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Abstract

Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare genetic disorder causing
premature aging in children. Affected individuals die at an average age of 14 years old
due to cardiovascular diseases or stroke. Patients suffering from HGPS manifest several
symptoms of normal aging including lipodystrophy or the loss of subcutaneous fat.
Accumulation of progerin inside cells of HGPS patients has shown to cause premature
senescence and inflammation. To determine whether this premature senescence is
causing adipogenic depletion in HGPS patients, we induced the differentiation of skin-
derived precursor stem cells (SKPs) from both healthy and HGPS fibroblast cultures into
adipocytes. For each condition, two different cultures were used, low senescence cultures
with 5% senescence and high senescence cultures with 30% senescence. Our results
show that increased senescence in the original fibroblast culture reduced the SKP yield

in both control and HGPS SKPs compared to the low senescence fibroblast cultures.

In addition, the differentiation capability of the SKPs was significantly lower when starting
from 30% senescence cultures compared to the 5% senescence cultures in control and
HGPS. Staining the differentiated adipocytes with Oil Red O (ORO), a specific neutral
lipid marker, showed that the size of the lipid droplets was smaller in adipocytes obtained
from old senescence SKPs compared to the lipid droplets obtained from low senescence

SKPs in both control and disease state.

Assessing the level of senescence after 4 days of SKP culture showed that the HGPS
SKPs accumulated senescence faster compared to control SKPs, when starting with

fibroblast cultures of the same senescence percentage (either 5% or 15% senescence).



This was proven by the senescence-associated beta-galactosidase (SA-B-gal) assay and
confirmed with the count of three different senescence markers: p21, p16'Nk4 and IL-8.
The dissociated HGPS SKPs expressed a higher level of the previously mentioned

markers compared to the dissociated control SKPs.

Treating the spheroids and the differentiated adipocytes with Baricitinib, a JAK-STAT
inhibitor, ameliorated the adipogenic differentiation in HGPS SKPs. The overall
expression of the lipid marker, Bodipy, was significantly higher in differentiated HGPS

adipocytes treated with Baricitinib compared to their non-treated counterparts.

The expression of two well-characterized markers of adipogenesis: FABP4 (Fatty Acid
Binding Protein 4) and PPARy (Peroxisome proliferator-activated receptor gamma)
proved that more cells were committed to the adipogenesis lineage in control compared
to HGPS SKPs. PPARy and FABP4 levels were significantly higher in control
differentiated adipocytes compared to HGPS differentiated adipocytes respectively on

day 7 and 14 of adipogenic differentiation.

We also proved by double staining that HGPS fibroblasts expressing high progerin signal
were not capable of differentiating into adipocytes (shown by low or absence of Bodipy
expression), and that these cells expressed high IL-8 signal indicating that they might be

senescent.

Our data suggest that the premature senescence and chronic inflammation observed in
HGPS cultures could be the reason behind the impaired adipogenesis observed in the

patients.



Zusammenfassung

Das Hutchinson-Gilford Progeria Syndrom (HGPS) ist eine seltene genetische Stérung,
die bei Kindern zu vorzeitiger Alterung flhrt. Betroffene sterben im Durchschnitt im Alter
von 14 Jahren an Herz-Kreislauf-Erkrankungen oder Schlaganféllen. Patienten, die an
HGPS leiden, zeigen mehrere Symptome des normalen Alterns, einschlie3lich
Lipodystrophie oder Verlust von subkutanem Fett. Es hat sich gezeigt, dass die
Akkumulation von Progerin in den Zellen von HGPS-Patienten zu vorzeitiger Alterung und
Entzindung fuhrt. Um festzustellen, ob diese vorzeitige Seneszenz bei HGPS-Patienten
zu einer adipogenen Depletion fuhrt, haben wir die Differenzierung von aus der Haut
stammenden Vorlauferstammzellen (SKPs) sowohl aus gesunden als auch aus HGPS-
Fibroblastenkulturen in Adipozyten induziert. Fur jede Bedingung wurden zwei
verschiedene Kulturen verwendet, Kulturen mit niedriger Seneszenz mit 5 % Seneszenz
und Kulturen mit hoher Seneszenz mit 30 % Seneszenz. Unsere Ergebnisse zeigen, dass
eine erhohte Seneszenz in der urspringlichen Fibroblastenkultur die SKP-Ausbeute
sowohl in Kontroll- als auch in HGPS-SKPs im Vergleich zu den Fibroblastenkulturen mit

niedriger Seneszenz verringerte.

Daruber hinaus war die Differenzierungsfahigkeit der SKPs signifikant geringer, wenn von
Kulturen mit 30 % Seneszenz ausgegangen wurde, verglichen mit den Kulturen mit 5 %
Seneszenz in Kontrolle und HGPS. Die Farbung der differenzierten Adipozyten mit Oil
Red O (ORO), einem spezifischen neutralen Lipidmarker, zeigte, dass die Grol3e der

Lipidtropfchen in Adipozyten, die von SKPs mit alter Seneszenz erhalten wurden, kleiner



war als in den Lipidtropfchen, die von SKPs mit niedriger Seneszenz sowohl in der

Kontrolle als auch in der Krankheit erhalten wurden Zustand.

Die Bewertung des Grads der Seneszenz nach 4 Tagen SKP-Kultur zeigte, dass die
HGPS-SKPs die Seneszenz im Vergleich zu den Kontroll-SKPs schneller akkumulierten,
wenn mit Fibroblastenkulturen des gleichen Seneszenzprozentsatzes (entweder 5 %
oder 15 % Seneszenz) begonnen wurde. Dies wurde durch den senescence-associated
beta-galactosidase (SA-B-gal) Assay nachgewiesen und durch die Zahlung von drei
verschiedenen Seneszenzmarkern bestatigt: p21, p16INK4a und IL-8. Die dissoziierten
HGPS-SKPs exprimierten im Vergleich zu den dissoziierten Kontroll-SKPs ein hdheres

Niveau der zuvor erwahnten Marker.

Behandlung der Sphéroide und der differenzierten Adipozyten mit Baricitinib, einem JAK-
STAT-Inhibitor, verbesserte die adipogene Differenzierung in HGPS-SKPs. Die
Gesamtexpression des Lipidmarkers Bodipy war in differenzierten HGPS-Adipozyten, die
mit Baricitinib behandelt wurden, signifikant hoher als in ihren unbehandelten

Gegensticken.

Die Expression von zwei gut charakterisierten Markern der Adipogenese: FABP4 (Fatty
Acid Binding Protein 4) und PPARY (Peroxisom-Proliferator-aktivierter Rezeptor-Gamma)
bewies, dass im Vergleich zu HGPS-SKPs mehr Zellen der Adipogenese-Linie unter
Kontrolle waren. PPARy- und FABP4-Spiegel waren signifikant héher in differenzierten
Kontroll-Adipozyten im Vergleich zu HGPS-differenzierten Adipozyten an Tag 7 bzw. 14

der adipogenen Differenzierung.



Wir haben auch durch Doppelfarbung bewiesen, dass HGPS-Fibroblasten, die ein hohes
Progerin-Signal exprimieren, nicht in der Lage waren, sich in Adipozyten zu differenzieren
(gezeigt durch niedrige oder fehlende Bodipy-Expression), und dass diese Zellen ein

hohes IL-8-Signal exprimierten, was darauf hinweist, dass sie seneszent sein kénnten.

Unsere Daten legen nahe, dass die in HGPS-Kulturen beobachtete vorzeitige Seneszenz
und chronische Entzindung der Grund fir die bei den Patienten beobachtete

beeintrachtigte Adipogenese sein kdnnte.



1. Introduction

1.1. Hutchinson-Gilford Progeria Syndrome

Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare, autosomal dominant genetic
disease, causing premature ageing in children. Affected children die at an average age
of 14.5 mainly owing to myocardial infarction, premature atherosclerosis or stroke

(Gordon, Brown, & Collins, 1993).
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Figure 1. HGPS patient.

Patient suffering from Hutchinson-Gilford Progeria Syndrome from 1 year till 12 years of age. This
figure was modified from Hennekam 2006.
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1.1.1. Clinical Features

Progeria patients appear normal at birth and they start to show features of the disease
starting in the first year of life (Sarkar & Shinton, 2001), these include profound growth
retardation and failure to gain weight. Characteristic facial features consist of a sharped
beaked nose, small mouth, alopecia and prominent veins especially in the scalp due to
the loss of adipose tissue (Gordon et al., 1993). These patients also show other features
that occur between the second and the fourth year of life, comprising: coxa valga, thin
and high-pitched voice, loss of subcutaneous fat and joint stiffness (Gordon et al., 1993).
The most important problem that these children suffer from is severe atherosclerosis,

causing death due to myocardial infarction, heart failure or stroke (Merideth et al., 2008).

1.1.2. Genetic perturbation of HGPS

Despite that HGPS was first described in 1886 by Hutchinson, the genetic cause was not
identified till 2003 (Eriksson et al., 2003). HGPS belongs to the family of laminopathies,
in which 498 mutations in the LMNA gene (encoding lamin A and C proteins) are
responsible for causing at least 15 known diseases (Gruenbaum, Margalit, Goldman,
Shumaker, & Wilson, 2005). Several mutations in the LMNA gene are known to cause
HGPS, these are divided into classic and non-classic genotype HGPS. In the classic
genotype HGPS, which is the case in 90% of patients, a single nucleotide substitution (C-
to-T) at position 1824 (exon 11) of LMNA triggers the disease (Gordon et al., 1993). In
the non-classic genotype HGPS, affecting almost 10% of the patients, several other
mutations for example, at positions 1968, 1822 and 1822 of LMNA can cause the disease

(Gordon et al., 1993).
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1.1.3. Normal Lamin A processing

The nuclear lamina is a network of multiple proteins lying inside the inner nuclear
membrane. These proteins include mainly the lamins and the lamin-binding proteins.

Lamins are type V intermediate filament proteins that constitute the main component of

the nuclear lamina. These lamins are the product of three different genes: LMNA,
encoding lamin A and lamin C, LMNB1 encoding lamin B1, and LMNB2 encoding lamin
B2 and B3 (Stuurman, Heins, & Aebi, 1998). Translation of the LMNA gene produces the
prelamin A protein, which undergoes several post-translational modifications to become
mature lamin A that is incorporated into the nuclear lamina. The prelamin A protein
terminates with the amino acids CSIM (cysteine, serine, isoleucine, and methionine) at
the C terminus. These amino acids, CSIM, comprises a CAAX motif (C refers to cysteine,
Ais an aliphatic amino acid and X is any amino acid usually methionine or leucine), which
undergoes the first post-translational modification that is farnesylation (Beck, Hosick, &
Sinensky, 1990). Farnesylation is the addition of a farnesyl group on the carboxyl-terminal
cysteine, facilitating the translocation of the prelamin A to the nuclear lamina (Barrowman,
Hamblet, George, & Michaelis, 2008). Following farnesylation, the terminal three amino
acids (SIM) are then cleaved by a zinc metalloprotease, ZMPSTE24, and the newly
exposed farnesylated cysteine undergoes carboxymethylation (by the Isoprenylcysteine
carboxyl methyltransferase (ICMT) enzyme) (Boyartchuk, Ashby, & Rine, 1997; Sinensky
et al., 1994). Subsequently, the zinc metalloprotease, ZMPSTEZ24, removes the last 15
amino acid residues of prelamin A including the farnesyl group. This final cleavage step
will generate the mature lamin A of 72 kDa that will be incorporated into the nuclear lamina

(Bergo et al., 2002; Dai et al., 1998; Hennekes & Nigg, 1994).
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1.1.4. Lamin A mutation in HGPS

The name progeria is a Greek word that means “prematurely old”. The protein
responsible for the observed phenotype is called progerin. Progerin is an immature form
of the lamin A protein, and its accumulation in the cell causes several toxic effects. Most
cases of HGPS (almost 90% of the cases) are due to a silent mutation in the LMNA gene
in exon 11 (H. Cao & Hegele, 2003; De Sandre-Giovannoli et al., 2003; Eriksson et al.,
2003). This C to T substitution at position 1824 of LMNA (GGC>GGT) results in no
change in the amino acid at the corresponding codon 608 (Gly608Gly) but instead
activates a cryptic splice donor site, creating an mRNA with a 150 nucleotides deletion
(Eriksson et al., 2003). This deletion will delete the second zinc metalloprotease,
ZMPSTEZ24, cleavage site, consequently, preventing the removal of the farnesyl group at
the C terminus of the prelamin A. The resulting mutant protein of prelamin A is therefore
permanently farnesylated and is called progerin (Capell et al., 2005; Glynn & Glover,
2005; Mallampalli, Huyer, Bendale, Gelb, & Michaelis, 2005; Toth et al., 2005; S. H. Yang
et al., 2005). The protein progerin becomes irreversibly anchored into the nuclear lamina
preventing normal lamina function. This leads to several functional alterations, including
a disruptive heterochromatin structure, in addition to the formation of nuclear blebs and
nuclear pore clustering (Csoka et al., 2004; Goldman et al., 2004; Reddel & Weiss, 2004;

Scaffidi & Misteli, 2005).
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Figure 2. Post-translational processing of lamin A and progerin.

This figure was modified from Macicior et al. 2021.

1.1.5. Current treatment strategies for HGPS

Unfortunately, to date no cure has been found to treat HGPS patients. The available
treatments act on improving the clinical condition of the patients and reducing the
complications caused by the disease. Nevertheless, several treatment techniques in vitro
and in vivo have been developed with the goal of finding a proper cure. Therefore, two
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types of treatment strategies are determined: treatment of manifestation caused by the

disease and pharmacological treatment of HGPS.

e Treatment of manifestations

HGPS patients are given a high-caloric diet with vitamin supplementation in order to
assure proper nutrition (Gordon, 2019; Gordon et al., 1993). Physical activity and body
bracing are recommended to manage hip dislocation, which is very common in HGPS
patients due to coxa valga. Electrocardiogram (ECG) is performed annually or semi-
annually for the diagnosis of atherosclerosis of the coronary artery. The patients are also
treated with a low dose of aspirin (2-3 mg/kg body weight) to reduce the chance of

cardiovascular complications and stroke (Gordon, 2019).

e Pharmacological treatment of HGPS

Several treatment strategies have been proposed to treat HGPS. Different areas have
been targeted in developing therapeutical interventions to treat the disease: 1) Preventing
post-translational modification of progerin (Farnesylation or methylation), 2) Increasing
progerin clearance, 3) Amelioration of progerin downstream deleterious effects, 4)

Inhibition of the aberrant splicing and 5) Correction of the mutation causing the disease.

1) Preventing post-translational modification of progerin

In HGPS, the deletion of the ZMPSTE24 cleavage site inhibits the cleavage of the
farnesylated carboxy terminus from the prelamin A protein. This leads to the formation of
an immature form of farnesylated prelamin A referred to as progerin. Consequently,

progerin remains permanently anchored to the inner nuclear membrane resulting in
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disruption of the nuclear scaffold (Delbarre et al., 2006). Based on these steps, scientists
predicted that the use of farnesyltransferase inhibitor (FTI) drugs will reduce progerin
production and eventually their toxicity. FTI are small molecules, that were initially used
in cancer treatment. They bind to the farnesyltransferase CAAX binding site preventing
prelamin A farnesylation (Basso, Kirschmeier, & Bishop, 2006). On the cellular level,
treatment with FTI restored nuclear morphology (Capell et al., 2005; Constantinescu,
Csoka, Navara, & Schatten, 2010), ameliorated DNA DSBs (double strand breaks) repair
(Marji et al., 2010) and improved self-renewal capability in stem cells expressing progerin
(Pacheco et al., 2014). Treating HGPS mice models with FTI also showed improvement
in their phenotypes; the mice’s life span was prolonged, their weight increased and
cardiovascular defects were prevented (Capell et al., 2008; S. H. Yang, Andres,

Spielmann, Young, & Fong, 2008; S. H. Yang et al., 2006).

Another post-translational modification blockades used are the isoprenylcysteine
carboxyl methyltransferase (ICMT) inhibitors. ICMT is the addition of a methyl group at
the CAAX motif of the prelamin A in a process called carboxymethylation. HGPS
fibroblasts treated with N-acetyl-S-farnesyl-cysteine (AFC), an ICMT inhibitor, showed an
increase in cellular proliferation and delayed senescence (lbrahim et al., 2013).
Moreover, inhibiting ICMT activity by the use of lentiviral short hairpin RNAs (shICMT)
increased both life span and body weight, ameliorated grip strengths and prevented bone

fracture in progeroid mice (lbrahim et al., 2013).

