
Hsp70, and Hsp90, which interact with misfolded proteins and assist in their correct
folding. Others include PSMC2, a 26S regulatory subunit, BAG2, and VCP that are
components of the proteolytic systems and involved in the degradation and elimination

of damaged proteins.

4.1.3 Proteasome activity is altered in HGPS

As protein degradation pathways were found to be affected in HGPS, the extent of

proteasome alterations was determined in HGPS cells. For this, the proteasome

activity was validated by comparing 4 HGPS cell strains with 4 distinct normal cell lines

at early and late passages (Fig. 11).

-78 -



Results

120 - Control HGPS
L2
.g 100 -
i
u
® g0/ 1
28
2 § 80 | *
-§ £ T
Q0
g o 40 -
[17]
- 20
2
o
D T T T 1
Early Late Early Late

Figure 11: Proteasomal Activity of HGPS cells is reduced. Proteasome activity was defined by
measuring the chymotrypsin-like proteasome activity in control and HGPS fibroblasts using Suc-LLVY-
AMC as a substrate. The percentage of activity was calculated relative to early passage control cultures.

Data are expressed as the mean + S.D. (*p < 0.05; n=4).

Normal cells exhibit no significant changes at early passages (< 15) compared to late
passages (> 18). HGPS cells showed an average decrease in proteasome activity of
18 % at early passages and an average of 44 % in late passages relative to early
passaged control cells.

The data indicate that the proteasome degradation pathway in HGPS cells is altered
in an age-dependent manner.

To further analyze the extent of the alterations of proteasome proteins, gene
expression profiling of these components was performed in early and late HGPS

cultures compared to normal fibroblast cultures (Fig. 12 A, B).
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Figure 12: mRNA expression profiling of distinct proteasome proteins. Encoding mRNA levels of
the indicated proteins were determined in total mRNA preparations isolated from early (<15, A) and late
(> 18, B) passages control and HGPS cells by real-time PCR. All values are presented as mean + S.D.
(*p = 0.05; n=4).

In accordance with the proteomics data, HGPS cells exhibit an approximately 2-fold
increase in BAG2 expression levels. Significantly, BAG1 and BAG3 expression levels

were reduced in HGPS cells. Moreover, Hsp27 levels and Hsp90 levels were similarly
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reduced. Hsp27 was even more reduced in late HGPS cultures. Increased levels of
Hsp70 were observed in HGPS cultures.

In summary, the real-time PCR data were consistent with the expression levels
observed in the proteomics analyses and the changes in protein levels were more
profound in late HGPS cultures.

Subsequently, Western blot analyses were performed of total protein extracts from
HGPS and normal cells to further assess the protein expression levels of A-type
lamins, S20 proteasome subunit C2, and Hsp27 (Fig. 13 A, B).

(A) GMO HGADFN
3349C 1651C 164 003
T e
Lamin C — — -
b-Actin —— ——— S
gggeasnme “ -
Hsp27 NN —  — —
(B) Bk e — —
) [
2 8
i
89 61
£ N
T ®© 5
SE_
£ .E.% 4 -
43 PR
r— 1
g 303
- =
5L 2
c
28 :
1 4 T _ *
o] I
SN |
0 I T T T 1
Lamin A Progerin Lamin C  Proteasome Hsp27

Figure 13: Western blot analyses of control cells and HGPS cells. (A) Representative Western blots
of lamin A/C, progerin, proteasome subunit S20 C2, Hsp27 and b-actin in control and HGPS total cell
extracts. (B) Quantifications of lamin A, lamin C, progerin, proteasome S20 C2 and Hsp27 levels

normalized to b-actin are presented as the fold change relative to control cells (*p < 0.05; n=3).
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The expression of the A-type lamins was altered in HGPS cells as observed in the 2D-
DIGE analyses. While the levels of lamin C remained constant, lamin A levels
decreased and progerin levels significantly increased. Progerin was highly expressed
in HGPS cells. Western blot analyses confirmed the decrease of S20 proteasome
subunit C2 and Hsp27 in HGPS.

Collectively, proteasome subunits and Hsp27 were constitutively reduced in HGPS
cells. HGPS nucleome analyses indicated alterations in the levels of proteins
associated to the degradation systems, which served to build a schematic

representation of their functional relationship (Fig. 14).
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Figure 14: Schematic representation of protein alterations linked to protein degradation. The
proteins identified by 2D-DIGE (BAG1, BAG2, BAG3, Chip-E3-ligase, Hsp70, Hsp90, and Hsp27) are
shown. Their levels were determined by 2D-DIGE followed by mass spectra analyses (2D), real-time
PCR (RT) and Western blot analyses (WB), as indicated. Proteasome activity (PA) and autophagy (AA)
in HGPS cells relative to control cells are indicated. All values represent the values of HGPS cells

compared to control cells.

Additionally, BAG1 and BAG3 were added to the analysis. They are regulators of
proteasomal and macroautophagy pathways, respectively.’® BAG2 is a specific

inhibitor of the chaperone-associated ubiquitin E3-ligase (Chip).'6°
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4.2 Improving the proteostasis in HGPS with sulforaphane (SFN)

As proteins of the degradation system were found to be reduced in HGPS fibroblasts,
drug interventions that ameliorate the status of proteasome and autophagy activity
were investigated. The focus was on natural occurring compounds that exert not only
influence on the protein degradation pathways but also exhibit antioxidant properties.
Sulforaphane was found to activate proteasome via Hsp27 and autophagy via Nrf2-
Keap1 pathway (Fig. 15).17:161

Detoxifying
enzymes

Figure 15: Activation of signaling pathways by sulforaphane. Sulforaphane regulates the
autophagy via the Nrf2/ARE pathway. Uncoupled Keap1 binds to p62 which subsequently interacts
with LC3. In turn, the complex interacts with lysosomes to form autolysosomes. In addition, Nrf2 can
increase the production of the unfolded protein response (UPR) by endoplasmic reticulum inducing ER
stress to eliminate the unfolded proteins by autolysosomes. Moreover, the induction of Nrf2 activates

the transcription of antioxidant response elements (ARE).162

By increasing Nrf2, sulforaphane activates the transcription of antioxidant response
elements and ameliorates the oxidative stress of a cell.'®' For this, SFN was tested on
control and HGPS fibroblast during short and long-term treatment. The effect of SFN
was analyzed by using different proteostasis assays such as proliferation rate,
proteasome and autophagy measurements, progerin clearance, mitochondrial function

measurements (ROS and ATP), and DNA damage response.
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4.2.1 SFN enhances protein degradation in HGPS cells

Sulforaphane  (1-isothiocyanato-4-methylsulphinylbutane)  belongs to  the
isothiocyanate (ITC) group and can be derived from plants and cruciferous
vegetables.'®® SFN exhibit anti-cancer and antimicrobial properties.'®® It was
previously reported that SFN enhances the proteasome activity by inducing the
expression of the small heat shock protein Hsp27 and the 26S proteasome subunit
PSMB5.1%.17 Thus, the possibility that SFN treatment might also exert beneficial effects
on HGPS cellular homeostasis was tested. First, the potential toxicity of SFN was
assessed by applying different concentrations to control fibroblast cultures. The
percentage of cell death and the proliferation rate of the cells was investigated (Fig. 16
A, B).
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Figure 16: Celltoxicity of SFN. Cells were treated daily with SFN up to 48h. (A) Percentage of cell

death after 48h of indicated SFN concentrations. Data are expressed as the fold + S.D. relative to mock-
treated cells (*p < 0.05; n=3). (B) Cell proliferation presented as population doublings after 48h at

indicated SFN concentrations.
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Treatment with 5 yM SFN led to greater cell death than 1 % in control cells after 48h.
For this, a concentration of 1 yM SFN was chosen as it exhibits reduced cell death
compared to mock-treated control cells.

For all subsequent experiments, cells were fed daily with either fresh medium
supplemented with 1 uM SFN or mock-treated medium containing the vehicle (DMSO)
alone.

HGPS and control cells treated with 1 uM SFN exhibit a significantly increased growth

rate at day 3 compared to mock-treated counterparts (Fig. 17).
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Figure 17: Cell proliferation with and without SFN. Population doubling levels were calculated as
stated in the Materials and Methods relative to mock-treated counterparts. Control and HGPS cells were
mock-treated (vehicle DMSO) or treated daily with 1 uM SFN for a period of 3 or 9 days (*p < 0.05, n=4).

Furthermore, the proliferation defect in HGPS cells was ameliorated after 9 days of
SFN treatment. These findings indicate that SFN improved the proliferation potency of
normal and HGPS cell in vitro.

Subsequently, the effect of SFN on the proteasome activity was tested (Fig. 18).
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Figure 18: Proteasomal Activity after SFN treatment. Proteasome activity was determined by
measuring chymotrypsin-like proteasome activity in control and HGPS fibroblasts using Suc-LLVY-AMC
as a substrate. Cells were either mock-treated or treated daily with 1 uM SFN for a period of 3 or 9 days.
The percentage of activity was calculated relative to the mock-treated control. Data are expressed as
the mean + S.D. (*p < 0.05; n=4).

Control cells treated with SFN demonstrated increased proteasome activity that
improved with time by comparison with mock-treated controls. Mock-treated HGPS
cells exhibit reduced proteasome activity compared to mock-treated control cells. SFN
treatment increased the proteasome activity significantly after 9 days of treatment
compared to mock-treated HGPS cells.

Cells rely on two proteolytic systems to maintain proteostasis: autophagy and the
ubiquitin-proteasome system.'®* For this, an investigation whether the autophagy
pathway was altered in HGPS cells was performed (Fig. 19).
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Figure 19: Autophagy levels after SFN treatment. Autophagy levels were determined in control and
HGPS fibroblasts by measuring monodansylcadaverine (MDC) levels with fluorescence photometry.
Cells were either mock-treated or treated daily with 1 uM SFN for a period of 3 or 9 days. The percentage
of activity was calculated relative to the mock-treated control. Data are expressed as the mean + S.D.
(*p = 0.05; n=4).

Early passage HGPS cells show a 16.4 % decrease in autophagy compared to mock-
treated control cells. In control cells, SFN treatment enhanced autophagy after 3 and
9 days of treatment significantly. SFN-treated HGPS cells exhibit a similar fold increase
in autophagy after 3 and 9 days of treatment. These findings indicate that SFN
activates and enhances the autophagy pathway in both control and HGPS cells.
Based upon the above observations, SFN appeared to boost the protein degradation
systems in HGPS and control cells.

Next, a possible clearance of progerin was determined in SFN-treated HGPS cells. For
this, the status of A-type lamins was investigated by performing Western blot analyses
of total protein extracts derived from HGPS and control cells mock-treated or SFN-
treated, as indicated in a representative image. Lamin A, lamin C and progerin signals
were determined by densitometry from 3 independent Western blots. These signals
were normalized to b-actin signal to correct the variability in protein sample

concentration and/or uneven loading (Fig. 20 A, B).
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(D)
Ratio Control Control Control
Mock SFN 4d SFN 9d
Lamin A 49.07 + 1.74 52.50 + 1.42 52.88 + 1.93
Progerin 3.45 + 2.66 1.00 + 2,15 1.40 + 1.76
Lamin C 47.48 + 4.36 46.50 + 4.93 4572 + 1.77
Ratio HGPS HGPS HGPS
Mock SFN 4d SFN 9d
Lamin A 39.65 + 3.78 41.44 + 1.87 42.46 + 3.01
Progerin 29.55 + 4.31 25.41 £1.72 23.15 + 2.79
Lamin C 30.80 = 3.93 33.15+2.18 34.39 + 2.37

Figure 20: Analysis of SFN treatment by Western blot. (A) Representative Western blots of lamin
A/C, progerin, proteasome subunit S20 C2, Hsp27, and b-actin of total control or HGPS cell extracts
isolated from mock-treated cells or cells treated with 1uM SFN daily for 4 or 9 days. (B and C)
Quantification of lamin A, lamin C, progerin, proteasome subunit S20 C2 and Hsp27 levels normalized
to b-actin, and presented as the fold change relative to control cells (*p < 0.05; n=3). (D) The proportions
of lamin A, progerin, and lamin C within each sample were determined by Western blot with anti-lamin
A/C antibody. Data are presented as the mean £S.D. (*p < 0.05; n=3).

Lamin A and lamin C levels remained unchanged in SFN-treated control and HGPS
cells. Progerin signals were approximately 5-fold higher in HGPS total extracts
compared with normal cell extracts. SFN treatment effectively induced progerin
degradation in HGPS cells, as progerin levels were reduced by 13 % after 4 days and
almost 40 % after 9 days of treatment compared to mock-treated HGPS cells. The
analysis of the protein ratios revealed that SFN improves the status of lamin A and
lamin C while reducing progerin by 22 % after 9 days. These data indicated that SFN
enhances the clearance of progerin in HGPS cells.

To further understand the mechanisms by which SFN enhances protein degradation,
the levels of the 20S proteasome subunit C2 were determined. SFN treatment induced
a significant increase in the levels of the 20S C2 subunit in control and HGPS cells.
Furthermore, Western blot analyses revealed an increase levels of the small heat
shock protein Hsp27 in SFN-treated cells. In mock-treated HGPS cells, Hsp27 levels
were reduced when compared with mock-treated-control. However, Hsp27 levels in
HGPS cells increased after 4 days of SFN treatment and continued to rise after day 9.
This finding was in accordance with the previously reported induction of Hsp27 protein

levels after SFN treatment in HeLa and COS-1 cells.'”
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Collectively, these findings indicate that SFN induces the up-regulation of protein
components involved in protein degradation pathways and thereby enhances the
clearance of progerin in HGPS cells.

To determine in particular which protein degradation pathway is responsible for the
clearance of progerin in SFN-treated cells, cells were treated with 1 uM SFN for 5 days
and subsequently exposed for 12 hours to SFN in combination with 1 yM MG132, a
proteasome inhibitor, or 25 yM chloroquine diphosphate, an inhibitor of autophagy (Fig.
21 A, B).
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Figure 21: Western blot analyses of the protein degradation pathways after SFN treatment. (A)
Representative Western blots of HGPS lysates of mock-treated cells or cells treated with SFN, SFN with
MG132 or SFN with Chloroquine (Cq). Left panel: Samples were probed with antibodies specific to
progerin and ubiquitin (n=3). Right panel corresponds to antibody staining against lamin A/C, LC3B-I
and LC3B-ll, and b-actin (n=3). (B) Quantification of progerin levels of the same cells as in (A),

normalized to b-actin and presented as the fold change relative to mock-treated HGPS cells.
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HGPS cells exhibit an increased amount of ubiquitinated proteins in response to
MG132. Addition of chloroquine resulted in a significant increase in LC3B-Il, a specific
marker of autophagosome that accumulates when autophagy is inhibited.'® LC3B-II
levels were barely detectable in HGPS cells treated with SFN or MG132, indicating
that autophagy remained active. Progerin levels were reduced in SFN-treated cells and
slightly more in SFN-MG132 treated cells. This result indicates that autophagy was
further stimulated by proteasome inhibition, as reported previously.'®® Progerin levels
remained similar in cells exposed to SFN and chloroquine for 12 hours. This treatment
was insufficient to induce a detectable increase in progerin levels. Collectively, these
data indicate that SFN stimulates autophagy and thereby enhances progerin clearance
in HGPS cells.

Previous HGPS studies have demonstrated increased levels ROS and reduced levels
of ATP in HGPS cells.'® Because SFN is known to have antioxidant properties, the
possibility to ameliorate these cellular alterations was tested. In accordance with earlier
studies, it was found that ROS levels were increased in early passages of HGPS
cultures and appeared to decrease after 9 days of SFN treatment. A significant
decrease of ROS levels was also observed in control cells after 9 days of SFN
treatment (Fig. 22).
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Figure 22: ROS levels after SFN treatment. Intracellular ROS levels were determined by measuring
oxidized dichlorofluorescin (DCF) levels using a DCFDA cellular ROS detection assay as described in

the Methods. Data represent the mean + S.D. (*p < 0.05; n=3) compared to mock-treated control.
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ATP levels were significantly reduced in HGPS cells compared with normal cells (Fig.
23).
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Figure 23: ATP levels of cells treated with or without SFN. Cellular ATP levels were measured using
CellTiter Glo luminescence ATP assay as described in the Methods. Data are presented as the mean +

S.D. (*p < 0.05; n=3) relative to mock-treated control.

SFN treatment induced a significant increase in intracellular ATP levels in control and
HGPS cells. These data indicate that the antioxidant activity of SFN ameliorates the

energy levels in HGPS cells.

4.2.2 SFN treatment improves nuclear alterations in HGPS fibroblasts

HGPS cells exhibit well-defined abnormalities such as nuclear envelope alterations
(nuclear blebs and invagination), reduced levels of nuclear components (lamin B1 and
LAP2a), and clustering of nuclear pores.>'%6 First, the impact of SFN on the nuclear
shape was investigated, including analyzing nuclear blebs and invaginations.®> SFN-
treated or mock-treated cells were examined in parallel, whereby the percentage of

dysmorphic nuclei were determined by direct counts (Fig. 24).
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Figure 24: Dysmorphic nuclei after treatment with or without SFN. Frequency of misshapen nuclei
(dysmorphic) in 3 control and 3 HGPS fibroblast lines after 4 or 9 days of treatment with either the vehicle
or 1 yM SFN. The bars indicate the mean frequency of misshapen nuclei relative to mock-treated
counterparts. An average of 800 nuclei were examined for each control and HGPS cell lines and

treatment. Data are presented as the mean + S.D. (*p < 0.05; n=3).

SFN treatment reduced the frequency of nuclear blebbing in both control and HGPS
cells after 4 days and even more after 9 days of treatment.

Next, immunochemistry analysis determined the distribution and expression of the A-
type lamins and nuclear components (Fig. 25).
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Figure 25: Inmunochemistry of mock-treated or SFN-treated cells. Upper panel: Immunochemistry

using antibodies directed against indicated proteins (lamin A/C, progerin, nuclear pore protein (Nup414),
and lamin B1) was performed on control (GMO3349C) and HGPS (HGADFN127) cells mock-treated or
SFN-treated for a period of 9 days (n=3). Lower panel: The same cells and condition as in upper panel
were immunolabeled with anti-LAP2a (lamina-associated polypeptide 2a) and anti-lamin B1 antibodies.

Scale bar: 10 ym.

Staining with anti-progerin antibody revealed progerin accumulation in the most
dysmorphic HGPS nuclei. It is localized to the nuclear envelope with aggregated

staining in some areas. Progerin staining in normal-shaped nuclei exhibit weak signals
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with very few dots or foci while other nuclei exhibit no signal. In SFN-treated HGPS
cultures, progerin-positive nuclei were reduced indicated by the decreased number of
brightly labeled nuclei and intensity of signals compared to mock-treated HGPS
cultures. The percentage of nuclei with bright progerin staining was reduced from an
average of 38 % in mock-treated HGPS cultures to 15 % in SFN-treated HGPS
cultures. The distribution of the nuclear pores was not altered by SFN treatment (Fig.
25, upper panel). Lamin B1 signals were very low to barely detectable in most of the
dysmorphic HGPS nuclei (Fig. 25, lower panel). Bright progerin-positive HGPS nuclei
were associated with weak lamin B1 staining. After SFN treatment, the number of
HGPS nuclei exhibiting reduced lamin B1 signals were reduced concomitantly with a
decreased number of bright progerin-positive nuclei. Low lamin B1 signals coincided
with low LAP2a signals (Fig. 25, lower panel). The frequency of nuclei with low levels
of lamin B1 and Lap2a staining was reduced in SFN-treated HGPS cells. These
findings indicate that SFN normalized the levels of lamin B1 and Lap2a by reducing

progerin levels in HGPS nuclei.

4.2.3 SFN treatment reduces the DNA damage levels of HGPS fibroblasts

Endogenous DNA damage and DNA DSBs were found to accumulate in HGPS cells
with passage.*®1%” Levels of DNA damage repair factors such as 53BP1 and Rad51
were found to be altered in HGPS fibroblasts.'67.168

For this, the basal levels of DSBs cells were determined in mock-treated and SFN-
treated by staining with antibodies directed against the phosphorylated form of yH2A.X.
DNA damage response of mock-treated and SFN-treated cells were analyzed by using
53BP1 and Rad 51 directed antibodies (Fig. 26 A-D).
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Figure 26: SFN ameliorates the levels of DNA double-strand breaks in HGPS. (A) Upper panel:
Immunocytochemistry using 53BP1 and yH2A.X antibodies on control cells and HGPS cells mock-
treated or treated with SFN for 9 days. Percentage of yH2A.X foci is indicated (n=4). Lower panel:
Immunocytochemistry of control and HGPS cells mock-treated or SFN-treated for 9 days and stained
with Rad51 and yH2A X antibodies (n=4). Scale bar: 20 ym. (B) Western blot evaluation of 53BP1 (left)
and Rad51 (right) levels of the same cells and condition as in (A). (C) Quantification of 53BP1 levels
(upper panel) and Rad51 levels (lower panel) normalized to b-actin and compared to mock-treated

control cells. Data are presented as the mean £ S.D. (*p < 0.05, n=4).

HGPS nuclei exhibit a significantly increased number yH2A.X foci (49 %) compared to
mock-treated control cells (8 %). After SFN treatment, yH2A.X foci were reduced to 26
%. These results indicate more efficient DNA damage repair in HGPS cells in response
to SFN. Consistent with these finding, the reduced levels of 53BP1 and Rad51 in mock-
treated HGPS cells were found to be increased after 9 days of SFN treatment (Fig. 26
B, C) and the nuclear distribution was normalized (Fig. 26 A). 53BP1 and Rad51 were
found to be co-localized with DNA damage foci of yH2A.X after SFN treatment. This
indicates that SFN improved DNA damage repair in HGPS fibroblasts.

Moreover, HGPS cells show a loss of heterochromatin and reduced levels of chromatin
proteins such as heterochromatin protein 1 (HP1).58” Accordingly, HP1-y levels were
reduced in mock-treated HGPS cells when compared to mock-treated control cells.
However, SFN restored the HP1-y levels in HGPS as indicated by Western blot and
immunocytochemistry (Fig. 27 A-C).
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Figure 27: SFN improves heterochromatin levels in HGPS. (A) Immunocytochemistry using HP1-y
and progerin antibodies on control cells and HGPS cells mock-treated or treated with SFN for 9 days
(n=4). Scale bar: 20 um. (B) Western blot evaluation of HP1-y levels of the same cells and condition as
in (A). (C) Quantification of HP1-y levels normalized to b-actin and compared to mock-treated control

cells. Data are presented as the mean + S.D. (*p =< 0.05, n=4).
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4.2.4 Long-term SFN treatment further ameliorates HGPS cellular phenotype

Cultures were passaged several times and treated every other day with 1 yM SFN or
vehicle for several months to test the long-term potential of SFN on HGPS and normal
fibroblasts. The proliferation rates demonstrate sustained increases in growth of SFN-
treated control and HGPS cells while mock-treated HGPS cells reached a growth

plateau after several passages (Fig. 28 A, B).
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Figure 28: The proliferation rate in long-term cultures treated with SFN. (A) Long-term cultures of
control and (B) HGPS cells treated with the vehicle (w/o) or 1 uM SFN. The cumulative population

doublings were calculated as described in the methods.
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Western blot analyses revealed a significant and sustained decrease in progerin levels
during the 85 days of SFN treatment. The proportions of lamin A and C were improved
while progerin levels were reduced by an average of 33 % in SFN-treated HGPS cells
(Fig. 29 A, B). This indicates that SFN further ameliorates the status of the A-type

lamins.
(A) GMO3349C HGADFNOO3
Mock SFN SFN SFN Mock SFN SFN SFN
43d B6d 8hd 43d Bﬁd 85d
Progerin - g -
Lamin C
Progerin el -

b-Actin — —  —  ——— T R E—

(B)
Ratio Control Control Control Control
Mock SFN 43d SFN 66d SFN 85d
LaminA |5995+1.05 |62.81+2.17 |63.60+2.32 |63.77 + 0.91
Progerin | 3.64 + 1.55 1.25 + 2.44 1.01 + 2.11 0.51 + 2.46
LaminC |36.41 +1.16 |[3594+244 |3539+380 |35.73+187
Ratio HGPS HGPS HGPS HGPS
Mock SFN 43d SFN 66d SFN 85d
Lamin A |38.59+295 |4092+349 |43.51 +1.53 | 46.67 + 1.33
Progerin |35.40 +1.13 [28.52+2.99 |27.80+4.29 |24.59+1.39
LaminC |26.01 +1.70 | 30.56 + 1.54 |28.69 +1.07 | 28.74 + 1.95

Figure 29: Western blot analyses of long-term SFN cultures. (A) Western blot evaluation of A-type
lamins (lamin A, progerin, Lamin C) in control and HGPS cell that were mock-treated or SFN-treated
every 2 days for the indicated period (a representative image is shown; n=3). Blots were probed with
lamin A/C, progerin, and b-actin antibodies. (B) The proportions of the A-type lamins in each sample
were examined by Western blot with an anti-lamin A/C antibody. Data represent the mean + S.D. with

respect to mock-treated control cells after values were normalized to b-actin signal (*p < 0.05; n=3).

