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Abstract 

Cellular senescence is a process that results in irreversible cell-cycle 

arrest and is today known not only as an autonomous tumor-suppressor 

mechanism, but also as a hallmark of the aging skin, contributing to 

deterioration and age-related diseases. By the increased secretion of distinct 

compounds, collectively called the senescence-associated secretory 

phenotype (SASP), senescent cells influence their neighboring cells and their 

native tissue. Recently, microRNAs (miRNA, miR), enclosed in extracellular 

vesicles (EV), have been established as new SASP components. As targets of 

the miR have been predicted to be regulators of the pro-apoptotic network, 

we aimed to determine whether the treatment of cells with senescence 

derived EVs had an anti-apoptotic effect. Furthermore, we investigated if the 

inhibition of the most abundant micro RNA, mir-21a-5p, a known inhibitor of 

apoptosis, would have a pro-apoptotic effect. 

 

In our experiments, we did not see the anticipated anti-apoptotic effect of 

senescence derived EVs on stressed cells. However, our data suggest that the 

chosen treatment to induce apoptosis might more likely induce necrosis 

rather than apoptosis, which would negatively affect our results. The 

inhibition of mir-21a-5p lead to an upregulation of apoptosis upon stress 

treatment, hence strengthening our hypothesis that not only members of the 

SASP but also members of the „mirSASP" enable cells to directly shape their 

environment. 
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Kurzfassung 

Zelluläre Seneszenz ist ein Prozess, der in unwiederbringlichem Zellzyklus-

Arrest resultiert und über den man heutzutage weiß, dass er nicht nur als 

autonomer tumor-suppressions Mechanismus fungiert, sondern auch, dass er 

als Merkmal für Hautalterung zu Verfall und altersbedingten Krankheiten 

beiträgt. Durch die erhöhte Sezernierung von Komponenten, die den 

seneszenten Zellen eigen sind, dem sogenannten Seneszenz-Assoziierten-

Sekretorischem-Phänotyp (SASP) beeinflussen seneszente Zellen ihre 

benachbarten Zellen beziehungsweiße das umliegende Gewebe. Erst kürzlich 

wurde festgestellt, dass micro RNAs (miRNA, miR) verpackt in extrazellulären 

Vesikeln (EVs) Komponenten des SASP sind. Als Targets der miRs wurden 

seither Regulatoren des pro-apoptotischen Netzwerks vorhergesagt, 

weswegen es ein Ziel dieser Arbeit war herauszufinden, ob die Behandlung 

mit EVs seneszenten Ursprungs einen anti-apoptotischen Effekt haben. Des 

Weiteren wurde beobachtet, ob die Inhibierung der am häufigsten 

sezernierten micro RNA, mir-21a-5p einen pro-apoptotischen Effekt hat, da 

diese durch ihre Inhibierung nicht mehr die Translation ihrer Targets 

blockieren kann.  

 

Mittels der durchgeführten Experimente konnte der erwartete anti-

apoptotische Effekt der Seneszenz-EVs nicht nachgewiesen werden. Die 

Analyse der Resultate des Apoptose-Assays zeigte, dass die zur Apoptose-

Induktion gewählte H2O2-Behandlung der Zellen vermutlich nicht wie 

gewünscht Apoptose, sondern Nekrose in den behandelten Zellen induziert 

hat. Die Inhibierung der miR-21a-5p führte zu einer Hochregulierung der 

Apoptose was unsere Hypothese, dass nicht nur Komponenten des SASP, 

sondern auch des „mirSASP“ ihre Umgebung beeinflussen, bestärkte.   
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1. List of Abbreviations 

 

%  percent 

µl  microliter 

µM  micromolar 

A   

anti-miR  anti-microRNA 

APAF1  apoptotic protease activating factor 1 

AV  Annexin-V 

B   

BMZ  basement membrane zone 

bp  base pair 

C   

c  concentration 

C  Celsius 

c/cm²  cells per square centimetre 

Ca  calcium 

CaCl2  calcium chloride 

CCF  cytoplasmic chromatin fragments 

CCV  clathrin-coated vesicles 

CDK  cyclin dependent kinase 

CDKI  cyclin dependent kinase inhibitor 

CDKN1B  cyclin-dependent kinase inhibitor 1B 

cDNA  complementary DNA 

cm²  square centimetres 

CO2  carbon dioxide 

ctrl  control 

D   

DDR  DNA damage response 

DMEM  Dulbecco´s modified eagle medium 
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DMSO  dimethylsulfoxid 