2) Increasing progerin clearance

16



Another treatment strategy is to increase progerin clearance by activating autophagy.
Several drugs have been used for this cause like rapamycin, sulforaphane and retinoids.
Autophagy is a conserved cellular process that degrades dysfunctional components. It
maintains cellular homeostasis and plays an important role during development, disease
and aging (Hansen, Rubinsztein, & Walker, 2018). Autophagy is mainly regulated by the
MTOR pathway (mammalian target of rapamycin) (Kim & Guan, 2015). The activation of
the mTOR pathway will lead to the inhibition of autophagy, and inhibiting this pathway
with pharmacological interventions will eventually lead to the activation of autophagy (Kim
& Guan, 2015). Rapamycin is a specific inhibitor of mMTOR that is usually used to prevent
organ transplant rejection (Chueh & Kahan, 2005). The use of rapamycin to increase
progerin clearance by activating autophagy has shown to improve the nuclear shape
structure and delayed senescence in fibroblasts from HGPS patients (K. Cao et al., 2011;
Graziotto, Cao, Collins, & Krainc, 2012). Besides autophagy, mTOR is known to regulate
several important cellular functions including transcription, cellular growth and immune
response. To this cause, due to the importance of the mTOR pathway in leading a normal
cellular function, caution should be taken when rapamycin is tested directly in HGPS
patients. Furthermore, rapamycin has shown its ability to prevent adipogenesis (Cho,
Park, Lee, Lee, & Kim, 2004; Yeh, Bierer, & McKnight, 1995). Therefore, extra care should
be taken when considering its use in HGPS children who already suffer from

lipodystrophy and generalized lipoatrophy.

Sulforaphane (SFN) is an antioxidant that is also used to increase progerin clearance.
SFN is found in cruciferous vegetables like broccoli and cauliflower, and has shown to

ameliorate the cellular hallmark observed in HGPS patients in vitro (Gabriel, Roedl,
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Gordon, & Djabali, 2015). Combinational treatment with SFN and FTlI on HGPS
fibroblasts showed promising results; they reduced ROS production, decreased DNA

damage and ameliorated cellular homeostasis (Gabriel, Shafry, Gordon, & Djabali, 2017).

Retinoids like ATRA (all-trans retinoic acid) were also tested on HGPS fibroblasts since
the LMNA promoter contains retinoic acid responsive elements and they also showed
capability to induce autophagy in a cell (Rajawat, Hilioti, & Bossis, 2010, 2011). Treatment
of HGPS fibroblasts with retinoids alone (Kubben, Brimacombe, Donegan, Li, & Misteli,
2016) or in combination with rapamycin (Pellegrini et al., 2015) showed a synergistic

effect of progerin clearance and ameliorated the HGPS phenotype observed in vitro.

3) Amelioration of progerin downstream deleterious effects

Several therapeutical interventions are based on reducing the downstream toxic effects
of progerin accumulation. These include: reducing ROS generation and mitochondrial
dysfunction (Richards, Muter, Ritchie, Lattanzi, & Hutchison, 2011) and reducing cellular
senescence and the hyperactivation of the NF-kB pathway (Osorio et al., 2012; Tilstra,

Clauson, Niedernhofer, & Robbins, 2011).

Mitochondrial dysfunction and increased oxidative stress are considered markers of
HGPS. The use of antioxidants like N-acetyl cysteine (NAC), ROS scavenger, reduced
the levels of ROS generation and improved the growth rate of HGPS fibroblasts in vitro
(Kubben, Zhang, et al., 2016; Richards et al., 2011). Second, rho-associated protein
kinase (ROCK) increased mitochondrial ROS production by modulating the interaction

between cytochrome ¢ and Raclb (Kang et al., 2017). Treating HGPS fibroblasts with Y-
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27632, a ROCK inhibitor, has shown to ameliorate nuclear abnormalities, improve

mitochondrial functions and reduce DNA-DSB (Kang et al., 2017).

Another important therapeutical intervention in ameliorating progerin downstream effect
is to modulate the inflammatory pathways. It has been shown that the NF-kB pathway is
implicated in aging (Adler et al., 2007; Tilstra et al., 2011). Blocking this pathway using a
non-steroidal anti-inflammatory drug, sodium salicylate for example, increased the life
span and reduced progeroid features in a mouse model of HGPS (Osorio et al., 2012).
The JAK-STAT signaling pathway is also implicated in inflammation and was found to be
overactivated in HGPS fibroblasts (C. Liu, Arnold, Henriques, & Djabali, 2019). Inhibiting
this overactivation with a JAK 1/2 inhibitor, Baricitinib, showed several improvements in
the phenotype of HGPS fibroblasts. It reduced senescence, ameliorated cellular
homeostasis, activated autophagy and reduced ROS generation while elevating the ATP

levels (C. Liu et al., 2019).

4) Inhibition of the aberrant splicing

HGPS is mainly caused by a mutation in exon 11 in the LMNA creating a cryptic splicing
site resulting in the formation of progerin, a truncated form of prelamin A. Researchers
showed that this aberrant splicing is favored by the RNA-binding protein SRSF-1
(Serine/Arginine-Rich Splicing Factor 1) (Lopez-Mejia et al.,, 2011). The use of an
antidiabetic drug, metformin, that decreased SRSF-1 expression, diminished the
pathological defects of human HGPS fibroblasts and Lmna®809¢/G609G moyse fibroblasts
(Egesipe et al., 2016; Shin et al., 2017). Treatment of mesenchymal stem cells obtained

from HGPS-induced pluripotent stem cells (HGPS-iPSCs-MSCs) reduced progerin
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expression, ameliorated nuclear shape abnormalities and improved osteoblastic

differentiation in these cells (Egesipe et al., 2016).

Another drug that was shown to downregulate SRSF-1 is MG132, an autophagy-
activating drug (Harhouri et al.,, 2017). Administration of MG132 via intramuscular
injection improved cellular viability and decreased progerin formation in HGPS fibroblasts

(Harhouri et al., 2017).

5) Correction of the mutation causing the disease

The fact that HGPS is caused by a single-point mutation makes it a suitable disease to
be treated by genetic modification. Therefore, the genome editing system CRISPR/Cas
(Clustered Regularly Interspaced Short Palindromic Repeats/Cas protein) gained so
much attention as a novel treatment approach for HGPS (Doudna & Charpentier, 2014;
Hsu, Lander, & Zhang, 2014; Sander & Joung, 2014). CRISPR/Cas allows genome
editing at a specific location and the alterations performed are permanent. The use of the
CRISPR/Cas9 system with the adeno-associated virus-derived vector as a delivery
model, increased the weight and life span of HGPS mouse models, reduced progerin
levels and ameliorated the progeria phenotype in these mice (Beyret et al., 2019).
Although this genome editing approach has many advantages, many factors can still
affect its specificity and efficacy. CRISPR/Cas can generate mutation in undesired sites
in the genome ("Keep off-target effects in focus,” 2018), known as off-target effects.
Another reason is the presence of cell-mediated immunity against the most used Cas9

orthologs (obtained from Staphylococcus aureus and Streptococcus pyogenes)
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(Charlesworth et al., 2019), which can eventually cause a severe immune response in the

treated patients.

1.2. Adipogenesis

The adipose tissue is a complex organ that plays an important role in energy storage
(Galic, Oakhill, & Steinberg, 2010). It is composed of several types of cells: adipocytes,
preadipocytes, immune cells, nerves and endothelial cells (Cinti, 2005). The discovery of
leptin in the year 1994, proved that the adipose tissue is not only implicated in energy
storage and mechanical support, it carries out many endocrine functions and coordinated
energy homeostasis (Galic et al., 2010; Lau, Dhillon, Yan, Szmitko, & Verma, 2005). It
was also proven that the adipose tissue secrets different proteins that are implicated in
the regulation of several functions; including blood pressure, angiogenesis, reproduction,
immune response and energy balance (Agarwal & Garg, 2006; Cristancho & Lazar, 2011;
Lau et al., 2005; Lowe, O'Rabhilly, & Rochford, 2011). There are two main types of adipose
tissue, white (WAT) and brown (BAT) adipose tissue (Cinti, 2005). The brown adipose
tissue is responsible for thermogenesis (Frontini & Cinti, 2010), whereas the white
adipose tissue is an endocrine organ that coordinates and regulates different functions
such as lipid metabolism and insulin sensitivity (Cinti, 2005). These two types of
adipocytes differentiate from mesenchymal stem cells (MSCs) following a process called
adipogenesis (Gesta, Tseng, & Kahn, 2007). Adipogenesis is composed of two main
stages: commitment and terminal differentiation (Gesta et al., 2007). The commitment
stage involves the conversion of a pluripotent stem cell to a pre-adipocyte. The second
phase which is the terminal differentiation phase involves the differentiation of the pre-

adipocytes into mature adipocytes (Rosen & MacDougald, 2006). Several signaling
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pathways and factors are implicated in the adipogenesis process, but two main factors
gained so much attention since they are crucial to induce adipocyte differentiation; these
are: the nuclear receptor PPARy (Peroxisome proliferator- activated receptor gamma)
and the members of the C/EBP family (MacDougald & Mandrup, 2002; Rosen, Walkey,
Puigserver, & Spiegelman, 2000). PPARy is known to be the master regulator of
adipogenesis and without its presence, the differentiation into adipose could not take
place (Tontonoz, Hu, & Spiegelman, 1994). It is a member of the nuclear receptor family
and it is composed of two isoforms: PPARy1 and PPARy2 (Rosen & MacDougald, 2006).
PPARY2 is exclusively expressed in adipocytes, whereas PPARy1 could be expressed in
other cell types like macrophages for example (Rosen & MacDougald, 2006). PPARy
activates several downstream effects to induce adipogenesis, but most importantly, it is

responsible for the activation of the transcription factor C/EBPa (Wu et al., 1999).

Several members of the C/EBP family are implicated in adipogenesis and are expressed
in adipocytes. These include: C/EBPa, C/EBPB and C/EBP& (Rosen & MacDougald,
2006). In the early stages, the induction of C/EBP and C/EBP® activates C/EBPa, which
in turn, directly activates many adipogenic genes (Ghaben & Scherer, 2019). C/EBPa
synergize with PPARYy to activate the adipogenesis program and induce a downstream
cascade leading to the transcription of genes implicated in mature adipocytes such as
AP2, adiponectin and the different set of genes activating the expression of the insulin

receptor (Lefterova et al., 2008).

¢ Molecular mechanism of adipogenesis
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The differentiation into adipocytes is a two-step process starting with the commitment
phase in which a pluripotent cell is committed into a pre-adipocyte, followed by the
differentiation phase, during which the pre-adipocyte accumulates lipids and becomes a

mature adipocyte (Rosen & MacDougald, 2006).

In the commitment phase, studies have proven the important role of bone morphogenetic
protein 2 (BMP2) and bone morphogenetic protein 4 (BMP4) in driving adipogenic
differentiation in vitro (Bowers, Kim, Otto, & Lane, 2006; Huang et al., 2009; Wang, Israel,
Kelly, & Luxenberg, 1993). These BMPs indirectly activates the transcription factor
SMADA4 by activating its heterodimeric partners SMAD1, SMAD5 and SMADS8 (Huang et
al., 2009). SMAD4 induces terminal differentiation by activating PPARYy. The activation of
the master regulator of adipogenesis PPARy stimulates C/EBPa (Wu et al.,, 1999).
C/EBPaq, in its turn, can also activate PPARYy, creating a positive feedback loop (Lin &
Lane, 1994; Rosen et al.,, 2002; Tontonoz, Hu, & Spiegelman, 1994) allowing the

induction of genes implicated in the terminal differentiation process.

1.2.1. Lipodystrophy

Lipodystrophies are a group of disorders characterized by complete or partial lack of
adipose tissue. Lipodystrophies caused by genetic mutations are divided into two types:
familial partial lipodystrophies (FPLD) and congenital generalized lipodystrophies (CGL)

(Garg & Agarwal, 2009; Hegele, Joy, Al-Attar, & Rutt, 2007).

e Manifestation of lipodystrophy in HGPS patients
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HGPS patients suffer from lipodystrophy that can start at 6 months of age and could take
3-4 years to become apparent (Hennekam, 2006). Lipodystrophy begins in the limbs,
spreads to the thorax and neurocranium and finally starts to become visible in the face
with the disappearance of the buccal and pubic fat pads (DeBusk, 1972; Hennekam,
2006). The loss of subcutaneous fat causing the thinning of the skin makes the blood
vessels more visible especially on the scalp and around the nasal bridge, making it a
unique phenotype of the children (Hennekam, 2006; Ullrich & Gordon, 2015). In addition,
HGPS patients lose their body fat and fail to thrive although the energy intake they
consume is sufficient (Merideth et al., 2008). The consequences of lipodystrophy in these
patients will cause foot pain due to the lack of subcutaneous fat found under the

calcaneus.

The fact that patients with lipodystrophy suffer from metabolic diseases shows the
importance of functional adipose tissue on humans’ health. As previously described in the
section above (section 1.2), the adipose tissue is not only responsible for storing excess
fat (Robbins & Savage, 2015), but it is also an endocrine organ that regulates several
functions affecting insulin sensitivity, inflammation, angiogenesis and appetite (Agarwal

& Garg, 2006; Cristancho & Lazar, 2011; Lowe et al., 2011).

Normally, fat accumulates in the adipose tissue in the form of triglyceride (Robbins &
Savage, 2015). In the absence of adipose tissue, such as in the case of patients with
lipodystrophy, fat accumulates in visceral depots and non-adipose sites such as the liver,
skeletal muscle and pancreas (Unger, 2003). This ectopic storage of lipid in these visceral
depots will cause metabolic complications and lipotoxicity, leading to insulin resistance,

fatty liver and increased cardiovascular risks (Samuel & Shulman, 2012; Savage,
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Petersen, & Shulman, 2007; Virtue & Vidal-Puig, 2010). In addition, lack of adipose tissue
will decrease the level of leptin in HGPS patients (Gordon et al., 2018), which is significant
since leptin was shown to play an important role in immunity, energy expenditure and

cardiovascular disease (Koh, Park, & Quon, 2008; Piemonti et al., 2003).

e Causes of lipodystrophy in HGPS patients

The first identified genetic causes of familial partial lipodystrophies (FPLD) were
mutations in the LMNA gene (H. Cao & Hegele, 2000; Hegele, Anderson, Wang, Jones,
& Cao, 2000; Hegele, Cao, Anderson, & Hramiak, 2000; Shackleton et al., 2000).
Research has been conducted to understand how mutation in the LMNA gene affects
lipid metabolism and adipocyte differentiation. In fact, inducing progerin expression in pre-
adipocytes and adipocytes in mice models contributed to tissue depletion and increased
inflammation and senescence (Revechon et al., 2017). In addition, differentiated HGPS
adipocytes obtained from induced pluripotent stem cells (HGPS-iPSCs) (reprogrammed
from HGPS fibroblasts) showed impaired lipid storage capability at late differentiation
stage (Xiong, LaDana, Wu, & Cao, 2013). In this study, they indicate that progerin seemed
to inhibit the expression of two important regulators of adipogenesis: PPARy and CEBP/a

(Xiong et al., 2013).

1.3. Stem Cells

Stem cells, by definition, are cells capable of either dividing into new stem cells or
differentiating into various cellular lineage (Fuchs & Segre, 2000). Stem cells can be
divided into three main groups: totipotent, pluripotent and multipotent stem cells.

Totipotent stem cells are the type of stem cells that are present during early
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embryogenesis. They can give rise to all human cell types and extra-embryonic tissues
such as the placenta (Mitalipov & Wolf, 2009). Pluripotent stem cells are present during
late embryogenesis and can differentiate into all human cell types except the extra-

embryonic tissue.

The multipotent stem cells, are the type of stem cells present during adulthood, and they
can only differentiate into several specialized stem cells found in a specific organ or
tissue. They are found at different body sites like the bone marrow, the adipose tissue,
the brain and the skin and their role is to compensate lost cells (Crane, Jeffery, &
Morrison, 2017; S. Liu, Dontu, & Wicha, 2005; Rietze & Reynolds, 2006; Schneider,
Unger, van Griensven, & Balmayor, 2017). In this study, we will focus on multipotent stem
cells found in the skin known as skin-derived precursor cells or SKPs (Fernandes et al.,

2004; Toma, McKenzie, Bagli, & Miller, 2005).

1.3.1. Skin-Derived Precursor Cells (SKPs)

SKPs are a type of multipotent stem cells found in the dermis during adulthood (Toma et
al., 2001). They were first described by Toma et al., and they grow as floating spheres
when cultured in medium containing basis fibroblast growth factor (bFGF) and epidermal
growth factor (EGF) (Toma et al., 2001). These SKPs express stem cells markers (Avilion
et al., 2003; Mitsui et al.,, 2003; Pesce & Scholer, 2001) and show the capability to
differentiate into several types of cells including neurons, glial cells, smooth muscle cells
and adipocytes (Toma et al., 2001). Recent studies showed the possibility of these SKPs
to differentiate into Schwann cells (Walsh, Biernaskie, Midha, & Kallos, 2016) and

neurons when cultured in a neurobasal medium supplemented with neurotrophic factors
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(Toma et al.,, 2005). The differentiated cells showed neuron-like morphology and
expressed neuronal markers like Blll-tubulin (Toma et al., 2005). This neurogenesis
capacity is particularly important, allowing the SKPs to be used in axon/nerve
regeneration research (Kumar et al., 2016; Mozafari et al., 2015; Vasudeva, Abd-El-Batrr,
& Chi, 2015) and in cell therapy for neurological diseases and injuries (Willis & Fox, 2016;

L. Yang et al., 2015).

In addition, SKPs showed the ability to differentiate into endodermal cells. In the presence
of hepatogenic factors, SKPs successfully differentiated into hepatocyte-like cells (De
Kock, Vanhaecke, Biernaskie, Rogiers, & Snykers, 2009). They also serve as a promising
tool for diabetes research after showing the capability of differentiating into glucose-

responsive, insulin producing cells (Mehrabi et al., 2015).