Gene expression profiling of A-type lamins mRNA levels indicated that the overall

levels remained unchanged in all conditions (Fig. 30 A, B).
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Figure 30: mRNA expression patterns in long-term SFN cultures. Encoding mRNA levels of
indicated proteins were determined in total mMRNA preparations isolated from control (A) and HGPS (B)
cells by real-time PCR. Cells were either mock-treated with 1 yM SFN every 2 days for the indicated

period. All values are presented as the mean + S.D. (*p < 0.05; n=3).

The constant progerin clearance was accompanied with a constant increase of the
protein degradation pathways. Proteasome activity and autophagy levels remained
high in control and HGPS cells after 85 days of SFN treatment (Fig. 31 A, B).
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Figure 31: Protein degradation levels of fibroblasts after 85 days of SFN. (A) Proteasome activity
was defined by measuring the chymotrypsin-like proteasome activity in control and HGPS cells using
Suc-LLVY-AMC as a substrate. Cells were either mock-treated or treated with 1 uM SFN every 2 days
for the indicated period. The percentage of proteasome activity was calculated relative to mock-treated
control. Data are presented as mean £ S.D. (*p < 0.05, n=3). (B) The same cells and conditions as in
(A) were used to determine the autophagy by measuring monodansylcadaverine (MDC) levels by
fluorescence photometry as described in the Methods. Data are expressed as the mean £ S.D. relative

to mock-treated control (*p < 0.05; n=3).
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In sum, SFN treatment induced a constant increase in proteostasis in normal and
HGPS cultures during long-term treatment. Progerin clearance remained high during
the 12-weeks of treatment in HGPS cells treated with SFN.

4.3 A drug combination of SFN and FTI further ameliorates the HGPS

cellular phenotype

Given that SFN reversed the HGPS cellular phenotype to a certain extent, it was
investigated whether a drug combination could further improve it. By applying a drug
combination, different signaling pathways could be activated in HGPS that a single
drug cannot target. This would reverse more different phenotypic changes in HGPS.
In particular, the blocking of farnesylation by FTI and the activation of Nrf2-Keap1
pathway by SFN were used in this study. First, the concentrations of both drugs in
combination has to be determined before several proteostasis assays (proliferation
rate, progerin clearance, mitochondrial function, and DNA damage response) will verify
whether the combination has more beneficial effects than the single drug treatment.
Specific markers for the severe side effects of FT| have to be observed e.g. prelamin
A accumulation, donut-shaped nuclei, and lamin B1 disruption. Those have to be

compared to the drug combination which should avoid the negative effects of FTI.

4.3.1 Determination of the drug concentrations for the use in treatment

combination

As SFN exhibit beneficial effects on the HGPS phenotype, this compound was chosen
for a combinatory treatment with FTI. Previous experiments (Appendix 8.1) preserved
the negative effects of FTI on the HGPS phenotype when applied in combination with
SFN. All these combinations led to cell death, donut-shaped nuclei, and prelamin A
accumulation. Even lower concentrations of FTI and SFN induced high toxicity. For
this, a concentration of single FTI and SFN treatment has to be determined at which
the drugs induce high proliferation rates and autophagy.
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First, the FTI concentration was assessed that was still beneficial for control and HGPS
fibroblasts. FTI was applied at different concentrations for 1d before cell growth (Fig.
32 A, B), autophagy levels (Fig. 33 A, B), and prelamin A accumulation (Fig. 34) were

examined.
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Figure 32: Cell growth of control and HGPS fibroblasts after different FTI concentrations. (A)
Control cells were mock-treated (DMSO) or treated with different FTI concentrations FTI for 24h. Cell
growth was calculated according to the cell counts and relative to mock-treated cells. Data are

expressed as the mean + S.D. (*p < 0.05; n=5). (B) HGPS cells were treated and analyzed as stated in

(A).
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Control cells showed a sustained increase in growth rate until a concentration of 0.25
MM FTI was reached. Higher concentrations of FTI reduced the growth rate of control
cells. In HGPS cells, the peak of cell growth was reached at a concentration of 0.06
MM FTI. Higher FTI concentrations showed a decrease in growth rates. Concentrations
higher than 0.5 uM FTI led to cell death. Autophagy levels of control and HGPS cells

were direct proportional with increased FTI concentration (Fig. 33 A, B).

Hi %

FTI
0.06

FTI
0.12

Tl
25

FTI concentrations

FTI
1.5

(A) 200 -
2
o =
2 9
&3 150
o O
—_
> £
25
£ 8 100 |
O o
5 9
© ©
5 L 50 -
D
28 FTI | | FTI
Q€ 0.015| | 0.03
0_
(B)
200 -
o —
o X
22 15
m— -
- O
S o
. * * *
ST 100 T
O © T
50 .
T ©
5 2 50 -
0 x
© g FT | T
= 0 Mock 0,015/ [0.03

FTI concentrations

Figure 33: Autophagy activity of different FTI concentrations. (A and B) Autophagy activity was
measured as described in the Methods section for control and HGPS cells, respectively. Cells were

treated with different concentrations of FTI as indicated for 24h. The percentage of activity was

calculated relative to mock-treated cells. Data are expressed as the mean + S.D. (*p < 0.05; n=5).
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As mentioned, treatment with FTI leads to accumulation of non-farnesylated, full-length
prelamin A, i.e. the more prelamin A accumulates the more effective the inhibition of
the farnesylation by FTI. Hence, prelamin A accumulation was analyzed of HGPS

fibroblasts after 1d of the indicated FTI concentrations (Fig. 34).

Mock FTI conc. [pM] Mock  FTI conc. [pM]
0.007 0.015 0.03 0.06 0412 025 0.5 025 05 1.0 1.5
Pre A I————————— — pr— w— g—
b-Actin — — — — —

Figure 34: Prelamin A accumulation at different FTI concentrations. Western blot of HGPS cells
mock-treated or treated with different concentrations of FTI (FTI conc.) for 24h. Blot was probed with an

anti-prelamin A antibody and b-actin.

HGPS cells reached a sufficient level of prelamin A accumulation after 0.06 uM of FTI
treatment. Collectively, beneficial effects were detected for 0.06 uM FTI on cell growth,
autophagy, and prelamin A accumulation. For further experiments, 0.06 uM FTIl was
selected.

Subsequently, the effect of different SFN concentrations was observed on control and
HGPS cells after 1d of treatment. SFN was investigated according autophagy induction
without inducing cell death as SFN is known to clear progerin via autophagy (Fig. 35
A, B).9
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Figure 35: Cell growth after different concentrations of SFN. Control (A) and HGPS (B) cells were
mock-treated or treated with different concentrations of SFN as indicated daily for 9 days. Cell growth
was calculated according to the cell counts and relative to mock-treated cells and presented as the
mean + S.D. (*p < 0.05; n=5).

Control and HGPS cells showed an increased cell growth at any concentration of SFN.
The highest growth rate was reached after 1 yM of SFN in control and HGPS cells.
Autophagy levels were found to be increased at higher concentrations of SFN in control
and HGPS cells (Fig. 36 A, B).
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Figure 36: Autophagy levels of different SFN concentrations. Control (A) and HGPS (B) cells were
mock-treated or treated with different concentrations of SFN as indicated daily for 9 days. Autophagy
activity was determined as described in the Methods. Values were calculated relative to mock-treated

cells and presented as the mean £ S.D. (*p < 0.05; n=5).

Control cells showed a significant increase in autophagy levels at 0.25 yM SFN and
the autophagy levels further increased with higher concentrations of SFN. Mock-
treated HGPS cells exhibit lower autophagy levels when compared to control cells.

SFN increased the autophagy levels of HGPS fibroblasts significantly at a
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concentration of 0.25 uyM. The levels of autophagy were further increased at 0.5 yM
SFN and even more at 1 yM SFN. Highest autophagy levels were observed at 1 yM
SFN and cells still showed increased proliferation in both control and HGPS cells.
Hence, SFN was used at a concentration of 1 yM for further experiments. Previous
studies showed that higher concentrations than 1 uM of SFN induced cell death.®®

Nonetheless, how can these two drugs be combined to extract the positive properties
of SFN and FTI and reverse the HGPS cellular phenotype? Preliminary data showed
that simultaneous treatment of the cells with FTI and SFN is cytotoxic (Appendix 8.1).
The cytotoxicity has to be avoided and another application of the drugs has to be found.
It has recently been shown that HGPS cells require 3 days to reacquire their aberrant
nuclear shape after FTI treatment.'®® Thus, the effect of FTI is reversible and washed
away in 3 days. Taking this parameter into account allows designing a novel treatment
regimen. After replacing FTIl, SFN can be added for 3 days until the effect of FTI has
been washed away. The positive effect of SFN within 3 days has been verified by
previous studies (Chapter 4.2). This regimen comprises a cycle of treatment as follows:
0.06 uM FTI for 1d to detach progerin from the nuclear envelope, followed by 3 days
of SFN treatment to enhance autophagy and antioxidant response. This treatment is
hereafter referred as cycle treatment where n cycles display ((1d FTI+3 days SFN) x

n) with n=number of cycles.

4.3.2 Cycle treatment induces the highest progerin clearance in HGPS

In order to analyze the efficiency of the cycle treatment, single treatment of SFN and
FTI for the corresponding days were carried along. Cells were fed every day with fresh
media containing the vehicle (DMSO) or the drugs. All treatments were analyzed and
compared to the mock-treated control.

First, population doublings were examined after each indicated cycle (Fig. 37 A, B, C).
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Figure 37: Populations doublings of cycle-treated control and HGPS cells. Population doublings
were calculated as stated in Materials and Methods relative to mock-treated control for 1 cycle (A), 2
cycles (B), and 4 cycles (C). Cells were either mock-treated (vehicle DMSO) or treated with 0.06 uM FTI
for 1 day followed by 3 days of 1 uyM SFN treatment which corresponds to 1 cycle. Single treatment of
0.06 yM FTIl and 1 yM SFN for the corresponding time duration (4 days, 8 days, and 16 days) was

carried along for comparison reasons (*p < 0.05, n=5). Cells were fed in a daily manner.
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While mock-treated control cells exhibit higher proliferation rates, mock-treated HGPS
cells showed meager cell growth. Control cells and HGPS cells showed significantly
increased proliferation after 4 days of SFN treatment or 1 cycle of SFN/FTI. FTI
treatment for 4 days did not improve nor deteriorate the cell growth in control and
HGPS fibroblasts. Prolonged treatment of SFN for 8 days and two cycles of SFN/FTI
induced significantly higher growth rates of control and HGPS cells. The proliferation
defect of HGPS cells was reversed after 8 days of SFN treatment or two cycles of
SFEN/FTI. While FTI treatment of 8 days induced cell death in control cells, HGPS cells
were less affected by this treatment and showed the same proliferation rates as mock-
treated HGPS cells. Sixteen days of SFN treatment or 4 cycles of SEFN/FTI treatment
further improved the cell growth in control and HGPS cells. Cell growth of FTl-treated
cells was significantly reduced after 16 days of treatment. Collectively, single SFN
treatment and cycle treatment reversed the proliferation defect after 8 days of
treatment in HGPS fibroblasts to the same extent and led to significantly higher
proliferation rates in control cells.

Autophagy induction of SFN, FTI, and SFN/FTI was tested as progerin is degraded via
the autophagy system (Fig. 38 A, B, C)."°
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Figure 38: Autophagy activity after cycle treatment. Autophagy activity was measured after 1 cycle
(A), 2 cycles (B), and 4 cycles (C) by using monodansylcadaverine (MDC). Control and HGPS cells
were either mock-treated (vehicle DMSO) or treated with 0.06 uM FTI for 1 day followed by 3 days of 1
MM SFEN treatment which corresponds to 1 cycle. Single treatment of 0.06 uM FTl and 1 uM SFN for the
corresponding time (4 days, 8 days, and 16 days) was carried along for comparison reasons. Data are

HGPS

expressed as the mean = S.D. relative to mock-treated control (*p < 0.05; n=5).

Autophagy levels were significantly increased in control and HGPS cells after all 3 drug
treatments and even increased with time: the longer the treatment of the cells, the
higher the autophagy levels became. Single SFN treatment and cycle treatment
reached approximately the same autophagy levels, whereas FTI induced autophagy

to a lesser extent.
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Next, it was analyzed to which level the autophagy induction leads to progerin
clearance in HGPS. Western blot analysis was performed and the ratios of the A-type
lamins were quantified (Fig. 39 A, B, C).
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Figure 39: Western blots and their quantification after cycle treatment. Representative Western
blots of control and HGPS fibroblasts after 1 cycle (A), 2 cycles (B), and 4 cycles (C). 1 cycle represents
1 day 0.06 uM FTI treatment followed by 3 days of 1 uM SFN. Blots were probed with prelamin A, lamin
alc, HDJ-2, and b-actin antibodies (n=4). Numbers above prelamin A and HDJ-2 bands indicate the fold-
change of these proteins relative to their mock-treated counterparts. The ratios of A-type lamins were
determined within each sample relative to mock-treated counterparts and analyzed by Western blot with
lamin A/C antibody according to 1 cycle (A, lower panel), 2 cycles (B, lower panel), and 4 cycles (C,
lower panel). Single treatment of 0.06 yM FTl and 1 uM SFN for the corresponding time (4 days, 8 days,

and 16 days) was carried along for comparison reasons (*p < 0.05, n=4).

During the first cycle and single treatment of 4 days, progerin clearance was not
significantly induced. SFN and cycle treatment led to a clearance of progerin by 7 %
while FTI showed a clearance of 3 %. Progerin was cleared significantly by 20 % and
16 % after two cycles and 8 days of SFN, respectively. The status of the A-type lamins
was ameliorated. FTI treatment for 8 days cleared progerin by 11 %. Long-term
treatment of HGPS cells showed a significant reduction of progerin in all 3 drug
treatments. FTI treatment for 16 days cleared progerin by 14 % while SFN induced a
clearance of 20 %. The cycle treatment induced the greatest progerin clearance after
only 16 days. Progerin was decreased by 25 % after 4 cycles of 1 day FTI followed by
3 days SFN. The status of the A-type lamins in SFN- and cycle-treated HGPS cells
was ameliorated after 8 days and maintained during treatment.

The efficiency of FTI treatment was detected with prelamin A staining and HDJ-2
staining. Inhibition of farnesylation results in prelamin A accumulation and non-

farnesylated HDJ-2 accumulation. While FTI increases both prelamin A and non-
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farnesylated HDJ-2 (indicated by the numbers above each band), cycle treatment
showed reduced accumulation of these proteins when compared to FTl-treated cells.

Other characteristics of HGPS cells are elevated levels of ROS and reduced levels of
ATP." The compound SFN has been found to reduce ROS and increase cellular ATP
levels in HGPS fibroblasts.®® By contrast, FTI induced oxidative DNA damage by ROS
and significant higher ATP levels.'7%172 The potential of the cycle treatment to
ameliorate ROS and ATP levels in HGPS fibroblasts was tested (Fig. 40, 41).
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Figure 40: Reactive oxygen species levels after cycle-treatment. Intracellular ROS levels of mock-
treated and 1 cycle (A), 2 cycles (B), and 4 cycles (C) of treated control and HGPS cells were determined
by measuring oxidized dichlorofluorescin (DCF) levels as described in the Methods. Single SFN and FTI
treatment were carried along for the corresponding times. Data represents the mean + S.D. (*p < 0.05;

n=5) relative to mock-treated control.

ROS levels were found to be significantly increased in HGPS cells compared to control
cells (Fig. 40). While FTI treatment induced no significant change in ROS levels, SFN
and cycle treatment reduced reactive oxygen species in control and HGPS fibroblasts.
In HGPS, 1 cycle treatment reduced ROS levels significantly (Fig. 40 A) and ROS
levels were further significantly reduced with additional cycles (Fig. 40 B, C). SFN
started to significantly reduce ROS levels after 8 days of treatment in HGPS cells (Fig.
40 B). Furthermore, control cells showed significantly reduced ROS levels after 8 days
of SFN treatment or two cycles (Fig. 40 B). The lower ROS levels were maintained

after 16 days of SFN treatment or 4 cycles in control fibroblasts (Fig. 40 C).
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HGPS cells exhibit reduced levels of cellular ATP levels and further evidence was
provided that single SFN treatment increases cellular ATP levels that were further
improved with time (Fig. 41 A-C). FTI treatment induced a slight increase in cellular
ATP levels of control and HGPS cells even though it is not significant at day 4 and 8
(Fig. 41 A, B). ATP levels were significantly increased after 16 days of FTI treatment
(Fig. 41 C). Cycle treatment showed a significant increase in cellular ATP levels after
1 cycle in control and HGPS cells (Fig. 41 A). After two cycles of treatment, ATP levels
of HGPS cells were restored and were found to be even higher than mock-treated
control levels (Fig. 41 B). Four cycles of SFN/FTI treatment further improved cellular
ATP levels (Fig. 41 C). All cycle treatments exhibit the same increased ATP levels as

single SFN treatment.

However, other regimens of cycle treatment could also ameliorate the HGPS cellular
phenotype. By shortening the intervals of FTI, more progerin could be detached from
the nuclear envelope and cleared by SFN via autophagy. Further experiments have
been conducted to analyze whether shorter SFN treatment within the cycles could
improve the HGPS cellular phenotype even more than the 1d FTI followed by 3d SFN.
This cycle could be described as n cycles = ((1d FTI+2 days SFN) x n) with n=number
of cycles. The data can be seen in Appendix 8.2.1.

The same experiments and concentrations were used as stated for the 1d FTI followed
by 3d SFN treatment. The same positive outcome was observed for the new cycle
treatment of control and HGPS cells. Single SFN and FTI treatment showed the same
results as expected. Only the differences will be highlighted given that the effect of 1d
FTI followed by 2d SFN was similar to 1d FTI followed by 3d SFN.

Comparing the rates of the population doublings, HGPS cells treated for 1 cycle of 1d
FT1/3d SFN showed 6 % higher growth rates compared to the 1 cycle of 1d FTl/2d
SFN. Two cycles of SFN/FTI showed 7 % higher growth rates than 3 cycles of 1d
FTI/2d SFN and 4 cycles of SFN/FTI showed 14 % higher proliferation rates than 6
cycles of 1d FT1/2d SFN.

Autophagy levels of 1 cycle 1d FTI/3d SFN were 13 % higher than 1 cycle of 1d FTl/2d
SFN. After 2 cycles of 1d FT1/3d SFN, autophagy levels were 20 % more increased
and were still increased by 13 % after 4 cycles compared to 3 cycles of 1d FT1/2d SFN

and 6 cycles, respectively.
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Progerin clearance was 6 % higher after 4 cycles of 1d FT1/3d SFN compared to 6
cycles of 1d FT1/2d SFN.

ATP levels were reduced to a same extent in 1d FT1/3d SFN-treated HGPS cells and
1d FTI/2d SFN-treated HGPS cells whereas ROS levels were more reduced in 1 cycle
of 1d FT1/3d SFN-treated HGPS cells than in 1 cycle of 1d FT1/2d SFN-treated HGPS
cells (4 %). During the treatment, ROS levels were similarly reduced after 2 cycles and
3 cycles, respectively. After 4 cycles of 1d FT1/3d SFN, ROS levels were 4 % lower in
HGPS cells than in 6 cycles of 1d FTI/2d SFN-treated HGPS cells.

4.3.3 Cycle treatment reverses the nuclear shape without causing FTI side

effects

The nuclei of HGPS fibroblasts are characterized by nuclear envelope alterations and
reduced levels of nuclear components such as lamin B1.%166 FT| treatment has been
shown to reduce the nuclear shape abnormalities.®®> However, FTI disrupts the lamin
B network, causes prelamin A accumulation and donut-shaped nuclei. 13.99.173

These alterations were investigated by immunofluorescence after 2 cycles of 1d FT1/3d
SFN (Fig. 42, 43, 44, 45). Single treatments of SFN and FTI| were conducted for
comparison reasons.

Staining with anti-lamin A/anti-progerin antibodies revealed that all treatments reduces
the nuclear-shape alterations of HGPS fibroblasts (Fig. 42).
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Figure 42: Nuclear shape alterations of HGPS fibroblasts after cycle treatment. Imnmunochemistry
was performed of control (GM03349C) and HGPS (HGADFN127) fibroblast after 2 cycles of 1 day 0.06
MM FTl and 3 days 1 uM SFN treatment using antibodies directed against indicated proteins (lamin A
and progerin). Single treatment of 0.06 yM FTI and 1 yM SFN for 8 days was carried along for
comparison reasons. Cells were treated daily with fresh medium. Representative images are shown
(n=4). Scale-bar: 20 ym.

HGPS cells show a control-like nuclear shape that appears to be ovoid and without
nuclear blebbing after SFN-, FTI-, and cycle treatment. Progerin clearance is higher in
SFN- and cycle-treated HGPS cells as in FTl-treated cells. As expected, lamin A
staining is weaker in FTI-treated cells than the lamin A staining of the other treatments
due to the inhibition of mature lamin A processing.

In mock-treated HGPS cells, weak lamin B staining is concomitant with bright progerin

staining (Fig. 43).
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Figure 43: Lamin B network after cycle treatment of control and HGPS cells. Immunochemistry
was performed of control (GMO3349C) and HGPS (HGADFN127) fibroblast after 2 cycles of 1 day 0.06
MM FTI and 3 days 1 uM SFN. Single treatment of 0.06 uM FTIl and 1 uM SFN for 8 days was carried

along for comparison reasons. Cells were treated daily with fresh medium. Antibodies directed against

Mock

SFN

SFN/FTI

indicated proteins were used (lamin B1 and progerin). Representative images are shown (n=4) Scale
bar: 20 pm.

In SFN-treated and cycle-treated HGPS cells, progerin levels are reduced while lamin
B staining showed control-like behavior. In FTl-treated cells, lamin B appeared as weak
staining, which can be explained by the fact that the farnesylation of lamin B is also
inhibited by FTI.

Accumulation of prelamin A has been clearly observed after FTI treatment in control
and HGPS cells while mock-treated and SFN-treated cells shows barely prelamin A
(Fig. 44). The cycle treatment slightly induced prelamin A accumulation. However, the

brightly labeled nuclei after FTI treatment were not observed in the cycle-treated cells.
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Figure 44: Immunofluorescence of prelamin A accumulation after cycle treatment.
Immunochemistry was performed of control (GM0O3349C) and HGPS (HGADFN127) fibroblast after 2
cycles of 1 day 0.06 uM FTl and 3 days 1 yM SFN. Single treatment of 0.06 yM FTl and 1 yM SFN for
8 days was carried along. Antibody directed against prelamin A was used. Representative images are

shown (n=4). Scale bar: 20 um.

The analysis of donut-shaped nuclei was performed by direct counts of the lamin A-

stained nuclei (Fig. 45).
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Figure 45: Analysis of donut-shaped nuclei after cycle treatment. Control and HGPS fibroblast after
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2 cycles of 1 day 0.06 uM FTl and 3 days 1 uM SFN were used to analyze donut-shaped nuclei by direct
counts of lamin A-stained nuclei. An average of 1,000 nuclei were counted. Upper panel shows donut-
shaped nuclei. Lower panel shows the quantification of donut-shaped nuclei relative to mock-treated

control. Data are presented as the mean + S.D. (*p < 0.05; n=3).

Mock-treated HGPS cells showed higher levels of donut-shaped nuclei compared to
mock-treated control cells. Donut-shaped nuclei were also generated in control and
HGPS cells after FTI treatment, which further confirmed previous studies. The levels
were found to be significantly increased by 5-fold after FTI treatment compared to their
mock-treated counterparts. Cycle treatment showed the tendency of donut-shaped
nuclei generation but the higher levels were not significantly elevated when compared
to mock-treated cells. SFN treatment showed the same levels of donut-shaped nuclei
in control cells as mock-treated control cells. In HGPS, SFN reduced the levels of

donut-shaped nuclei compared to mock-treated HGPS cells.

The immunofluorescence staining was also repeated with the shorter cycle treatment.

Cells were treated for 3 cycles with 1d FTI followed by 2d SFN (Appendix 8.2.2). Single

drug treatment with SFN and FTl for 9 days were carried along for comparison reasons.

With this cycle treatment we could also detect the same beneficial effects of the nuclear

shape, lamin B network and prelamin A accumulation as for the 2-cycle treatment with

1d FTl and 3d SFN. The only minor difference was found in the appearance of donut-
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shape nuclei. Compared to 2 cycles of 1d FTI/3d SFN, 3 cycles of 1d FTIl/2d SFN
showed 3 % more donut-shaped nuclei. The induction of donut-shaped nuclei is
significantly higher in the 3-cycle-treated HGPS cells (1d FTI/2d SFN) compared to
mock-treated HGPS cells. By contrast, the 2 cycles of 1d FTI1/3d SFN showed no

significant increase in donut-shaped nuclei.

4.3.4 Cycle treatment reduces DNA damage and activates DNA damage

response

HGPS fibroblasts have been shown to have a susceptibility to DNA damage due to
defective DNA damage repair response.'”* DNA damage repair factors have been
found to be altered in HGPS cells such as 53BP1 and Rad51."67:168 SFN treatment has
been shown to reduce the levels of DNA damage by inducing DNA damage repair
response by 53BP1 and Rad51.%° By contrast, FTI treatment did not result in reducing
the frequency of DNA DSBs and damage checkpoint signaling.® Thus, it was tested
whether the cycle treatment could reduce DNA damage in HGPS fibroblasts by the
induction of DNA damage response.