DNA  deoxyribonucleic acid 

dNTP  desoxynucleoside triphosphat 

ds  double strand 

E   

ECM  extracellular matrix 

EDTA  ethylenediamine tetraacetic acid 

EndoG  endonuclease G  

EV  extracellular vesicle 

F   

FACS  fluorescence activated cell sorting 

FCS  fetal calf serum 

fHDF  foreskin human dermal fibroblasts 

fw  forward 

G   

g  gravitation acceleration 

G1-phase  gap 1 phase of the cell cycle 

GAPDH  glyceraldehyde-3-phosphare dehydrogenase 

GLP  good laboratory practice  

H   

h  hour 

H2O2  hydrogen peroxide 

HDF  human dermal fibroblast 

HEPES  2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethansulfonsäure 

hpt  hours post transfection 

hrs  hours 

I   

ISEV  international society for extracellular vesicles  

IL  interleukin 

ILV  intraluminal vesicle 

K   
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kb  kilobase 

L   

l  length 

M   

m  mass 

MDM2  mouse double minute 2 homolog 

Mg  magnesium 

min  minute 

miRNA 

miR 
 micro RNA 

ml  millilitre 

mM  millimolar 

mRNA  messenger RNA 

mTOR 
 

mammalian target of rampamycin also known as 

mechanistic target of rapamycin 

mTORC1  mTOR complex 1 

MV  micro vesicle 

MVB  multi vesicular body 

N   

NaCl  sodium chloride 

NaOH  sodium hydroxid 

n.s.  non-significant 

NFW  nuclease free water 

NHEK  normal human epidermal keratinocytes 

nm  nanometre 

nM  nanomolar 

nmol  nanomol 

NT  non-transfected control 

NTC  no template control 

O   

OIS  oncogene induced senescence 

O/N  overnight 
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P   

PBS  phosphate buffer saline 

PCR  polymerase chain reaction 

P  p-value 

PD  population doubling 

pH  potential hydrogenii 

PI  propidium iodine 

PM  plasma membrane 

pRb  retinoblastoma protein (protein abbreviation) 

PRCs  polycomb repressive complexes 

PS  phosphatidyl serine 

PTEN  phosphatase and tensin homologue 

Q   

Q  quiescent 

QIUE  quiescent 

qPCR  quantitative polymerase chain reaction 

R   

RB 

Rb 
 retinoblastoma protein (gene name abbreviation) 

rev  reverse 

RNA  ribonucleic acid 

RO-H2O  reverse osmosis dihydrogen oxide 

ROS  reactive oxygen species 

rpm  rounds per minute 

RT  reverse transcription 

rt  room temperature 

RT-  no reverse transcriptase control 

S   

S  senescent 

SA-βgal  senescence-associated beta-galactosidase  

SASP  senescence-associated-secretory-phenotype 

sec  seconds 
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SIPS  stress induced premature senescence 

S-Phase  synthesis phase of the cell cycle 

Stauro  staurosporin 

T   

TAE  tris base, acetic acid, EDTA buffer 

Temp.  temperature 

U   

UC  ultracentrifugation 

UV  ultraviolet 

V   

V  Volt 
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2. Introduction 

2.1 Structure of the Human Skin 

With an average surface area of approximately 2 square meters and about 5-

6 kg mass value (about 6% of an average humans body weight) the skin is 

the human´s largest organ1. It is made up of several layers of cellular 

networks forming tissues that work together as a single complex2. Together 

with its accessory structures, which include hair, nails, sweat glands and 

sebaceous glands, the skin makes up the integumentary system, which 

performs a variety of essential functions. It is in permanent contact with the 

external environment and hence needs to provide an overall protection of the 

body by forming a physical barrier against threats such as microorganisms 

and chemicals. Furthermore it acts as a sensory organ, prevents dehydration, 

modulates body temperature and electrolyte balance, and synthesizes 

vitamin D3,4. 