This plasticity held by the SKPs and the fact that they are present during adulthood made

them a very attractive tool for disease modeling and therapeutical research.

1.1.3.1. Isolation of the SKPs

Two main types of SKP isolation were described in the literature, isolating the SKPs from
fresh skin biopsies (Toma et al., 2001) or dermal primary fibroblast cultures by using
different stressors (Budel & Djabali, 2017; Wenzel et al., 2012) or without any stressor

(Hill et al., 2012).

e [solation of SKPs from skin biopsies

The classical isolation technique of the SKPs is performed by collecting them from the

dermis of skin biopsies. The dermis is cut into small pieces (2-3 mm?3) and digested with
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trypsin. The dissociated dermis is then cultured in SKP media containing DMEM
supplemented with epidermal growth factor (EGF), fibroblast growth factor (bFGF) and
B-27. The cell suspension was cultured in T-25 flasks and mature spheroids were
obtained after 3-4 weeks (Toma et al., 2001). This technique requires obtaining fresh skin
biopsies every time the collection of the SKPs needs to be performed. This decreases the
accessibility and availability of these SKPs, especially in HGPS children due to the rarity

of the disease.

e Isolation of SKPs from dermal primary fibroblast cultures

In 2012, Wenzel et al showed the possibility to isolate SKPs from pre-established dermal
fibroblast cultures (Wenzel et al., 2012). In this technique, trypsin was used as a cellular
stressor to isolate the SKPs found in the fibroblast culture. The main idea behind this
isolation method is that the cells with stemness potential like the SKPs will resist the stress
conducted by trypsin and they will survive, whereas normal cells would not. Following the
isolation with trypsin, the collected SKPs will further be cultured for 21 days in SKP
medium containing B-27 and growth factors such as EGF and FGF (Wenzel et al., 2012).
The use of primary fibroblast cultures as a source for SKPs holds many advantages since
these fibroblasts can be purchased from different cell banks such as Coriell or ATCC,
their growth and expansion are performed without the use of expensive growth factors

and finally they can be stored at -80°C for a very long period.

Although this technique described by Wenzel et al. holds many advantages it is still

subject to limitations such as the low yield obtained and long-term cultures (21 days).
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To optimize this technique, Leithe et al. used another kind of stressor, acidic buffer, to
isolate the SKPs (Budel & Djabali, 2017). The protocol consists of using a low pH HBSS
buffer with a pH 5.7. The collected primary fibroblast cells were left in the HBSS buffer
(pH 5.7) for 30 min. After treatment, the cells were cultured in SKP media for 5 days. On
day 5 of culture, mature spheroids were obtained and were ready either for analysis or

the use in following experiences.

Leithe et al. performed the pH isolation technique (named pH-SKP protocol) in parallel
with the trypsin isolation technique (established by Wenzel et al. (Wenzel et al., 2012))
and the no-stress technique (described in the literature by Hill et al. (Hill et al., 2012)) in
order to collect the SKPs. They compared the total yield of the spheroids from the different
conditions. Acidic stress showed to produce the highest spheroids yield on day 3, 5 and
7 of SKP culture compared to the trypsin and no-stress methods. In addition, spheroids
obtained from the pH-SKP protocol expressed multipotent stem cell markers such as
Nestin (Lendahl, Zimmerman, & McKay, 1990), CD9 (International Stem Cell et al., 2007)
and NG2 (Legg, Jensen, Broad, Leigh, & Watt, 2003). Therefore, in this study, we used

the pH-SKP protocol in order to collect the SKPs form fibroblast cultures.

1.4. Senescence

Cellular senescence is an irreversible state of cell cycle arrest occurring in response to a
number of damaging stimuli in particular oncogenic stress (Munoz-Espin & Serrano,
2014). Senescence shows benefits to the organism, acting as a safeguard against
tumorigenesis (Sharpless & Sherr, 2015). However, the excessive accumulation of
senescent cells in a tissue will create a pro-inflammatory milieu and decrease the

regenerative capacities of the cells (Lecot, Alimirah, Desprez, Campisi, & Wiley, 2016;
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Sharpless & Sherr, 2015). Several stimuli are capable of inducing senescence in vitro.
These include: DNA damage-induced senescence (Munoz-Espin & Serrano, 2014),
oncogene-induced senescence (OIS) (Munoz-Espin & Serrano, 2014; Sharpless & Sherr,
2015), oxidative stress-induced senescence (Hernandez-Segura et al., 2017),
chemotherapy-induced senescence (Petrova, Velichko, Razin, & Kantidze, 2016),
mitochondrial dysfunction-associated senescence (MiDAS) (Wiley et al., 2016),
epigenetically induced senescence (Petrova et al., 2016) and paracrine senescence
(Acosta et al., 2013). Two main tumor suppressor pathways are known to induce and to

maintain senescence, the p53/p21 and p16INK4a/pRB pathways (Campisi, 2013).

Several techniques are used nowadays to identify senescence in a cell. In addition to
permanent growth arrest, many different features and markers are used to detect
senescence. Unfortunately, due to the heterogeneity of senescent cells and to the fact
that not all senescent cells express all senescence markers, a combination of several
techniques is usually applied to prove the senescence state (Hernandez-Segura, Nehme,

& Demaria, 2018).

An important hallmark of senescence in vitro (and not in vivo) is the morphology of
senescent cells. Senescent cells show an enlarged cell body, they become flat and
vascularized. These features can be evaluated using bright field microscopy (Sharpless
& Sherr, 2015). As mentioned above, this shape of the cell alone cannot be used to prove
the senescent state. Several markers are used to identify and prove the presence of

senescence in cultured cells.
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The most commonly used marker to detect senescence is the staining for senescence-
associated B-galactosidase (SA-Bgal) (Dimri et al., 1995). Senescent cells are
characterized by an increase in the lysosomal content and as a result by an increase in
the lysosomal enzyme senescence-associated [(-galactosidase (SA-Bgal). This
upregulated SA-Bgal activity can be measured in senescent cells at pH 6.0. (Kurz,
Decary, Hong, & Erusalimsky, 2000; Lee et al., 2006). Another type of assay includes
measuring the levels of cyclin dependent kinase inhibitors (CDKIs), p16 and p21l
(Sharpless & Sherr, 2015; Wiley et al., 2017). Generally, the levels of p16 and p21 are
low or undetectable in healthy cells and are upregulated in senescent cells (Beausejour
et al., 2003; McConnell, Starborg, Brookes, & Peters, 1998). Furthermore, senescent
cells induce a pro-inflammatory response known as the senescence-associated secretory
phenotype (SASP) (Campisi, 2013; Evan & d'Adda di Fagagna, 2009; Kuilman & Peeper,
2009). The SASP includes the secretions of cytokines, chemokines and proteases
(Acosta et al., 2008; Coppe et al., 2008; Kuilman et al., 2008). Secreted cytokines such
as IL-6, IL-8 and IL-1a are used as senescence markers (Coppe et al., 2008; Sharpless

& Sherr, 2015) detected either by immunostaining or ELISA (Zhu et al., 2015).

1.5. Aim of this study

The adipose tissue is a highly active metabolic organ playing several important roles in
our body (Wozniak, Gee, Wachtel, & Frezza, 2009). The partial or total loss of adipose
tissue, known as lipodystrophy, leads to abnormal lipid accumulation and increased
cardiovascular risk. Cardiovascular complications and stroke are known to be the main

causes of death in HGPS patients, who also suffer from lipodystrophy. The absence of
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fat in these patients is not only implicated in hindering proper metabolic function, but also

causes physical pain to the children.

In order to study lipodystrophy in these patients, one possibility would be to collect
adipocytes directly from them. This possibility is not favorable, since the patients already
suffer from low or absence of adipose cells, not to mention the stress that the procedure

will cause to the children.

Recently, stem cells, especially adult stem cells, are considered a very promising tool for
medical treatments and therapies. Unlike the use of embryonic stem cells, the use of adult
stem cells does not hold any ethic and legal burdens. Skin derived precursor stem cells
or SKPs are a type of adult stem cells that reside within the dermis. They lately gained so
much attention due to their many advantages: they are multipotent, present during
adulthood and they can be isolated from skin biopsies independently from the subject’s
age, site of biopsy or disease. However, the use of these SKPs has an important
limitation, isolating them has to be done from fresh skin biopsies. Which definitely
decreases their availability and accessibility. Previous studies performed in our lab
showed that SKPs can be isolated starting from fibroblast cultures of healthy individuals
(Budel & Djabali, 2017). The technique consists of using a low pH HBSS buffer on the
fibroblast cultures, followed by culturing the spheroids in SKP media containing growth
factors such as epidermal growth factor (EGF) and fibroblast growth factor (FGF) for a
period of 5 days. The collected SKPs expressed stem cells markers (Nestin, CD9 and
vimentin) and showed the ability to differentiate into several types of cells including

smooth muscle cells, fibroblasts and adipocytes (Budel & Djabali, 2017).
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Since the isolation of SKPs from fibroblast cultures was only tested on cultures obtained
from healthy individuals (Budel & Djabali, 2017), the first aim of the thesis was to
investigate the possibility of isolating SKPs from fibroblast cultures obtained from HGPS
patients. For this, the pH-SKP protocol was performed on two different HGPS cell lines

and the collection of SKPs was followed.

Second, we wanted to check the differentiation capacities of the isolated HGPS SKPs
and compare it to the differentiation potential of control SKPs. In this way we can create
a disease model allowing us to study adipogenesis in HGPS children without the need to
obtain fresh skin biopsies from the patients. The collected HGPS SKPs were dissociated
and led to adhere in adipocyte differentiation media for 21 days. The total differentiation

area and the size of lipid droplets were quantified after staining with Oil Red O and Bodipy.

The third aim we wanted to achieve in this work is to understand the role of senescence
in SKP collection and differentiation in both control and HGPS. Senescence and the
senescence-associated secretory phenotypes (SASPs) are known to reduce the
differentiation potential of the stem cells. Hence, we wanted to investigate if the premature
senescence observed in HGPS fibroblasts (C. Liu et al.,, 2019) and the chronic
inflammation that it will create will have a role in the decreased adipogenic differentiation
capabilities observed in HGPS patients. Towards this goal, the cultures were divided
based on their senescence percentage and the differentiation potentials from both young

and old senescence cultures were recorded.
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2. Materials and Methods

2.1. Materials

2.1.1. Cell lines

Table 1. Cell lines used in this study.

Cell line Organism of origin Provenance

GMO1651c Human, 13-year-old female | Coriell Institute for Medical
HGPS patient Research (Camden, NJ, USA)

GMO5565 Human, 3-year-old male | Coriell Institute for Medical
HGPS patient Research (Camden, NJ, USA)

GMO5567A Human, 12-year-old male | Coriell Institute for Medical

HGPS patient

Research (Camden, NJ, USA)

3T3-L1 preadipocytes Mouse ATCC® CL-173™
HGADFNO0O03 Human, 2-year-old male | Progeria Research
HGPS patient Foundation Cell and Tissue
Bank
HGADFN127 Human, 3-year-old female | Progeria Research

HGPS patient

Foundation Cell and Tissue
Bank

2.1.2. Reagents

Table 2. List of reagents used in this study.

Reagent

Manufacturer

Reference
number
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2-propanol Sigma-Aldrich 190764
3-Isobutyl-1-methylxanthin (IBMX) Sigma 17018
4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora- Invitrogen D3922
3a,4a-Diaza-s-Indacene (Bodipy 493/503)
5-bromo4-chloro-3-indolyl P3-D-galactoside (X- | Sigma-Aldrich 3117073001
gal)
Baricitinib Absource LY3009104,
Diagnostics INCB028050
B27 Supplement (50x) ThermoFisher- 17504-044
Gibco
Citric Acid Merck 8.18707.100
0
DAPI Vectashield mounting medium Vector Inc., | VEC-H-1200
Burlingame, CA,
USA
Dexamethasone Sigma D4902
Dimethyl sulfoxide (DMSO) Sigma D2650
Dulbecco’s Modified Eagle Medium (DMEM) | Gibco 31966-021
GlutaMax, High glucose, 4.5 g/l D-Glucose,
Pyruvate
Dulbecco’s Modified Eagle Medium (DMEM) | Gibco 21885-025
GlutaMax, Low glucose, 1 g/l D-Glucose,
Pyruvate
Dulbecco’s phosphate-buffered saline (PBS) Sigma D8537
Epidermal Growth Factor (EGF) ThermoFisher- PHGO0311
Gibco
Ethanol absolute/pure (EtOH) VWR 20821.321
Fetal Bovine Serum (FBS) Gibco 10270-106
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Fibroblast Growth Factor basic (bFGF) ThermoFisher- PHGO0021
Gibco
Formaldehyde 37% Merck 104003
Fungizone/Amphotericin B ThermoFisher- 15290-018
Gibco
Gelatin Sigma G-7765
Gentamicin (10 mg/ml) Gibco 15710049
Glutaraldehyde Sigma-Aldrich G5h882
Ham’s F-12 Nutrient Mix Gibco 21765-029
Hanks’ Balanced Salt Solution (HBSS) ThermoFisher- 14175-053
Gibco
Incuwater Clean PanReac A5219
Applichem
Indomethacin Sigma 17378
Insulin Sigma 12643
L-Ascorbic Acid 2-phosphate Sigma A8960
L-Glutamine 200 mM (100X) Gibco 25030-024
Magnesium Chloride (MgCl2) Sigma-Aldrich M-1028
MilliQ (Biocel A10) Merck/Millipore
NacCl Sigma-Aldrich 310166
OilRed O Sigma-Aldrich 00625
Paraformaldehyde (PFA) Sigma-Aldrich P-6148
Penicillin-Streptomycin (5000 U/ml) Gibco 15140-122
Potassium Ferricyanide Merck 104973
Potassium Ferrocyanide Sigma-Aldrich P9387
Sodium Hydroxyde (NaOH) Roth T135.1
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Sodium Phosphate Sigma-Aldrich S-5136
Triton X-100 Sigma T9284
Trypsine 0.25 % EDTA Gibco 25200-056
Tween 20 Sigma SLBR620IV
2.1.3. Antibodies
Table 3. List of antibodies and dilutions used in this study.
Primary antibodies

Name/Target Species | Dilution | Incubation | Fixation | Supplier | Catalog.

time Number
anti-p16INK4A | Mouse | 1/250 overnight | MeOH Sigma P0968

at4°C Aldrich
anti-p21 Rabbit 1/250 overnight | 2% PFA | Invitrog | MA5-14949

at4°C en
anti-1L-8 Mouse | 1/400 3h at RT 2% PFA | Invitrog | M801
(CXCL8) en
anti-progerin Rabbit ltol overnight | 2% PFA | Lab
S9 at 4°C Djabali | —
anti-PPARy Mouse 1/100 2h at RT 2% PFA | Santa sc-7273
(E8) Cruz

Biotech
nology
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anti-FABP4 Rabbit 1/100 2h at RT 2% PFA | Sigma HPA002188
Aldrich
anti-Lamin A Mouse | 1/2000 | 2h atRT 2% PFA | Santa sc-376248
Cruz
Biotech
nology
Secondary antibodies
Name/ Species | Dilution | Incubation | Fixation | Supplier | Catalog
time Number
Target
a-mouse IgG Donkey | 1/1000 | 1h LifeTec | A21202
Alexa Fluor _ h-
488 nologies
a-mouse IgG Donkey | 1/1000 | 1h LifeTec | A31570
Alexa Fluor _ h-
555 nologies
a-rabbit IgG Donkey | 1/1000 | 1h LifeTec | A21206
Alexa Fluor _ h-
488 nologies
a-rabbit IgG Donkey | 1/1000 | 1h LifeTec | A31572
Alexa Fluor _ h-
555 nologies
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2.1.4. Consumables

Table 4. List of consumables used in this study.