Immunofluorescence staining has been performed of control and HGPS cells treated
with SFN, FTI or 2 cycles of 1d FT1/3d SFN. Antibodies directed against anti-yH2A.X,
anti-53BP1, and anti-Rad51 have been used. Levels of 53BP1 have been confirmed
and quantified by Western blot. Direct counts of nuclei harboring the DNA damage
marker H2A.X allowed the analysis whether drug treatment improves the accumulation
of DNA damage (Fig. 46).
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Figure 46: Number of DNA damage foci after cycle treatment. Analysis of DNA damage by direct

counts of H2A.X-stained nuclei of control and HGPS fibroblast mock-treated or treated for 2 cycles with
1 day 0.06 uM FTI followed by 3 days 1 uM SFN. Single treatment of 0.06 yM FTl and 1 yM SFN for 8
days was carried along for comparison reasons. Cells were treated daily with fresh medium. An average
of 1,000 nuclei were counted. Quantification of DNA damage levels are relative to mock-treated control.

Data are presented as the mean = S.D. (*p < 0.05; n=3).

The number of HGPS nuclei harboring yH2A.X foci was 47 % on average, which was
significantly higher compared to 7 % of DNA damage in control cells. Treatment with
SFN led to a significant reduction of DNA damage. Control cells showed an average
of 6 % of DNA damage and the DNA damage levels of HGPS were reduced
significantly to 27 % after 8 days of SFN treatment. FTI did not ameliorate the levels of
DNA damage in control cells and only reduced the levels in HGPS to 42 %. Two cycles
of 1d FTI/3d SFN reduced the levels of DNA damage in control cells to 5 % and in
HGPS cells significantly to 30 %.

The analysis of the DNA damage repair factor 53BP1 revealed that mock-treated

HGPS cells exhibit lower levels compared to control cells (Fig. 47 A-C).
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Figure 47: Analysis of the DNA damage repair factor 53BP1 after cycle treatment. Control
(GMO3349C) and HGPS (HGADFN127) cells mock-treated or treated for 2 cycles 1d FTI/3d SFN were
used for immunofluorescence staining against H2A.X and 53BP1. Single treatment of FTI and SFN for
8 days was carried along. Representative images are shown (n=4). Scale bar: 20 ym. (B) Western blot
analysis of the same cells and conditions as in (A). Antibodies against 53BP1 and b-actin were used.
Representative image is shown (n=3). (D) Quantification of 53BP1 levels normalized to b-actin and
presented as the mean < S.D. relative to mock-treated control cells (*p < 0.05; n=3).
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SFN as well as the cycle treatment increased the levels of 53BP1 in control and HGPS
cells indicating DNA damage repair by non-homologous end joining. The distribution
of 53BP1 was improved and showed homogenous staining throughout the
nucleoplasm while mock-treated HGPS cells showed aggregated staining in certain
areas. By contrast, FTl reduced the levels of 53BP1 and the distribution was not altered
compared to mock-treated HGPS cells.

Rad51 serves as another DNA damage repair factor that activates homologous

recombination. Rad51 was also investigated in this study (Fig. 48).

GMO3349C HGADFN127
yH2AX Rad51 Merge/Dapi YH2A.X Rad51 Merge/Dapi

Figure 48: Analysis of DNA damage repair factor Rad51 after cycle treatment. Control
(GMO3349C) and HGPS (HGADFN127) fibroblast mock-treated or treated for 2 cycles with 1 day 0.06
MM FTI followed by 3 days 1 uM SFN were used to perform immunochemistry with antibodies directed

against H2A.X and Rad51. Single treatment of 0.06 uM FTl and 1 yuM SFN for 8 days was carried along

for comparison reasons. Representative images are shown (n=4). Scale bar: 20 ym.

Levels of Rad51 were found to be decreased in mock-treated HGPS cells compared
to control cells. Rad51 showed accumulated staining in HGPS cells and no co-
localization with yH2A.X. In SFN- and cycle-treated HGPS cells, Rad51 levels were
increased and the distribution was normalized and control-like. Furthermore, Rad51
co-localized with the DNA damage marker yH2A.X. FTI treatment showed
accumulated Rad51-staining and no co-localization with yH2A.X as it was also

observed in mock-treated HGPS cells.
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The same positive effects on DNA damage reduction and DNA damage repair
response has been observed with the 3 cycles of 1d FTI followed by 2d SFN (Appendix
8.2.3). However, the reduction of DNA damage was less efficient with the 3 cycles of
1d FTI/2d SFN as 8 % more DNA damage was observed than with the 2 cycle
treatment of 1d FTI/3d SFN.

In sum, SFN and cycle treatment reduced DNA damage by the activation of DNA

damage repair response by raising the levels of 53BP1 and Rad51.

4.3.5 Comparison of cycle treatment with SFN and FTI single treatment

The data of the cycle treatments with the corresponding single treatments of SFN and
FTI are presented in the table below. The different cellular phenotypes of HGPS
fibroblasts are presented according to the treatment and duration. Values are relative

to the mock-treated HGPS fibroblasts, which are indicated in red.

Table 33: Comparison of SFN, FTI, and cycle treatment regarding some HGPS characteristics.

Treatment Duration|Progerin clearance] DNA damage|Autophagy]ROS ATP Donut-shaped|PPD

Mock 46 % 85 % 120 % 0.75 2.4 % 1.21
SFEN 1 cycle 8 % 124 % 113 % 90 % 1.65
FTI 1 cycle 3% 115 % 119 % 79 % 1.29
3d SFN, 1d FT1|1 cycle 6 % 125 % 111 % 86 % 1.61
2d SFN, 1d FT1 |1 cycle 8 % 113 % 114 % 87 % 1.54
SEN 4 cycles 20 % 153 % 87 % 126 % 1.94
FTI 4 cycles 14 % 137 % 117 % 82 % 1.12
3d SFN, 1d FT1|4 cycles 25 % 153 % 90 % 126 % 1.92
2d SFN, 1d FT1|8 cycles 19 % 140 % 97 % 124 % 1.83

In sum, the cycle treatment of 1d FTI followed by 3d SFN exhibit the same positive
effects on HGPS fibroblasts as single SFN treatment but induced a higher progerin
clearance. While single FTI treatment showed only a progerin clearance by 14 % after
16 days, SFN and 4 cycles of 1d FTI/3d SFN induced a progerin clearance by 20 %
and 25 %, respectively. The proliferation defect of HGPS, DNA damage, autophagy,
ROS and ATP are restored in the cycle treatment as in SFN single treatment. The
negative effect of FTI to induce donut-shaped nuclei is significantly reduced in the cycle

treatment but still slightly higher as in SFN single treatment. By applying a different
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duration of SFN treatment within the cycle (1d FTI/2d SFN), results are less efficient
than with 1d FTI followed by 3d SFN.

4.4 SFN improves the cellular phenotype of Lmna®t09¢/c609¢ moyse
fibroblasts

In preparation of further in vivo testing, it was investigated whether SFN could
recapitulate the same positive effect on progeria mouse models as on human HGPS
fibroblasts. Control and HGPS mouse cells were obtained from Dr. Carlos Lopez-Otin
laboratory. HGPS mouse fibroblasts carry a homozygous mutation (G609G) similar to
the human heterozygous mutation G608G of HGPS children.'”®

Control and HGPS mouse fibroblasts were treated every day with 1 uM SFN. The effect
of 1 yM SFN was diminishing on the mouse fibroblasts (Appendix 8.3). The cells
showed amelioration of progerin clearance, autophagy, and proliferation. However, this
concentration did not ameliorate the mouse cellular phenotype when applied in vivo. A
Western blot of human fibroblasts and mouse fibroblasts revealed that mouse
fibroblasts express lower levels of lamin A/C (Appendix 8.3, Fig. 127). While human
HGPS fibroblasts exhibit similar ratios of lamin A, progerin, and lamin C, mouse HGPS
fibroblasts showed high levels of progerin and diminishing levels of lamin A. Lamin C
was found to be similar to human HGPS fibroblasts.

For this, mouse fibroblasts were treated with higher concentrations of SFN. Cells were
treated every day with 2, 3, and 4 yM of SFN for up to approximately 50 days. Cells
were analyzed at different time points regarding their proliferation rate, protein
degradation pathways, mitochondrial function, and progerin clearance.

First, cumulative population doublings were analyzed after the indicated periods (Fig.
49).
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Figure 49: The proliferation rate of mouse fibroblasts after SFN treatment. Long-term cultures of
control and HGPS mouse fibroblasts treated with the vehicle or different concentrations of SFN (2, 3, 4
pM) for the indicated periods (*p < 0.05; n=3). The cumulative population doublings were calculated as

described in the Methods relative to mock-treated counterparts.

Mock-treated control fibroblasts exhibit higher proliferation rates than the mock-treated
HGPS fibroblasts. However, mock-treated HGPS fibroblasts still showed sustained
increase of proliferation after 41 days of treatment. SFN treatment did not lead to an
amelioration of the proliferation rates in control fibroblasts. While a concentration of 2
and 3 uM of SFN showed no effect on control fibroblasts, 4 uM of SFN led to a
significant decrease of the proliferation rate after 23 days. For this, cells were not
further treated with 4 yM SFN. SFN-treated HGPS fibroblasts showed the same
behavior as control fibroblasts at day 23. While 2 and 3 yM SFN showed no
amelioration, 4 uM led to cell death. After 41 days of SFN treatment, both
concentrations - 2 and 3 yM - significantly increased the proliferation rates. The
proliferation defect of the HGPS mouse fibroblasts was reversed as the SFN-treated
HGPS cells reached mock-treated control levels at day 41.

Autophagy levels were investigated after SFN treatment (Fig. 50).
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Figure 50: Autophagy activity of mouse fibroblasts after SFN treatment. Autophagy activity was
measured after the indicated SFN concentrations and time by using monodansylcadaverine (MDC).

Data are expressed as the mean £ S.D. relative to mock-treated control (*p < 0.05; n=3).

The autophagic activity was found to be approximately 30 % lower among mock-
treated HGPS mouse fibroblasts than mock-treated controls. All SFN concentrations
induced a significant increase in autophagy levels of control and HGPS cells at 23 days
and 41 days of treatment when compared to their mock-treated counterparts. However,
4 uM SFN induced extraordinary high autophagy levels, which were over the emending
limit and led to cell death. After 41 days of SFN treatment in HGPS cells, the
concentration of 2 and 3 uyM induced the autophagy to the levels of mock-treated
controls. Notably, SFN seems less efficient with the time of the treatment as autophagy
levels slightly decrease.

Progerin can be cleared through the activation of autophagy.'® For this, the status of

the A-type lamins was investigated (Fig. 51 A, B).
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Figure 51: Western blot analyses of mouse fibroblasts after SFN treatment. (A) Western blot
evaluation of A-type lamins (lamin A, progerin, Lamin C) in control (G+/+) and HGPS (Gd/d) mouse
fibroblasts that were mock-treated or SFN-treated at a concentration of 2 or 3 yM at the indicated times
(a representative image is shown; n=3). Blots were probed with lamin A/C, and b-actin antibodies. (B)
The proportions of the A-type lamins in each sample were examined by Western blot with an anti-lamin
A/C antibody. Data represent the mean + S.D. with respect to mock-treated control counterparts after

values were normalized to b-actin signal (*p < 0.05; n=3).

Control mouse fibroblasts demonstrated the same ratios of A-type lamins as control
human fibroblasts. Treatment with SFN did not significantly alter the ratios of the A-
type lamins of control cells. As the G608G mutation was induced in both alleles of the
lamin A gene to resemble the human HGPS phenotype, mock-treated HGPS mouse

fibroblasts showed massive staining of the progerin protein, while lamin A was barely

- 133 -



Results

detectable. Lamin C remained unaffected. During the 3 yM SFN treatment, progerin
staining decreased within the HGPS cells, whereas a distinct band of lamin A was
detected. The increase in lamin A and the decrease in progerin was also detected in 2
MM SFEN, albeit only after 41 days. The ratios of the A-type lamins of HGPS mouse
fibroblasts were ameliorated after SFN treatment in both concentrations after 41 days.
Progerin was cleared by 24 % after 41 days of 2 yM SFN and 30 % after 41 days of 3
MM SFN. Compared to 1 uM SFN treatment, 2 yM SFN showed the same progerin
clearance but 3 yM SFN induced a higher progerin clearance.

Analysis of the mitochondrial function revealed that 2 and 3 yM SFN were beneficial
indicated by measuring the ROS levels and intracellular ATP levels (Fig. 52 A, B).
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Figure 52: ROS and ATP levels of mouse fibroblasts after SFN treatment. (A) Intracellular ROS
levels were determined by measuring oxidized dichlorofluorescin (DCF) levels using a DCFDA cellular
ROS detection assay as described in the Methods. Control and HGPS mouse fibroblasts were treated
with different SFN concentrations for the indicated time. Data represent the mean + S.D. (*p < 0.05; n=3)
compared to mock-treated control. (C) Intracellular ATP levels were measured using CellTiter Glo
luminescence ATP assay as described in the Methods. Same cells as in (A) were used. Data are

presented as the mean = S.D. relative to mock-treated control (*p < 0.05; n=3).

ROS levels were found to be significantly increased in mock-treated HGPS cells
compared to mock-treated control by 30 % (Fig. 52 A). SFN treatment at a
concentration of 2 and 3 yM induced a significant decrease of ROS levels in control
and HGPS cells compared to the mock-treated counterparts. This decrease was
maintained during long-term treatment. While control cells showed a significant
decrease in ROS levels after 4 yM SFN, HGPS cells showed no amelioration after 23
days. ROS levels did not reach mock-treated control levels in HGPS mouse fibroblasts
after all tested SFN concentrations.

By contrast, ATP levels were significantly reduced in mock-treated HGPS cells by 30 %
compared to mock-treated control (Fig. 52 B). In control, all SFN concentrations led to
a significant increase in ATP levels. The increased levels were maintained during the
SFN treatment. In HGPS, 3 and 4 yM SFN induced a significant increase after 23 days
of treatment when compared to the mock-treated counterparts. The higher ATP levels

were maintained after 41 days of 3 uM SFN treatment. The SFN concentration of 2 uM
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only showed a significant increase in ATP after 41 days of treatment compared to the
mock-treated counterpart. However, ATP levels of HGPS mouse fibroblasts did not
reach the levels of mock-treated control mouse fibroblasts.

Next, immunochemistry analysis was performed to reveal the distribution and
expression of nuclear envelope components and the accumulation of DNA damage by
yH2A.X (Fig. 53 A-C).
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Figure 53: Immunochemistry of mouse fibroblasts after SFN treatment. (A) Immunochemistry using
antibodies directed against lamin A/C and nuclear pore protein (Nup414) was performed on control
mouse fibroblasts (G+/+) and HGPS mouse fibroblasts (Gd/d) mock-treated or SFN-treated at the
indicated concentrations for a period of 23 days (n=3). Human control fibroblasts (GMO3349C) and
human HGPS fibroblasts (HGADFN127) were carried along for comparison reasons. (B) Same cells
and conditions as in (A) were immunolabeled with anti-lamin A and anti-progerin antibodies (n=3). (C)

Same cells as in (A) were used to stain with anti-yH2A.X antibody (n=3). Scale bar: 20 pm.

Human control fibroblasts and mouse control fibroblasts showed the same distribution
of lamin A/C and nuclear pores. SFN treatment did not alter the distribution of lamin
A/C and the nuclear pores even though the expression of the nuclear pores seemed
to be increased in both concentrations of SFN (Fig. 53 A). Human HGPS fibroblasts
showed clear nuclear shape abnormalities when stained with anti-lamin A/C compared
to human control fibroblasts. Nuclear pores appeared as punctuated dots with some
aggregated areas whereas the distribution of the nuclear pores in control cells showed
rim-like staining. Mouse HGPS fibroblasts exhibit weaker staining of lamin A/C and
nuclear pores compared to human HGPS fibroblasts. Staining with lamin A/C revealed
less nuclear shape abnormalities than in the human counterparts and the size of the

nuclei were not increased compared to the control counterparts. However, the
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distribution of the nuclear pores showed a more accumulated staining compared to
human HGPS fibroblasts. After 2 yM and 3 pM SFN treatment, expression of lamin
A/C was increased and nuclear shape abnormalities further decreased. The
distribution and expression of the nuclear pores were normalized and showed rim-like
staining. The expression of lamin A/C and nuclear pores was increased with higher
concentrations of SFN.

Staining of lamin A and progerin revealed weaker staining of lamin A in control mouse
fibroblasts than in control human fibroblasts (Fig. 53 B). Progerin was not detected in
both cell lines. After SFN treatment, lamin A levels increased to the same extent in
both concentrations. Human HGPS fibroblasts showed progerin accumulation in the
most nuclei and lamin A expression was weaker compared to human control cells. As
expected, lamin A was barely detectable in mouse HGPS fibroblasts due to the
homozygous mutation. Levels of lamin A were weaker than in the human cell lines and
mouse control fibroblasts. Progerin staining showed the same distribution as found in
human HGPS fibroblasts. SFN treatment reduced the number of progerin-positive cells
and increased the intensity of lamin A. A difference of 2 uM SFN and 3 yM SFN were
not observed.

Next, staining with the DNA damage marker yH2A.X revealed that human and mouse
HGPS fibroblasts exhibit elevated levels of DNA DSBs compared to their control
counterparts (Fig. 53 C). SFN treatment reduced the levels of DNA damage after 23
days of treatment of mouse HGPS fibroblasts. There was no difference observed at 2
and 3 uM of SFN.

In sum, SFN treatment ameliorated the cellular phenotype of HGPS mouse fibroblasts
and cleared progerin by 30 % at a concentration of 3 yM. Compared to human HGPS
fibroblasts, the same efficiency of progerin clearance was reached, even though the
concentration had to be 3 times higher.
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4.5 Improving the proteostasis of HGPS fibroblasts with forskolin

Next to Sulforaphane, forskolin has been used to treat HGPS fibroblasts. Forskolin
(7R-acetoxy-1a,6R,9a-trinydroxy-8,13-epoxy-labd-14-en-11-one, Fors) is a labdane
diterpenoid isolated from the Indian Plectranthus barbatus. Forskolin has been used to
verify whether the activation of different signaling pathways has an impact on reversing
the HGPS cellular phenotype. While SFN activates Nrf2-Keap1 pathway, forskolin

stimulates AMPK and Sirt1 which in turn can lead to autophagy activation (Fig. 54).1%
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Figure 54: The effect of forskolin on signaling pathways. Forskolin is a known activator of SIRT1,
AMPK, and cAMP. The activation of Sirt1 leads in a down-stream cascade to the phosphorylation AMPK.
Phosphorylated AMPK blocks mTOR and activates autophagy. In turn, forskolin also activates AMPK
which phosphorylates PGC1a via enhancing of Sirt1. This leads to activation of transcription of
mitochondrial proteins. Forskolin increases the levels of cAMP which enhances PKA and thereby

activating the ubiquitin-proteasome-system.

Increasing the levels of AMPK and Sirt1 not only activate autophagy but also enhance
mitochondrial biogenesis.?>?® Forskolin raises the levels of cyclic AMP by activating
the enzyme adenylyl cyclase.'® cAMP stimulates protein kinase A (PKA) which was
found to directly stimulate the chymotrypsin-like and trypsin-like activities of the
proteasome.?® Based on these studies, the possibility that forskolin may have
beneficial effects on HGPS cellular homeostasis was tested.
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4.5.1 Forskolin improves the level of protein degradation in HGPS fibroblasts

First, the potential toxicity of forskolin was tested by applying different concentrations
to fibroblast cultures (Fig. 55 A, B).

(A

e

1.0

0.8 - * * x

0.6 -

04 -

Percentage of cell death

0.2 -

0.0 -
Mock 2.5uM 5.0uM 10.0uM

B) 25

2.0 -

1.5 -

HH

1.0 -

Population doublings

0.5 -

[
<

Fors | | Fors rors|| [(F
SuM | |10uM Mock i Lm

0.0 -
Control HGPS

Figure 55: Cytotoxicity of forskolin-treated cells. (A) Control cells were treated daily with forskolin
(Fors). Percentage of cell death is shown after 48h at indicated forskolin concentrations. Data are
presented as the mean = S.D. relative to mock-treated counterparts (*p < 0.05; n=3). (B) Population
doublings were calculated as stated in Materials and Methods. Control and HGPS cells were mock-
treated or treated daily with the indicated forskolin concentrations for 48h.
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Forskolin did not lead to greater cell death than 1 % and fibroblasts cells showed
increased proliferation rates even at higher concentration. As the highest proliferation
rate was detected at 2.5 uM forskolin, further experiments were carried out with this
concentration.

During all experiments, control and HGPS cells were fed daily with fresh medium
containing the vehicle (DMSO) or 2.5 yM forskolin.

The effect of forskolin on the proliferation rate of control and HGPS cells was

investigated (Fig. 56).
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Figure 56: Cell proliferation in mock-treated and Fors-treated fibroblasts. Population doubling
levels were calculated as stated in the Materials and Methods relative to mock-treated control. Control
and HGPS cells were mock-treated (vehicle DMSO) or treated daily with 2.5 uM forskolin for a period of
3 or 9 days (*p < 0.05; n=4).

HGPS cells treated with 2.5 uM forskolin show a significantly increased growth rate at
day 3 and 9 compared to mock-treated counterparts. Control cells show only a
significantly increase in growth at day 9 compared to counterparts. Furthermore, the
defect in proliferation of HGPS cells was improved after 3 days of forskolin treatment.
The proliferation potency of normal and HGPS cells in vitro seemed to be ameliorated
by forskolin treatment.
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Forskolin is known to increase the activity of the ubiquitin-proteasome-system (UPS)
over cyclic AMP signaling.'”® For this, the effect of forskolin on the proteasome activity
was tested (Fig. 57).
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Figure 57: Proteasomal activity after 3 and 9 days of Fors treatment. Proteasome activity was
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determined by measuring chymotrypsin-like proteasome activity in control and HGPS fibroblasts using
Suc-LLVY-AMC as a substrate. Cells were either mock-treated or treated daily with 2.5 uM Fors for a
period of 3 or 9 days. The percentage of activity was calculated relative to the mock-treated control.

Data are expressed as the mean + S.D. (*p < 0.05; n=4).

Mock-treated HGPS cells demonstrate a significantly reduced proteasomal activity
compared to mock-treated control cells. After only 3 days of forskolin treatment,
proteasomal activity of control and HGPS cells were significantly increased. The
significantly enhanced proteasome activity was maintained during the forskolin
treatment of control and HGPS cells.

As mentioned, cells rely on two major protein degradation systems that are called the
ubiquitin-proteasome system and autophagy.'”” Moreover, it was demonstrated that
progerin and lamin C are degraded by autophagy while lamin A is degraded via the
proteasome.'? For this, the effect of forskolin on the autophagy activity was determined
(Fig. 58).
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Figure 58: Autophagy levels after 3 and 9 days of Fors treatment. Autophagy was determined in
control and HGPS fibroblasts by measuring monodansylcadaverine (MDC) levels with fluorescence
photometry. Cells were either mock-treated or treated daily with 2.5 uM Fors for a period of 3 or 9 days.
The percentage of activity was calculated relative to the mock-treated control. Data are expressed as
the mean + S.D. (*p < 0.05; n=4).

Mock-treated HGPS cells exhibit a significantly reduced autophagy activity compared
to mock-treated control cells. Treatment of 3 days forskolin induced a significant
increase in autophagy activity by 2.5-fold in control and HGPS fibroblasts. Thereafter,
autophagy activity starts to decrease in control and HGPS fibroblast in the presence
of forskolin. However, the activity of autophagy was still found to be significantly
increased by 1.8-fold after 9 days of forskolin treatment.

Based on these observations, forskolin appeared to boost the protein degradation
systems in HGPS and control cells.

Next, the potentially progerin clearance by forskolin in HGPS cells was examined.
Thus, the status of A-type lamins was investigated by performing Western blot
analyses of total protein extracts derived from control and HGPS cells mock-treated or
forskolin-treated. Lamin A, progerin, and lamin C signals were determined by
densitometry from 3 independent Western blots. The signals were normalized to b-
actin to correct for any variability in protein sample concentration and/or uneven

loading. The Western blot is shown as a representative image in Figure 59.
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Figure 59: Western blot analyses of cultures treated with Fors. (A) Representative Western blot of

lamin A/C, progerin, proteasome subunit S20 C2, Hsp27, and b-actin in control and HGPS total cell

extracts either mock-treated or treated with 2.5 pyM Fors daily for 3 and 9 days. (B) Quantification of

lamin A, lamin C, and progerin levels relative to mock-treated counterparts, and presented as the ratio

(*p < 0.05; n=3).

In control cells, the levels of lamin A, progerin, and lamin C remained unchanged after

forskolin treatment. In HGPS cells, the status of A-type lamins is altered. Lamin A levels

were slightly lower in HGPS cells compared with control cells. Lamin C levels were not

significantly changed in mock-treated HGPS cells compared to mock-treated control

cells. Progerin levels were approximately 7-fold higher in HGPS cell extracts compared
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to mock-treated control cells. Forskolin treatment induced progerin degradation in
HGPS cells, as progerin levels were reduced by 20 % after 9 days of treatment.
These data indicate that forskolin enhances the clearance of progerin in HGPS cells.
Levels of the 20S proteasome subunit C2 were significantly increased after 9 days of
forskolin treatment in control and HGPS fibroblasts.