 

The skin is composed of two tissue types, the epidermis and the dermis, and 

one associated layer, the sub-cutis or hypodermis1,3 (figure 1). 

 

 

Figure 1: Layers of the human skin 
From OpenStax, Anatomy & Physiology (30.6.2018)  
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2.1.1 The Epidermis 

The epidermis is a continually keratinizing stratified epithelium. It is mainly 

composed of ectodermally derived keratinocytes (up to 95%), avascular and 

disrupted by pores of glands and hair follicles1. As the keratinocytes move 

progressively from the epidermal basement membrane towards the skin 

surface they start to differentiate and form four (“thin skin”) or five (“thick 

skin”, palms of hands and soles of feet only) well-defined layers5,6. From 

bottom to top the layers are called the stratum basale, the stratum spinosum, 

the stratum granulosum, the stratum lucidum, which is only present in thick 

skin, and the stratum corneum3 (figure 2). Other cells that can be found in 

the epidermis are melanocytes, Merkel cells and Langerhans cells, all of which 

are only present in the two deepest epidermal layers, the stratum basale and 

the stratum spinosum3,6.  

 

 

Figure 2: Layers of the epidermis (thick skin) 
From OpenStax, Anatomy & Physiology (30.6.2018)  
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The stratum basale attaches the epidermis to the basal lamina. The basal 

lamina is a specialized form of extracellular matrix mainly consisting of type 

IV collagen, anchoring fibrils and dermal microfibrils and separates the 

epidermis from the dermis beneath it3,6,7. The cells of the stratum basale are 

cuboidal- to columnar-shaped keratinocyte stem cells with a large 

nucleocytoplasmic ratio. They form a single cell layer adhering to their 

neighbouring cells via desmosomes8. Keratinocyte stem cells constantly 

undergo mitosis and, as new cells are formed, push away cells from the 

stratum basale into outer epidermal layers. As mentioned before, other cells 

present in the basal layer are melanocytes, producing the pigment melanin 

and Merkel cells, which are type I mechanoreceptor cells3,6. 

The next layer the keratinocytes enter when pushed away is the stratum 

spinosum, which consists of between eight to ten layers of cells and also 

includes Langerhans cells, a cell type involved in a variety of T-cell responses. 

At this stage, the capacity for cell division of the keratinocytes is limited1,3. 

Shape and structure of the cells depend on their location within the cell 

sheets; while suprabasal spinous cells are polyhedral in shape with a rounded 

nucleus, cells of the upper spinous layers are generally larger in size, 

becoming flatter as they are pushed further up towards the top layers of the 

epidermis. Adjacent keratinocytes are connected via abundant desmosomes, 

which bridge the intercellular space, thereby providing better resistance to 

physical stress6. In the upper layers of the stratum spinosum the first 

epidermal lamellar granules (Odland bodies) appear in the cytoplasm of the 

cells. These membrane-bound organelles have a size range of 0.2 to 0.5 µm 

and contain glycoproteins, cholesterol, glycolipids, and fatty acids, as well as 

a number of acid hydrolases, including lipases, proteases, acid phosphatases, 

glycosidases and antimicrobial peptides6,8,9. In addition, the keratinocytes 

begin to synthesize keratin (1 and 10), which starts their progressive 

differentiation while they are being pushed further up into the stratum 

granulosum8. 

 

There, within this 1-5 cell sheets wide granular layer, Keratohyalin granules 

are formed and embedded within the keratin filaments in the flattened or 
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elongated, non-dividing keratinocytes. At the upper most layer of the stratum 

granulosum, the lamellar granules make up around 20% of the cell volume8. 

As the cells are being pushed further towards the surface of the skin, their 

cell organelles and nuclei disintegrate3. The cells undergo an abrupt terminal 

differentiation process to corneocytes in the stratum corneum, while the 

cornified cell envelope begins to form6,10. 