Consumable Manufacturer
Coverslips @ 12 mm VWR
Freezing tubes VWR

Microscope slides

Thermofisher Scientific

Parafiim M

Sigma

Petri dishes (adhesive bottom): 3 cm, 10 cm

Fisher Scientific-Falcon

Petri dishes (adhesive bottom) 10 cm Sarstedt
Polypropylene conical tubes: 15 ml Neolab
Polypropylene conical tubes: 50 ml Sarstedt
Tip one pipet tips: 10 pl, 20 ul, 200 pl, 1000 ul | Starlab
Serological pipettes: 2 ml, 5 ml, 10 ml, 25 ml | Sarstedt

T25 non-treated flasks

Fisher Scientific-Falcon

6, 12, 24 well plates Sarstedt
Syringe Filters (0.2 pm) Sartorius
Syringes: 1 mL, 5mL, 10 mL, 20 mL, 50 mL BD Discardit
Microtubes: 1.5 mL, 2 mL Sarstedt

2.1.5. Devices

Table 5. List of the devices used in this study.

Name of the device

Manufacturer
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Axio Imager D2 fluorescence microscope with AxioCam | Zeiss
MRm with objectives: 10x, 20x, 40x, 40x oil, 63x oil

Axiovert 40 CFL bright field microscope with objectives: 5x, | Zeiss

10x, 20x

BioFuge Fresco Heraeus
Bio-Rad Power Pack Basic and Universal Bio-Rad
CASY® 1 Cell Counter Roche
Centrifuge 5804R Eppendorf
Eppendorf Research Pipettes: 0.1-2.5 ul, 0.5-10 ul, 2-20 | Eppendorf
I, 10-100 pl, 100-1000 pl

Incubator CB 220 Binder

Fridge 4°C

Thermo Scientific

Freezer -20°C

Thermo Scientific

Freezer -80°C

Thermo Scientific

Laminar Flow

Thermo Scientific

Leica TCS SP5

Leica Microsystems

MilliQ Biocel A10

Merck/Millipore

MiniSpin Eppendorf
Mini Protean Cell Bio-Rad
MS2 Minishaker Vortexer IKA

Multifuge 3 S-R Centrifuge

Thermo Scientific

Pipetus-Pipetboy

Hirschmann Laborgerate

Quintex LA230S Precision Balance Sartorius
CP4202S Precision Balance Sartorius
Thermomixer comfort Eppendorf
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TransBlot SD SemiDry TransferCell

Bio-Rad

VacuSafe comfort pump

IBS Integra Bioscience

Varioclav 75S

Thermo Scientific

Incubator without CO2

Binder

2.1.6. Softwares

Table 6. Softwares used in this study.

Name of the Software

Manufacturer/Developer

AxioVision SE 64 Rel.4.9

Zeiss

ImageJ Wayne Rasband, NIH
ImageLab 5.2.1 Bio-Rad

MS Office 2016 Microsoft

Photoshop CC 2016 Adobe

Prism version 6.01 GraphPad

2.2. Methods

2.2.1. Cell culture

All cell culture work was performed in a biosafety cabinet under sterile conditions.
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2.2.1.1. Fibroblast culture

2.2.1.1.1. Cell lines and incubating conditions

In this study three different types of cell lines were used. For the control groups, human
primary dermal fibroblast cell lines obtained from healthy individuals were used:
GMO5565 (3-year-old male), GMO1651 (13-year-old female) and GMO5567A (12-year-
old male). These cells were purchased from the Coriell Institute for Medical Research
(Camden, NJ, USA). For the HGPS cell lines, two different HGPS primary dermal
fibroblast cell lines were used: HGADFNOO3 (2-year-old male) and HGADFN127 (3-year-
old female). The last type of cell lines is 3T3-L1 murine fibroblast-like preadipocytes
(ATCC® CL-173™), obtained from ATCC (Manassas, VA, USA). These cell lines were
cultured in 10 cm Petri dishes with adhesive bottom. Each 10 cm dish was fed with 8 mL
fibroblast culture medium (See Table 7), and the medium was refreshed every second

day. Cells were cultured in a humidified incubator at 37°C with 5% CO..

Table 7. Composition of fibroblast culture medium (for 500 mL).

Reagent Percentage Volume
Dulbecco's modified Eagle's | 87,5 % 437,5 ml
medium (DMEM; 4.5 g/L glucose)

Fetal bovine serum (FBS) 15% 75 ml
L-glutamine 1% 5 ml
Penicillin/streptomycin 1% 5ml
Gentamycin 0,5% 2,5 ml
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2.2.1.1.2. Passaging cells

After reaching 80% of cellular confluency, each dish was splited to 4 new dishes. First,
the cells were washed with 6-8 mL PBS to remove all traces of FBS that could inhibit the
activity of trypsin. The PBS was aspirated and replaced with 1 mL trypsin-EDTA. The cells
were incubated with the trypsin for 5-7 min in the incubator at 37 °C. The dishes were
then checked under a microscope to make sure that the cells have detached, this was
recognized by the appearance of round floating cells. Once all the cells have detached,
the trypsin activity was stopped by adding 7 mL of the fibroblast culture medium (Table
7), leading to a final volume of 8 mL in the dish. The cells were resuspended by pipetting
up and down several times and transferred equally into new dishes. Each dish received
2 mL of the cell suspension and 6 mL culture medium (Table 7). The new dishes were
gently agitated, ensuring homogenous distribution of the cells, then cultured in a
humidified incubator at 37°C with 5% CO.. After reaching confluency, the cells were either
splitted again following the same method that was just described, used for experiments

or frozen at -80°C to make stocks.

2.2.1.1.3. Freezing and thawing cells

In order to make stocks, the cells were frozen in cryo tubes and kept at -80°C. First the
cells were collected as described in the paragraph: Passaging cells. Then the cells were
centrifuged at 1200 rpm for 5 min, and the supernatant was removed using a pump. The
obtained pellet was resuspended with 4 mL of freezing media. The freezing media is

composed of FBS supplemented with 10% DMSO. From each dish, with a cell confluency
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of 80%, 4 freezing tubes were made. The cryo tubes were quickly transferred to the -80°C

to prevent any cellular stress or death.

For the thawing, each cryo tube containing 1 mL of cell suspension was placed in a water
bath (at 37°C) until the content is completely liquid. The suspension was then transferred
into a 10 cm dish containing 7 mL of fibroblast culture medium (Table 7). The dish was
shacked gently to ensure homogeneous distribution of the cells. The dish was later placed

in a humidified incubator at 37°C with 5% COx.

2.2.1.1.4. Senescence-Associated Beta-Galactosidase (SA-B-Gal) assay

Senescence was assessed using the protocol from Dimri et al. (Dimri et al., 1995). The
senescence test was assessed every second passage to keep track of the senescence
index of our cultures. The preparation of the senescence dish was performed as following:
while passaging the confluent cells, 200 uL were taken from the 8 mL cell suspension
and transferred to a 3.5 cm dish. Additional 2 mL culture medium were added to the 3.5
cm dish and the dish was gently shacked to assure homogenous distribution of the cells.
In order to perform the assay, the fibroblasts were then kept in the incubator for 2-3 days
until reaching 60-70% confluency. The composition of the fixing and staining buffer used

are mentioned in Table 8 and 9.

First, the fibroblasts were washed with PBS and fixed for 5 min with the fixing buffer (Table
8) containing 0.2%glutaraldehyde and 2% formaldehyde. Cells were then washed twice
with PBS (5 min for each wash) and incubated overnight at 37 °C in the SA-B-Gal staining
solution in an incubator at 37°C with no CO2 (Table 9). Blue stained cells were considered

as positive, and on average, 1000 cells were counted from each sample.
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Table 8. Preparation of the fixing buffer for one dish to be stained with the

Senescence-Associated Beta-Galactosidase Assay.

Reagent Stock concentration Volume for 1 dish (pl)
Glutaraldehyde 25% solution in H20 8

Formaldehyde 37% 50

PBS 1X 940

Table 9. Preparation of the staining buffer for staining one dish with the

Senescence-Associated Beta-Galactosidase Assay.

Reagent Preparation Stock Volume for 1
concentration | dish (ul)
Citrate acid 3,84 g citrate acid in 200 mL | 0,1 M —
MilliQ water
Sodium phosphate 5,67 g sodium phosphate in | 0,2 M —
200 mL MilliQ water
Citrate/sodium Mix 36.50 ml of 0.2 M citrate | 40 mM Citrate | 840
phosphate, pH 6.0 acid with 63.50 ml of 0,2 M
sodium phosphate to adjust
to pH 6.0
5mM Potassium | 3.3 g Potassium | 200 mM 25
Ferricyanide (l11) Ferricyanide in 50 mL MilliQ
water
5mM Potassium | 4.2 g Potassium | 200 mM 25
Ferrocyanide (Il) Ferrocyanide in 50 mL MilliQ
water
2 mM MgCI2 10 mL MgCl2 (1.0 M| 200 mM 10
Solution) in 50 ml MilliQ
water
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150mM NacCl 17.5 g NaCl in 100 ml MilliQ | 3 M 50
water

0,5mg/ml X-gal 10 mg X-gal in 1 ml DMSO | 10 mg/1ml 50

2.2.1.2. Low-pH SKP isolation and culture

Primary fibroblast cultures (80% confluent) were collected by trypsin-EDTA and pelleted
at 1200 rpm for 5 min at room temperature (RT), and washed once with phosphate-
buffered saline (PBS) buffer. One million cells were resuspended in 500 pL of pH-adjusted
Hank’s balanced salt solution (HBSS) buffer. The pH of the HBSS buffer was adjusted to
5.7 using HCL. Cells suspended in HBSS buffer with pH 5.7 were incubated for 25 min at
37 °C and agitated every 5 min. The cell suspensions were centrifuged for 5 min at 1200
rom at RT. Next, each pellet was suspended in 6 mL of SKP media (Toma et al., 2005)
mentioned in Table 10, and the suspension was equally divided into two T25 non-tissue-
culture-treated flasks. The cultures were supplemented every other day with 10 x SKP
media (SKP media with 10x concentrated EGF, bFGF, and B27) (Table 11) diluted to a
final concentration of 1x in culture media and agitated daily by pipetting up and down to

prevent the adherence of the spheroids to the plastic flask.

Table 10. Composition of the 1X SKP medium (for 10 mL), based on Toma et

al. (2005).
Reagent (with original concentration) | End concentration Volume (ul)
DMEM (1 g/L glucose) — 7255.5
F12 — 2418.5
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EGF (0.1 mg/mL) 20 ng/mL 2
bFGF (0.1 mg/mL) 40 ng/mL 4
B27 2% viv 200
Fungizone (250 ug/mL) 0.5 pg/mL 20
Pen/Strep (10,000 U/10,000 pg/mL) | 100 U/100 pg/mL 100

Table 11. Composition of the 10X SKP medium (for 10 mL), based on Toma

et al. (2005).
Reagent (with original End concentration Volume (ul)
concentration)
DMEM (1 g/L glucose) — 5865
F12 — 1955
EGF (0.1 mg/mL) 200 ng/mL 20
bFGF (0.1 mg/mL) 400 ng/mL 40
B27 20% viv 2000
Fungizone (250 pg/mL) 0.5 pg/mL 20
Pen/Strep (10,000 U/10,000 pg/mL) | 100 U/100 pg/mL 100

Preparation of the reagents used in the SKP medium:

e Master Stock of EGF (1 mg/mL)

The EGF (Epidermal Growth Factor) 100 pg powder vial was purchased from
ThermoFisher-Gibco, PHG0311 and it was stored at 2-8° C. The vial was placed in a 50

mL tube and centrifuged at high speed to make sure that all the powder was collected at
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the bottom. Next, the vial was opened under a sterile biosafety cabinet and 100 pL of
sterile PBS was added to obtain a final concentration of 1 mg/mL. The mix was gently
pipetted up and down to ensure that all the powder was completely dissolved in PBS. The

solution was aliquoted in 10 pL portions and stored at -20° C.

e Working Stock of EGF (0.1 mg/mL)

For the working stock, 10 pL of the EGF master stock (1 mg/mL) was added to 90 uL of
DMEM low glucose media (Gibco, 21885-025) to obtain a final concentration of 0.1
mg/mL. The solution was pipetted up and down to make sure that the content is
completely mixed. Aliquots of 10 yL were prepared and stored and -20° C to prevent

repeated freeze-thaw cycles.

e Master Stock of FGF (0.5 mg/mL)

The FGF (Fibroblasts Growth Factor) 100 pg vial was purchased from ThermoFisher-
Gibco, PHG0021 and it was stored at 2-8°C. Same as the EGF vial, the FGF vial was
placed in a 50 mL tube and centrifuged at the highest centrifugation speed to make sure
that the powder is completely collected at the bottom of the tube. The vial was opened in
a sterile biosafety cabinet and 200 pL of sterile demineralized double distilled water for a
final concentration of 0.5 mg/mL. The solution was pipetted up and down to make sure
that the powder was completely dissolved. The solution was aliquoted in 20 pL portions

and stored at -20° C.

e Working Solution of FGF (0.1 mg/mL)
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For the working solution, 20 pL of the FGF master solution (1 mg/mL) was added to 80
pL of DMEM low glucose media (Gibco, 21885-025) to obtain a final concentration of 0.1
mg/mL. The solution was pipetted up and down to make sure that the content is
completely mixed. Aliquots of 20 yuL were prepared and stored and -20° C to prevent

repeated freeze-thaw cycles.

Table 12. Summary of the preparation of the growth factor stocks for the SKP

medium.
Factor Stock Master  stock | Aliquots Working stock | Aliquots
preparation preparation working
master stock stock
EGF 100 ug | 100 pg powder | 10 pl 10 pL of master | 10 pl
lyophilized ) stock + 90 pL
powder +100 pL stgrlle (Stoored at - | ow glucose (Stored
(stored at PBS (final | 20°C) DMEM at
2-8°C) concentration: 1 .
mg / mL) (0.1 mg/mL) -20°C)
FGF 100 ug | 100 pg powder | 20 pl 20 pL of master | 20 pl
lyophilized ) stock + 80 uL of | (stored
powder + 20.0 pL §terlle (Stored at - low glucose | at
(stored at demineralized 20°C) DMEM
2-8°C) water (final -20°C)
concentration: (0.1 mg/mL)
0.5mg/ mL)

e B-27™ Supplement (50X), serum free

B27 supplement (50X) was purchased from ThermoFisher-Gibco as 10 mL vial at -20° C.
The solution was thawed and aliquoted in 1 mL portions and stored at -20° C to prevent

the freeze-thaw cycles.
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2.2.1.3. Differentiation into adipocytes

2.2.1.3.1 Differentiation of SKPs into adipocytes

SKPs at day 4 were collected and washed twice with PBS. In case of adherence, the

spheroids were incubated in adherence medium (Table 13) for 24 h, then switched to

adipocyte differentiation medium (ADM) (Table 15). For trypsinization, the spheroids were

dissociated with trypsin-EDTA and then seeded onto 0.2% gelatin-coated cover slips in a

24-well plate. In the control SKP group, 8 x 10* dissociated SKPs were seeded per well,

whereas in the HGPS SKP group, 10° dissociated SKPs were seeded per well. The cells

were cultured in the ADM according to the table 15, and the media was refreshed every

2-3 days. Baricitinib, 1 uM, was added to the SKP medium and ADM.

Table 13. Composition of the SKP adherence media (for 10 mL).

Reagent (with original End concentration Volume (ul)
concentration)

DMEM (1 g/L glucose) — 6880.5

F12 — 2293.5
EGF (0.1 mg/mL) 20 ng/mL 2

bFGF (0.1 mg/mL) 40 ng/mL 4

B27 (50X) 2% viv 200
Fungizone (250 ug/mL) 0.5 pg/mL 20
Pen/Strep (10,000 U/10,000 pg/mL) | 100 U/100 pg/mL 100

FBS 5% v/v 500
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Table 14. Adipocyte differentiation medium (ADM) without the differentiation

factors.

Material (with original End concentration Volume (ml)
concentration)

DMEM (4.5 g/L glucose) — 500

F12 — 167

FBS 10% v/v 66,7
Pen/Strep (10,000 U/10,000 pg/mL) 100 U/100 pg/ml 6,67

Table 15. Adipocyte differentiation medium (ADM) (50 mL).

Material (with original concentration) | End concentration Volume (ul)
ADM without the factors (see Table | — 48137,5
14)

Insulin (1.0 mg/mL) 10 pg/ml 500
3-isobutyl-1-methylxanthine  (IMBX) | 0.5 mM 500

(50 mM)

L-Ascorbic acid (10 mM) 100 pMm 500
Dexamethasone (25 puM) 0.1 uM 200
Indomethacin (40 mM) 50 uM 100
Fungizone (250 ug/mL) 0.5 pug/ml 62,5

Preparation of the reagents used in the ADM:

e IBMX (3-isobutyl-1-methylxanthine) Stock Solution (50 mM)
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In order to prepare 10 mL of IBMX with a concentration of 50 mM, 111.1 mg of IBMX
powder was dissolved in 2 mL of 99% cell-grade ethanol under a chemical fume hood.
Force pipetting was performed to make sure that the powder was completely dissolved.
The solution was filtered using a 0.22 um filter for sterilization. Aliquots of 500 pL were

made and stored at -20° C.

e Insulin Stock Solution (1 mg/mL)

To prepare 5 mL of insulin stock solution with a concentration of 1 mg/mL, 5 mg of powder
insulin were dissolved in 5 mL of HCL (0.01 M) under a chemical fume hood. Force
pipetting was performed to ensure the dissolvement of the insulin in the HCL solution.
The solution was filtered using a 0.22 um filter for sterilization. Aliquots of 500 uL were

made and stored at -20° C.

e Dexamethasone Stock Solution (25 uM)

To prepare 50 mL of dexamethasone with a concentration of 250 pM, 5 mg of
dexamethasone was dissolved on 50 mL of 99% cell-grade ethanol under a chemical
fume hood. Force pipetting was performed to make sure that the powder was completely
dissolved. The solution was filtered using a 0.22 um filter for sterilization. This stock was
aliquoted and stored at -20° C. In order to obtain the working solution of 25 pM, the stock

was further diluted 1:10 in sterile PBS and was also kept at -20° C.