To understand the degradation mechanism by which forskolin induces progerin
clearance, HGPS cells were exposed to forskolin for 8 days before a proteasome
inhibitor (MG132) or an autophagy inhibitor (chloroquine bisphosphate) were added for
12 hours (Fig. 60).
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Figure 60: Western blot analyses of proteasome and autophagy proteins after Fors treatment.
(A) Representative Western blots of HGPS lysates of mock-treated cells or cells treated with forskolin,
forskolin with chloroquine (Cq) or forskolin with MG132. Samples on the left panel were probed with
antibodies specific to progerin and ubiquitin (n=3). Right panel corresponds to antibody staining against
lamin A/C, LC3B-I and LC3B-Il, and b-actin (n=3).

In response to MG132, HGPS fibroblasts show an accumulation of ubiquitinated
proteins. Chloroquine treatment induced a significant increase in LC3B-IlI levels
indicating the accumulation of autophagosomes when autophagy is inhibited.
Autophagy remained active in forskolin-treated cells, as LC3B-II levels were barely
detectable. Progerin levels were significantly reduced by 21 % in forskolin-treated
HGPS fibroblasts and by 32 % in forskolin+MG132-treated cells. This result indicates
that autophagy is further stimulated by proteasome inhibition.'”® Collectively, forskolin
clears progerin via autophagy activation.
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HGPS cells are characterized by increased reactive oxygen species (ROS) and
reduced ATP levels resulting from defective mitochondria.'® Forskolin was found to
reduce ROS and to increase ATP levels.79:180 For this, it was tested whether forskolin

could ameliorate these cellular alterations in HGPS cells (Fig. 61 A, B).
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Figure 61: ROS and ATP levels of mock-treated and Fors-treated cells. (A) Intracellular ROS levels
were determined by measuring oxidized dichlorofluorescin (DCF) levels as described in the Methods.
Cells were treated with the vehicle or 2.5 yM forskolin for the indicated periods. (B) Same cells as in (A)
were used to measure cellular ATP levels using CellTiter Glo luminescence ATP assay as described in

the Methods. Data represent the mean + S.D. compared to mock-treated control cells (*p < 0.05; n=3).
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In accordance with earlier studies, ROS levels were found to be increased in mock-
treated HGPS cells and appeared to significantly decrease after 3 days of forskolin
treatment. The same results were observed in control cells (Fig. 61 A).

ATP levels were significantly reduced in mock-treated HGPS cells compared to control
(Fig. 61 B). Forskolin treatment induced a significant increase in intracellular ATP
levels in control and HGPS cells after 9 days. These findings indicate that forskolin

ameliorate through its antioxidant activity the energy levels in HGPS cells.

4.5.2 Forskolin improves the cell morphology of HGPS fibroblasts

Characteristics of HGPS cells include nuclear envelope alterations such as nuclear
blebs, enlargement of the nucleus, and reduced levels of nuclear components.® For
these experiments, forskolin-treated and mock-treated cells were examined in parallel.
Dysmorphic HGPS nuclei exhibited progerin accumulation at the nuclear envelope with

aggregated regions when stained with anti-progerin antibody (Fig. 62).
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Figure 62: Dysmorphic nuclei after Fors treatment. Frequency of misshapen nuclei (dysmorphic) in
control and HGPS fibroblast after 9 days of treatment with either the vehicle or 2.5 uM Fors. An average
of 800 nuclei were examined for each control and HGPS cell line and treatment. Data are presented as

the mean + S.D. relative to mock-treated control (*p < 0.05; n=3).
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In normal-shaped nuclei of HGPS, progerin staining revealed weak signals with very
few dots or foci while other nuclei showed no signal. In forskolin-treated HGPS cells,
the number of brightly positive nuclei and the signal intensity of progerin-positive nuclei
were reduced compared to mock-treated counterparts. Forskolin treatment
significantly reduced the frequency of nuclear blebbing in HGPS cells after 9 days.
Next to the dysmorphic nuclei, HGPS fibroblasts exhibit reduced levels of nuclear
components such as lamin B1. For this, the impact of forskolin on the distribution and
expression of the nuclear envelope components lamin A/C and lamin B1 were
examined. Mock-treated and forskolin-treated control and HGPS cells were studied in
parallel by immunofluorescence microscopy (Fig. 63).
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Figure 63: Distribution of nuclear envelope components after Fors treatment. Immunochemistry
using antibodies directed against indicated proteins (lamin A/C, progerin, and lamin B1) was performed
on control (GMO3349C) and HGPS (HGADFNO0O03) cells mock-treated or Fors-treated for a period of 9
days (n=3). Scale bar: 10 ym.

While no signal of progerin was observed in control nuclei, signals of variable intensity
in mock- treated HGPS nuclei were detected as previously reported.'®

Progerin was found to accumulate in the most dysmorphic HGPS nuclei and localized
to the nuclear envelope with aggregated staining in some areas. In nuclei with low
progerin levels, progerin appeared as dots or foci within the nuclear compartment.®?

Lamin A/C was found to be present at the nuclear envelope and throughout the
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nucleoplasm in control nuclei and HGPS nuclei. After forskolin treatment, a rim-like
staining was observed in control and HGPS nuclei indicating that forskolin did not
generally affect the lamin A/C localization. HGPS nuclei exhibit very few dots or foci of
progerin staining after forskolin treatment and the number of brightly labeled nuclei
were reduced compared to the dysmorphic nuclei of mock-treated HGPS nuclei. The
percentage of nuclei that were brightly stained for progerin was reduced from an
average of 32 % in mock-treated HGPS cultures to an average of 19 % in forskolin-
treated HGPS cultures.

Lamin B1 was reduced in some HGPS nuclei and was linked to the loss of proliferation
and senescence.'®6.182 |n accordance with these findings, very low to barely detectable
lamin B1 staining of variable intensity in HGPS nuclei was observed. After forskolin
treatment, the overall distribution of lamin B1 in control was not altered. The number
of HGPS nuclei exhibiting reduced lamin B1 signals was reduced after forskolin
treatment concomitant with a reduced number of bright progerin-positive nuclei.

4.5.3 Long-term forskolin treatment further ameliorates the HGPS cellular

phenotype

Forskolin treatment for 9 days induced an improvement in the phenotypic changes of
HGPS cells. To analyze the long-term potential of forskolin on control and HGPS cells,
cultures were treated every other day with 2.5 yM forskolin or the vehicle, passaged
and maintained for several months.

First, the long-term effect of forskolin on the proliferation rate of control and HGPS cells

was investigated (Fig. 64 A, B).
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Figure 64: The proliferation rate in long-term Fors cultures. Long-term cultures of control (A) and
HGPS (B) cells mock-treated or treated with 2.5 uM Fors. The cumulative population doublings were
calculated as described in the Methods.

While mock-treated control cells showed increased proliferation rates, mock-treated
HGPS cells reached a growth plateau after several passages. Forskolin treatment
induced a sustained increase in the proliferation rates in both control and HGPS cells.
During 85 days of forskolin treatment, Western blot analyses were performed on
different time points to reveal the status of the A-type lamins (Fig. 65 A, B).
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Figure 65: Western blot analyses of long-term Fors cultures. (A) Western blot evaluation of A-type
lamins (lamin A, progerin, Lamin C) in control and HGPS cell that were mock-treated or Fors-treated
every 2 days for the indicated period. A representative image is shown (n=3). Blots were probed with
lamin A/C, progerin, and b-actin antibodies. (B) Densitometric analyses of lamin A, progerin, and lamin
C signals obtained from lamin A/C antibody. Data represent the mean + S.D. with respect to mock-

treated counterparts (*p < 0.05; n=3).

Western blot analyses of control and HGPS cells treated with forskolin for a period of
43 to 85 days indicate that the ratios of lamin A and C remained unchanged compared
to mock-treated cells. Progerin levels were reduced by an average of 25 % in forskolin-
treated HGPS cells after 43 to 85 days. This result indicates that progerin and lamin C
are degraded by autophagy whereas lamin A is degraded by the proteasome
system.'8 Consequently, the effect of forskolin on proteasome and autophagy activity

during long-term treatment was investigated (Fig. 66 A, B).
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Figure 66: Protein degradation levels of fibroblasts after 85 days of Fors treatment. (A)
Proteasome activity was defined by measuring the chymotrypsin-like proteasome activity by Suc-LLVY-
AMC in control and HGPS cells. Cells were either mock-treated or treated with 2.5 uM Fors for the
indicated period. The percentage of proteasome activity was calculated relative to mock-treated control.
Data are presented as mean = S.D. (*p < 0.05, n=3). (B) The same cells and conditions as in (A) were
used to determine autophagy by measuring MDC levels by fluorescence photometry as described in the
Methods. Data are expressed as the mean £ S.D. relative to mock-treated control (*p < 0.05; n=3).
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While mock-treated HGPS fibroblasts exhibit still significantly reduced levels of
proteasome activity and autophagy compared to mock-treated control, forskolin-
treated control and HGPS cells demonstrate significantly higher levels of both.
Proteasome activity and autophagy levels of forskolin-treated control and HGPS cells
showed the same elevated levels of proteasome activity and autophagy as on day 21
of forskolin treatment. The levels of the two protein degradation pathways were

maintained during the entire period of 85 days of forskolin treatment.

4.5.4 Forskolin activates Sirt1, AMPK, and their downstream target PGC1a

Samples from HGPS subjects have been associated with alterations in different
signaling pathways.'® Pathways such as MAPK and mTOR were found to be
increased in HGPS. Proteins involved in mitochondrial biogenesis, cell metabolism,
and activation of transcription factors are altered in HGPS such as AMPK, PGC1a, and
Sirt1.2188.185-187 The alterations result in reduced autophagy activity and mitochondrial
dysfunction. Forskolin has been shown to elevate the levels of these proteins.?'23.188
In this study, the ability of forskolin was tested whether it could enhance the activity of
AMPK, Sirt1, and PGC1a in HGPS fibroblasts. Control and HGPS fibroblast were
treated with the vehicle or 2.5 yM forskolin for 9 days. Cells were analyzed with
immunofluorescence and Western blot using phospho-AMPK (pAMPK), PGC1a, and
Sirt1 antibodies. Cells were double stained with an anti-progerin or anti-lamin A
antibody by immunofluorescence.

AMPK can coordinate cell growth, autophagy, metabolism, and it promotes catabolic
pathways to generate ATP.'® |ts activation requires the phosphorylation of Thr172.
While pAMPK is distributed throughout the cytoplasm and nucleoplasm in control cells,
HGPS cells show barely detectable pAMPK in the nucleoplasm (Fig. 67 A). The
expression and distribution of pAMPK were elevated in control cells after forskolin
treatment. In HGPS, forskolin increased the expression of pAMPK and the distribution
was throughout the cytoplasm and nucleoplasm. Western blot analysis confirmed the
increased expression of pAMPK after forskolin treatment in control and HGPS
fibroblasts (Fig. 67 B, C).
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Figure 67: Activation of pAMPK after forskolin treatment. (A) Immunofluorescence of control
(GMO3349C) and HGPS (HGADFNO0O03) mock-treated or treated for 9 days with 2.5 uM forskolin. Cells
were stained with anti-phospho AMPK (pAMPK) and anti-progerin (n=3). Scale bar: 20 ym. (B)
Representative Western blot of pAMPK levels in control (GMO3349C) and HGPS (HGADFN127)
fibroblasts mock-treated or forskolin-treated for 3, 6, and 9 days (n=3). (C) Quantification of pAMPK

levels normalized to b-actin and presents as the mean + S.D. relative to control cells (*p < 0.05; n=3).
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Sirt1 regulates longevity, apoptosis and DNA repair.'%%.1%" ROS has been shown to
decrease Sirt1 levels, which can lead to dysregulated human vascular smooth muscle
cell function.’®? Our experiments show reduced levels of Sirt1 in mock-treated HGPS
fibroblasts compared to control cells although the distribution appeared to be similar in
the nucleus (Fig. 68 A-C). After forskolin treatment, control and HGPS cells exhibit
increased Sirt1 levels.
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Figure 68: Activation of Sirt1 after forskolin treatment. (A) Immunochemistry using antibodies
directed against Sirt1 and progerin as indicated. Control (GMO3349C) and HGPS (HGADFNO0O03)
fibroblasts mock-treated or treated with 2.5 uM forskolin for a period of 9 days were used (n=3). Scale
bar: 20 um. (B) Western blot evaluation of Sirt1 in control and HGPS cells treated as described in (A).

(C) Quantification of Sirt1 levels normalized to b-actin and presented as the mean + S.D. relative to

control cells (*p < 0.05; n=3).

PGC1a induces mitochondrial biogenesis through its interaction with several proteins
such as mTOR, Nrf 1/2, and Yin Yang1 (YY1).' PGC1a is located in the nucleus and
cytoplasm and its activity is controlled by pAMPK and Sirt1.'91% In our studies,

PGC1a was also located in the nucleus and cytoplasm in both control and HGPS

fibroblasts (Fig. 69 A-D).
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Figure 69: Activation of PGC1a after forskolin treatment. (A) Immunofluorescence of control
(GMO3349C) and HGPS (HGADFNO003) mock-treated or treated for 9 days with 2.5 uM forskolin. Higher
maghnification pictures of cells stained with anti-PGC1a and anti-progerin (n=3). Scale bar: 20 ym. (B)
Immunofluorescence of control (GMO3349C) and HGPS (HGADFNO0O03) mock-treated or treated for 9
days with 2.5 uM forskolin. Cells were stained with anti-PGC1a and anti-progerin (n=3). Scale bar: 20
pum. (C) Representative Western blot of PGC1a levels in control (GMO3349C) and HGPS (HGPSFN127)
fibroblasts mock-treated or forskolin-treated for 3, 6, and 9 days (n=3). (D) Quantification of PGC1a

levels normalized to b-actin and presents as the mean + S.D. relative to control cells (*p < 0.05; n=3).

In accordance with previous reports, HGPS fibroblasts had lower levels of PGC1a
compared to control cells (Fig. 69 A-C).'8 While control cells showed enhanced
staining of PGC1a within the nucleus and cytoplasm as a regular aligned network,
HGPS cells showed a barely detectable and diffused staining of the cytoplasm and
almost no staining of the nucleus (Fig. 69 A, B). Moreover, aggregated staining of
PGC1a was observed in certain areas of HGPS cells. Treatment with forskolin
maintained the levels in control cells. In HGPS cells, forskolin raised the levels to those
of mock-treated controls and PGC1a was expressed throughout the cytoplasm and
nucleus (Fig. 69 A, B). These findings were further confirmed by Western blot analysis
(Fig. 69 C, D). The impact of forskolin was analyzed on the signaling pathways MAPK
and PI3K. Therefore, mock-treated and forskolin-treated cells were stained with
antibodies against the phosphorylated forms of Erk1/2 and Akt. Afterwards the staining
was measured by flow cytometry. As previously reported, forskolin has been described
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to lower the levels of pErk and to maintain the levels of pAkt in control cells.!96:197
Similar levels of pErk1/2 and pAkt were detected after forskolin treatment of control
cells. In HGPS, levels of pAkt and pErk were found to be reduced and reached almost
mock-treated levels (Fig. 70 A, B).
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Figure 70: MAPK and PI3K signaling pathway analysis after forskolin treatment. FACS-Analysis
of the MAPK signaling pathway (A) and PI3K signaling pathway (B). Control and HGPS cells mock-
treated or treated with 2.5 uM forskolin for the indicated time periods were used. Cells were stained as

stated in the Methods. Data are presented as the mean = S.D. (*p < 0.05; n=3).
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For a better understanding of the interaction network of these proteins, a signaling
pathway map was designed and include the action of forskolin (Fig. 71).

On the right side, it is shown how Sirt1 and pAMPK activate the autophagy pathway
by inhibition of mMTOR.'®® While pAMPK directly inhibits mTOR, Sirt1 catalyzes the
turnover of AMPK to p-AMPK.'®® Inhibition of mTOR has been previously reported to
enhance autophagy by blocking the phosphorylation of ULK1.3" Moreover, pAMPK
phosphorylates the ULK1 complex which facilitates autophagy activation.?* On the left
side, the pathways display the impact of pAMPK and Sirt1 on their downstream factor
PGC1a. The phosphorylation of AMPK activates phospho-PGC1a by blocking the
glycogen synthase kinase 3 beta (GSK3B) thereby enhancing mitochondrial
biogenesis.?’?® Sirt1 catalyzes the deacetylation and phosphorylation of PGC1a
directly, which lead to the active form of PGC1a.2® This step is further required for
maintenance of fatty acid oxidation and skeletal muscle function.?62%0 Moreover, Sirt1
activates the transcription of Foxo3.2°" The interaction of Foxo3 with phospho-PGC1a
result in mitochondrial biogenesis, autophagy activation, and oxidative stress

response.202:203
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Figure 71: Putative signaling pathways affected by forskolin. Analysis of
the signaling pathways involved in autophagy and mitochondrial biogenesis.
In this study, forskolin activates the key proteins Sirt1, pAMPK, and PGC1a
which in turn activate the protein degradation system and transcription factors
for mitochondrial biogenesis. Forskolin activates Sirt1 and pAMPK. The
activation of Sirt1 catalyzes also the activation of pAMPK. The
phosphorylation of AMPK inhibits mTORC1, which subsequently activates
autophagy. The activation of Sirt1 and pAMPK enhances the expression of
its down-stream effector PGC1a and its phosphorylation. The activated
phosphorylated PGC1a leads to the transcription of important mitochondrial
proteins such as NRF1/2, YY1, and ERRa.
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Recently, Sirt1 and PGC1a have been shown to interact with lamin A. These
interactions are required for the correct functionality of Sirt1 and PGC1a.185245

In this study, reduced expression was observed of both proteins when lamin A was
less expressed (Fig. 72, 73).

Sirt1 interacts with lamin A during interphase indicated by the distinct orange
aggregates (Fig. 72 A, high magnification Fig. 72 B).
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Figure 72: Binding of Sirt1 and lamin A in the presence of forskolin. (A) Immunofluorescence of
control (GM0O3349C) and HGPS (HGADFNO003) mock-treated or treated for 9 days with 2.5 uM forskolin.
Cells were stained with anti-Sirt1 and anti-lamin A (n=3). Scale bar: 20 ym. (B) High magnification
pictures of the same cells and antibodies as in (A). Arrows indicate Sirt1 and lamin A interaction. Scale
bar: 10 um. (C) Transfection of HelLa cells with prelamin A-GFP and progerin-GFP as indicated. Cells

were co-stained with anti-Sirt1 (n=3). Scale bar: 10 ym.

Control cells show more lamin A-Sirt1 binding than HGPS cells. After forskolin
treatment, interactions of lamin A with Sirt1 increased in both control and HGPS.
Transfection analysis of HelLa cells revealed that neither prelamin A nor progerin can

serve as a binding partner for Sirt1 (Fig. 72 C). Prelamin A transfected cells showed
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less expressed Sirt1 within the nucleus than non-transfected cells. In progerin-
transfected cells, Sirt1 was also less expressed compared to non-transfected cells.
PGC1a was less expressed in HGPS cells as lamin A levels are reduced compared to
control cells (Fig. 73 A-C).

A GMO3349C HGADFNDOO3
PGC1a Lamin A Merge/Dapi PGC1a Lamin A Merge/Dapi

GMO3349C HGADFNOD3
Mock Mock Fors
Merge/Dapi PGC1a Merge/Dapi GC1: Merge/Dapi

Merge/Dapi

Figure 73: Binding of PGC1a and lamin A in the presence of forskolin. (A) Immunochemistry using
antibodies directed against PGC1a and lamin A as indicated. Control (GMO3349C) and HGPS
(HGPSFNOO3) fibroblasts mock-treated or treated with 2.5 uM forskolin for a period of 9 days were used
(n=3). Scale bar: 20 um. (B) Daughter cells of the same cells and antibodies as in (A) are shown. Scale
bar: 10 um. (C) Transfection of HelLa cells with prelamin A-GFP and progerin-GFP as indicated. Cells

were co-stained with anti-PGC1a (n=3). Scale bar: 10 ym.

Control cells show a regular aligned network of PGC1a while the network in HGPS is
diffused with aggregates in certain areas (Fig. 73 A). Forskolin treatment enhanced the
expression of PGC1a in HGPS and the distribution showed control-like pattern. The
defective network might occur due to the affected lamin A- PGC1a binding in HGPS.
Daughter cells of controls built already a distinct network of PGC1a whereas the
network in HGPS is diffused and barely detectable (Fig. 73 B). Moreover, HGPS
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daughter cells built aggregates of PGC1a during the separation process. Forskolin
ameliorated the defective network of PGC1a in HGPS daughter cells and reduced the
aggregated staining. Transfection analysis further provide evidence that lamin A is
required for the build-up of PGC1a (Fig. 73 C). Prelamin A-transfected HelLa cells
showed reduced expression of PGC1a compared to non-transfected cells. The same
findings were seen in progerin-transfected cells.

In summary, the 3 proteins pAMPK, Sirt1, and PGC1a play crucial roles in the
mitochondrial biogenesis and metabolism of a cell. The binding of Sirt1 and PGC1a to
lamin A seems to be mandatory for their function. Due to progerin in HGPS, the lamin
A protein is less expressed which affect those proteins negatively. Forskolin improves
the expression and distribution of pAMPK, Sirt1, and PGC1a. This leads to an

amelioration of the mitochondrial dysfunction in HGPS.

4.5.5 Forskolin reduces the levels of DNA damage in HGPS

Accumulation of endogenous DNA damage such as DNA double strand breaks (DSBs)
was found to be another characteristic of HGPS cells.'¢7204 DNA damage is partially
resulting from a defective DNA damage repair response. Levels of 53BP1 and Rad51
were found to be altered in HGPS fibroblasts.'#9.167 For this, the levels of DNA
damage were investigated in mock-treated fibroblasts and after 9 days of forskolin
treatment. Antibodies against phosphorylated yH2A.X, 53BP1, and Rad51 were used
to detect DSBs and DNA damage repair response (Fig. 74 A-C, 75 A-C).
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Figure 74: Analysis of the DNA damage repair factor 53BP1 after forskolin treatment. Control
(GMO3349C) and HGPS (HGADFN127) cells mock-treated or treated for 9 days with 2.5 uyM forskolin
were used for immunofluorescence staining against H2A.X and 53BP1. Representative images are
shown (n=4). Scale-bar: 20 um. (B) Western blot analysis of the same cells and conditions as in (A).
Antibodies against 53BP1 and b-actin were used. Representative image is shown (n=3). (D)
Quantification of 53BP1 levels normalized to b-actin and presented as the mean £ S.D. relative to mock-

treated control cells (*p < 0.05; n=3).
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The number of detected yH2A.X foci in HGPS cells were on average 47 % which was
significantly higher compared to mock-treated control cells that had on average 7 % of
yH2A.X foci. Forskolin treatment of HGPS cells reduced the number of nuclei harboring
yH2A.X foci to an average of 28 %. These data indicate that forskolin induces efficiently
DNA damage repair in HGPS cells. This fact is supported by our findings that forskolin
increases the levels of 53BP1 (Fig. 74) and Rad51 (Fig. 75) in HGPS fibroblasts.
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Figure 75: Analysis of the DNA damage repair factor Rad51 after forskolin treatment. Control
(GMO3349C) and HGPS (HGADFN127) cells mock-treated or forskolin-treated for 9 days were used
for immunochemistry against yH2A. X and Rad51. High magnification pictures are shown attached to the
Merge/Dapi channel. Arrows indicate co-localization of yH2A.X and Rad51. Representative images are
shown (n=4). Scale-bar: 20 ym. (B) Western blot analysis of the same cells as in (A). Antibodies against
Rad51 and b-actin were used. Representative image is shown (n=3). (D) Rad51 levels were quantified,
normalized to b-actin, and presented as the mean + S.D. relative to mock-treated control cells (*p < 0.05;
n=3).

These studies provide further evidence that the DNA damage repair proteins 53BP1
and Rad51 are reduced in mock-treated HGPS cells compared to mock-treated control
cells. The distribution of 53BP1 was not affected and were found to co-localize with
yH2A.X foci in HGPS fibroblasts when compared to mock-treated control. On the
contrary, Rad51 showed massive accumulated staining in mock-treated HGPS
fibroblasts and no co-localization with yH2A.X foci. After forskolin treatment, HGPS
cells exhibited control-like levels of 53BP1 and Rad51 and the nuclear distribution, in
particular Rad51, was normalized. The co-localization of Rad51 with yH2A. X was
increased (Fig. 75 A, high magnification pictures). In summary, our findings indicate
that forskolin improves DNA damage repair in HGPS cells through enhancement of
DNA damage repair response.