 

The top layer of the epidermis, the stratum corneum, is made up of 15-30 

sheets of extremely flattened (30–40 µm wide) non-viable, but biochemically 

active corneocytes which are filled with keratin bundles1,3,8. The main function 

of the stratum corneum is the mechanical protection of the skin as well as 

acting as barrier to prevent water loss and permeation of soluble substances 

from the environment. To fulfil this role, the stratum corneum consists of a 

two-component system of lipid-depleted, protein-enriched corneocytes 

surrounded by a continuous extracellular lipid matrix10. Within this system, 

the corneocytes provide mechanical reinforcement, hydration, cytokine-

mediated initiation of inflammation, and protection from UV damage, while 

the extracellular lipid matrix regulates permeability, desquamation, 

antimicrobial peptide activity, toxin exclusion, and selective chemical 

absorption10. The entire layer is replaced within a 4-week period during which 

the upper cells shed off and are replaced by cells pushed up from the stratum 

granulosum (or stratum lucidum)3. 

 

In palmoplantar skin, the thick skin at the palms of hands and soles of feet, 

there is an additional layer between the stratum granulosum and the stratum 

corneum – the stratum lucidum, where the cells are still nucleated and are 

termed “transitional cells”5,9. This layer appears translucent due to being 

packed with eleiden, a clear protein rich in lipids (derived from keratohyalin), 

which also provides a barrier to water3.  
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2.1.2 The Dermis 

The dermis is an integrated system of fibrous, filamentous, and amorphous 

connective tissue that accommodates nerve, vascular networks and 

epidermal derived appendages6,10. It is located below the epidermis, of which 

it is separated by the dermal-epidermal junction, a 0.5-1.0 µm wide porous 

basement membrane zone (BMZ) that allows the exchange of cells and fluid, 

and anchors the epidermis to the dermis6,8,10. The dermis can be divided into 

two major regions, the papillary dermis which is the thin upper layer 

subjacent to the BMZ, and the deeper reticular layer8 (figure 3). The two 

layers differ in their connective tissue organization, cell density and 

morphology, and nerve and vascular patterns10. Papillary fibroblasts exhibit 

a more spindle-like shape, while reticular fibroblasts are flattened and 

enlarged. Papillary fibroblasts further show an increased growth potential in 

vitro (figure 4). 

 

  

Figure 3: Layers of the dermis  
From OpenStax, Anatomy & Physiology (30.6.2018)  
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Overall, the dermis makes up to 90% of the skin´s weight. Its thickness can 

vary from less than 1 mm to over 5 mm, depending on where on the body it 

is situated8,9. Resident cells of the dermis include macrophages, mast cells, 

and transient circulating cells of the immune system, but the primary cell 

type are fibroblasts, which produce and degrade the components of the 

extracellular matrix (ECM)1,8,10. The ECM mediates the functions provided by 

the dermis, which include the skins pliability, elasticity and tensile strength, 

protecting the body from mechanical injury, binding of water and aiding in 

thermal regulation1,6. Collagen is the most abundant protein of the ECM 

(~90%, 75% of the skins dry weight). With the types I (85-90%), III (8-

11%) and V (2-4%) being predominant, collagen is a major stress-resistant 

building block of the skin1,6. The second main protein of the ECM is elastin, 

which is part of the elastic connective tissue and responsible for skin 

elasticity1,10. Collagenous and elastic fibrous tissue are combined with other, 

nonfibrous connective tissue molecules including filamentous glycoproteins 

proteoglycans, and glycosaminoglycans (e.g. hyaluronic acid, the key water 

holding molecule of the dermis)8,10. 

 

  

A B 

Figure 4: Human dermal fibroblasts (in vitro)  
A – Papillary, B – Reticular  



 

12 

 

Figure 5: Proposed morphological changes during skin ageing. During skin ageing, the 
epithelium decreases in cell density and thickness, the rete ridges of the basement membrane 
are flattened and the papillary dermis gives way to reticular fibroblasts.  
Adapted from Mine et al. (2008)13 

2.2 Tissue Specific Changes During Skin Ageing   

Throughout the process of ageing, the skin undergoes several morphological 

and physiological changes leading to a detoriation of its functions (e.g. 

barrier, sense of touch, immune surveillance, hormone production)11,12; 

(figure 5)13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two types of skin ageing can be distinguished – intrinsic and extrinsic. The 

former, also known as chronical ageing, occurs within the tissue itself via 

reduction in dermal mast cells, fibroblasts, collagen production, flattening of 

dermal-epidermal junction/loss of rete ridges, as well as being caused by how 

ageing of other organs affects the skin14.  
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Additionally, genetic predisposition and changes in the endocrine 

environment are important factors that all together lead chronically aged skin 

to appear thin, dry, and finely wrinkled11,12.  