¢ Indomethacin Stock Solution (40 mM)

For the preparation of 2 mL of Indomethacin stock solution of 40 mM, 28.62 mg of
Indomethacin was weighed under a chemical fume hood and dissolved in 2 mL of 100%
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DMSO. Force pipetting was performed to make sure that the powder was completely

dissolved. The solution was filtered using a 0.22 um filter for sterilization. Aliquots of 300

ML or 500 pL were made and stored either at -20 ° C for no longer than 6 months or at -

80° C for long-term.

2.2.1.3.2 Differentiation of 3T3-L1 into adipocytes

The 3T3-L1 preadipocytes were cultured at 37 °C in 5% CO2-enriched air in DMEM,

supplemented with 15% FBS, 1% L-glutamine, 1% penicillin/streptomycin, and 0.5%

gentamycin (Table 7). Cells were seeded in 6-well plates on glass cover slips at a density

of 2 x 10° cells per well. After reaching confluency, differentiation was induced by

replacing the medium with ADM (Table 15). After 72 h, the medium was replaced with

DMEM supplemented with 10% FBS, 10 pg/mL insulin, and 100 U/100 pg/mL penicillin/

streptomycin (ADM l1) for 4 days, with one medium change during this period. On day 7,

the medium was replaced with DMEM supplemented with 10% FBS and 100 U/100 pg/mL

penicillin/streptomycin (basal medium). This medium was refreshed every second day

until day 14 of differentiation. At days 3,7 and 14 of differentiation, the cells were fixed

and stained with markers for lipid droplets (Oil Red O, Bodipy) or immunofluorescence.

Table 16. Composition of adipocyte differentiation medium Il (ADM II) (for 50

mL).
Material Volume (ml)
DMEM 4.5 g/L glucose 44
FBS 5
Insulin 0,5
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Penicillin/streptomycin 0,5

Table 17. Composition of basal medium (BM) (for 50 mL).

Material Volume (ml)
DMEM 4.5 g/L glucose 445

FBS 5
Penicillin/streptomycin 0,5

2.2.2. Immunocytochemistry

Cells were grown on glass cover slips and fixed either with ice-cold methanol or 2% PFA.
For methanol fixation, the cells were fixed for 10 min at -20 °C, whereas for PFA fixation,
the cells were fixed for 10 min at RT. Next step was permeabilizing the cells, and this was
performed only in case of PFA fixation. After fixation with methanol, no permeabilization
was needed. Following PFA fixation, the cells were permeabilized with 0.2% Triton X-100
in PBS for 10 min at RT and washed two times with PBS. Following fixation, the cells
were blocked for 30 min with 10% FBS in PBS. The primary antibodies were diluted in
the blocking buffer at the concentrations and incubation periods mentioned for each
antibody (Table 3). Antibodies incubated for a few hours were left at RT, whereas
antibodies incubated overnight were placed in a cold room at 4 °C. Next, the cells were
rinsed three times with PBS, before the secondary antibodies diluted in the blocking buffer
were added for 1 h at RT. Following incubation with the secondary antibody, cells were
washed 3 times with PBS. Cells were counterstained with DAPI Vectashield mounting

medium. Images were acquired using an Axio Imager D2 fluorescence microscope.
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2.2.3. Staining lipid droplets

Two different lipid staining dyes were used: one colorimetric dye, Oil Red O (ORO) and

another fluorescent dye, Bodipy.

2.2.3.1. Oil Red O (ORO) staining

ORO stock solution was prepared by dissolving 150 mg of ORO powder in 50 mL 99% 2-
propanol. The working solution was prepared by mixing 3 parts of the ORO stock solution
with 2 parts of demineralized water. Afterwards, it was then incubated for 10 min at room
temperature and then filtered two times using Whatman filter paper to prevent the
presence of undissolved Oil Red O powder. To perform the ORO staining, the
differentiated adipocytes were first fixed with 4% PFA for 30 min at room temperature.
Cells were then incubated for 5 min in 60% isopropanol, then in the previously prepared
filtered ORO solution also for 5 min. Finally, the cells were rinsed 2 times with tap water
and were ready for microscopy analysis. The stained cells were left in demineralized

water and stored at 4 °C.

2.2.3.2. Bodipy 493/503 straining

Differentiated adipocytes obtained from control and HGPS SKPs were washed twice with
PBS 1X. The differentiated cells were then treated with 2 uM Bodipy dissolved in PBS for
15 min at 37 °C. The slides were washed twice with PBS 1X and fixed with 4% PFA for
20 min at room temperature. Care must be taking when aspirating the solutions to prevent

any cell detachment. Following PFA fixation, the cells were washed 3 times with PBS 1X
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and counterstained with DAPI. This described protocol was performed in case staining

only with Bodipy and DAPI was needed.

For double staining of immunofluorescence imaging with Bodipy, 2 uM Bodipy were
added with the secondary antibody during immunocytochemistry in blocking buffer for 1

h at RT.

2.2.4. Image analysis

All the images were analyzed and the brightness/ contrast was adjusted using Fiji
(Schindelin et al., 2012). The images and panels were all imported into Adobe Photoshop

for illustration.

2.2.5. Statistical Evaluation and Graphics

The results of the experiments are presented as mean + SD. The results were compared
using either Student’s t-test or two-way ANOVA. All the performed experiments were
repeated at least three times as indicated in the figure legends. p values under 0.05 were
considered significant and the following symbols were used: ns, not significant, p > 0.05,
*p <0.05 ** p<0.01, and *** p < 0.001. The software GraphPad Prism version 6.01
(GraphPad, San Diego, CA, USA) was used to perform all the calculations and to draw

the graphs.
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3. Results

3.1. Characterization of HGPS SKPs

Studies performed on SKPs by Leithe et al. showed that these precursor cells could be
isolated from normal skin fibroblast cultures (Budel & Djabali, 2017). For this isolation,
three different treatments were used: low pH SKP isolation, trypsin SKP isolation and no
stress SKP isolation. According to the obtained results, the pH SKP isolation protocol
showed the highest SKP yield and growth, therefore, we decided to use the pH SKP

isolation technique in all our further experiments (Budel & Djabali, 2017).

These previous studies by Leithe et al. showed that the isolation of the SKPs is possible
using fibroblast cultures obtained from healthy individuals. In the first part, we wanted to
test if the SKPs can also be isolated from fibroblast cultures obtained from HGPS patients.
The pH-SKP isolation protocol consisted on collecting the 80-90% confluent fibroblasts
and centrifuge them to obtain the cell pellet. The pH stress induction was performed by
adding HBSS buffer with a pH 5.7 at 37°C for 30 min. Finally, the pellet was washed twice
with PBS and cultured in SKP culture medium containing DMEM low glucose (1g/L), B27,
and growth factors such as EGF and FGF. After 4 days, the SKP spheroids were ready

to be analyzed or used for further experiments (Image 3a).
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Figure 3. Isolation of SKPs from control and HGPS fibroblasts.

(a) Panel showing the protocol for SKP isolation. Briefly, fibroblasts were pelleted and treated with
HBSS buffer (pH 5.7) for 30 min at 37 °C. Cells were cultured in SKP media containing DMEM
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low glucose, EGF, FGF, and B27. The flasks were agitated daily, and the spheroids were
harvested at day 4 for analysis. (b) SKPs formation from both control (GMO1651c, GMO5565)
and HGPS (HGADFN127, HGADFNO0O3) fibroblasts with 5% and 30% senescence (SNS). (c, d)
Quantification of the number and the diameter of the spheroids from control and HGPS fibroblast
cultures with 5% and 30% SNS at day 4. Values are presented as mean + SD (n=3), * p < 0.05,
** n < 0.01, ** p < 0.001, (c, d) unpaired t-test. HBSS: Hanks Balanced Salt Solution, DMEM:
Dulbecco’s modified Eagle medium, EGF: epidermal growth factor, FGF: fibroblast growth factor,

SKPs: skin-derived precursor cells, SNS: senescence.

Senescence and the secretion of the senescence-associated secretory phenotypes
(SASPs) are known to be implicated in stem cell depletion and the loss of stem cells
regenerative capacity (Freund, Orjalo, Desprez, & Campisi, 2010). On the other hand,
HGPS fibroblasts were shown to enter into senescence faster compared to their control
counterparts (C. Liu et al., 2019). To study the effect of senescence on the collection of
SKPs from control and HGPS fibroblasts, we divided our cultures based on their
senescence percentage. Cultures with around 5% senescence were considered young,
whereas cultures with around 30% senescence were considered old. In this experiment
we used two different control cell lines: GMO1651c and GMO5565 and two different
HGPS cell lines: HGADFN127 and HGADFNOO03. The formation of the spheroids was
recorded every day during the 4 days of SKP culture (Image 3b). At day 4, the number of
the spheroids in each flask was counted and the average diameter of the spheroids was

calculated (Image 3c, d).

Isolating the SKPs from young cultures (around 5% SNS) from both control or HGPS
fibroblasts showed an increased yield in comparison with the number of SKPs obtained

when starting from old fibroblast cultures (around 30% SNS) (Image 3c). For the
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GMO1651c the average yield was 557 spheroids per flask compared to 347 spheroids
when starting from old cultures, the second control cell line, GMO5565, showed an
average yield of 544 spheroids per flask compared to 258 spheroids when starting from
30% senescence cultures (Image 3c). The yield of the HGPS spheroids also showed a
decrease in number when working with old fibroblast cultures. For the HGADFN127 cell
line we could isolate an average of 361 spheroids from young fibroblast cultures
compared to 132 spheroids from the old cultures. From the second HGPS cell line
HGADFNOO03, 536 spheroids were obtained from 5% senescence cultures compared to

202 from the 30% senescence cultures (Image 3c).

Concerning the size of the spheroids, SKPs isolated from old fibroblast cultures appeared
to be larger compared to those isolated from young fibroblast cultures (Image 3b, d). The
average size of the spheroids when starting from young cultures was 120 um and 115
pum for GMO1651c and GMO5565 respectively (Image 3d). This value increased to 139
pum and 155 pm when starting from old cultures for GMO1651c and GMO5565
respectively (Image 3d). For the HGPS SKPs the average size of the spheroids was
smaller compared to their control counterparts when starting from young fibroblast
cultures with 77 um for HGADFN127 and 104 um for HGADFNO0O03 (Image 3d). This value
increased to 128 um for HGADFN127 and 132 um for HGADFNOO3 when starting with

old fibroblast cultures (Image 3d).

Altogether, these data indicate that just like control fibroblasts, it is possible to isolate
SKPs starting from HGPS fibroblasts. The number of the obtained SKPs was inversely
correlated with the percentage of senescence of the starting fibroblast culture of both

control and HGPS cell lines.
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3.2. Adipogenic differentiation of SKP spheroids

Stem cells obtained from HGPS patients showed impaired adipogenesis capability and
severe lipid storage defects (Xiong et al., 2013). In order to detect if this defect is related
to the presence of a high number of senescent cells in the cultures, we induced the
differentiation of our pH-SKPs derived from both control or HGPS fibroblasts into
adipocytes. To achieve this goal, we used the previously described protocol by Leithe et
al (Budel & Djabali, 2017). The protocol consists on collecting the spheroids at day 4 of
SKP culture and let them adhere on a gelatin coated cover slips in a 24 well plate (Image
4a). For the first 24 hours, the spheroids were cultured in SKP adherence media (Table
13) then switched to adipocyte differentiation media (Table 15) for 21 days with media

changes every second day (Image 4a).

(a)

SKP/Day 4 Overnight | cyiture in ADM
adherence

DMEM
+0.5 mM IBMX
+10 pg/ml insulin
| +1 Mm dexamethasone
i +10% FBS
+0.5 pg/ml fungizone
+50 yM indomethacin
+100 pg/mi penicillin/
streptomycin

Day 12

5% SNS

30% SNS
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Figure 4. Differentiation of control and HGPS SKPs into adipocytes.

(a) Panel showing the protocol of SKPs adherence and differentiation. SKPs were collected at
day 4 and allowed to adhere overnight in the presence of SKP adherence media. Next, the media
was replaced with ADM supplemented with insulin, IBMX, and dexamethasone. Differentiation
occurred for 21 days, and the differentiated adipocytes were stained with Oil Red O (ORO) at day
21. (b) Bright-field imaging of the differentiation of control and HGPS SKPs with 5% and 30%
SNS into adipocytes at different time points. (¢) ORO staining for differentiated control and HGPS
SKPs originating from 5%- and 30%-senescence fibroblast cultures at day 7 and 21 of
adipogenesis. (d) Quantification of total ORO-stained area using Image J. (e, f) Quantification of
the size of lipid droplets in control and HGPS groups with 5% and 30% SNS at day 21 of
differentiation. (d) Values are presented as mean £ SD (n=3), (f) In the Box and Whisker plot, the
horizontal line crossing the box is the median, the bottom and top of the box are the lower and
upper quartiles, the whiskers are the minimum and maximum values and the dots represent the
outliers, * p < 0.05, * p < 0.01, *** p <0.001, (d) two-way ANOVA with Tukey’s multiple

comparisons test (f) unpaired t-test. FBS: fetal bovine serum, IBMX: Isobutylmethylxanthine.
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The differentiation of the SKP spheroids isolated from control and HGPS fibroblasts from
both young (5% SNS) and old (30% SNS) cultures was followed and observed at different

time points (Image 4b).

For the SKPs obtained from young control and HGPS fibroblasts (Image 4b, first and
second panel), small lipid droplets started to appear at day 3 of adipocyte differentiation.
These lipid droplets from both cultures increased in number and size till day 21. For the
control SKPs obtained from old fibroblast cultures (30% SNS), we could also observe the
appearance of small lipid droplets at day 3 of differentiation (Image 4b, third panel). This
was not the case with HGPS SKPs obtained from fibroblast cultures with 30% SNS, since
the appearance of small lipid droplets was only visible at day 6 of differentiation (Image
4b, fourth panel). From day 9 to 21, few cells showed the presence of lipid versicles in

both cell types, and their size at day 21 remained small.

The next step was to evaluate the total differentiation potentials of these spheroids
obtained from both control and HGPS fibroblasts with the two senescence indexes 5%
and 30%. Therefore, we stained the lipid droplets with a colorimetric dye Oil Red O at two
time points: day 7 of differentiation (corresponding to early adipogenesis) and day 21 of
differentiation (corresponding to mature adipocytes) (Image 4c). Images of the highly
stained areas were taken from each condition and the quantification was performed using
Fiji (Schindelin et al., 2012). Starting with 5% SNS cultures, the total area of ORO
expression was relatively similar in control and HGPS differentiated adipocytes at the two
time points: day 7 and day 21 (Image 4c, d). Following quantification, the average area
of ORO expression at day 7 was 18750 pm?for control compared to 20254 um?for HGPS

(Image 4d). This value increased at day 21 due to the increase of number and size of
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these lipid droplets, reaching a total ORO area of 60220 pm? for control compared to
42142 um? for HGPS differentiated adipocytes (Image 4d). However, the total area of lipid
droplet expression significantly decreased when working with SKPs collected from old
fibroblast cultures (30% SNS) in both control and HGPS. The area of ORO expression
decreased to a value of 4333 um? in differentiated adipocytes obtained from old control
SKPs (compared to 18750 um? for the differentiated adipocytes obtained from young
control SKPs) at day 7 of differentiation and to a value 24798 um? at day 21 (compared
to 60220 um? for the differentiated adipocytes obtained from young control SKPs (Image
4d). The differentiated adipocytes from old HGPS SKPs also showed a decrease in the
value of total ORO expression; at day 7 the value of ORO expression decreased to 5972
um? (compared to 20254 for their young counterparts) and at day 21 the value decreased
to 11180 um? (compared to 42142 um? for the differentiated adipocytes obtained from

young HGPS SKPs) (Image 4d).

In addition, the average size of the lipid droplets obtained at day 21 of differentiation was
smaller in adipocytes obtained from old fibroblast cultures compared to the ones obtained
from 5% SNS cultures (Image 4e, f). The average size of the lipid droplet at day 21
decreased from 58.4 um? (in 5% SNS cultures) to 26.4 um? (in 30% SNS cultures) in
control, and from 56.4 pm? (in 5% SNS cultures) to 25.4 um? (in 30% SNS cultures) in

HGPS differentiated adipocytes (Image 4f).