Next to increased levels of DNA damage, HGPS cells show a loss of heterochromatin

and reduced levels of chromatin proteins such as heterochromatin protein 1

- 167 -



Results

(HP1).587.99 |n this study, these findings were further supported by finding reduced
levels of HP1-y in mock-treated HGPS fibroblasts compared to control cells (Fig. 76 A-
C). However, forskolin treatment of HGPS cells restored the levels of HP1-y as shown

by immunochemistry and Western blot.
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Figure 76: Heterochromatin levels in HGPS after forskolin treatment. (A) Immunocytochemistry
using HP1-y and progerin antibodies on control cells and HGPS cells mock-treated or treated with
forskolin for 9 days (n=4). Scale bar: 20 ym. (B) Western blot evaluation of HP1-y levels of the same
cells and condition as in (A). Antibodies directed against HP1-y and b-actin were used. (C) Quantification
of HP1-y levels normalized to b-actin and compared to mock-treated control cells. Data are presented
as the mean = S.D. (*p < 0.05, n=4).
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Collectively, forskolin showed a positive impact on fibroblast homeostasis and
progerin clearance. Moreover, forskolin reverse the nuclear phenotypic changes that
are characteristic hallmarks of HGPS fibroblasts.
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4.6 Temsirolimus (Tem) partially rescues the HGPS cellular

phenotype

The macrocyclic antibiotic rapamycin has long been used as an antifungal and
immunosuppressive agent and, more recently, it has been shown to improve aging
diseases, such as neurodegenerative disorders and arteriosclerosis.?’ Its major
cellular target, mammalian target of rapamycin (mTOR), regulates cell growth,
hormonal signals, and cell proliferation; when inhibited mTOR activates autophagy
(Fig. 77).205

| Rapamycin
Autoph: P A TORC mTORC1 PGG1a Mitochondrial Proliferation
wiopnegy ’ m ! Tl H;iﬁ W‘m Oxidative Metabolism

\ |/

Protein Synthesis
Figure 77: Effect of rapamycin on mTOR signaling. mTOR regulates key signaling pathways such
as mitochondrial biogenesis, protein synthesis and autophagy. Rapamycin inhibits mTORC1 thereby
blocking the phosphorylation of ULK1 (Unc-51-Like Kinase 1) and ATG13 (autophagy-related gene 13),
which in turn leads to activation of autophagy. Inhibition of mTOR leads to accumulation of un-
phosphorylated 4EBP1 and S6K1. Both down-stream targets are important activators of protein
synthesis. Additionally, rapamycin blocks the interaction of mTOR with Yin Yang 1 (YY1) and PGC1a
(Peroxisome proliferator-activated receptor gamma coactivator 1-alpha) which would activate the

transcription of proteins for mitochondrial biogenesis.2%6

Although rapamycin was shown to extend lifespan in a number of species, including
mice and flies, even when treatment was initiated late in life, only reduced effects on
mammalian aging rates have been reported.3"128.207 |n fact, rapamycin might have
benefits without a direct effect on aging, as a number of age-related diseases were
improved by rapamycin, such as cancer incidence, immune deficiency, myocardial
pathology, and arterial degeneration, whereas others were not measurably altered.'?®
Critical evaluation of these findings suggest that rapamycin promotes longevity by
targeting some, but not all, core molecular processes that drive cellular and systemic

aging.208
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Treating HGPS fibroblasts with rapamycin results in reduced progerin levels, attributed
to increased progerin clearance via autophagy activation, which consequently led to
amelioration of the HGPS cellular phenotype.®®* The beneficial effect on HGPS
fibroblast longevity supports rapamycin treatment as a potential therapeutic avenue for
HGPS children. Nevertheless, the side effects of rapamycin, which include
gastrointestinal symptoms, delayed wound healing, and interstitial pneumonitis, should
be taken into account.?09.210

Therefore, a soluble ester of rapamycin was tested that displays fewer side effects
when administered clinically, the analog temsirolimus (Tem).21"212 The efficacy of the
rapamycin analog temsirolimus has to be proven and more importantly, mitochondrial
dysfunction needs to be investigated for rapamycin analogs. To determine its effect on
proteostasis, mitochondrial function, DNA damage, proliferation and progerin levels,
the effect of short-term and long-term temsirolimus treatments was tested on HGPS
primary fibroblast cultures compared to control fibroblasts.

4.6.1 Tem enhances progerin degradation in HGPS via autophagy

First, the potential toxicity of Tem was examined by applying different concentrations

to fibroblast cultures for 48 hours. The percentage of cell death was analyzed (Fig. 78).
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Figure 78: Cytotoxicity of Tem-treated control cells. Cells were treated daily with either the vehicle
(DMSO) or with different concentrations Tem up to 48h. Percentage of cell death is shown after 48h at
indicated Tem concentrations. Data are presented as the mean £ S.D. relative to mock- treated cells (*p
< 0.05; n=3).
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Treatment with 5 yM Tem led to greater cell death than 1 % in control cells. A
concentration of 1 yM Tem was chosen for all subsequent experiments as the number
of cell death was less than 1 %. The proliferation rate of control and HGPS cells treated

with the vehicle or 1 yM Tem was examined (Fig. 79).

Control HGPS
3.0 - : | :
*

25 - *
2 I
£ 20 - T
o) 1
=
o) L
T 15 -
C
o
©
S 1.0 -
o
)
O o5 -

Mock| | Tem Mock| | Tem
0.0 -
3d 9d 3d 9d

Figure 79: Cell proliferation in mock-treated and Tem-treated fibroblasts. Population doubling
levels were calculated as stated in the Materials and Methods relative to mock-treated counterparts.
Control and HGPS cells were mock-treated (vehicle DMSO) or treated daily with 1 yM Tem for a period
of 3 or 9 days (*p < 0.05; n=4).

Control and HGPS cells treated with 1 yM Tem showed a significantly increased
growth rate at day 3 and 9 compared to mock-treated counterparts. Furthermore, the
defect in proliferation of HGPS cells was improved after 9 days of Tem treatment.
Next, the effect of Tem on the two major protein degradation pathways was analyzed.
Proteasome activity and autophagy activity was measured of mock-treated and Tem-
treated control and HGPS cells (Fig. 80, 81).
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Figure 80: Proteasomal activity Tem treatment. Proteasome activity was determined by measuring
chymotrypsin-like proteasome activity in control and HGPS fibroblasts using Suc-LLVY-AMC as a
substrate. Cells were either mock-treated or treated daily with 1.0 uM Tem for a period of 3 or 9 days.
The percentage of activity was calculated relative to the mock-treated control cells. Data are expressed
as the mean = S.D. (*p < 0.05; n=4).

Initially, mock-treated HGPS fibroblasts showed a significantly reduced proteasome
activity compared to control fibroblasts. After Tem treatment, control cells as well as
HGPS cells showed a decrease in the proteasome activity after 3 and 9 days compared
to mock-treated cells. In accordance with these findings, it was found that rapamycin
and its analogs inhibit allosterically the 20S proteasome.”8

The analysis of the autophagy activity revealed that Tem treatment significantly
enhances the autophagy of control and HGPS cells at day 3 and 9 compared to mock-
treated control cells (Fig. 81).

-173 -



Results

200 -~
S — *
0 & ’f
=
m —
- ©150 -
2 o
3> L
25
a 0100 - *
S v i
S5 Q0 T
< ®
5 £
7)) x' 50 -
23
© £ Tem Tlem
— od Mock o

0 _
Control HGPS

Figure 81: Autophagy levels after Tem treatment. Autophagy was determined in control and HGPS
fibroblasts by measuring monodansylcadaverine (MDC) levels with fluorescence photometry. Cells were
either mock-treated or treated daily with 1.0 yM Tem for a period of 3 or 9 days. The percentage of
activity was calculated relative to the mock-treated cells. Data are expressed as the mean + S.D. (*p <
0.05; n=4).

The inhibition of the proteasome activity and the activation of autophagy was further
supported by Western blot (Fig. 82 A-C). Rapamycin was also found to increase the
progerin clearance by up to 50 % in HGPS cells.3%2'3 For this, Western blot was stained
with lamin A/C antibody and quantified. The status of A-type lamins was investigated
of total protein extracts derived from HGPS and control cells mock-treated or Tem-

treated for 9 days.
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Figure 82: Western blot analyses of mock-treated and Tem-treated fibroblasts. (A) Representative
Western blots of lamin A/C, progerin, proteasome subunit S20 C2, Hsp27 and b-actin in control and
HGPS total cell extracts either mock-treated or treated with 1.0 yuM Tem daily for 9 days. (B and C)
Quantification of the ratios of the A-type lamins relative to mock-treated counterparts (lamin A, lamin C,
and progerin). Levels of proteasome subunit S20 C2 and Hsp27 were quantified by normalizing to b-

actin, and presented as the fold-change + S.D. relative to mock-treated control cells (*p < 0.05; n=3).

The status of the A-type lamins revealed that progerin levels were increased in HGPS
cells by 8-9 fold compared to mock-treated control cells. Temsirolimus treatment
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induced a progerin clearance in HGPS cells by 17 %. The levels of lamin A and lamin
C remained constant in control and HGPS cells.

The protein expression of the 20S proteasome subunit C2 and Hsp27 were
significantly reduced in mock-treated HGPS cells. After temsirolimus treatment, the
levels of the 20S proteasome and Hsp27 were not ameliorated in HGPS cells and even
reduced in control cells.

To provide evidence that temsirolimus clears progerin via autophagy, HGPS cells were
treated with temsirolimus for 8 days and subsequently exposed to temsirolimus with
25 pM chloroquine diphosphate (Cq), an autophagy inhibitor, or 1 yM MG132, a
proteasome inhibitor, for 12 hours (Fig. 83).
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Figure 83: Western blot analyses of proteasome and autophagy proteins after Tem treatment. (A)
Representative Western blots of HGPS lysates of mock-treated cells or cells treated with Tem, Tem with
chloroquine (Cq) or Tem with MG132. Samples on the left panel were probed with antibodies specific
to progerin and ubiquitin (n=3). Right panel corresponds to antibody staining against lamin A/C, LC3B-I
and LC3B-Il, and b-actin (n=3). Quantification of progerin levels in mock-treated or Tem-treated HGPS
cells normalized to b-actin are presented as the fold-change relative to mock-treated cells in the anti-

progerin Western blot.

In response to MG132, HGPS fibroblasts showed an accumulation of ubiquitinated
proteins. Chloroquine treatment induced a significant increase in LC3B-IlI levels
indicating the accumulation of autophagosomes when autophagy is inhibited.
Autophagy remained active in temsirolimus-treated cells as LC3B-Il levels were barely
detectable. Progerin levels were significantly reduced by 17 % in temsirolimus-treated
HGPS fibroblasts and by 21 % in temsirolimus+MG132 treated cells. This result
indicates that autophagy is further stimulated by proteasome inhibition.'”® Collectively,
temsirolimus clears progerin via autophagy activation and proteasome inhibition.
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4.6.2 Tem improves the nuclear shape and clears progerin via inhibition of mMTOR

As HGPS nuclei exhibit nuclear envelope alterations and reduced levels of nuclear
components the impact of Tem was also examined. Mock-treated and Tem-treated
control and HGPS cells were examined in parallel by immunofluorescence microscopy
(Fig. 84).

GMO3349C HGADFN127

Merge/Dapi

Mock

Progerin Merge/Dap

Tem

Merge/Dapi Lamin B1

Mock

Merga/Dapi

Tem

Figure 84: Staining of A-type lamins of temsirolimus-treated cells. Immunochemistry using
antibodies directed against lamin A/C, progerin, and lamin B1 was performed on control (GMO3349C)
and HGPS (HGADFN127) cells mock-treated or Tem-treated for 9 days (n=3). Scale bar: 10 ym.

While no progerin could be detected in control nuclei, signals of variable intensity in
mock-treated HGPS nuclei cells were detected as previously reported.'®' Progerin was
found to accumulate in the most dysmorphic HGPS nuclei and localized to the nuclear
envelope with aggregated staining in some areas. In nuclei with low progerin levels,
progerin appeared as dots or foci within the nuclear compartment. Lamin A/C was
found to be present at the nuclear envelope and throughout the nucleoplasm in control
nuclei and HGPS nuclei. After Tem treatment, a rim-like staining was observed in
control and HGPS nuclei indicating that Tem did not generally affect the lamin A/C
localization. Tem-treated HGPS nuclei show weaker signals of progerin staining and a
normal-shaped envelope. The number of brightly progerin-labeled nuclei were reduced

after 9 days of Tem treatment compared to mock-treated HGPS nuclei.
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Lamin B1 was found to be reduced in some HGPS nuclei and was linked to the loss of
proliferation and senescence.%6.182 The lamin B1 status was examined in mock-treated
and Tem-treated cells by immunofluorescence. In accordance with these findings, very
low to barely detectable lamin B1 staining of variable intensity in HGPS nuclei were
found concomitant with brightly progerin positive cells. After Tem treatment, HGPS
nuclei exhibit higher lamin B1 intensities accompanied with reduced progerin
accumulation.

The percentages of dysmorphic nuclei were determined by direct counts (Fig. 85).
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Figure 85: Dysmorphic nuclei after Tem treatment. Frequency of misshapen nuclei (dysmorphic) in
3 control and 3 HGPS fibroblast lines after 9 days of treatment with either the vehicle or 1 yM Tem. The
bars indicate the mean frequency of misshapen nuclei. An average of 800 nuclei were examined for
each control and HGPS cell lines and treatment. Data are presented as the mean + S.D. relative to

mock-treated control (*p < 0.05; n=3).

Tem treatment significantly reduced the frequency of nuclear blebbing in control cells
and HGPS cells after 9 days.

To determine whether Tem treatment inhibits the mTOR pathway, the statuses of two
mTOR downstream targets (S6RP and 4EBP1) were determined by their levels of
phosphorylation. Both proteins are downstream effectors of mMTOR and are reduced
when mTOR is inhibited (Fig. 86 A, B).2'4
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Figure 86: Inhibition of mTOR and its down-stream effectors by Tem. (A) Immunochemistry using
antibodies directed against indicated proteins (pS6RP and p4EBP1) was performed on control
(GMO3349C) and HGPS (HGADFN127) cells mock-treated or Tem-treated for 9 days (n=3). Scale bar:

20 ym. (B) Same cells as in (A) were used to analyze protein expression of pS6RP and 4EBP1 by
Western blot (n=3).

In mock-treated cells, both proteins are adequately expressed while temsirolimus
treatment induced a decrease in the signal intensities.

Collectively, temsirolimus ameliorates the nuclear morphology of HGPS nuclei by
reducing progerin levels via inhibition of mMTOR.

-179 -



Results

4.6.3 Tem maintains progerin clearance during long-term treatment

To test the efficiency of temsirolimus on long-term HGPS fibroblasts, cultures were
treated every other day with 1 yM Tem or the vehicle. Cells were passaged and
analyzed at the indicated time points.

First, the effect of temsirolimus on the proliferation rate of control cells and HGPS cells
was examined (Fig. 87 A, B).
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Figure 87: The proliferation rate in long-term temsirolimus cultures. (A) Long-term cultures of
control and (B) HGPS cells treated with the vehicle or 1 yM Tem. Cells were fed every second day and
analyzed at the indicated passages. The cumulative population doublings were calculated as described
in the Methods.

While the mock-treated HGPS fibroblasts reached a growth plateau after several
passages, the proliferation rates of temsirolimus-treated control and HGPS cells
showed sustained growth.

During 85 days of temsirolimus treatment, Western blot analyses were performed at

different time points to reveal the status of the A-type lamins (Fig. 88 A, B).
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Figure 88: Western blot analyses of long-term Tem cultures. (A) Representative Western blot
evaluation of A-type lamins (lamin A, progerin, Lamin C) in control and HGPS cell that were mock-
treated or Tem-treated for the indicated period (n=3). Blots were probed with lamin A/C and b-actin
antibodies. (B) Densitometric analyses of the ratios of A-type lamin (lamin A, progerin, and lamin C)
signals obtained from lamin A/C antibody. Data represent the mean £ S.D. with respect to mock-treated

counterparts (*p < 0.05; n=3).

Western blot analyses showed a maintained clearance of progerin of HGPS cells
treated with temsirolimus. Analysis of the A-type lamin ratios indicate a decrease in
progerin levels by 25 % after 85 days of treatment. The status of the A-type lamins
revealed that lamin C levels were maintained while lamin A ratios were increased. This
results further supports the fact that progerin and lamin C are degraded by autophagy
whereas lamin A is degraded by the proteasome system.'® Consequently, the effect
of temsirolimus on proteasome and autophagy activity during long-term treatment was
investigated (Fig. 89 A, B).

- 182 -



Results

(A

N

120 ~

100

(0]
o

|
HH %

(o))
o
|

I
o
|

N
o
I

Tem

Proteasomal activity relative to
mock-treated control [%]

21d

—— %

Tem
85d

HH %

MockK

Control
(B

N

N
o
o
I
*

160 -

120

o
o
I

Levels of autophagy relative to
mock-treated control [%]
S

Tem
21d

HAH %

Tem
85d

—H *

MocK

Control

Figure 89: Protein degradation pathways analysis during long-term temsirolimus treatment. (A)
Proteasome activity was determined by measuring chymotrypsin-like proteasome activity in control and
HGPS fibroblasts using Suc-LLVY-AMC as a substrate. Cells were either mock-treated or treated daily
with 1.0 yM Tem for the indicated periods. The percentage of activity was calculated relative to their
mock-treated control. Data are expressed as the mean + S.D. (*p £ 0.05; n=4). (B) Same cells as in (A)
were used to measure autophagy with a monodansylcadaverine (MDC) assay. The percentage of

activity was calculated relative to the mock-treated control. Data are expressed as the mean + S.D. (*p

< 0.05; n=4).
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Consistent with the increased lamin A levels, temsirolimus did not enhance the
proteasomal activity during the 85 days of long-term treatment (Fig. 89 A). Autophagy
levels remained high during long-term treatment of temsirolimus (Fig. 89 B). Profiling
autophagy activity at different time points indicated that Tem induced a maximum
increase at day 9, with the levels slowly decreasing by day 21 and even further by day
85. Nevertheless, autophagy was significantly higher than in mock-treated
counterparts. In parallel, proteasome activity showed an increasing tendency in both
normal and HGPS cells. This suggests that activation of an adaptation response

mechanism occurred during long-term treatment.

4.6.4 Tem fails to improve mitochondrial dysfunction in HGPS

Mitochondrial dysfunction has been identified as a hallmark of accelerated aging.?'®
This earlier study demonstrated that proteins involved in glycolysis were increased
whereas proteins involved in oxidative phosphorylation were reduced in HGPS.2'®
Therefore the effect of temsirolimus on mitochondrial function was investigated in
control and HGPS fibroblasts. To date, this is the first study analyzing the effect of
rapalogs on mitochondrial dysfunction.

It was examined whether temsirolimus could ameliorate the activity of NADPH oxidase
whose function is to produce reactive oxygen species (ROS) (Fig. 90). Nox4 is 1
isoforms of the NADPH oxidases, enzymes that transport electrons across the plasma

membrane and generate superoxide and ROS.2'6
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Figure 90: NADPH oxidase (Nox4) staining of temsirolimus-treated cells. Inmunochemistry using
antibodies directed against NADPH oxidase subunit 4 and progerin was performed on control

(GMO3349C) and HGPS (HGADFNO0O03) cells mock-treated or Tem-treated for 9 days (n=3). TBHP was

used as a Nox4 inducer. Scale bar: 20 ym.

Mock-treated HGPS fibroblast exhibited increased staining of Nox4 in the nucleus
and cytoplasm (Fig. 90). By contrast, mock-treated control cells showed a weak
staining throughout the nucleus. Temsirolimus did not affect the levels or the
distribution of Nox4 in control and HGPS cells. These data were further confirmed by

Western blot analyses (Fig. 91 A, B).
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Figure 91: Western blot analyses of NADPH oxidase after Tem treatment. (A) Representative
Western blot evaluation of Nox4 in control and HGPS cells that were mock-treated or Tem-treated for
the indicated period (n=3). Blots were probed with Nox4, and b-actin antibodies. (B) Densitometric
analysis of Nox4 signals. Data represent the mean £ S.D. with respect to mock-treated control cells after

values were normalized to b-actin signal (*p < 0.05; n=3).

The finding that Nox4 was increased in HGPS cells suggested that high levels of
superoxide and reactive oxygen species were produced.

Previous studies have shown reduced levels of cytochrome c oxidase subunit Il (Coxll)
in HGPS cells.'”22'7 To further validate this finding, the levels of Coxll were
determined, which is an essential component of the mitochondrial respiratory chain
responsible for ATP production (Fig. 92). 218219
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Figure 92: Cytochrome c oxidase staining of temsirolimus-treated cells. Inmunochemistry using

Mock

Tem

antibodies directed against cytochrome ¢ oxidase subunit Il and progerin was performed on control
(GMO3349C) and HGPS (HGADFNOO3) cells mock-treated or Tem-treated for 9 days (n=3). Scale bar:
20 um.

In accordance with these studies, Coxll levels were indeed reduced in HGPS cells
compared with normal cells. Immunohistochemistry showed that Coxll cytoplasmic
aggregates were present in bright progerin-positive HGPS cells; however, the overall
Coxll signal was significantly reduced in HGPS cells relative to normal cells. In HGPS
cells treated with temsirolimus, the Coxll signal remained weak. These data were

further confirmed by Western blot analysis (Fig. 93 A, B).
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Figure 93: Western blot analyses of cytochrome c oxidase subunit Il after Tem treatment. (A)
Representative Western blot evaluation of Coxll in control and HGPS cells that were mock-treated or
Tem-treated for the indicated period (n=3). Blots were probed with Coxll, and b-actin antibodies. (B)
Densitometric analysis of Coxll signals. Data represent the mean + S.D. with respect to mock-treated

control cells after values were normalized to b-actin signal (*p < 0.05; n=3).

Collectively, these data support the conclusion that temsirolimus treatment of HGPS
cells does not improve mitochondria function.

To further validate these findings, the effect of temsirolimus was evaluated by
quantifying ROS and ATP levels in HGPS cells. Mock-treated HGPS fibroblasts exhibit
a significant increase in basal ROS levels (16.6 %, p=0.003) compared with normal
cells (Fig. 94 A).% Temsirolimus treatment of normal and HGPS cells resulted in no
significant changes in ROS levels. The basal levels of ATP in HGPS fibroblasts were
significantly reduced (19.2 %, p=0.032) compared with mock-treated normal cells (Fig.
94 B).* Temsirolimus treatment induced no changes in ATP levels in either normal or
HGPS fibroblasts.
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Figure 94: ROS and ATP levels of mock-treated and Tem-treated cells. (A) Intracellular ROS levels

were determined by measuring oxidized dichlorofluorescin (DCF) levels as described in the Methods.

Cells were treated with the vehicle or 1 uM temsirolimus for the indicated periods. Data are presented

as the mean * S.D. relative to mock-treated control (*p < 0.05; n=3). (B) Same cells as in (A) were used

to measure cellular ATP levels using CellTiter Glo luminescence ATP assay as described in the

Methods. Data represent the mean + S.D. compared to mock-treated control cells (*p < 0.05; n=3).
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Collectively, our findings indicate that the levels of Nox4, Coxll, and ATP were reduced
in HGPS cells, whereas ROS levels were increased. In addition, none of these
parameters were improved after temsirolimus treatment.

Next, oxygen consumption, which is utilized by mitochondria to produce ATP through
oxidative phosphorylation, was measured in HGPS cells; glycolysis was also quantified
by measuring the levels of extracellular lactate using a dual assay kit as described in
Methods (Fig. 95).
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Figure 95: Oxygen consumption and glycolysis after temsirolimus treatment. Oxygen
Consumption and glycolysis were measured using a MitoXpress Solution and a tetrazolium substrate,
respectively. Cells were mock-treated and Tem-treated in glucose media for the indicated time periods
and stained according manufacturer’s instructions. Fluorescence was measured in order to detect
oxygen consumption and absorbance was measured to detect glycolysis levels. Data are expressed as

the mean + S.D. relative to mock-treated control cells (*p < 0.05; n=4).

Basal oxygen consumption was reduced in HGPS cells relative to normal cells, the
former showed a further reduction in oxygen consumption in the presence of
temsirolimus. In addition, the basal rate of glycolysis in HGPS cells was increased
relative to normal cells, as reported previously.'”? Temsirolimus treatment reduced
glycolysis in both control and HGPS cells as indicated by lower levels of lactate, the

end product of glycolysis.
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To further evaluate the effect of temsirolimus on mitochondrial functions, cells were
grown in either glucose or galactose medium supplemented with vehicle or
temsirolimus for up to 72 hours. Cells grown under galactose conditions are forced to
rely on mitochondrial oxidative phosphorylation for ATP generation and consequently,
are more sensitive to mitochondrial perturbation than cells grown in glucose
media.220.221

To verify that temsirolimus does not induce mitochondrial toxicity, the impact on
membrane integrity was determined in cells grown in glucose or galactose medium

supplemented with either the vehicle or temsirolimus for 2 hours or 3 days (Fig. 96).
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Figure 96: Mitochondrial toxicity after temsirolimus treatment. Cells were cultured in either glucose
or galactose medium and treated with the vehicle (DMSQO) or temsirolimus for 4 hours. Cytotoxicity and
ATP levels were measured as stated in the Methods for mitotoxicity measurement. Data are presented

as the mean + S.D. relative to mock-treated counterparts (*p < 0.05, n=3).

Temsirolimus treatment induced no change in membrane integrity in either control or
HGPS cells. Both cell lines remained viable. The membrane integrity assay allowed
the simultaneous measurement of ATP levels in the same samples. This served as an
indicator of mitotoxicity. Compared to mock-treated counterparts, ATP levels in both
control and HGPS cells were significantly reduced after 2 hours of temsirolimus
treatment in glucose medium. After 3 days of treatment, the ATP levels returned to
basal levels in both control and HGPS cells. When the measurements were performed
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on cells grown in the presence of galactose, the ATP levels were even more reduced
in HGPS cells treated with temsirolimus for 2 hours and remained low after 3 days of
treatment. These results indicate that temsirolimus exerts some mitochondrial toxicity
in HGPS cells within the first hours of treatment. This effect was not observed during
longer period of treatment, suggesting cellular adaptation to the presence of
temsirolimus.