In contrast, extrinsic ageing occurs mainly at body regions where the skin is 

exposed to the environment. Especially chronic exposure to UV irradiation, 

also known as photo-ageing11, leads to skin that typically appears leathery, 

lax, with coarse wrinkles, “broken”-appearing blood vessels and mottled 

pigmentation with brown spots14.  

The histological changes of aged skin are partly specific for the way it aged 

(extrinsically or intrinsically) and can be found in table 1 and 2 11. 

 

Intrinsically aged skin Extrinsically aged skin 

• Thin, atrophic dermis 

 

• Dermal tissue: 

 

o Degeneration signs with 

decrease of fibroblast 

number, collagen and 

elastic fibres, and atrophy of 

the extracellular matrix 

 

o Deposition of exogenous 

proteins (e.g. amyloid P) 

 

o Atrophic extracellular matrix 

 

o Degeneration of nerve 

endings 

 

o Stratum papillare: flatter, 

with less finger-like 

projections 

 

o Reduction of number of 

vessels and skin 

appendages (e.g., 

sebaceous glands, sweat 

glands, apocrine glands) 

 

• Thinner hypodermis 

 

• Decrease of the rate of lipid 

replacement 

• Thick, hyperplastic dermis 

 

• Dermal tissue: 

 

o Hyperplastic, with altered, 

stellate-shaped fibroblasts. 

These extraordinary fibroblasts 

have an increased ability of 

abnormal biosynthesis, which 

resolves to pathological elastic 

tissue in the dermis and 

degradation of collagen fibres 

 

o Stratum papillare: flatter, with 

less finger-like projections. 

Reduction of anchoring fibrils 

 

 

o Thickening of the vascular walls 

of postcapillary venules and of 

arterial and venous capillaries 

with a noticeable decrease and 

disorganization of small blood 

vessels 

 

o Increase of mast cells, 
immature dendritic cells, and 
neutrophils 

 
• Higher amount of abnormal 

glycosaminoglycans and 

proteoglycans 

Table 1: Histological changes of aged skin - dermis. From Kanaki et. al. (2016)11 
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Intrinsically aged skin Extrinsically aged skin 

• Thin, atrophic epidermis 

 

• Epidermis: 
 

Reduction of the thickness of 
epidermis by 10–50%, with the 
following: 
 

o Increased heterogeneity in 

size of basal cells and 

decreased mitotic activity 

o Atrophy of stratum 

spinosum 

o Reduction of the number of 

melanocytes and 

Langerhans cells 

• Hypertrophic epidermis 

 

• Epidermis: 
 

Thickening of stratum corneum and 
of the entire epidermis with the 
following: 
 

o Impaired proliferation, 
differentiation, 
desquamation, and 

apoptosis of keratinocytes 

Table 2: Histological changes of aged skin - epidermis. From Kanaki et. al. (2016)11 

 

2.3 Cellular Senescence as a Hallmark of Ageing   

In literature, nine hallmarks of ageing are suggested15: 

• Stem cell exhaustion 

• Altered intercellular communication 

• Genomic instability 

• Telomere attrition 

• Epigenetic alterations 

• Loss of proteostasis 

• Deregulated nutrient sensing 

• Mitochondrial dysfunction 

and finally 

• Cellular senescence  

 

The criteria each hallmark should ideally fulfil are: the manifestation during 

normal age; the experimental aggravation should accelerate ageing; the 

experimental amelioration should retard the normal ageing process and 

hence increase healthy lifespan15.  

Furthermore, the hallmarks can be divided into three categories, the primary 

ones, which cause age-associated damage; the antagonistic ones, which 

respond to this damage and the integrative ones, which are the end result of 
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the previous two, showing the consequences of the responses and thereby 

being ultimately responsible for the functional decline associated with ageing.  