Altogether, these data show that the isolated SKPs from young HGPS fibroblasts could
be differentiated into adipocytes, which accumulate lipid droplets with similar sizes to that

in their control counterparts on day 21 of differentiation. We also show that an increase
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in the senescence index of the original fibroblast culture hindered proper adipogenic

differentiation in both control and HGPS.

3.3. Detection of the senescence level of SKP spheroids

In the first two result images, Figure 3 and 4, we showed that the senescence index of
the initial fibroblast cultures affected the isolation and the differentiation of the SKPs. With
higher senescence, the number of collected SKPs was lower and the adipogenic
differentiation capacity of these SKPs was hindered, in both control and HGPS. On the
opposite, working with low senescence cultures increased the SKP yield and showed

proper adipocyte differentiation capabilities.

In order to detect if a number of cells entered into senescence after performing the SKP
isolation technigue, we measured the level of senescence of the initial fibroblast cultures

and in the SKP preparation at day 4.

First, we tried to perform the SA-B-gal staining directly on the SKP spheroids from both
control and HGPS cultures (Figure 5). However, this technique was not a success since
it was hard to detect the positive stained spheroids form the ones that are not stained.
The dye remained trapped in the spheroids and most of the spheroids were stained
although we tried to optimize the protocol by trying different incubation time with the SA-

B-gal staining solution (Figure 5).
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Figure 5. Senescence index of the
SKPs: SA-B-gal staining from on
spheroids from original control
and HGPS fibroblast cultures.

SA-B-gal test performed directly on
the SKPs from control and HGPS
SKPs starting from 5% and 15%

senescence.

To circumvent this problem, we decided to trypsinize the spheroids at day 4, leave them
to adhere overnight in SKP adherence media and then perform the SA--gal staining. In
parallel, we also performed the SA-B-gal staining on the starting fibroblast cultures and
on their corresponding dissociated spheroids (Figure 6). Starting from young control
fibroblast cultures (5% SNS), the percentage of senescence increased 4% (From 5%
SNS in the initial control cultures to 9% SNS in the dissociated spheroids at day 4) (Figure
6). Whereas when starting from young HGPS fibroblast cultures, the percentage of
senescence increased 12% (From 5% SNS in the original HGPS cultures to 17% in the
corresponding dissociated SKPs) (Figure 6). Same analysis was performed when starting
from older fibroblast cultures with a 15% senescence percentage. In the initial control
fibroblast cultures, the percentage of senescence increased from 15% SNS to 20% SNS
(5% increase) (Figure 6). For the initial HGPS fibroblast cultures, the percentage of

senescence increased from 15% SNS to 24% SNS (9% increase) (Figure 6).
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Figure 6. Senescence index of SKPs: SA-B-gal staining of original fibroblasts and
dissociated SKPs at day 4.

SA-B-gal test performed using initial fibroblast cultures and on dissociated spheroids at day 4 for
both control and HGPS groups starting from 5% and 15% SNS.

In order to validate these data, we performed immunofluorescence staining on three
additional senescence markers: p21 (Figure 7), p1l6INK4A (p16) (Figure 8) and IL-8
(Figure 9) (Hotamisligil & Bernlohr, 2015; Rosen et al., 1999; Sharpless & Sherr, 2015).
We started by the immunofluorescence with p21 (Figure 7) and the staining was
performed on the original fibroblast cultures (Figure 7a) and on the dissociated spheroids
(Figure 7b) for both control and HGPS with either 5% or 15% SNS. For all the conditions,
the percentage of p21 expression increased in the dissociated spheroids compared to the
original fibroblast cultures (Figure 7c). In addition, a significant increase was observed in
the percentage of p21 expression between the HGPS dissociated SKPs compared to

their control counterparts in both 5% and 15% SNS cultures. The HGPS dissociated SKPs
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at day 4 showed 14.25% p21 expression compared to 8.16% in the control dissociated
SKPs, when starting with young cultures. With 15% SNS cultures, the percentage of p21
expression in HGPS dissociated SKPs was 26.8% compared to 17.6% in control

dissociated SKPs at day 4 (Figure 7c).
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Figure 7. p21 staining of original fibroblasts and dissociated SKPs at day 4.

(&) Immunofluorescence staining against p21 and Lamin A/C of the initial control and HGPS

fibroblast cultures with 5% and 15% senescence. (b) Immunofluorescence staining for p21 and
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Lamin A/C in dissociated spheroids at day 4, from control and HGPS SKPs with 5% and 15%
SNS. Cells were counterstained with DAPI. (c) Quantification of the percentage of p21-positive
nuclei in the initial fibroblast cultures and in dissociated SKPs at day 4 in both control and HGPS
groups. Values are presented as mean + SD (n=3), * p < 0.05, ** p < 0.01, *** p < 0.001, (c) two-
way ANOVA with Tukey’s multiple comparisons test.

Next, we investigated the expression of p16INK4A (pl16) (Figure 8) and IL-8 (Figure 9)
again in the original fibroblast cultures and in their corresponding dissociated spheroids

in control and HGPS from either 5% and 15% SNS cultures.
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Figure 8. Immunofluorescence staining for pl6 in the initial fibroblasts and in the
dissociated control and HGPS SKPs at day 4.

(a) Immunofluorescence staining against p16 and progerin of the initial fibroblast cultures from
control and HGPS with 5% and 15% senescence. (b) Immunofluorescence staining for p16 and
progerin at day 4 in dissociated spheroids from control and HGPS SKPs with 5% and 15% SNS.
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(c) Quantification of the percentage of pl6-positive nuclei in the initial fibroblast cultures and in
dissociated SKPs at day 4 from both control and HGPS cultures. Cells were counterstained with
DAPI. Values are presented as mean + SD (n=3), * p < 0.05, ** p < 0.01, ** p < 0.001, (c) two-

way ANOVA with Tukey’s multiple comparisons test.

The expression of p16 and IL-8 increased in the dissociated spheroids at day 4 compared
to the original fibroblast cultures in all the conditions (In control and HGPS cultures also
with 5% and 15% SNS). In addition, the expression of p16 and IL-8 significantly increased
in HGPS dissociated SKPs compared to their expression in the original fibroblast, when
working with 5% SNS cultures. For pl6, the expression was 19.3% in young HGPS
dissociated SKPs compared to 10.6% in the young control dissociated SKPs at day 4
(Figure 8c). For the IL-8, the expression was 14.3% in the young HGPS dissociated SKPs

compared to 6.3% in the young control dissociated SKPs (Figure 9c).
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15% SNS / Fibroblasts
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Figure 9. Immunofluorescence staining for IL-8 in the initial fibroblasts and in the
dissociated control and HGPS SKPs at day 4.

(a) Immunofluorescence staining against IL-8 and progerin of the initial fibroblast cultures from
control and HGPS with 5% and 15% senescence. (b) Immunofluorescence staining for IL-8 and

progerin at day 4 in dissociated spheroids from control and HGPS SKPs with 5% and 15% SNS.
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Cells were counterstained with DAPI. (c) Quantification of the percentage of IL-8-positive cells at
day 4 in the initial fibroblast cultures and in dissociated SKPs from both control and HGPS
cultures. Values are presented as mean = SD (n=3), * p < 0.05, ** p < 0.01, *** p < 0.001, (c) two-

way ANOVA with Tukey’s multiple comparisons test.

Altogether, these findings indicate that the pH-SKP protocol induces cellular stress and
increases the level of senescence in the cultures particularly in the case of the HGPS
SKPs. This increased stress and senescence could affect the differentiation capabilities

of the HGPS SKPs into adipocytes.

3.4. Differentiation of SKP spheroids derived from low senescence

fibroblast cultures

The previously described differentiation protocol (Methodology 2.2.1.3.1); that consists
on collecting the whole spheroids at day 4 and let them to adhere overnight in the
presence of adipocyte adherence media (Table 13) and then culture them in adipocyte
differentiation media (Table 15), let to proper adipocyte differentiation. Unfortunately, this
protocol had one limitation, the whole spheroids were left to adhere, meaning that the
number of spheroids added in each well was hard to monitor between all the conditions.
In this case, if we see higher differentiation in one well compared to another, we will not
be able to know if this is due to a higher potential of the cells to differentiated into
adipocytes, or this is due to the presence of a higher number of spheroids in the first

place.

74



(a)

Trypsinization - Differentiation
of SKPs Culture in ADM Day 21

DMEM

SKPs/Day 4

; 2/ % o +0.5 mM IBMX
|| Wi o i e +10 pg/ml insulin
SO X +1 Mm dexamethasone 5

i ; L \ +10% FBS S LT
| OGP ACS > +0.5 pg/ml fungizone e
/ J (s Toa A0 €8 ors (058 . +50 yM indomethacin

| | s 1 +100 pg/ml penicillin/
[ A O3 Lo, streptomycin

- =0 . FEASAS < +100 uM L-Ascorbic acid

Day 7

/DAPI F

Day 14

Control
(GMO5567A)

5% SNS
HGPS
(HGADFN127)

HGPS
(HGADFN003)

ke

*

A

= T T
Day 7 14 21 7 14 21 7 14 21

Control HGPS HGPS
(GMO5567A) (HGADFNO003) (HGADFN127)

[x10% um?]
100

50

Total area of BODIPY

Figure 10. Differentiation of trypsinized SKPs into adipocytes.
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(a) Panel showing the optimized protocol for SKPs trypsinization at day 4 and differentiation into
adipocytes. The spheroids were trypsinized at day 4 and cultured directly in ADM. The
differentiated cells were observed for 21 days and then stained with ORO and Bodipy at day 21.
(b) Bodipy staining of lipid vesicles for control (GMO5567A) and HGPS (HGADFN127 and
HGADFNO0O03) cells, starting from 5% SNS fibroblast cultures. Staining was performed at days 7,
14, and 21 of differentiation. Cells were counterstained with DAPI. Scale bar: 100 um / for the
magnified images, scale bar: 20 um. (c) Quantification of area with Bodipy signals at the three
time points for both control and HGPS adipocytes. Values are presented as mean +S D (n=3), *

p <0.05, ** p <0.01, ** p <0.001, (c) two-way ANOVA with Tukey’s multiple comparisons test.

In order to optimize the protocol, we decided to trypsinize the spheroids at day 4 of SKP
culture and then seed a specific number of cells in each well. After several optimization
trials, we determined the following seeding conditions; for HGPS, we seeded 100.000
cells from the dissociated spheroids (in a 24-well plate) and for control, 80.000 cells from
the dissociated spheroids were seeded. The dissociated adipocytes were cultured in

adipocyte differentiation media (ADM) (Table 15) for a period of 21 days (Figure 10a).

We followed the differentiation of the dissociated young SKPs (5% SNS) for one control
(GMO5567A) and two HGPS cell lines (HGADFN127 and HGADFNO003). Two different
dyes were used to stain the lipid droplets, Oil Red O (ORO) as a colorimetric dye and
Bodipy as a fluorescent dye. The differentiation of the dissociated SKPs was followed and
monitored every day and the staining with the previously mentioned dyes was performed
on the following time points: day 7, 14 and 21 of differentiation. In this experiment, the
dissociated SKPs were cultures on glass coated cover slips and seeded in a 24 well-
plate. For each condition and each time point, a minimum of 8 cover slips were performed;

4 cover slips were used for Bodipy staining and 4 were used for ORO staining. At day 7

76



of adipocyte differentiation, the number of lipid droplets was relatively low, this was
reflected by the low expression of ORO and Bodipy (Figure 10b and 11) for both control
and HGPS adipocytes. For the differentiated adipocytes obtained from control
(GMO5567A), the total area of Bodipy expression at day 7 was 7951 um? compared to

1982 um? for HGPS HGADFNO003 and 2598 pm? for HGPS HGADFN127.

Control
(GMOS5567A)

5% SNS
HGPS
(HGADFN127)

HGPS
(HGADFNO003)

Figure 11. ORO staining of differentiated control and HGPS SKPs.

Oil Red O staining for control (GMO5567A) and HGPS (HGADFN127 and HGADFNO0O03)
differentiated adipocytes at days 7, 14 and 21 of adipogenesis, starting from 5% SNS fibroblast

cultures.

This difference in the Bodipy expression profile between the control and the two HGPS
cell lines was not significant at day 7. The number and size of the lipid droplets increased
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from day 7 till day 14 until reaching a total area of Bodipy expression almost 5 times
higher (42462 um?) at day 14 compared to day 7 in control differentiated adipocytes. For
the two HGPS cell lines, this value was lower, with an increase of almost 3 times from
day 7 to day 14. The total area of Bodipy expression reached a value of 7569 um? for the
HGADFNOO03 adipocytes at day 14 (increased form 1982 pm? at day 7) and a value of
7912 pum? for the HGADFN127 (increased from 2598 um? at day 7) (Figure 10c). The
difference of Bodipy expression at day 14 between the control adipocytes and the two
HGPS differentiated adipocytes was significant with a p value < 0.01 (**). At day 21 of
differentiation, the total area of Bodipy expression significantly increased in control
differentiated adipocytes compared to day 14 (increase from 42462 um? at day 14 to
97150 um? at day 21 with a p value < 0.001) (Figure 10c). This is also reflected by the
intense green (For Bodipy) (Figure 10b) or red (For ORO) (Figure 11) coloration observed
in the differentiated adipocytes in the control group at day 21. For the HGADFNOOS3, the
total area of Bodipy expression did not significantly increase between day 14 and day 21
of differentiation. The area of Bodipy expression increased from 7569 um? at day 14 to
18441 um?at day 21 (Figure 10c). Same was observed for the HGADFN127 differentiated
adipocytes, as the total area of Bodipy expression did not show any significant increase
between day 14 and day 21. The value increased from 7912 um? to 25170 um? with a p

value > 0.05 indicating no significance (Figure 10c).

Nevertheless, the total area of Bodipy expression in GMO5567A differentiated adipocytes
at day 21 was significantly higher (5 times higher) compared to the value obtained from
HGADFNO0O03 adipocytes at the same time point, with 97150 um? for control adipocytes

compared 18441 pm? for HGADFNOO3 adipocytes at day 21 (p value < 0.001) (Figure
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10c). The value obtained for GMO5567A differentiated adipocytes at day 21 was also
significantly higher compared to the one obtained from the HGADFN127 adipocytes, with
a total area of 25170 um? in HGADFN127 compared to 97150 um? in control adipocytes

(almost 4 times higher in control with a p value < 0.001) (Figure 10c).

Collectively, the optimized adipocyte differentiation protocol showed impaired adipogenic
capabilities of the HGPS SKPs from two different HGPS cell lines (HGADFN127 and
HGADFNO003) compared to control SKPs. This could be caused by a higher number of

senescent cells found in the HGPS SKP cultures compared to their control counterparts.

3.5. Characterization of SKP formation and differentiation after

treatment with Baricitinib

Previous studies from our lab showed that treating HGPS fibroblasts with Baricitinib, a
JAK 1/2 inhibitor, delayed senescence, reduced the level of proinflammatory markers and
restored cellular homeostasis (C. Liu et al., 2019). Based on that, we wanted to test if
treatment with Baricitinib could also improve adipogenesis in HGPS spheroids. The
previously used concentration of 1 um of Baricitinib showed no cytotoxicity during long-
term treatments in vitro, therefor we used this concentration in all our further experiments.
First, we wanted to study the effect of Baricitinib treatment on the spheroid formation. Two
groups were made for each control and HGPS SKPs with or without Baricitinib treatment.
First, the SKP protocol (Method 2.2.1.2) was performed for all the groups in the same
manner, and then 1 um of Baricitinib was added to the SKP media (Table 10) for the

treated groups (Figure 11a).
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Figure 12. SKPs characterization after treatment with Baricitinib.

(a) SKPs isolation from control (GMO5567A) and HGPS (HGADFN127) fibroblasts after treatment
with baricitinib (Bar). (b, ¢) Quantification of the number and average size of SKPs in control and
HGPS groups with or without baricitinib treatment. Values are presented as mean +SD (n=3), not
significant (ns), * p < 0.05, ** p < 0.01, *** p < 0.001, (b, c) unpaired t-test.

The growth of the spheroids was monitored and the SKPs were then counted and
analyzed at day 4. The spheroids from all the groups grew in number and size from day

1 till day 4 (Figure 12a). For control SKP, the average number of the spheroids decreased
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from 1209 per flask in control without treatment (Control/-Bar) to 1108 spheroids per flask
after treatment with Baricitinib for a period of 4 days (Figure 12b). Nevertheless, this
decrease was not statistically significant. For the HGPS SKPs, the number of spheroids
also decreased from 966 spheroids per flask in non-treated HGPS SKP to 903 spheroids
per flask after treatment with Baricitinib (Figure 12b). Like control, this decrease was

statistically insignificant.