Cells with mitochondrial deficiency grow slower than normal cells because they are
unable to adapt to galactose media.’”?

In this study, the normal cells were able to adapt to galactose media and showed
sustained growth after temsirolimus treatment. By contrast, temsirolimus treated-
HGPS cells showed reduced growth rates after 24 hours in the presence of galactose

media and then increased to the mock-treated levels after 48 hours (Fig. 97).
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Figure 97: Cell growth of mock-treated and Tem-treated cells in galactose medium. Cells were
cultured in either glucose or galactose medium supplemented with either the vehicle (DMSO) or 1 uM
temsirolimus for the indicated time. Data represent the mean + S.D. compared to mock-treated
counterparts in glucose (*p < 0.05; n=3).
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Control cells grown in galactose medium for a period of 3 days showed no difference
in ROS (Fig. 98 A) or ATP levels (Fig. 98 B). HGPS cells grown in galactose medium
for 3 days showed increased ROS levels and reduced ATP levels. In the presence of
glucose and galactose, temsirolimus treatment induced no changes of ROS and ATP

levels in control and HGPS fibroblasts.
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Figure 98: ROS and ATP levels of mock-treated and Tem-treated cells in galactose medium. Cells
were cultured in either glucose or galactose medium and treated with either the vehicle (DMSO) or 1
MM temsirolimus for the indicated time. (A) Intracellular ROS levels and (B) cellular ATP levels were
measured as described in the Methods. Data represent the mean + S.D. compared to mock-treated

control cells in glucose (*p < 0.05; n=3).

Together, the different parameters by which mitochondrial oxidative phosphorylation
was assessed in HGPS cells indicate functional alterations that are not rescued by

treatment with temsirolimus.
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4.6.5 Reactive oxygen species and superoxide are not suppressed after Tem

treatment

To support the findings that temsirolimus did not improve the levels of the endogenous
source of cellular ROS (Nox4), ROS and superoxide levels were determined by
performing immunohistochemistry (Fig. 99).

GMO3349C HGADFN127
Superoxide Merge/Dapi Superoxide Merge/Dapi

Mock Positive Negative

Tem 1h

Tem 9d Tem 24h
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Figure 99: Immunofluorescence of ROS and superoxide after Tem treatment. Immunochemistry
was performed of control (GMO3349) and HGPS (HGADFNO0O03) fibroblasts mock-treated and
temsirolimus-treated for the indicated periods. Live cells were stained with an oxidative stress detection
reagent (ROS) and a superoxide detection reagent. A negative control was treated with N-acetyl-L-
cysteine to quench the signal intensity. The positive control was treated with pyocyanin to induce ROS
production. Last panel shows cells treated with pyocyanin and temsirolimus (Pos.+Tem). DNA was
stained using the fluorescence dye Hoechst33342. Representative images are shown (n=4). Scale-bar:
20 um.

- 195 -



Results

Strong signals of ROS and superoxide were detected in HGPS cells compared with
mock-treated control cells. Control cells exhibited weak staining for ROS in the
cytoplasm and for superoxide in the nucleus. HGPS cells were brightly labeled and
exhibited clusters of ROS signal close to the outer nuclear membrane as well as
clusters of superoxide throughout the cell. These distributions of ROS and superoxide
signals remained similar in control and HGPS fibroblasts after treatment with
temsirolimus. Furthermore, control and HGPS cells were treated with pyocyanin, which
directly oxidizes intracellular pools of NAD(P)H and glutathione (GSH) and produces
superoxide and downstream ROS.222 Temsirolimus treatment did not prevent ROS or
superoxide accumulation in the presence of pyocyanin (Fig. 99, last panel).
Temsirolimus treatment for 1 hour induced a significant increase in ROS and
superoxide in both control and HGPS fibroblasts as indicated by a 96-well plate format
(Fig. 100).
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Figure 100: Analysis of reactive oxygen species and superoxide after Tem treatment. 96-well plate
assay was performed of control and HGPS fibroblasts mock-treated and temsirolimus-treated for the
indicated periods. The percentage of activity was calculated relative to mock-treated control cells. Data

are expressed as the mean £ S.D. relative to mock-treated control (*p < 0.05; n=4).

The levels of ROS and superoxide returned to those of mock-treated cells after 24
hours of temsirolimus treatment. The levels remained similar after 9 days of treatment.

These results further demonstrate that temsirolimus exerts some degree of
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mitochondrial toxicity within the first hours that appears to dissipate under long-term
treatment. This is most likely due to cell’s adaptive response mechanisms.

4.6.6 Tem does not alter DNA damage levels and heterochromatin loss

Reactive oxygen species (ROS) and oxidizing agents are known to induce DNA
damage (Fig. 101 A-D).?23 Consistent with the increased levels of ROS in HGPS cells,
the numbers of nuclei exhibiting DNA damage foci (yH2A.X foci) were significantly
higher in HGPS (47 %) compared with normal fibroblast cultures (6 %) (Fig. 101).
Temsirolimus treatment induced a reduced number in yH2A.X positive HGPS nuclei

(36.1 %) signifying a reduction in DNA damage.
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Figure 101: Effects of temsirolimus on DNA damage. (A) Immunohistochemistry of control
(GMO3349C) and HGPS (HGADFNOO3) cells either mock-treated or treated with 1 uM temsirolimus for
a period of 9 days. Antibodies against yH2A.X, 53BP1, and Rad 51 were used (n=4). Higher
magnification pictures on the right side were added and white arrows indicate localization of yH2A.X and
Rad51. Scale bar: 20 uym. (B) Western blot analysis of control (GMO3349C) and HGPS cells
(HGADFNO003, HGADFN127) treated with 1 uM temsirolimus for 9 days were used. Antibodies against
53BP1, Rad 51, and b-actin were used. Representative image is shown (n=4). (C) Quantification of
53BP1 levels normalized to b-actin and presented as the mean = S.D. relative to mock-treated control
cells (*p < 0.05; n=4). (D) Quantification of Rad51 levels normalized to b-actin and presented as the

mean £ S.D. relative to mock-treated control cells (*p < 0.05; n=4).

Repartitioning of two DNA damage repair factors, 53BP1 and Rad 51, were also
assessed (Fig. 101).224225 While 53BP1 is distributed throughout the nucleoplasm in
mock-and temsirolimus-treated control fibroblasts, mock-treated HGPS fibroblasts
exhibit accumulated foci of 53BP1 (Fig. 101 A, upper panel). These foci were found to
be co-localized with yH2A.X in mock-treated and temsirolimus-treated fibroblasts.
Temsirolimus reduced 53BP1 foci in HGPS cells although the protein levels of 53BP1
were increased in both control and HGPS cells (Fig. 101, C). These findings indicate
that in the presence of temsirolimus DNA damage repair by 53BP1 is activated.

Co-staining of yH2A. X with Rad51 showed no co-localization of these markers in mock-
treated HGPS cells in contrast to mock-treated and temsirolimus-treated control cells
(Fig. 101 B, D). While Rad 51 was distributed throughout the nucleoplasm in control

cells, mock-treated HGPS fibroblasts exhibit massive aggregated staining of Rad51
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(Fig. 101 A, lower panel). Temsirolimus treatment changed the distribution of Rad51
in HGPS to a control-like pattern. However, yH2A.X/Rad51 foci were still not observed
in treated HGPS fibroblasts; and protein levels of Rad51 were not changed in both
normal and HGPS cells after temsirolimus treatment. This indicates that temsirolimus
does not activate DNA damage repair via Rad51.

Altogether, our results indicate that temsirolimus slightly lowers DNA damage in HGPS
cells by the activating DNA damage repair via 53BP1.

HGPS nuclei exhibit nuclear morphological changes, including an abnormal shape and
the loss of heterochromatin. Such alterations were investigated in cells treated with
temsirolimus. The numbers of dysmorphic nuclei in temsirolimus-treated HGPS cells

was significantly reduced after 9 days (Fig. 102).
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Figure 102: Number of dysmorphic nuclei after temsirolimus treatment. Frequency of misshapen
nuclei (dysmorphic) after 9 days of treatment with either the vehicle or 1 uM temsirolimus. An average
of 900 nuclei were examined for each condition. Data are presented as the mean + S.D. relative to
mock-treated control (*p < 0.05; n=3).

The levels of heterochromatin protein 1 (HP1) were reduced in HGPS cells as shown
by immunofluorescence (Fig. 103). Brightly positive progerin staining in mock-treated
HGPS nuclei were found to be accompanied with lower intensities of HP1-y.
Temsirolimus treatment improved the levels of HP1-y reaching levels similar to those

of control cells.
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Figure 103: Level of heterochromatin protein after temsirolimus treatment. Immunochemistry
using antibodies directed against HP1-y and progerin as indicated. Control (GMO3349C) and HGPS

Mock

Tem

(HGPSFNO0O3) fibroblasts mock-treated or treated with 1 uM temsirolimus for a period of 9 days were
used (n=3). Scale bar: 20 ym.

The preliminary data was further confirmed by Western blot analysis of HP1-y (Fig.
104 A, B).

A
( ) GMO3349C HGADFNO0O3 HGADFMN127
Mock Tem Mock Tem Mock Tem
9d ad 9d

HP1-y i . . L. . m—
DACHD S — — — — —

- 201 -



Results

(B

~
—
N
o

|

o
o
I

o
o
I

HP1-y protein-levels relative to
mock-treated control
[normalized to b-Actin, %]

(@]

o

40 -
20 A
Tem Tem
ad 9d
0 - I |
Control HGPS

Figure 104: Western blot of heterochromatin protein after temsirolimus treatment. (A) Western
blot evaluation of HP1-y in control and HGPS cells mock-treated or temsirolimus treated for 9 days. (B)
Quantification of HP1-y levels normalized to b-actin and presented as the mean + S.D. relative to mock-

treated control cells (*p < 0.05; n=3).

Those results indicate that temsirolimus ameliorates nuclear morphology and slightly

lowers DNA damage in HGPS cells.
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5 Discussion

5.1 Protein degradation systems are altered in HGPS

HGPS cells exhibit alterations in the composition of the nucleome due to the
accumulation of farnesylated progerin in HGPS nuclei. Alterations are characterized
by multiple nuclear defects, which include an abnormal nuclear envelope (blebs,
invagination, nuclear pore clustering), altered chromatin organization, altered histone
modification patterns, increased DNA damage, and changes in gene expression.?%®
Progerin accumulates in HGPS, which may be caused by defective protein degradation
pathways.

This study attempts to reveal significant changes in HGPS nuclei protein composition
relative to control nuclei using 2D-gelelectrophoreses. Insights from the difference of
the HGPS nucleosome might result from the accumulation of progerin. Compared to
control nuclei, the expression of progerin in HGPS is up-regulated by up to 20-fold,
thus making this lamin A variant the biomarker of HGPS. However, trace amounts of
progerin were also detected in control nuclei. Previous studies have shown that the
HGPS cryptic splice site is used sporadic in cells of unaffected individuals and that
progerin is detected by immunofluorescence in elderly individuals.*'88 Thus, normal
cells might also accumulate progerin over time and manifest similar alterations to those
observed in HGPS cells.

Changes of proteins involved in the proteolytic system were observed in the HGPS
nucleosome, thus suggesting that HGPS cells lose proteostasis. The heat shock
proteins (Hsp27, Hsp70, and Hsp90) were included in these changes. They are linked
to the protein degradation via the proteasomal or autophagy pathway. The activity of
the heat shock proteins declines with aging and contributes to several age-related
diseases such as Alzheimer’s disease, Parkinson’s disease, and vascular diseases.??’
Several studies have shown a decline in proteasome activity and autophagy not only
during physiological aging but also in HGPS fibroblast cells.01.148.227.228 Thjs suggests
that HGPS cells lose their capacity to degrade proteins and thus lose proteostasis.
Similar to these studies, a decrease in the proteasome 26S sub-unit C2 and a reduction
in the proteasomal activity was observed in HGPS cells compared to control cells.®
Differential expression patterns of members of the BAG family in HGPS cells were also
detected. BAG proteins are co-chaperones and are implicated in protein quality control,
regulation of proteasome and autophagy pathways, and aging.'%%22° Furthermore, a
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decrease in autophagy levels was also observed in HGPS cells. Previously, autophagy
levels were reported to decrease in HGPS cells and appear to exacerbate the cellular
phenotype in late cultures.®®

Collectively, the findings of this study indicated that alterations in proteasomal and
autophagy pathways occurred in HGPS cells. Protein expression profiles of proteins
involved in proteolysis such as Hsp27, Hsp70, Hsp90, BAG1, BAG2, and BAG3 were
found altered. This overall reduction leads to a decrease in the proteasomal activity
and autophagy levels. Consequently, these functional defects could explain the
accumulation of progerin in HGPS nuclear compartment.

Strategies aimed at reducing progerin levels in HGPS cells using molecular
approaches or drug treatments targeting the protein degradation pathways are
currently investigated. Previously, the interaction between lamin A and AIMP3
(aminoacyl-tRNA synthetase-interacting multifunctional protein) was shown to promote
lamin A degradation via proteasomes, whereas progerin, prelamin A, and lamin C
undergo degradation by autophagy because the latter 3 are missing the AIMP3
interaction side.'83 Based upon this current thesis, further evidence of progerin being

degraded via autophagy in HGPS cells is provided.

5.2 SFN improves the cellular phenotype of HGPS

Sulforaphane, an isothiocyanate, is derived from cruciferous vegetables such as
broccoli or cauliflower. The cellular protection by SFN functions through activating the
Nrf2/ARE transcription factor pathway and its direct antioxidant effects.'61.230.231
Recently, data indicate that SFN enhances the proteasome activity by up-regulating
the expression of the 26S proteasome sub-unit, PSMBS5, and Hsp proteins.16:17.232

In this study, SFN treatment of HGPS cells increased the expression of proteasome
components as well as Hsps and co-chaperones, thereby increasing proteasome
activity and autophagy. Activation of the protein degradation pathways lead to reduced
progerin levels, thereby ameliorating the nuclear envelope normalization, proliferation,
and proteostasis. The progerin reduction was sustained with SFN and even improved
over time. The main protein degradation pathway of which SFN degrades progerin was
found to be the autophagy pathway. By using MG132 (proteasome inhibitor) and
chloroquine (autophagy inhibitor) in combination with SFN, progerin was shown to be

more reduced in MG132+SFN-treated HGPS cells. Collectively, these studies support
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the notion that therapies aimed at increasing autophagy could ameliorate the HGPS
cellular phenotype.30-213.233

Other functional defects of HGPS are also restored after SFN treatment. Mitochondrial
dysfunction of HGPS fibroblasts have recently been accompanied with higher reactive
oxygen species (ROS) levels, lower ATP levels, and the accumulation of DNA
damage.'”? Progerin has been thought to affect the rate of DSB repair.'®” FTI does not
reduce DNA damage in HGPS fibroblasts, although it restores certain phenotypic
effects of the disease.® In the present study, SFN not only reduced the levels of reactive
oxygen species but also activated DNA damage repair factors (63BP1 and Rad51),
normalized their distribution within the nucleus and induced the co-localization with
DNA damage. Furthermore, ATP levels were found to be increased.

In sum, nucleome analysis identified differentially represented proteins that were
interconnected and functionally associated with protein degradation pathways,
autophagy and proteasome, an important regulator of cellular proteostasis. This
indicates that HGPS cells show defects in proteostasis similar to other diseases that
accumulate proteins.??” To restore this defect, the activation of the Nrf2-Keap signaling
pathway by SFN has been identified to induce cellular protective mechanisms including
proteostasis and mitochondria function.?3® SFN has been identified to restore the
defective degradation activity in HGPS and thus clearing progerin, reducing DNA
damage and mitochondrial dysfunction.'61.230.231 This approach has proven very
efficient in addressing the proteostasis loss of HGPS. The strategy has not only
brought knowledge about the mechanism leading to progerin accumulation but also

highlighted a direction to counteract it.
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5.3 A combination of SFN and FTI further ameliorates the HGPS

cellular phenotype

Farnesyltransferase inhibitors belong to a family of anti-cancer agents that add a 15-
carbon farnesyl lipid to a diverse group of protein substrates.?”3234 The rationale for
FTI treatment of HGPS was to block the farnesylation of the progerin protein, thereby
preventing its incorporation into the nuclear envelope.'”® FTI treatment of HGPS
fibroblasts led to nuclear shape ameliorations and FTl-treated mice exhibit improved
body weight, increased adipose tissue, and prolonged life span.® Clinical trials with
HGPS children have revealed less stiff arteries, increased body weight, and improved
bone mineral density after two years of treatment. However, the effect of FTI treatment
during long-term clinical administration are not known and further evidence suggests
that FTI has negative side effects in vitro. Along with the disruption of the lamin B
network, FTIs increase the accumulation of prelamin A, display an inconsistent
blocking of non-farnesylated HDJ-2 and do not improve DNA damage by reducing
ROS.%170 By contrast, the small compound sulforaphane (SFN) has been identified as
an antioxidant and an enhancer of the Keap1/Nrf2 pathway.'®" SFN reduced levels of
reactive oxygen species, DNA damage, nuclear shape abnormalities, and cleared
progerin. The cellular phenotype of HGPS fibroblasts was restored after treatment with
SFN.%°

A phase | clinical trial with rapamycin analog everolimus in combination with FTl was
initiated in April 2016. However, the efficacy and potential side effects of the
combination in vitro are unknown. In this study, the effect of such a treatment regimen
was investigated in vitro by using FTI in combination with SFN. While FTI inhibits the
farnesylation of progerin, SFN activates the Nrf2-Keap1 signaling pathway inducing
autophagy and mitochondrial function. Given that cells went into cell cycle arrest when
both drugs were administered at the same time, a novel treatment regimen had to be
identified. FTI already showed a sufficient prelamin A accumulation at a concentration
as low as 0.06 yM but still induced cell proliferation and autophagy. Studies have
recently demonstrated that the effect of FTI on the nuclear shape lasts 3 days before
it is washed away.’®® SFN showed the most beneficial effects for HGPS at a
concentration of 1 yM. Therefore, the idea was to treat the cells for 1 day with FTI

followed by 3 days of SFN treatment.
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During the experiments, the negative effects of FT| such as prelamin A accumulation,
lamin B1 disruption, and donut-shaped nuclei were further aggravated, even when
applied at low concentrations. Reactive oxygen species and DNA damage levels were
not significantly improved in HGPS fibroblasts. In accordance with a recent study, a
significant increase in cellular ATP levels was detected in HGPS fibroblasts but not in
control fibroblasts.'”2 By comparison, previous SFN findings on HGPS fibroblasts were
further confirmed during these experiments. SFN induced progerin clearance and
thereby enhanced the proteostasis of HGPS. The mitochondrial dysfunction of HGPS
was improved, as indicated by lower reactive oxygen species, increased ATP levels,
and reduced DNA damage levels.

With the cycle treatment, the same positive effects were observed as with SFN single
treatment of control and HGPS fibroblasts. The proliferation defect of HGPS was
reversed, DNA damage levels were reduced and the mitochondrial dysfunction of
HGPS was ameliorated, as indicated by lower ROS and higher ATP levels. Importantly,
the combination of the two signaling pathways increased progerin clearance in HGPS.
Compared to SFN single treatment, progerin clearance was 5 % higher in the cycle-
treated cells. With the detachment of progerin from the nuclear envelope by FTI,
progerin were more easily degraded by autophagy activation after SFN treatment.
Furthermore, the negative effects of FTI such as prelamin A accumulation and donut-
shaped nuclei were significantly reduced during the cycle treatment and reached
almost mock-treated levels of control and HGPS fibroblasts. The induction of cell death
by FTI in control and HGPS cells were not observed during the cycle treatment.
Moreover, the disruption of the lamin B network was observed in FTl-treated cells but
not in the cycle-treated ones.

To date, this is the first report showing that a combination of drugs in cycles reverses
1) the negative effects of FTI, and 2) the HGPS cellular phenotype.

In sum, the cycle treatment of FTI and SFN restored the HGPS cellular phenotype.
While treatment with both drugs was not synergistic, cycle treatment ameliorated
proteostasis, mitochondrial dysfunction, and DNA damage of HGPS fibroblasts. By
combining interventions of 2 different signaling pathways, the highest progerin
clearance was observed during these studies. Hence, cycle treatment and the
combination of therapeutics could display a novel option for treating HGPS children.
The application scheme provided and its analysis allows rapid testing of other drug

combinations.
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5.4 SFN ameliorates the cellular phenotype of Lmna®608G/G608¢ moyse

fibroblasts

As SFN restored the human HGPS cellular phenotype in vitro, the effect of SFN on
mice fibroblasts harboring the G608G mutation on both alleles of the lamin A gene was
tested to establish the scientific basis for further preclinical studies. Fibroblasts derived
from wild-type and HGPS mouse model were used to test the effect on SFN in vitro.
First, SFN was tested at a concentration of 1 uM in mouse fibroblasts as it was used
in human fibroblasts. Even though 1 pM was sufficient to improve HGPS
characteristics of human fibroblasts such as DNA damage, proliferation defect, and
mitochondrial dysfunction, the progerin clearance of 23 % in mouse fibroblasts was
insufficient to reverse the mouse HGPS cellular phenotype. Therefore, higher
concentrations of SFN were tested to have a higher impact on progerin clearance and
other traits of HGPS. In this study, 3 yM SFN was the highest concentration that
reversed the proliferation defect, DNA damage, and mitochondrial dysfunction of
HGPS. Progerin was cleared by 30 %. A higher concentration of SFN led to cell death
and showed no improvements in mitochondrial dysfunction.

SFN can be applied at a 3 times higher concentration in mice than tested in human
fibroblasts. Moreover, only homozygous mutation in mice displays similar HGPS
hallmarks as heterozygous humans, which makes this animal model for drug testing
problematic. First of all, mouse fibroblasts show weaker signals of lamin A/C, whereby
one could conclude that mouse cells do not have to rely on the functions of lamin A/C
as humans. By inducting a homozygous mutation in mice, progerin levels are
excessively higher than in human fibroblasts. Drug treatment of mouse fibroblasts
could be as effective as with human fibroblasts and reduce progerin to the same extent.
However, the effect on the overall appearance in mice in vivo is diminishing due to the
higher progerin levels. The effect of the treatment of mice in vivo is small and could fall
into the area of “noise”.

Recent co-expression profiling has revealed that mouse and human genes share fewer
similarities than expected. The greatest gene divergence was found within the PI3K,
mTOR and Akt2 signaling pathway.?®® Thus, the effect of drugs acting on these
signaling pathways might be different in mouse models when compared to human
treatments. These alterations of gene expressions in mouse and humans have to be

taken into consideration when drugs are tested in mouse models.
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5.5 Forskolin reverses the HGPS cellular phenotype

Compared to SFN, forskolin exhibit a different up-stream signaling pathway for protein
degradation activation and mitochondrial biogenesis. With this knowledge, the
possibility of diverse effects of other signaling pathway activations on HGPS was
tested.

Forskolin is a diterpenoid derived from the Indian Coleus plant.?3¢ It is involved in the
enhancement of cellular proliferation and the inhibition of apoptosis and cancer. It was
shown that the impact of forskolin on the cAMP level resulted in cellular protective
mechanisms, e.g. activation of autophagy and proteasome activity.?%176.236 The
activation of autophagy and mitochondrial biogenesis is induced by enhanced levels
of AMPK and Sirt1. 199237.238

In this study, forskolin treatment of HGPS induced an increase in proteasomal activity
and autophagy. Further experiments revealed that progerin is cleared via the
autophagy pathway, as previously described.’® Nine days of forskolin treatment
cleared progerin by 22 % in cells of HGPS. The antioxidant action of forskolin reduced
the levels of reactive oxygen species and enhanced ATP levels in HGPS fibroblasts.
By clearing progerin, forskolin restored the proliferation defect of HGPS and
normalized the nuclear shape of HGPS fibroblasts. The positive effects were
maintained during long-term treatment and further increased. After 85 days of forskolin
treatment, autophagy and proteasome levels were still significantly enhanced, progerin
was cleared by 33 % and control and HGPS cells showed sustained cell growth.

The underlying mechanism of forskolin’s positive impact is believed to occur through
the activation of PKA, pAMPK, and Sirt1.28239.240 These proteins lead to the inhibition
of mMTOR, thereby enhancing autophagy. At the same time, Sirt1 and pAMPK activation
catalyzes the phosphorylation and deacetylation of PGC1a, which in turn is necessary
for mitochondrial biogenesis.?6:240-242 Another Sirtuin is activated by higher Sirt1 levels,
called Sirt3.240 The activation of Sirt3 reduces reactive oxygen species and prolongs
lifespan.240

During our studies, enhanced levels of pAMPK, Sirt1 and PGC1a were found after
forskolin treatment of HGPS cells. The design of a signaling cascade allowed
verification of the positive impact of forskolin on autophagy and mitochondrial
biogenesis. Other pathways such as MAPK and PI3K were found to be increased in

HGPS."®* These results were confirmed by this study. The permanent activation of
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MAPK and PI3K has been associated with cardiac hypertrophy and proinflammatory
response.243244 Forskolin treatment lowered the levels of MAPK and PI3K to those of
control cells.