The average size of the spheroids was obtained by quantifying at least the biggest 50
spheroids from each flask, from 3 different flasks and from 3 different experiments. The
size of the control spheroids increased from 150 um in the non-treated group to 158 um
in the Baricitinib treated group at day 4 of SKP formation (Figure 12c). This slight increase
was not significant. Whereas for the HGPS SKPs, the size of the spheroids increased
significantly from 91 um in the non-treated groups to 101 um in the treated ones (p value

<0.01) (Figure 12c).

These findings indicate that the used 1 um concentration of Baricitinib did not induce any
cytotoxicity, nor significant changes in the formation of the SKPs during the 4 days of

culture.
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Figure 13. Improved differentiation of HGPS SKPs after treatment with Baricitinib.
(a) Bodipy staining of control (GMO5567A) and HGPS (HGADFN127) differentiated adipocytes

after treatment with baricitinib. Scale bar: 100 um / for the magnified images, scale bar: 20 um.
Cells were counterstained with DAPI. (b, ¢) Quantification of total area showing Bodipy signal and
average size of lipid droplets (LD) at days 7, 14 and 21 of differentiation for both control and
HGPS adipocytes. (d) ORO images at day 21 of differentiation for control and HGPS adipocytes.
(b) Values are presented as mean £SD (n=3), (c) In the Box and Whisker plot, the horizontal line
crossing the box is the median, the bottom and top of the box are the lower and upper quartiles,
the whiskers are the minimum and maximum values and the dots represent the outliers, not
significant (ns), * p < 0.05, ** p < 0.01, *** p < 0.001, (b) two-way ANOVA with Tukey’s multiple
comparisons test, (c) unpaired t-test.

Second, we wanted to test the effect of Baricitinib treatment on the formation of
adipocytes in control and HGPS SKPs (Figure 13). Here, we collected the spheroids at
day 4 of SKP formation and the SKPs already treated with Baricitinib were also cultured
in adipocyte differentiation media containing the drug. The formation of the lipid droplets
was followed as usual for a period of 21 days and the vesicles were stained with Bodipy
at 3 different time points: day 7,14 and 21 of differentiation (Figure 13a). The total area of
Bodipy expression and the size of the lipid droplets were quantified at the previously
mentioned time points (Figure 13b, c). The total area of Bodipy expression increased in
control without Baricitinib treatment from 7951 pm?at day 7, to 47129 um? at day 14, until
reaching a value of 97150 um? at day 21 of differentiation (Figure 13b). After treating the
control group with Baricitinib, the total area of Bodipy expression decreased but in a non-
significant way (Figure 13b). At day 7 of differentiation, Bodipy expression decreased from
7951 pm? in control without Baricitinib to 3125 pm? in control group with Baricitinib

treatment (Figure 13b). The total area of Bodipy expression increased in the treated and
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non-treated groups at day 14 due to the increase of the number and size of the lipid
droplets (Figure 13b). At day 14 of differentiation, the average area of Bodipy expression
decreased to 34523 um?in control treated with Baricitinib, in a non-significant manner
(Figure 13b). This value decreased also in a non-significant way in control treated with
Baricitinib at day 21 of differentiation reaching 79563 um? (Figure 13b). Next, we wanted
to investigate the effect of Baricitinib treatment in HGPS SKPs. At day 7 of differentiation,
the total area of Bodipy expression slightly increased from 2598 um? to 3864 um? in the
Baricitinib treated HGPS SKPs (Figure 13b). This value of Bodipy expression significantly
increased at day 14 of differentiation after Baricitinib treatment (p value <0.05), varying
from 7912 pm?in the non-treated group to 16379 pm?2in the treated one (2 times higher
in the Baricitinib treated HGPS SKPs) (Figure 13b). At day 21 of differentiation, the total
area of Bodipy expression significantly increased (p value <0.001) from 16748 pm? in the
HGPS SKP not treated with Baricitinib compared to 42750 um? in the treated group
(Figure 13b). This increase was clearly visible after staining the samples with Bodipy
(Figure 13a). The HGPS SKPs treated with Baricitinib clearly showed an increase in the

levels of Bodipy expression in all the repetitions.

The size of the lipid droplets was also investigated again after staining with Bodipy at the
3 different time points: day 7, 14 and 21 of differentiation. In the control group, the average
size of lipid droplets decreased from 9.7 um? to 7.2 um? after treatment with Baricitinib at
day 7 of differentiation (Figure 13c). This decrease was also observed at day 14 of
differentiation, with an average size ranging from 28.3 um?2in the non-treated control
compared to 22 um? in the Baricitinib treated group (Figurel3). This decrease was

significant with a p value < 0.01. At day 21 of differentiation, the average size of the lipid
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droplets barely changed between the treated and non-treated control, reaching 40.7 um?
in the non-treated group compared to 42 um?in the Baricitinib treated group (Figure 13c).
Nevertheless, in HGPS differentiated SKPs, treatment with Baricitinib significantly
increased the size of the lipid droplets at the 3 different time points (Figure 13c). At day 7
of differentiation, the size of the lipid droplets increased from 4.8 um?in the non-treated
HGPS differentiated adipocytes, to 7.83 um?in the Baricitinib treated HGPS differentiated
SKPs (p value < 0.001) (Figure 13c). A 3-time increase was observed at day 14 of
differentiation in the Baricitinib treated HGPS SKPs, the size of the lipid droplets
increased from 6.4 um? in the non-treated group to 19.6 um? after Baricitinib treatment (p
value < 0.001) (Figure 13c). At day 21 of differentiation, the average size of the lipid
droplets was also higher in the Baricitinib treated HGPS differentiated SKPs (22.7 um?)
compared to the non-treated counterpart with a value of 12.8 pm? (p value < 0.001)

(Figure 13c).

Finally, in order to double prove the effect of Baricitinib on the HGPS differentiated SKPs,
we stained the lipid droplets at day 21 with another lipid dye, Oil Red O (Figure 13d). The
differentiated adipocytes obtained from control SKPs did not show significant increase
after treatment with Baricitinib as indicated by the red coloration (Figure 13d, Panel
Control). Interestingly, Baricitinib treated HGPS SKPs showed a clear significant increase
in the Oil Red O expression at day 21 of differentiation compared to the non-treated group

(Figure 13d, Panel HGPS).

Altogether, these data indicates that Baricitinib treatment improved the adipogenic

differentiation potential of the HGPS SKPs that started to be significant starting day 14 of
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differentiation. This indicates that Baricitinib could be considered as a potential drug to

improve adipogenesis in HGPS.

3.6. Expression of PPARy and FABP4 in 3T3-L1 preadipocytes

To prove the presence of adipocytes in our cultures, we used two different adipocytes
marker: peroxisome proliferator-activated receptor gamma (PPARy) and fatty-acid-
binding protein 4 (FABP4). First, we assessed the expression of these two markers in a
well-established model of adipogenesis: 3T3-L1 preadipocytes. We chose this model

since it was heavily studied in the literature in the field of adipogenesis (Green & Meuth,

1974).
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Figure 14. 3T3-L1 differentiation and expression of adipogenic markers.

(a) Panel showing the protocol for 3T3-L1 differentiation. After reaching confluency, 3T3-L1 cells
were cultured for 3 days in adipocyte differentiation media (ADM) then switched to adipocyte
differentiation media Il (ADM II) containing only DMEM, insulin and 10% FBS. Atday 7, the media
was switched to basal media (BM) containing only DMEM and 10% FBS. BM was kept till day 14
of differentiation. At the three time points: day 3, day 7 and day 14, differentiated 3T3-L1 were
fixed and stained with ORO and Bodipy. (b) First panel showing bright field microscopy images
at day 3, 7 and 14 of 3T3-L1 adipogenic differentiation, scale bar: 25 um. Second panel showing
the differentiated 3T3-L1 after Bodipy 493/503 staining, scale bar: 100 um and last panel after Oil
red O (ORO) staining, scale bar: 100 um. (¢) Quantification of percentage of Bodipy expression
in the 3T3-L1 differentiated cells. (d) Immunofluorescence showing co-expression of PPARy and
Bodipy 493/503 in 3T3-L1 at day 7 and 14 of differentiation. (e) Quantification of the percentage
of PPARYy expression at day 7 and 14 of differentiation in 3T3-L1 cell line. (f) Immunofluorescence
showing co-expression of FABP4 and Bodipy 493/503 in 3T3-L1 at day 7 and 14 of differentiation.

Cells were counterstained with DAPI. (g) Quantification of percentage of FABP4 expression at
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day 7 and 14 of adipogenic differentiation in 3T3-L1 cell line. IBMX: Isobutylmethylxanthine,
Dexa: Dexamethasone, Indo.: Indomethacine, FBS: Fetal Bovine Serum.

We started first by optimizing the differentiation of the 3T3-L1 preadipocytes (Figure 14a,
b). Briefly, the cells were collected and cultured in a 6-well plate on glass cover slips at a
density of 2x10° cells per well. After reaching confluency (Day 0), the normal media (Table
7) was switched to adipocyte differentiation media (ADM) (Table 15) containing DMEM,
IBMX, dexamethasone, indomethacin, ascorbic acid, insulin, penicillin/streptomycin and
10% FBS. At day 3 of differentiation, the media was again switched to adipocyte
differentiation media Il containing only DMEM, insulin, penicillin/streptomycin and 10%
FBS. The cells were kept in ADM Il for a period of 4 days. At day 7 of differentiation,
media was again switched to basal media containing DMEM, penicillin/streptomycin and
10% FBS, and this media was left till day 14 and was refreshed every second day.
Staining with Bodipy and Oil Red O was performed at 3 different time points during the
14 days period of 3T3-L1 differentiation: day 3, 7 and 14 (Figure 14a, b). We first started
by imaging the cells using an optic microscope at the 3 previously mentioned time points
(Figure 14b / Panel 3T3-L1). Small lipid droplets started to appear at day 3 of
differentiation and these vesicles grew in number and size till day 7, until becoming clearly
visible and covering most of the area at day 21 (Figure 14b / Panel 3T3-L1). Staining with
Bodipy and ORO was also performed at the three time points: day 3, 7 and 14 of
differentiation (Figure 14b). To have an idea on the differentiation potential of the 3T3-L1,
we quantified the expression of Bodipy by calculating the percentage of Bodipy positive
cells. We counted a total of 1000 cells with the 40x objective from different areas within

each cover slip and from a minimum of three different repetitions. The cells were
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counterstained with DAPI, so first the whole number of cells from each area was counted
manually and then we counted the cells with a positive Bodipy expression. At day 3 of
differentiation, 32% of the 3T3-L1 showed positive Bodipy expression. This percentage
increased to 68% at day 14 of differentiation, until reaching 82% at day 21 (Figure 14c).
The increase in the lipid droplet accumulation was also double proven by Oil Red O
staining (Figure 14b / Panel 3T3-L1/ORO). The intensity of the dye increased significantly
from day 3 till day 14 of differentiation, showing high levels of differentiation at day 14
(Figure 14b / Panel 3T3-L1/ORO). These results are compatible with the results observed

after Bodipy staining (Figure 14).

Next, we wanted to study the expression of two adipogenic markers, PPARy and FABP4
in this model of 3T3-L1 preadipocytes. For that we performed immunofluorescence
staining for each of these markers at day 7 and 14 of differentiation and we scored the
levels of expression by calculating the percentage of positive cells compared to the total
DAPI count (Figure 14d, e, f, g). FABP4 is a marker of mature adipocytes (Hotamisligil &
Bernlohr, 2015), whereas PPARY is an early marker of adipogenesis (Chawla, Schwarz,
Dimaculangan, & Lazar, 1994; Tontonoz, Hu, Graves, Budavari, & Spiegelman, 1994).
The expression of PPARYy increased from day 3 (15.5%) till day 7 (46%), while remaining
high at day 14 (56%) (Figure 14d, e). For FABP4, the expression increased from 7% at
day 3 to 30% at day 7 of differentiation (Figure 14f, g). At day 14, 68% of the cells were

positive for FABP4 expression (Figure 14f, g).
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3.7. PPARy and FABP4 expression in control and HGPS differentiated
adipocytes
After establishing the specificity and the expression of the two markers: PPARy and
FABP4 in the 3T3-L1 preadipocytes, we performed immunofluorescence staining of the
two previously mentioned markers on the differentiated control and HGPS SKPs. We
started with the immunofluorescence staining of PPARYy at day 7 and 14 of differentiation
in both control (Figure 15a) and HGPS (Figure 15b) differentiated SKPs. The percentage
of PPARYy was calculated by scoring the number of positive nuclei for PPARy compared
to the total DAPI count. At day 7 of differentiation, the percentage of PPARYy positive cells
was 62.4% in control differentiated SKPs compared to 41% in HGPS differentiated SKPs
at the same time point. This decrease in the percentage of PPARYy positive cells in HGPS
differentiated SKPs is statistically significant with a p value < 0.01. At day 14 of
differentiation, the value of PPARYy decreased in both conditions, reaching a value of
19.6% in control and 11.6% in HGPS differentiated adipocytes. This decrease at day 14
of differentiation in the percentage of PPARy expression between control and HGPS
differentiated adipocytes is however not significant (Figure 15c). Next, we studied the
expression of FABP4, again at day 7 and 14 of differentiation in control and HGPS
differentiated adipocytes (Figure 15d, e, f). The percentage of FABP4 positive cells
increased significantly at day 14 in both control and HGPS differentiated SKPs (Figure
15f). Interestingly, the percentage of FABP4 expression at day 14 remained higher in

control differentiated SKPs compared to their HGPS counterparts (Figure 15f).

Altogether, these results indicates that HGPS SKPs are capable of differentiating into

mature adipocytes, as indicated by the positive FABP4 expression. Nevertheless, the
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adipogenic differentiation of the HGPS SKPs remained lower compared to the control

SKPs as shown by the lower expression of FABP4 at day 14 and PPARy at day 7 in

HGPS adipocytes.
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Figure 15. Expression of adipogenic markers in control and HGPS differentiated
adipocytes.

(a, b) Immunofluorescence showing the dual PPARy and Bodipy staining in control (GMO5567A)
and HGPS (HGADFN127) adipocytes at days 7 and 14 of differentiation. (c) Quantification of the
percentage of PPARYy positive cells at days 7 and 14 of differentiation in both control and HGPS
differentiated SKPs (d, e) FABP4 and Bodipy staining in control (GMO5567A) and HGPS
(HGADFN127) differentiated adipocytes at days 7 and 14. Scale bar: 10 um. Cells were
counterstained with DAPI. Values are presented as mean £ SD (n=3), * p < 0.05, ** p < 0.01, (c,

f) two-way ANOVA with Tukey’s multiple comparisons test.

3.8. Progerin accumulation and high senescence underlined defective

adipogenesis in HGPS

To investigate whether senescence is the reason behind the reduced differentiation
capacity observed in HGPS SKPs, we performed several immunofluorescences staining

for progerin, Bodipy and IL-8 (Figure 16).
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Figure 16. Co-expression of progerin with Bodipy and IL-8 in HGPS differentiated SKPs.

(a) Immunofluorescence staining for progerin and Bodipy at days 7 and 14 of adipogenesis in
HGPS (HGADFN127). (b) Immunofluorescence staining for progerin and IL-8 at days 7 and 14 of
adipogenesis in HGPS. Cells were counterstained with DAPI. (c) Percentage of positive nuclei

expressing either progerin, Bodipy or both (progerin / Bodipy 493/503). (d) Percentage of
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progerin-positive nuclei, IL-8-positive or progerin / IL-8-positive cells. Values are presented as
mean * SD (n=3), not significant (ns), * p < 0.05, ** p < 0.01, ** p < 0.001, (c, d) unpaired t-test.

We started with the co-staining of progerin and Bodipy at day 7 and 14 of differentiation
in HGPS differentiated adipocytes (Figure 16a). We then scored the number of cells
expressing either progerin alone, Bodipy alone or both markers at the same time (Figure
16c¢). We noticed that the cells with high progerin expression are negative for the Bodipy
marker. The opposite is also true, cells with Bodipy expression barely or do not express
progerin (Figure 16a, c). At day 14 of differentiation, almost 18% of the differentiated
HGPS SKPs expressed high progerin levels, 22% were positive for Bodipy expression
and the percentage of cells expressing both markers at the same time was 4.3% (Figure
164, c). The low level of cell with double expression (progerin and Bodipy) means that the
cells with progerin signal have negative or low Bodipy signal indicating that these cells
are not capable of accumulating proper lipid droplets. Interestingly, cells who expressed
both markers at the same time, showed low progerin signal. With high progerin

expression, almost no cells were capable of expressing Bodipy at the same time.

Next, we performed a co-staining of progerin and the senescence marker: IL-8, again at
day 7 and 14 of differentiation in HGPS adipocytes (Figure 16b). We noticed that the cells
expressing progerin, also express IL-8 (Figure 16b). Following counting and
guantification, we show that 15.3% of the differentiated HGPS adipocytes expressed high
progerin levels at day 14 (Figure 16c). At the same time point, 12.3% of the differentiated

adipocytes were positive for IL-8 (Figure 16c). The percentage of the cells expressing
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both progerin and IL-8 at the same time was 11%, this indicates that majority of the cells

with IL-8 expression were also positive for progerin (Figure 16c).

These data show that most of the cells expressing progerin also expressed the
senescence marker IL-8 and therefor were senescent. Cells with high progerin levels,
and consequently with IL-8 expression, could not differentiate into adipocytes and therefor
were not capable of accumulating lipid droplets and expressing Bodipy signal. Altogether,
we show that the impaired adipogenesis observed in HGPS SKPs could be linked to the

increased accumulation of progerin, inducing premature senescence entry in these cells.
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4. Discussion

Lipodystrophy is a major physiological feature in which HGPS patients suffer from. To
date, how mutation in the LMNA gene is causing loss of fat in these patients is still
unknown. This study highlights the effect of increased level of senescent cells on adipose

tissue depletion observed in HGPS.

4.1 SKP spheroids from HGPS fibroblasts

The first goal we wanted to achieve in this study, was the collection of SKPs from HGPS
fibroblasts. HGPS is a very rare disease, with a prevalence of approximately 1 in 20
million (Gordon et al., 1993), meaning that at any given time the number of children living
with progeria worldwide does not exceed 350 patients. This low number of HGPS children
made the collection of adipose tissue from the patients almost impossible. Not to mention,
that the children suffer from lipodystrophy, so from the beginning they have very low or

no adipose tissue.

Our group showed the possibility of collecting skin derived precursor stem cells (SKPs)
from normal fibroblast cultures (collected from healthy individuals) and proved their ability
to differentiate into adipocytes (Budel & Djabali, 2017). Here, we show that the collection
of SKPs is also possible from fibroblasts obtained from HGPS patients, and that they are

also capable of differentiating into adipocytes (Najdi, Kruger, & Djabali, 2021).

In this study, we used the senescence percentage to divide our HGPS and control
fibroblast cultures instead of using the passage number. HGPS fibroblasts have shown

to enter senescence faster than their control counterparts (C. Liu et al., 2019), therefor
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using control and HGPS fibroblasts with the same passage number will not necessarily
mean that they express the same senescence percentage. Control and HGPS fibroblast
cultures were divided into young cultures expressing 5% senescence (using the SA-3-gal

test) and old cultures with a senescence index of 30%.

Senescence and the chronic inflammatory milieu that it creates have shown to be
implicated in stem cell depletion (Freund et al., 2010). Our data are in accordance with
this finding, since in high senescence cultures, the number of SKPs collected was
significantly lower compared to low senescence cultures in both control and HGPS

fibroblasts (Figure 3).

Another parameter we quantified was the size of the obtained spheroids. Interestingly,
SKPs collected from 30% senescent fibroblasts were bigger in size compared to the
spheroids obtained from 5% senescent fibroblast cultures (Figure 3). Studies have shown
that the diameter of a multicellular spheroid can be used as a parameter to examine
hypoxia or necrosis (Barisam, Saidi, Kashaninejad, & Nguyen, 2018). In very large
spheroids, the inner regions become necrotic due to the difficulty of oxygen and glucose
diffusion to the core (Barisam et al., 2018). With an increased spheroid diameter, the
hypoxic and necrotic zones in these spheroids become larger (Curcio et al., 2007). This
explains the larger spheroid size obtained when collecting the SKPs from old fibroblast

cultures, and can also explain the hindered differentiation capability in these spheroids.

4.2 Differentiation of SKPs into adipocytes

Next, we followed the differentiation of these SKPs from both control and HGPS

fibroblasts with 5% and 30% senescence. We used the same protocol established by our
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group (Budel & Djabali, 2017), consisting on letting the spheroids adhere overnight in
adipocyte adherence media followed by adipocyte differentiation media for a period of 21
days. Here, we showed a delay in the initiation of adipogenesis and the appearance of
lipid droplets in 30% senescence HGPS SKPs (Figure 4). The differentiation potential
was significantly reduced in SKPs obtained from old fibroblast cultures in both control and

HGPS compared to the SKPs obtained from young fibroblasts (Figure 4).

Although this technique led to proper adipocyte differentiation, it had one limitation. The
complete spheroids were led to adhere and differentiate, therefor the exact number of
spheroids added in each well will be hard to control. Meaning that, when we observe
increased differentiation in a well, this could not necessarily reflect the differentiation
potential of the spheroids, and could mean that we added a high number of spheroids in

the first place.

In order to circumvent this problem, the spheroids were dissociated and the cell number
was determined. Several optimization techniques were performed to identify the optimal
seeding conditions for control and HGPS SKPs. In order to differentiate into adipocytes,
it was mandatory that the dissociated SKPs are close to each other, forcing us to add a
high number of cells in each well. Following this protocol, we show a hindered
differentiation capability of HGPS SKPs compared to control also at 5% senescence

(Figure 10 and 11).

Other studies using induced pluripotent stem cells (iPSCs) obtained from HGPS
fibroblasts also showed lipid storage defect in HGPS compared to control (Xiong et al.,

2013). The impaired differentiation observed was due to the suppression of late
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adipogenic marker PPARy2 and C/EBPa (Xiong et al., 2013). How progerin is interfering
with the previously mentioned late adipogenic regulators is still unknown. Two possible
explanations are suggested. One possibility is the direct interaction of progerin with an
essential adipogenic gene causing perturbation in the transcription of downstream
effectors. Another possibility is the interaction of progerin with an intermediate
transcription factor such as, FOXQ1 (Candelario, Chen, Marjoram, Reddy, & Comai,
2012). Expression of FOXQL1 is activated in fibroblasts with accumulated progerin
(Candelario et al., 2012). In addition, overactivation of FOXQ1 in normal fibroblasts
showed the appearance of features similar to that observed in cells with progerin
expression, suggesting a link between FOXQ1 and the cellular dysfunction caused by the

truncated Lamin A (Candelario et al., 2012).

Induction of progerin in human mesenchymal stem cells (hMSCs) also showed a
reduction in their adipogenic differentiation potentials (Scaffidi & Misteli, 2008). Several
downstream effectors of the Notch pathway -implicated in the regulation of stem cell
differentiation (Chiba, 2006)- are activated due to progerin expression (Scaffidi & Misteli,
2008). Activation of the Notch pathway in hMSCs reproduced the cellular abnormalities
observed in progerin-expressing hMSCs, in particular impaired adipogenesis. On the
other hand, inhibiting this pathway (by the Notch pathway inhibitor DAPT) in progerin-
expressing hMSCs reversed the effect of progerin and induced adipocyte differentiation

(Scaffidi & Misteli, 2008).

4.3 Senescence and adipogenesis

In the first part of this thesis, the collection of the SKPs from low and high senescence

fibroblasts and their differentiation into adipocytes, we highlighted the negative effect that
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senescence has on the spheroids” collection and their differentiation. In this part, we
wanted to determine whether during the SKP preparation, the cells entered into

senescence faster and if this could further affect the differentiation process.

To determine the senescence level of the spheroids, we performed the SA-B-gal test
directly on the SKPs. This technique did not show any success, since the dye remained
trapped within the spheroids and it was not possible to quantify the SKPs with positive
SA-B-gal expression (Figure 5). To circumvent this issue, the spheroids were dissociated
and the SA-B-gal test was then performed (Figure 6). We also performed the senescence
test on the initial fibroblast cultures on the day of SKP collection, in order to compare the
change in the senescence percentage following the SKP protocol and the use of the
slightly acidic buffer (HBSS). We proved that the pH-SKP protocol used to collect the
spheroids increased the senescence rate of the SKPs, particularly in the case of HGPS

(Figure 6).

The SKPs collected from HGPS fibroblasts showed increase in the senescence
percentage compared to the SKPs collected from normal fibroblasts, as proven by the
SA-B-gal test and the use of three different senescence markers: p21, p16INK4A (p16)
and IL-8 (Figure 7, 8 and 9). This high accumulation of senescent cells, in the case of

HGPS SKPs, could be the cause of the poor differentiation potential observed.

Treating the adipocytes obtained from HGPS SKPs with baricitinib, a JAK1/2 inhibitor,
showed significant increase in adipogenesis and lipid vesicles formation (Figure 13). The
JAK-STAT pathway plays important roles in several cellular functions including

proliferation, differentiation and immune cell development (Harrison, 2012). It was shown
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that this pathway is overactivated in replicative senescence (C. Liu et al., 2019). This
overactivation creates a pro-inflammatory milieu due to the alteration of the cytokine
balance (Fulop, Witkowski, Olivieri, & Larbi, 2018). Accumulation of senescent cells with
aging and the secretion of the SASPs induce chronic inflammation, causing loss of
function in the affected tissue (Campisi, 2013). Here, we show that the inflammation
caused by the high number of senescent cells could be the reason behind the hindered
differentiation observed in HGPS. Baricitinib is an FDA approved JAK 1/2 inhibitor used
to treat rheumatoid arthritis (Al-Salama & Scott, 2018). A previous study from our group
showed that the use of baricitinib could delay senescence in HGPS fibroblasts and reduce
the expression of pro-inflammatory markers in these cells (C. Liu et al., 2019). Treating
the SKPs with baricitinib did not show any cytotoxicity on sphere formation (Figure 12).
The significant improve in adipogenesis observed in HGPS SKPs after treatment with
baricitinib could be caused by the reduction of inflammation and the proinflammatory

markers.

Aging is characterized by an increase in the expression of fat tissue inflammatory
cytokines (Cartwright et al., 2010; Starr, Evers, & Saito, 2009) and the levels of circulating
pro-inflammatory cytokines such as IL-6 and TNFa (Morin, Pagliassotti, Windmiller, &
Eckel, 1997). It was shown that preadipocytes from old rats secret higher levels of TNFa
compared to young rats (Tchkonia et al., 2007). In addition, the expression levels of IL-6
are higher in old compared to young rats (Cartwright et al., 2010). The impaired
adipogenesis observed in these old rats, is due to the preadipocytes and the cytokines
they secrete. Potentially causing age related lipodystrophy and metabolic dysfunction

(Tchkonia et al., 2007).
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Mice that are hypomorphic for the gene BubR1- gene implicated in the mitotic checkpoint-
have shown symptoms of accelerated aging (Baker et al., 2004). In these hypomorphic
BubR1 mice, the adipose tissue showed increased SA-B-gal activity and pl16'"k42
expression (Baker et al., 2006). Inactivating p16'™“2in the previously mentioned mice,

reduced senescence and premature aging (Baker et al., 2008).

In addition, eliminating p16'™k42 positive senescent cells in INK-ATTAC mouse model
prevented lipodystrophy (Baker et al., 2011). Xu et al. showed that activin A secreted by
human senescent fat progenitors acts on inhibiting adipogenesis in healthy progenitors
(Xu et al.,, 2015). Blocking activin A expression improved adipogenesis and lipid
accumulation in progenitors exposed to senescent cells (Xu et al., 2015). Treatment with
Ruxolitinib, an FDA-approved JAK1/2 inhibitor, significantly reduced the level of activin A,

rescued adipogenesis and improved metabolic function in old mice (Xu et al., 2015).

4.4 Adipogenic markers’ expression in HGPS

With aging, several changes occur to preadipocyte function including reduced
adipogenesis (Karagiannides et al., 2001; Karagiannides et al., 2006; Kirkland,
Hollenberg, & Gillon, 1990) and increase in the level of pro-inflammatory cytokines and
chemokines (Cartwright et al., 2010; Tchkonia et al., 2007). Interestingly, the expression
of adipogenic markers PPARy and C/EBPa was lower in preadipocytes obtained from old
individuals (Karagiannides et al., 2001; Schipper, Marra, Zhang, Donnenberg, & Rubin,
2008). In HGPS, studies on iPSCs showed that the presence of progerin inhibited the
activation of PPARy and C/EBPa (Xiong et al., 2013). This is in accordance with our data,
where we show a higher expression of PPARYy in adipocytes differentiated from control

SKPs compared to the ones obtained from HGPS SKPs (Figure 14).
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Inducing C/EBPa overexpression, improved lipid accumulation in preadipocytes in elderly
people (Karagiannides et al., 2006; Tchkonia et al., 2007). In addition, reduction in the
level of these master regulators of adipogenesis causes a decline in insulin
responsiveness (El-Jack, Hamm, Pilch, & Farmer, 1999), a feature that can be observed
in HGPS patients (Rosenbloom, Karacan, & DeBusk, 1970; Villee, Nichols, & Talbot,

1969).

Therapeutical interventions targeting the expression of these adipogenic markers can be

an important insight in rescuing fat loss in HGPS patients.

4.5 Ectopic fat deposition and alteration of endocrine proteins in

HGPS

In elderly, the storage of fat in subcutaneous depots starts to decrease and the fat starts
to accumulate in ectopic sites including liver, bone marrow and muscle (Garg & Agarwal,
2009). Similar to that in aging, in lipodystrophic syndrome, dysfunction of the white
adipose tissue also induces accumulation of fat in ectopic regions. This ectopic
accumulation, also observed in HGPS (Olive et al., 2010) causes metabolic syndromes
associated with cardiovascular diseases, inflammation and mortality (Koster et al., 2010;

Morley, 2004).

Loss of adipose tissue observed in HGPS causes the alteration of several signaling
markers and endocrine proteins (Kreienkamp & Gonzalo, 2020). Patients with HGPS
express low levels of leptin (Gordon et al., 2018), a hormone secreted by the adipose
tissue. Low levels of leptin are associated with reduced immunity and can also be linked

to cardiovascular diseases (Koh et al., 2008; Piemonti et al., 2003). Another endocrine
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protein altered in HGPS is adiponectin. Adiponectin plays several important roles in lipid
metabolism and insulin sensitivity (Nguyen, 2020). Reduced levels of adiponectin may
contribute to the accelerated atherosclerosis in patients with HGPS (Gordon, Harten,
Patti, & Lichtenstein, 2005). Gordon et al. showed that the expression levels of some of
these endocrine proteins can be corrected after treatment with FT1 (Gordon et al., 2018).
Nevertheless, many endocrine proteins remained altered even after treatment with FTI,

suggesting the importance of testing combination therapies.
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5. Conclusion

Loss of fat in HGPS children causes several systemic effects on the macroscopic and the
microscopic levels. This study highlights the role of senescence on the impaired
adipogenic capabilities observed in HGPS. Accumulation of senescent cells before and
during adipogenesis decreased the differentiation potentials of HGPS SKPs. With aging,
accumulation of senescent cells in the adipose tissue can contribute to fat tissue
inflammation and metabolic dysfunction. The SASPs produced by the senescent cells are
capable of spreading cellular senescence locally and systematically. Therefore,
senescent cells and the SASPs they secret constitute a logical target for therapeutical
intervention in normal and accelerated aging. Treatment with Baricitinib reduced the
chronic inflammation caused by the increased number of senescent cells and improved
adipogenesis in HGPS SKPs. Further research should be performed to study the effect

of this drug on fat in HGPS mouse models.

Moreover, in our study we were able to optimize a disease model allowing the study of
adipogenesis in HGPS in vitro using fibroblasts. This model can be used for further
analysis on adipogenesis and the loss of fat in HGPS, alongside testing other possible

therapeutical interventions.

The implication of senescence in age-related adipose tissue inflammation and metabolic
dysfunction, makes it an interesting target for intervention in both normal aging and

HGPS.
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Human mesenchymal stem cells
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Isoprenylcysteine carboxyl
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Immunoglobulin G

Interleukin 8

Indomethacin

induced pluripotent stem cells
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activator of transcription

kilo Dalton
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MRNA
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mTOR
NAC
NF-kB

NG2

ns
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p21

PBS
Pen/Strep
PFA
pH-SKP

PPARy

Raclb

RNA
ROCK
ROS
RT

SASPs

SA-B-gal

SD

SFN
sh

messenger ribonucleic acid
mesenchymal stem cells

mammalian target of rapamycin
N-acetyl cysteine

nuclear factor kappa-light-chain-enhancer
of activated B cells

nerve/glial antigen 2

not significant

Oil Red O

cyclin-dependent kinase inhibitor 2A
cyclin-dependent kinase inhibitor 1
phosphate-buffered saline
Penicillin/streptomycin
Paraformaldehyde

low pH isolated skin-derived precursor
cells

Peroxisome proliferator- activated
receptor gamma

Ras-related C3 botulinum toxin substrate
1

Ribonucleic acid

rho-associated protein kinase
Reactive Oxygen Species

room temperature

Senescence-associated secretory
phenotypes
Senescence-associated Beta-
galactosidase

standard deviation

Sulforaphane

short hairpin
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SKP
SMAD1

SNS
SRSF-1
TNF alpha
WAT
ZMPSTE24

serine, isoleucine, and methionine
skin-derived Precursor

Suppressor of Mothers against
Decapentaplegic

senescence

Serine/Arginine-Rich Splicing Factor 1
Tumor Necrosis Factor alpha

white adipose tissue

zinc metallopeptidase STE24 homolog
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