Lamin A has been shown to interact with Sirt1 via its C-terminal domain, while prelamin
A and progerin abolish the interaction with Sirt1.245 This leads to a compromised
localization of Sirt1 to the nuclear matrix. Mislocalization of Sirt1 resulted in reduced
activity of its deacetylase activity of e.g. Foxo3 and PGC1a.24% During our studies, the
loss of lamin A in HGPS fibroblasts leads to reduced Sirt1 activity and less lamin A-
Sirt1 interaction. Forskolin enhances the expression and binding of Sirt1 to lamin A
and it was further confirmed that neither prelamin A nor progerin could serve as a
binding partner for Sirt1.

The expression of PGC1a is altered when lamin A is replaced by progerin.'® It was
further confirmed that lamin A serves as a binding partner for PGC1a. Reduced lamin
A expression resulted in the loss of PGC1a activity. Transfections with prelamin A and
progerin validate the notion that only lamin A interacts with PGC1a correctly. Daughter
cells of HGPS show that the assembly of PGC1a is already affected shortly after
mitosis. This suggest that lamin A - PGC1a binding occurs during mitosis for the
accurate function of mitochondria. Further experiments have to proof that the binding
of lamin A and PGC1a is mandatory for mitochondrial biogenesis.

Increased levels of cAMP through forskolin have been accompanied with enhanced
DNA damage repair.?*® In HGPS, DNA damage repair response by 53BP1 and Rad51
was elevated after forskolin treatment and thus DNA damage was reduced. The
distribution of 53BP1 and Rad51 was normalized and co-localized with DNA damage.
By clearing progerin, forskolin restored the proliferation defect of HGPS and
normalized the nuclear shape of HGPS fibroblasts. Moreover, forskolin activated a
cascade of downstream effectors, which reduced reactive oxygen species, enhanced
ATP levels and reduced DNA damage. The positive effects of forskolin were
maintained and appeared to be improved during long-term treatment.

In sum, with its antioxidant properties forskolin ameliorated all tested hallmarks of
HGPS such as nuclear shape, DNA damage, mitochondrial dysfunction, and progerin
accumulation. To our knowledge, this is the first report showing that forskolin reverse
the HGPS cellular phenotype. Regardless, the different up-stream signaling of SFN
and forskolin showed no significant difference in ameliorating the HGPS cellular

phenotype, suggesting that the amelioration is independent of specific signaling
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pathways. For this, drugs should target the protein degradation pathways as well as
mitochondrial signaling.

5.6 Tem improves progerin accumulation but not mitochondrial
dysfunction of HGPS

In this study, the rapamycin analog temsirolimus was used to test its ability to reverse
some of the hallmarks of HGPS cellular phenotype.?*” Temsirolimus is a
dihydroxymethyl propionic acid ester of rapamycin, which exhibits improved solubility
and specifically inhibits mTOR signaling with an effectiveness comparable to that of
rapamycin.?*8 It has been approved by the Food and Drug Administration (FDA). The
safety, tolerability, and efficacy of temsirolimus have been evaluated in phase |, Il, and
[l clinical trials (https://clinicaltrials.gov), indicating that temsirolimus is less immune-
suppressive and displays improved pharmacological characteristics compared to
rapamycin.?49

In recent years, rapamycin has emerged as a potential candidate drug for future clinical
trial for children with HGPS disease.3%.20.213.233 The efficiency of the rapamycin analog
temsirolimus was further investigated in terms of whether it corrects the HGPS cellular
defects. This study supports previous studies indicating that the inhibition of the
mTORC1 signaling pathway by rapamycin leads to autophagy activation in HGPS
cells.?%-22¢ Additional evidence was provided that progerin is degraded via the
autophagy pathway.30.213.233.250 Temsirolimus treatment reduces the progerin nuclear
build-up, and improves the HGPS cell growth rate and lifespan in vitro, as previously
reported for rapamycin.?® Reduction in progerin levels ameliorates the HGPS nuclear
morphology as observed by the decrease in nuclear envelope abnormalities including
blebs and invaginations.2®° Additionally, this study found restoration of normal levels of
lamin B1 after temsirolimus treatment. All of these studies indicate that rapamycin or
temsirolimus can partially rescue the aforementioned HGPS phenotypic changes. To
further assess the efficacy of temsirolimus, the impact on proteostasis, mitochondrial
function, and DNA damage levels was investigates in HGPS fibroblasts.

The autophagy and the ubiquitin-proteasome pathway constitute the 2 major protein
degradation pathways to maintain proteostasis.'® In this study, it was found that HGPS

cells display alterations in the protein degradation system with reduced autophagy and
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proteasome activity, as previously reported.®® HGPS cells display a strong activation
of autophagy after temsirolimus treatment, leading to reduced progerin levels. This
stimulation occurs through the inhibitory action of temsirolimus on the mTOR pathway,
as evidenced by reduced levels of the phosphorylated form of its two downstream
effectors S6 ribosomal protein and E4BP1. These findings are in accordance with
previous studies reporting that rapamycin inhibited mTOR pathway and stimulated
autophagy in HGPS fibroblasts.30213.233.250 The effect of temsirolimus was similar to
rapamycin and originates from mTOR inhibition. However, autophagy stimulation by
temsirolimus was higher during short-term treatment, with a maximum induction
observed on day 9. Long-term temsirolimus treatment resulted in higher levels of
autophagy compared to the basal levels in mock-treated cells, although a declining
tendency by day 21 was observed and further reduced at day 85 of treatment. This
indicated that temsirolimus efficiently stimulated autophagy in both control and HGPS
cells, although the amplitude of activation decreased during long-term treatment.
Proteasome activity was reduced during short-term temsirolimus treatment in both
normal and HGPS cells. Rapamycin was previously shown to allosterically inhibit the
activity of the 20S proteasome 2°'. Rapamycin induces a conformational shift of the
20S proteasome, which results in compromised gating of substrates. Rapalogs might
directly compete with canonical ligands for the same binding grooves, which manifests
in weak-to-moderate inhibition of the chymotrypsin-like activity.!”® Proteasome activity
in HGPS cells slightly increased during long-term temsirolimus treatment, which was
concomitant with a reduction in autophagy stimulation. The inverse correlation
between the activities of these two protein degradation pathways suggests that
treatment with temsirolimus for a prolonged period (weeks) might lead to activation of
a cellular adaptation response to prevent a further decrease in proteasome activity.
Alternatively, cells might become less sensitive to the drug during long-term treatment.
Further studies are needed to determine how cells maintain a balance between
autophagy and proteasome activity during long-term treatment and thus evaluating the
effects of intermittent treatments with rapamycin or temsirolimus on proteostasis is
warranted.

Previous studies have demonstrated increased levels of reactive oxygen species
(ROS) and reduced levels of ATP in HGPS cells.'8 A SILAC study provided important
insights into the mitochondrial dysfunction of HGPS cells.'”?> The down-regulation of
several components of the mitochondrial ATPase complex and up-regulation of

glycolytic enzymes have been identified as feature of progeria. Alterations of the
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mitochondrial complex such as cytochrome c oxidase activity and glycolytic enzymes
developed in a time- and dose-dependent manner in HGPS. Thus, energy production
in HGPS appears to be switched from oxidative phosphorylation to glycolysis.'"?
Experiments revealed reduced ATP levels and increased superoxide and ROS levels
in HGPS, as well as higher levels of NADPH oxidase sub-unit 4 and lower expression
levels of cytochrome c oxidase sub-unit Il in comparison to control cells. The oxygen
consumption rate was lowered in HGPS fibroblasts, whereas the glycolytic activity was
enhanced.

Temsirolimus treatment did not significantly affect mitochondrial function in HGPS
cells. Levels of ROS, ATP, superoxide, NADPH oxidase sub-unit 4 and cytochrome ¢
oxidase sub-unit 1| were not ameliorated. Temsirolimus worsened the status of the
mitochondrial function within the first hours of treatment in control and HGPS cells,
although continued treatment returned the levels of these parameters to those of the
mock-treated counterparts.

By changing the energy source from glucose to galactose, cells are forced to rely on
mitochondrial oxidative phosphorylation to generate energy. In these studies, HGPS
cells were more sensitive to mitochondrial stress as indicated by further reduced ATP
levels and enhanced ROS levels. Temsirolimus did not improve these changes but
rather increased mitochondrial toxicity under galactose growth conditions. Further
studies are needed to elucidate the limitations of the effect of rapamycin on
mitochondrial function, as recently suggested in skeletal muscles from mice treated
with rapamycin.252

HGPS cells accumulate DNA DSBs and progerin is thought to affect the rate of DSB
repair.'®” Despite restoring certain phenotypic effects of the disease, treatment of
HGPS fibroblasts with FTIs does not reduce DNA damage.® Rapamycin treatment was
found to recover DNA damage repair in HGPS fibroblasts, as indicated by higher
53BP1 levels.?"® The expression and organization of the heterochromatin marker
trimethyl-H3K9 was improved by rapamycin in HGPS fibroblasts.?'®> However, other
studies detected a reduced proliferation in HGPS fibroblasts after rapamycin treatment
and no change of DNA damage in mice.'®'28 In this cell-based study, temsirolimus
ameliorated the DNA damage repair, as indicated by reduced DNA damage foci within
a cell. However, the number of cells exhibiting DNA damage was only slightly reduced
after temsirolimus treatment. This limited impact of temsirolimus might be the result of
its limited ability to reduce ROS levels in HGPS cells.
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Recent studies have provided evidence that antioxidant compounds such as the ROS
scavenger N-acetylcysteine (NAC) and sulforaphane appear to restore the
mitochondrial function in HGPS, leading to reduced ROS levels.?%253 Accordingly, DNA
damage was further reduced in HGPS fibroblasts.

In summary, HGPS fibroblasts used in this research phenotypically appear as highly
altered cells with extensive A-type lamins alteration accompanied by nuclear
dysmorphy. The purpose of this research was to test the extent to which temsirolimus
could restore HGPS cellular phenotypic changes and identify the cellular functions that
remained to be improved. In accordance with previous findings for rapamycin, this
study indicates that temsirolimus restores a normal morphological phenotype in HGPS
fibroblasts and improves their growth potency. While temsirolimus activated autophagy
and enhances progerin clearance, it seems to reduce proteasome activity in HGPS
cells. Temsirolimus might only partially ameliorate HGPS proteostasis. During long-
term cultures, temsirolimus treatment appears to elicit cellular adaptation response,
leading to a reduction in its potency to stimulate autophagy and concomitantly inducing
increased proteasome activity. These findings suggest that discontinuous temsirolimus
treatment might need to be considered and further investigated. Because temsirolimus
showed only partial benefits regarding DNA damage and mitochondrial function, these
findings suggest that antioxidant compounds might be required to reverse these
defects in HGPS cells.

Co-expression networks analysis has recently revealed that the divergence of human
and mouse is caused by the most crucial genes of the PI3K signaling pathway, mTOR
and Akt2.235 While humans exhibit 809 mTOR homologs and mouse 782, only 11
genes were found to be co-expressed.?3® For this, the inhibition of MTOR by rapamycin
and its analogs in mouse models could lead to false positive results. It is also
questionable whether the potential benefit of rapamycin and its analogs outweigh the
severe side effects and the minor positive effect on HGPS fibroblasts.

With the emerging and increasing number of candidate compounds for treatment of
HGPS disease, further therapeutic avenues will require finding the appropriate drug
combination and treatment regimens to target the numerous phenotypic hallmarks that

characterize HGPS cells.2%*
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5.7 The combination of SFN with forskolin or Tem induces cell death
of HGPS fibroblasts

As the combination of SFN with FTI had such a positive outcome, the possibility of
other combinations with SFN was tested. For this, SFN was combined with
temsirolimus and forskolin (Appendix 8.4). Thus far, all tested combinations led to
either cell death or meager progerin clearance. These treatments did not induce
synergistic effects on HGPS homeostasis. Under the experimental conditions,
sulforaphane, forskolin, and temsirolimus treatment alone appeared to be more
efficient in correcting the phenotypic changes of HGPS. These experiments further

confirm that novel drug combinations and treatment regimens have to be identified.
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6 Conclusion and Outlook

This study was commissioned to examine the molecular mechanisms triggered by
progerin accumulation in order to target defective signaling pathways with specific
drugs.
The research draws attention to various defective signaling pathways in HGPS,
including protein degradation pathways, Nrf2, AMPK, and mTOR. Identifying defective
signaling pathways has improved the understanding of some molecular mechanisms
underlying the HGPS cellular phenotype, providing specific targets for drug
interventions. The report clearly shows that the most important target is preventing
progerin accumulation by autophagy as this causes defects in the lamina composition
and thereby defects in nuclear function. These findings prompt a variety of
opportunities, starting with research applications that benefit from the approach of 2D-
gelelectrophoresis. This allows the identification of over-accumulated and differentially
expressed proteins in age-related disorders characterized by abnormal protein
accumulations. Subsequently, these proteins could be linked to specific functions that
identify putative defective signaling pathways, offering the opportunity to significantly
simplify the development of new drug targets.
The following novel drugs activated autophagy by targeting the above-mentioned
signaling pathways: 1) Nrf2 signaling by sulforaphane (SFN)

2) AMPK signaling by forskolin (Fors)

3) mTOR signaling by temsirolimus (Tem)
Each drug appears to remedy some aspects of the HGPS cellular phenotype, including
loss of proteostasis, mitochondrial dysfunction, and DNA damage response. As these
drugs target different signaling pathways, this study shows the extent to which
modulation of each signaling can remedy the HGPS cellular phenotype. While SFN
and forskolin ameliorated all tested hallmarks of HGPS, temsirolimus failed to improve
the mitochondrial dysfunction of HGPS. This knowledge offers a treatment effect
mechanism that should be strongly considered in any future clinical trials using these
drugs. In this context, the knowledge of signaling pathways influencing the disease
state is gaining importance. This study emphasizes the analysis of signaling pathways
before using drugs e.g. diseases with a mitochondrial deficiency must avoid the use of
rapalogs or combine them with anti-oxidants to restore mitochondrial function.
Further investigations reveal a potential future therapy for HGPS involving the drug

combination of SFN and FTI, which induced the highest progerin clearance in HGPS.
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These results are the first to show that a combination of two signaling pathways
constitutes a valuable option for treatment of HGPS. This evaluation not only offers an
application sequence of the drugs but also a fast evaluation by screening autophagy
levels, which allows rapid testing of further drug combinations. The new regimen
reflects the importance of signaling pathway analysis given that the additive effect of
two drugs could be cytotoxic.

Several age-related diseases, such as Alzheimer’'s disease and Parkinson’s disease,
share mechanistic links with HGPS in that they lose proteostasis. Consequently,
patients with these diseases could benefit from increased proteostasis levels. With this
study, four therapeutic options to enhance proteostasis have been identified and
several biological parameters established for screening a drugs’ efficacy in vitro.
Moreover, drug combination represents a novel approach to age-related diseases
showing a multimorbid cellular phenotype caused by different defective signaling
pathways.

Nowadays, the trend in clinical projects is towards the use of natural compounds with
low side-effect profiles. While rapalogs and farnesyltransferase inhibitors are
connected to risks such as acute respiratory failure and hypertension, SFN and
forskolin could be used as low-risk therapeutics with a better reversibility of the HGPS
cellular phenotype. In these cases it would be beneficial to analyze whether the

benefits of a drug outweigh its side effects.

This report evaluates defective signaling pathways in HGPS and concludes that
enhanced proteostasis of HGPS can be achieved by activating the protein degradation
pathways by Nrf2, AMPK, and mTOR signaling. All candidate drugs used in this study
have the potential for the use in future clinical trials of HGPS and other age-related
disorders by providing detailed treatment effects.

However, there remain questions concerning how progerin induces these functional
defects. A direct link between progerin and the different functional changes in HGPS
is still missing. Accordingly, future work on identifying possible progerin direct targets

and the link to signaling pathways warrants further investigation.
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8 Appendix

8.1 Tested concentrations of the combination SFN and FTI

SFN and FTI were used to establish a potential future therapy and to investigate the
effect of such a drug combination. For this, it was investigated whether the
simultaneous application of SFN (1 uM) and lonafarnib (FTI, 1.5 yM) could exert a
synergistic effect on HGPS cells.

As shown in a representative Western blot, FTI treatment induced the accumulation of
prelamin A in both control and HGPS cells treated for 4 days (Fig. 105 A, B).
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Figure 105: Western blot analyses of cells treated with vehicle, FTI, SFN or SFN+FTI. Control cells
(left) and HGPS cells (right) were treated daily with the indicated drugs for 4 days (a representative
image is shown, n=4). Blots were probed with prelamin A, lamin A/C, and b-actin antibodies. (B)
Densitometric analyses of lamin A/prelamin A, progerin, and lamin C. Data represent the mean + S.D.

with respect to mock-treated control cells after values were normalized to b-actin (*p < 0.05; n=4).
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Prelamin A was barely detectable in either mock-treated or SFN-treated cells. The total
lamin A and lamin C level was not changed significantly after SFN or FTI treatment in
control or HGPS cells. Progerin levels were significantly reduced in HGPS cells treated
with SFN for a period of 4 days. FTI treatment in combination with SFN did not lead to
a reduction in progerin levels.

To further assess the effect of FTI £+ SFN on the nuclear morphology,
immunohistochemical analyses were performed with anti-prelamin A and anti-progerin
antibodies (Fig. 106 A, B).

(A) Progerin Prelamin A Merge/Dapi

(B) Progerin Prelamin A

FTl-treated
HGPS d9

Figure 106: The localization of progerin and prelamin A in HGPS cells. (A) HGPS cells were mock-
treated, treated with 1.5 uM FTI, 1 uM SFN or treated with a combination of 1.5 yM FTl and 1 uM SFN
daily for 4 days. The merged images correspond to progerin, prelamin A and Dapi signals. The arrows
indicate donut-shaped nuclei. Scale bar: 10 yM. (B) High magnification images of donut-shaped nuclei
in HGPS cells treated with 1.5 uM FTI for 9 days. The cells were stained as indicated (n=3). Scale bar:
10 um.
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After 4 days of treatment, prelamin A was detected in FTl-treated cells only (Fig. 106
A). Progerin was detected in FTI- or FTI+SFN-treated cells as large aggregates within
the nucleoplasm. The frequency of progerin-positive nuclei in these cells were similar
to those observed in mock-treated HGPS cells. In the presence of FTI or FTI+SFN,
HGPS nuclei exhibit a more ovoid nuclear shape. However, a significant number of
cells harbored donut-shaped nuclei after 4 days of FTI treatment, as reported
previously.'?2% The average frequency of donut-shaped nuclei was 7% on day 4 of
FTI treatment and had increased to approximately 35% by day 9. Moreover, after 9
days of FTl or FTI+SFN treatment, the frequencies of donut-shaped nuclei were similar
and 75% of these nuclei were binucleated (Fig. 106 B). These nuclear alterations were
not observed in mock- or SFN-treated cells. Suspecting that these nuclear alterations
would affect the cellular growth, the proliferative properties of cells after treatment with

both drugs was investigated (Fig. 107).
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Figure 107: Cell proliferation of fibroblasts treated with the vehicle, FTI, SFN and FTI+SFN.

Population doubling levels were calculated as stated in the Materials and Methods relative to mock-
treated counterparts. Control and HGPS cells were mock-treated (vehicle DMSO) or treated daily with
1.5uM FTI, 1 yM SFN, and 1.5 uM FTI+ 1 yM SFN for a period of 3 or 9 days (*p < 0.05; n=4).

While SFN treatment increased the growth potential of control and HGPS cells, FTI
treatment with or without SFN reduced the growth rate of both cells.
To further validate the non-synergistic effect of SFN in combination with FTI, the levels

of autophagy and proteasome activity were investigated (Fig. 108 A, B).
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Figure 108: Alterations of the protein degradation after treatment with SFN, FTI or SFN+FTI. (A)
Proteasome activity was determined by measuring chymotrypsin-like proteasome activity in 4 control
and 4 HGPS cells using Suc-LLVY-AMC as a substrate. The percentage of activity was calculated
relative to mock-treated cells. Data are presented as the mean + S.D. (*p < 0.05; n=4). (B) The same
cells and culture condition as in (A) were used to determine autophagy activity by measuring
monodansylcadaverine (MDC) levels with fluorescence photometry, as indicated in the Methods. Data

are expressed as the mean = S.D. relative to mock-treated control cells (*p < 0.05; n=4).

As observed, SFN alone increased the proteasome activity of control and HGPS cells

(Fig. 108 A) as well as the autophagy levels after 3 days and even more after 9 days
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of treatment (Fig. 108 B). FTI was observed to decrease the proteasomal activity but
enhances the autophagy levels after the indicated period of time. SFN in combination
with FTI exhibit no synergistic effect. The proteasomal activity and autophagy activity
were not as high as with SFN alone.

Collectively, these findings indicate that FTI induced cell cycle arrest and early cell
death.?

FTI in combination with SFN exhibit no synergistic effect when applied at a
concentration of 1.5 yM and 1.0 uM, respectively. For this, different concentration of
FTI1 (0.5 uM, 1.0 pM) in combination with SFN (1.0 uM) were tested to investigate a
positive effect.

First, the cellular growth of control and HGPS cells mock-treated or treated with the

indicated drugs was investigated (Fig. 109 A, B).

(A)

3.0 1

2.9 4

2.0 4

Population doublings
.

FT10.5

SFN SEN | [FT11.5 | SEN

0.0

Control

- 234 -



Appendix

(B)
3.0 -
2] _
o 25
E
— *
-ﬂ _ _
S 20 i
o
C 15 *
° 151
0 1 T
= HE
5 1.0 ~
S
a 05 ET10.5
Mock| | SFN SEN | ETI1.0
0.0 !
HGPS

Figure 109: Cell proliferation of fibroblasts treated with the vehicle, SFN, FTI and FTI+SFN.
Population doubling levels were calculated as stated in the Materials and Methods for control (A) and
HGPS (B) cells that were mock-treated (vehicle DMSO) or treated daily with 1 yM SFN, 0.5 yM FTI, 1.0
MM FTI, 1.5 pM FTI, 1.0 yM SFN+0.5 uyM FTI, 1.0 yM SFN+1.0 uM FTI, and 1.0 yM SFN+ 1.5 uM FTI

for a period of 4 days. Data are expressed as the mean = S.D. (*p < 0.05; n=4).

While SFN-treated control and HGPS cells exhibit higher proliferation rates than mock-
treated cells, FTl-treated cells show lower proliferation rates even at 0.5 uM. The
proliferation rate was further reduced after treatment with the combinations of SFN and
FTI.

Same samples as used for proliferation analysis were used for Western blot. A

representative image is shown (Fig. 110).
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Figure 110: Western blot of HGPS cells treated with vehicle, SFN (S), FTI (F) or SFN+FTI. Cells
were treated daily with the indicated drugs for 4 days (a representative image is shown). Blots were
probed with lamin A/C and b-actin antibodies. (B) The ratios of lamin A, progerin, and lamin C were
determined of HGPS cells within each sample analyzed by Western blot with anti-lamin A/C antibody in

panel (A). Levels are presented as the ratios.

FTI treatment induced the accumulation of prelamin A in HGPS cells after treatment of
4 days. Even the lowest concentration of 0.5 uM FTI induced prelamin A expression.
Prelamin A was barely detectable in either mock-treated or SFN-treated cells. The total
lamin A and lamin C level was not changed significantly after SFN or FTI treatment in
control or HGPS cells. Progerin levels were significantly reduced in HGPS cells treated
with SFN for a period of 4 days. FTI treatment and FTI in combination with SFN did not
lead to a reduction in progerin levels.

As all combinations of FTI and SFN resulted in cell death and no progerin clearance,
the concentration of both drugs were lowered to have a less cytotoxic effect. FT| and
SFN were applied at a concentration of 0.25 uM as single treatment or in combination
for 9 days. The effect of the treatment was investigated by Western blot (Fig. 111 A, B)
and by analysis of the proliferation rate (Fig. 112).
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(B) The ratios of lamin A, progerin, and lamin C were determined of control cells (upper panel) and

HGPS cells (lower panel) within each sample analyzed by Western blot with anti-lamin A/C antibody in
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Figure 111: Western blot analyses of FTl and SFN at lower concentrations. Control and HGPS cells
mock-treated or treated with 0.25 yM SFN, 0.25 yM FTI, and their combination for a period of 9 days
were used for probing with antibodies against lamin A/C and b-Actin. Representative image is shown.
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panel (A). Levels are presented as the ratios relative to mock-treated control cells.
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Figure 112: Population doublings of SFN/FTI in combination at low concentrations. Control and
HGPS fibroblasts mock-treated or treated with 0.25 uM SFN, 0.25 yM FTI, and their combination for a
period of 9 days were used to calculate the population doublings as stated in Material and Methods

relative to mock-treated counterparts (*p < 0.05, n=3).

Even at these low concentrations only the SFN single treatment showed beneficial
effects in proliferation and progerin clearance of HGPS fibroblasts. This strategy of

combining FTl and SFN and apply them at the same time for drug treatment failed.

8.2 Cycle treatment of 1 day 0.06 uM FTI and 2 days 1.0 uM SFN

In the following, data are only presented (Fig. 113-121) as the results were discussed

in the main text (Chapter 4.3) according to the experiments.

- 238 -



Appendix

8.2.1 Analysis of the effect of cycle treatment on HGPS proteostasis
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Figure 113: Different cycle length of SFN/FTI are not as effective as single SFN treatment.

(A, G, and M) Population doublings were calculated as stated in Materials and Methods for control and HGPS fibroblasts after the indicated cycles. Cells were
mock-treated (vehicle DMSO) or treated with 1d 0.06 yuM FT1/2d 1 uM SFN treatment (corresponds to 1 cycle). Single treatment of 0.06 uM FTl and 1 uM SFN for

the corresponding time duration (3 days, 9 days, and 18 days) was carried along for comparison reasons (n=5). (B, H, and N) Same cells and culture conditions as

above were used to measure the autophagy activity. Data are expressed as the mean + S.D. relative to mock-treated control (*p < 0.05; n=5).
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Figure 114: Different cycle length of SFN/FTI are not as effective as single SFN treatment (part 2).

(C, I, and O) Representative Western blots of A-type lamins in control and HGPS fibroblasts. Cells were treated in cycles where 1 cycle represents 1 day 0.06 uM
FTI treatment followed by 2 days of 1 uM SFN. Blots were probed with prelamin A, lamin a/c, HDJ-2, and b-actin antibodies (n=4). Numbers above prelamin A and

HDJ-2 bands indicate the fold-change of these proteins relative to their mock-treated counterparts. (D, J, and P) The ratios of A-type lamins were determined within

each sample (*p < 0.05; n=4) analyzed by Western blot with lamin A/C antibody in panel (C, I, and O).
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Figure 115: Different cycle length of SFN/FTI are not as effective as single SFN treatment (part 3).

(E, K, and Q) Cellular ATP levels of control and HGPS cells mock-treated or treated as described in (A) were measured using a CellTiter Glo assay as described
in the Methods. Data represents the mean percentage + S.D. relative to mock-treated control cells (*p < 0.05; n=5). (F, L, and R) Intracellular ROS levels of mock-
treated and FTI-, SFN-, and 1d FTI/2d SFN-treated control and HGPS cells were determined by measuring oxidized dichlorofluorescein (DCF) levels as described

in the Methods. Data represents the mean percentage + S.D. relative to mock-treated control (*p < 0.05; n=5).
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8.2.2 Analysis of the effect of cycle treatment on HGPS nuclear shape and prelamin A

(A) GMO3349C HGDAFN127
Lamin A Progerin Merge/Dapi Lamin A Progerin

Merge/Dapi

FTI SFN Mock

SFN/FTI

Figure 116: A different cycle length of SFN/FTI reverses the nuclear shape alterations but shows prelamin A accumulation.

(A) Immunochemistry was performed of control (GMO3349C) and HGPS (HGADFN127) fibroblast after 3 cycles of 1 day 0.06 uM FTI and 2 days 1 yM SFN
treatment using antibodies directed against indicated proteins (lamin A and progerin). Single treatment of 0.06 yM FTI and 1 uM SFN for 9 days was carried along

for comparison reasons. Cells were treated daily with fresh medium. Representative images are shown (n=4). Scale-bar: 20 ym.
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Figure 117: A different cycle length of SFN/FTI reverses the nuclear shape alterations but shows prelamin A accumulation (part 2).
(B) Immunochemistry was performed of the same cells as in (A). Antibodies directed against indicated proteins were used (lamin B1 and progerin). Representative
images are shown (n=4) Scale bar: 20 ym.
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Figure 118: A different cycle length of SFN/FTI reverses the nuclear shape alterations but shows prelamin A accumulation (part 3).

(C) Immunochemistry was performed of the same cells as in (A). Antibody directed against prelamin A was used. Representative images are shown (n=4). Scale
bar: 20 ym. (D) Same cells and conditions as in (A) were used to analyze donut-shaped nuclei by direct counts of lamin A-stained nuclei. An average of 1000 nuclei
were counted. Upper panel shows donut-shaped nuclei. Lower panel shows the quantification of donut-shaped nuclei relative to mock-treated control. Data are
presented as the mean £ S.D. (*p < 0.05; n=3).
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8.2.3 Analysis of the effect of cycle treatment on HGPS DNA damage and repair

(A) GMO3349C HGDAFN127
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Figure 119: DNA damage reduction is not as effective SFN single treatment when applying a different cycle length of SFN/FTI.

(A) Immunochemistry was performed of control (GMO3349C) and HGPS (HGADFNOO3) fibroblast mock-treated or treated for 2 cycles with 1 day 0.06 uM FTI
followed by 2 days 1 yM SFN. Single treatment of 0.06 yM FTIl and 1 yM SFN for 9 days was carried along for comparison reasons. Cells were treated daily with
fresh medium. Antibodies directed against H2A.X and 53BP1 were used. Representative images are shown (n=4). Scale-bar: 20 ym.
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(B) GMO3349C HGDAFN127

H2A.X Rad51 Merge/Dapi H2A.X Rad51 Merge/Dapi

FTI SFN Mock

SFEN/FTI

Figure 120: DNA damage reduction is not as effective SFN single treatment when applying a different cycle length of SFN/FTI (part 2).

(B) Same cells and conditions as in (A) were used to perform immunochemistry using antibodies directed against H2A.X and Rad51. Representative images are

shown (n=4). Scale-bar: 20 pm.
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Figure 121: DNA damage reduction is not as effective SFN single treatment when applying a different cycle length of SFN/FTI (part 3).
(C) Same cells and conditions as in (A) were used to analyze DNA damage by direct counts of H2A.X-stained nuclei. An average of 1000 nuclei were counted.
Quantification of DNA damage levels are relative to mock-treated control. Data are presented as the mean + S.D. (*p < 0.05; n=3).
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8.3 The effect of 1 yM SFN on mouse fibroblasts with Lmna®609¢/G609G

mutation

First, SFN was applied at a concentration of 1 uM to mouse fibroblasts harboring a
homozygous mutation (G609G, Gd/d) and to control mouse fibroblasts (G+/+).
Proliferation rates (Fig. 122 A, B) as well as protein degradation activation, progerin

clearance, and mitochondrial function were investigated after the indicated time points.
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Figure 122: CPD of mouse fibroblasts mock-treated or treated with 1 pM SFN. Cumulative
population doublings were calculated as stated in Materials and Methods for control (G+/+, A) and HGPS
(Gd/d, B) mouse fibroblasts after the passage numbers. Cells were either mock-treated (vehicle DMSO)
or treated with 1 yM SFN.
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SFN induced a sustained growth of both control and HGPS mouse fibroblasts
compared to mock-treated cells. However, the increased proliferation rate of SFN-
treated cells was not significant.

The analysis of the two protein degradation pathways, proteasome and autophagy,
revealed a significant increase after 9 days of SFN treatment of HGPS mouse
fibroblasts compared to mock-treated counterpart (Fig. 123 A, B). In control mouse
fibroblasts, proteasome was significantly increased after 50 days of SFN treatment and

autophagy levels were significantly increased after 41 days of SFN.
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Figure 123: Activation of protein degradation pathways of mouse fibroblasts mock-treated or
treated with 1 yM SFN. (A) Proteasomal activity and (B) Autophagy activity of control (G+/+) and HGPS
(Gd/d) mock-treated or SFN-treated was measured as stated in Material and Methods. Data are

presented as the mean + S.D. relative to mock-treated control cells (*p < 0.05; n=3).
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The higher levels of the protein degradation pathways led to a decrease of progerin by
24 % (Fig. 124 A, B). While lamin A levels were increased, lamin C levels were

maintained after treatment with SFN.
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Figure 124: Western blot of mouse fibroblasts mock-treated or treated with 1 yM SFN. (A)

Representative Western blot of control (G+/+) and HGPS (Gd/d) mock-treated or treated with 1 yM SFN
at the indicated time. Antibodies against lamin A/C and b-Actin were used (n=2). (B) Quantification of

the ratios of A-type lamins. Data are presented as the mean £ S.D. (n=2).

Reactive oxygen species levels and intracellular ATP levels were also found to be
improved by 1 yM SFN (Fig. 125 A, B). Control and HGPS mouse fibroblasts showed
significantly reduced ROS levels after 9 days of SFN treatment. ATP levels were
significantly increased after 41 days of SFN treatment. The improvements of ROS and

ATP levels were sustained during the long-term treatment of SFN.
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Figure 125: Mitochondrial function of mouse fibroblasts treated with 1 yM SFN. (A) Reactive
oxygen species (ROS) levels of control (G+/+) and HGPS (Gd/d) mock-treated or treated with 1 yM SFN
at the indicated time were measured as stated in Material and Methods. Data are presents as the mean
percentage + S.D. (*p < 0.05; n=2). (B) Intracellular ATP levels were determined of the same cells as in

SFN9d SFN40d SFN61d

(A). Data are presents as the mean £ S.D. (*p < 0.05; n=2).

Immunofluorescence analysis were performed to investigate the distribution and

expression of nuclear envelope proteins and the DNA damage marker yH2A.X (Fig.

126 A-D).
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Figure 126: Immunochemistry of mouse fibroblasts after 1 pM SFN. (A) Immunochemistry was
performed of the control mouse fibroblasts (G+/+) and HGPS mouse fibroblasts (Gd/d). Human control
and HGPS fibroblasts were carried along for comparison reasons. Antibodies directed against indicated
proteins were used (lamin A/C, NUP414). Representative images are shown (n=4) Scale bar: 20 ym.
(B, C, and D) same cells as in (A) were used to stain with antibodies directed against lamin A, progerin,
and yH2A.X (n=4).
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The same results as for the SFN treatment described in Chapter 4.4 was observed
with 1 uM SFN. Briefly, SFN treatment did not alter the distribution of lamin A/C and
the nuclear pores in control cells of human and mouse (Fig. 126 A). In human HGPS
and mouse fibroblasts, 1 yM SFN increased the expression of lamin A/C nuclear shape
abnormalities were further decreased. The distribution and expression of the nuclear
pores were normalized and showed rim-like staining after 41 days.

Staining of lamin A and progerin revealed weaker staining of lamin A in control mouse
fibroblasts than in control human fibroblasts (Fig. 126 B, C). Progerin was not detected
in both cell lines. After SFN treatment, lamin A levels were increased. Human and
mouse HGPS fibroblasts showed progerin accumulation in the most nuclei and lamin
A expression was weaker compared to human control cells. Moreover, lamin A was
barely detectable in mouse HGPS fibroblasts due to the homozygous mutation. SFN
treatment reduced the number of progerin-positive cells and increased the intensity of
lamin A.

Next, staining with the DNA damage marker yH2A.X revealed that human and mouse
HGPS fibroblasts exhibit elevated levels of DNA DSBs compared to their control
counterparts (Fig. 126 D). SFN treatment reduced the levels of DNA damage after 21
days of treatment of human and mouse HGPS fibroblasts.

Finally, mouse fibroblasts and human fibroblasts were compared by Western blot
analysis to evaluate potential differences according to their lamin A/C expression (Fig.
127 A-C).

(A) GMO HGAD G+/+ G+/+ Gd/d Gd/d
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S— —  —
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Figure 127: Western blot analysis of human and mouse fibroblasts. (A) Representative Western
blot of human control (GMO3349C), human HGPS (HGADFNO003), mouse control (G+/+), SFN-treated
mouse control (G+/+ SFN), mouse HGPS (Gd/d), and SFN-treated mouse HGPS (Gd/d SFN)
fibroblasts. Antibodies against lamin A/C and b-Actin were used (n=2). (B) Analysis of the fold-change

of lamin A, progerin, and lamin C levels relative to human control (GMO3349C) and normalized to b-
Actin. Same cells as in (A) were used. Data are presents as the fold-change + S.D. (n=2). (C) Same

cells as in (A) were used to quantify the ratios of the A-type lamins (n=2).
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As indicated by Western blot, the expression levels of lamin A, progerin, and lamin C
vary between human fibroblasts and mouse fibroblasts. While the fold-change of lamin
C were only reduced by 10 % in mouse fibroblasts compared to human fibroblasts,
lamin A levels were found to be reduced by approximately 40 % in mouse fibroblasts.
Protein ratio analysis revealed that progerin levels were 19 % higher in mouse HGPS
fibroblasts compared to human HGPS fibroblasts. Levels of lamin A were reduced in
mouse HGPS fibroblasts by 25-36 % compared to human fibroblasts. Ratios of control
mouse fibroblasts were found to be similar as human control fibroblasts.

In sum, mouse fibroblasts have in general a lower expression of A-type lamins. The
ratios of A-type lamins in control mouse fibroblasts were similar as in human controls
while the ratios of mouse HGPS fibroblasts exhibited lower lamin A and higher progerin

levels.

8.4 SFN in combination with forskolin or Tem

8.4.1 SFN/Tem and SFN/forskolin have no synergistic effects on HGPS cells

In this study, SFN, Fors, and Tem were found to reduce the cellular toxicity of progerin
accumulation in HGPS cells by enhancing the activity of the major protein degradation
pathways. For this, it was investigated whether Fors or Tem in combination with SFN
could exert a synergistic effect to further ameliorate the HGPS cellular phenotype as
these drugs target different signaling pathways. Control and HGPS cells were treated
either separately with Fors, Tem, and SFN or with Fors/SFN and Tem/SFN for 9 days.
To investigate the effects of forskolin or Tem with SFN on the status of A-type lamins,

Western blot analyses of total cellular extracts were performed (Fig. 128 A, B).
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Figure 128: Western blot analyses of SFN/Tem- and SFN/Fors-treated fibroblast cultures. (A)
Representative Western blot image of A-type lamins in control and HGPS cells that were mock-treated,
SFN/Tem-treated or SFN/Fors-treated for 9 days (n=3). Blots were probed with lamin A/C, and b-actin
antibodies. (B) Densitometric analyses of lamin A, progerin, and lamin C signals. Data represent the
mean * S.D. with respect to mock-treated control cells after values were normalized to b-actin signal (*p
< 0.05; n=3).

Total lamin A and lamin C levels remained unchanged after drug treatment in control
and HGPS cells. Progerin levels were slightly reduced in HGPS cells treated with
SFN/Fors. The combination SFN/Tem showed no amelioration of progerin levels.
These data indicate that a combination of these drugs are not beneficial.

To analyze the effects of forskolin or Tem in combination with SFN on the nuclear
morphology of HGPS cells, immunohistochemistry with anti-lamin A/C, anti-lamin B1,

and anti-progerin were performed (Fig. 129).
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Figure 129: Imnmunofluorescence of the combination of Tem/SFN or Fors/SFN. Immunochemistry
using antibodies directed against lamin A/C, progerin, and lamin B1 was performed on control
(GMO3349C) and HGPS (HGADFNO0O03) cells mock-treated or treated with SFN/Tem (A, S/T) or

Lamin A/C

Lamin B1

Lamin B1

SFN/Fors (B, S/F) for 9 days (n=2). Scale bar: 10 um.

Control and HGPS cells were treated with 2.5 yM forskolin or 1 yM Tem daily as
described previously in combination with 1 uM SFN and fixed after 9 days of treatment.
Forskolin or Tem with SFN did not affect the progerin localization in general. The total
progerin signals and the frequencies of progerin-positive nuclei were not significantly
reduced compared to mock-treated HGPS cells. Nevertheless, a combination of the

compounds led to a more ovoid and regular nuclear shape of the HGPS nuclei (Fig.

130).
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Figure 130: Dysmorphic nuclei after treatment with or without SFN/Tem or SFN/Fors. Frequency
of misshapen nuclei (dysmorphic) in 3 control and 3 HGPS fibroblast lines after 4 or 9 days of treatment
with either the vehicle or 1 yM SFN/1 pM Tem or 1 yM SFN/2.5 yM Fors. The bars indicate the mean
frequency of misshapen nuclei. An average of 800 nuclei were examined for each control and HGPS

cell lines and treatment. Data are presented as the mean = S.D. (*p < 0.05; n=3).

To further investigate the limited rescue of progerin clearance by forskolin or Tem with
SFN, the proteasome activity of control and HGPS cells after 9 days treatment was
determined (Fig. 131).
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Figure 131: Proteasomal activity of cultures after 9 days of SFN/Tem or SFN/Fors treatment.
Proteasome activity was determined by measuring chymotrypsin-like proteasome activity in control
(GM0O3349C, GM0O1582B, GMO1651C, and GMO8398A) and HGPS (HGADFN127, HGADFNOO3,
HGADFN164, and HGADFN155) fibroblasts using Suc-LLVY-AMC as a substrate. Cells were either
mock-treated or treated daily with S/T or S/F for a period of 9 days. The percentage of activity was

calculated relative to the mock-treated cells. Data are expressed as the mean + S.D. (*p < 0.05; n=4).

In accordance to Figure 80, Temsirolimus without or with SFN induced a significant
decrease in the proteasomal activity in control and HGPS cells. On contrary to
Forskolin and SFN single treatment (Fig. 18, 57), forskolin with SFN had no beneficial
effect on the proteasomal activity. Moreover, the positive effect of the drug
combinations on autophagy was not superior to treatment with either drug alone (Fig.
132).
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Figure 132: Autophagy levels after 3 and 9 days of SFN/Tem or SFN/Fors treatment. Autophagy

was determined in control and HGPS fibroblasts by measuring monodansylcadaverine (MDC) levels
with fluorescence photometry. Cells were either mock-treated or treated daily with S/T (SFN/Tem) or S/F
(SFN/Fors) for a period of 9 days. The percentage of activity was calculated relative to the mock-treated

cells. Data are expressed as the mean + S.D. (*p < 0.05; n=4).

To dissect why the drug combinations were not synergistically beneficial to control and
HGPS cells, the growth properties of the cells after treatment with Forskolin or Tem
with SFN were investigated. While forskolin, Tem, and SFN single treatment improved
the growth rate of control and HGPS cells, the combination of SFN with forskolin or
Tem induced a decrease in the growth potency of control and HGPS cells after 9 days
(Fig. 133).
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Figure 133: Cell proliferation of cells treated with and without SFN/Tem or SFN/Fors. Population
doubling levels were calculated as stated in the Materials and Methods for control and HGPS cells that
were mock-treated (vehicle DMSO) or treated daily with 1.0 yM Tem/1 uM SFN or 2.5 uyM Fors/1 uM
SFN for a period of 9 days. Data are expressed as the mean £ S.D. relative to mock-treated counterparts
(*p = 0.05; n=3).

Treatment with a combination of the drugs resulted in a reduction of cell growth in both
cell types.

Collectively, these findings indicate that a combination of the drugs with the tested
concentrations have no beneficial effect for HGPS cells. Hence, by applying a
combination of the drugs the concentrations at which they have a synergistic effect
have to be determined. For this, the concentration of single drug treatments at which
autophagy levels are still increased were tested. Forskolin were chosen for further
investigation with SFN as Fors activating both proteasome and autophagy. In contrast,
Tem enhances Autophagy levels but decreases proteasome level to an extent that is

lower as mock-treated cells.
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8.4.2 Forskolin in combination with SFN at lower concentrations

To further asses a working concentration for the combination of forskolin (Fors) with
SFN, different concentrations of these two drugs were tested. Forskolin and SFN were
applied as a single treatment for three days in order to assess high levels of autophagy
(Fig. 134 A, B).
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Figure 134: Autophagy levels of different SFN and forskolin concentrations. Autophagy was
determined in control and HGPS fibroblasts by measuring monodansylcadaverine (MDC) levels with
fluorescence photometry. Cells were either mock-treated or treated daily with different concentrations of
SFN (A) and forskolin (B) for 3 days. The percentage of activity was calculated relative to the mock-

treated control. Data are expressed as the mean + S.D. (*p < 0.05; n=4).
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Control and HGPS cells show a significant increase of autophagy levels even a
concentration of 0.0625 uM SFN. However, autophagy levels were more boosted at a
concentration of 0.25 yM SFN. The highest levels if autophagy were reached at 1.0
MM SFN. The same effect was found for forskolin. Autophagy levels were significantly
increased at very low concentrations of forskolin and were boosted more at 0.5 yM
Forskolin. The highest levels of autophagy were reached after 2.5 yM forskolin
treatment.

All tested combination of forskolin and SFN led either to cell death or showed no
amelioration when compared to single treatments. For this, the data is only presented
in the following without any further comment.

Control and HGPS fibroblasts were treated with 0.25 yM SFN, 0.5 uM forskolin or a
combination of both. After 9 days of treatment proliferation rate, autophagy levels,
proteasome activity, and the status of the A-type lamins was investigated (Fig. 135 A-
D).

=

) 120 -
0._‘
"E%mo . :
e £ s X

*

58 80 : | T
s 1
%-8 60 -
25

|
< T 40 -
28
% £ 20 -
- 8 0 Fors | | S/F Mock I 1S SIF

I 1
Control HGPS

- 264 -



Appendix

=

Proteasomal activity relative
to mock-treated control [%]

(€)

—h
[\
o

—h
o
o

3

60

40

20

o

Lamin A
Progerin
Lamin G

b-Actin

* *
*
Fors | | S/F Mock]
Control HGPS
GMO3349C HGADFN164

Mock SFN Fors S/F Mock SFN Fors S/F

TS e e — — — — —
T e —— — A —

--------

- 265 -

k3




Appendix

(D)
mlLamin C OProgerin OLamin A

o 120 -
=
£ 100 -
=

Q
%E 80 - 13.27 17.78 50.29 19.05
] 71.84 71.67  [1.03
< O 60 - 75.62
53
2 N 40 pasd P12  p12d  p1.59
= ®
®E 20 - -
c O 03 55, 2 | 63 711 P8 .4
=
2 =] 0 .
s Mock‘ SFN ‘ Fors ‘ SIF Mock‘ SFN ‘ Fors ‘ SIF

Control HGPS

Figure 135: Analysis of the combination of 0.25 yM SFN and 0.5 pM forskolin. (A) Population
doubling levels were calculated as stated in the Materials and Methods for control and HGPS cells that
were mock-treated (vehicle DMSO) or treated daily with 0.5 yM Fors and 0.25 yM SFN for a period of 9
days. Single treatments were carried along. Data are expressed as the mean + S.D. (*p < 0.05; n=3).
(B) Same cells as in (A) were used to measure autophagy activity. The percentage of activity was
calculated relative to the mock-treated control. Data are expressed as the mean £ S.D. (*p < 0.05; n=4).
(C) Proteasome activity was determined by measuring chymotrypsin-like proteasome activity of the
same cells as in (A using Suc-LLVY-AMC as a substrate. The percentage of activity was calculated
relative to the mock-treated cells. Data are presented as the mean + S.D. (*p < 0.05; n=4). (D)
Representative Western blot image of A-type lamins in control and HGPS cells treated as in (A). Blots
were probed with lamin A/C, and b-actin antibodies (n=3). (B) Densitometric analyses of lamin A,
progerin, and lamin C signals. Data represent the mean + S.D. with respect to mock-treated control cells

after values were normalized to b-actin signal (*p < 0.05; n=3).

As the combination showed no amelioration of the cellular phenotype of HGPS, the
concentration of forskolin was raised as it exhibit less cytotoxicity as SFN.

Control and HGPS fibroblasts were treated with 0.25 yM SFN, 1 uM forskolin or a
combination of both. After 9 days of treatment proliferation rate, autophagy levels, and

the status of the A-type lamins was investigated (Fig. 136 A-D).
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Figure 136: Analysis of the combination of 0.25 uM SFN and 1 uM forskolin. (A) Population doubling
levels were calculated as stated in the Materials and Methods for control and HGPS cells that were
mock-treated (vehicle DMSO) or treated daily with 1 uM Fors and 0.25 yM SFN for a period of 9 days.
Single treatment were carried along. Data are expressed as the mean £ S.D. (*p < 0.05; n=2). (B) Same
cells as in (A) were used to measure autophagy activity. The percentage of activity was calculated
relative to the mock-treated control. Data are expressed as the mean + S.D. (*p < 0.05; n=2). (C)
Representative Western blot image of A-type lamins in control and HGPS cells treated as in (A) (n=2).
Blots were probed with lamin A/C, and b-actin antibodies. (D) Densitometric analyses of lamin A,
progerin, and lamin C signals. Data represent the mean + S.D. with respect to mock-treated control cells

after values were normalized to b-actin signal (*p < 0.05; n=2).

The combination of 0.25 yM SFN and 1 uM forskolin showed no increased progerin
clearance compared to the single treatments. Furthermore, this combination induced
cell death in control and HGPS cells.

Another combination that was testes were 0.25 yM SFN and 1.5 uM forskolin.
Population doublings, autophagy, and the ratios of the A-type lamins were analyzed

and compared to the mock-treated cells and single treatments (Fig. 137 A-D).
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Figure 137: Analysis of the combination of 0.25 yM SFN and 1.5 pM forskolin. (A) Population
doubling levels were calculated as stated in the Materials and Methods for control and HGPS cells that
were mock-treated (vehicle DMSO) or treated daily with 1 uM Fors and 0.25 yM SFN for a period of 9
days. Single treatment were carried along. Data are expressed as the mean + S.D. relative to mock-
treated counterparts (*p < 0.05; n=2). (B) Same cells as in (A) were used to measure autophagy activity.
The percentage of activity was calculated relative to the mock-treated control. Data are expressed as
the mean £ S.D. (*p < 0.05; n=2). (C) Representative Western blot image of A-type lamins in control and
HGPS cells treated as in (A) (n=2). Blots were probed with lamin A/C, and b-actin antibodies. (D)
Densitometric analyses of lamin A, progerin, and lamin C signals. Data represent the mean + S.D. with

respect to mock-treated control cells after values were normalized to b-actin signal (*p < 0.05; n=2).

The combination of 0.25 yM SFN and 1.5 yM forskolin showed no increased progerin
clearance compared to the single treatments. The combination enhances autophagy
levels over the emending limit. Excessive autophagy levels lead to increased cell

death, which probably explains the minor cell growth within the treatment.
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