As seen in figure 6 cellular senescence belongs to the second, antagonistic 

category16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Senescence as a central hallmark of ageing. Telomere attrition, epigenetic instability, DNA 

damage (genomic instability), and mitochondrial dysfunction are primary drivers of damage in ageing. 
Several of these drivers of damage can induce senescence. Senescence can in turn drive the consequential 
ageing hallmarks in response to damage: stem cell exhaustion and chronic inflammation. Other responses 
to damage, such as proteostatic dysfunction and nutrient signalling disruption, are also integrally linked 
with the senescence response. From McHugh & Gil (2018)16 

 

Cellular senescence was originally identified as a stable yet irreversible 

growth arrest at the G1 phase of the cell cycle, observed in primary cells in 

culture. It leads the cells to exit the cell cycle after a distinct number of 

population doublings17–20. The term “cellular senescence” therefore denotes a 

stable and long-term loss of proliferative capacity, despite continued viability 

and metabolic activity20. This kind of senescence is also known as replicative 

senescence and finds it origin in the shortening of the telomeres with each 

replication. Once they reached a critical minimal length, their protective 
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structure is disrupted ultimately exposing an uncapped, double-stranded 

chromosome free end, which is sensed as a double-strand break by the DNA 

damage response (DDR) machinery20,21. 

If senescence is induced without telomere loss or dysfunction, it is called 

premature senescence as it arises prior to the stage at which it is normally 

induced by telomere shortening20. Premature senescence can be caused by a 

variety of intrinsic or extrinsic triggers and is considered to be a stress 

response. Such events include oncogenic activation (oncogene induced 

senescence, OIS), oxidative or genotoxic stress, mitochondrial dysfunction, 

irradiation, or chemotherapeutic agents17. Once repair mechanism fall short 

of defanging the (DNA) damage, cellular senescence is induced22–25. 

 

Stress induced premature senescence (SIPS) is an accepted model to study 

cellular senescence and ageing in vitro due to its close similarity to replicative 

senescence. It is induced by chronic application of DNA damage-inducing 

stressors, such as H2O2, paraquat or UV-irradiation in sub-lethal 

concentrations26,27. . 

 

Whatever the trigger, senescence is nowadays recognized as a multistep 

process28. After the initialisation of the cell cycle exit, the cells enter an early 

senescent stage at which they progressively remodel their chromatin content 

and start to sequentially implement other aspects of the senescence program, 

such as the senescent associated secretory phenotype (SASP; see chapter 

2.3.3 The Senescence Associated Secretory Phenotype (SASP)) 

ultimately leading them to enter full/early and further on late senescence 

(figure 7)17.  
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Furthermore, acute and chronic senescence are distinguished based on 

kinetics of senescence induction and functionality (figure 8)29. Acute 

senescence targets specific cell types and is induced via cell-extrinsic 

stimuli28. Acute senescent cells have been shown to play an important role in 

wound healing, tissue repair and embryonal development by halting the 

expansion of certain cells and/or producing a SASP with defined paracrine 

functions. It is also via their SASP that they attract various types of immune 

cells, thereby organizing their own immune-clearance. During repair and 

embryogenesis, disposal of senescent cells seems very efficient and under 

strict temporal control28,30–33.  

 

In contrast, chronic senescence is mostly ageing related and occurs as the 

cells accumulate macromolecular damage over time. They become 

increasingly dependent on cell-cycle checkpoints and stress-relief 

mechanisms to retain proliferative potential, ultimately leading them to 

transition into a chronic senescent state28,34–37. Besides the fact that chronic 

senescence is neither programmed nor does it seem to target specific cell 

types, the affected cells are inefficiently eliminated by immune cells, allowing 

continuation of multi-step senescence28. 

  

Figure 7: Phenotypic characteristics of senescent cells. Simplified model of the phenotypic alterations 
associated with senescence initiation, early senescence, and late phases of senescence.  
From Herranz & Gil (2018)17 
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2.3.1 Molecular Pathways Underlying Cellular Senescence 

Senescence is normally induced by the activation of the p53/p21CIP1 and/or 

p16INK4a/Rb tumour suppressor pathways, ultimately resulting in cell cycle exit 

by preventing the inactivation of Rb, thus resulting in continued repression of 

E2F target genes required for S-phase onset 28,38.  

Whereas the growth arrest induced via the p53/p21CIP1 pathway can be 

transient, the proliferation stop of the cells via the p16INK4a/Rb pathway is 

permanent39 (figure 9). Pathways independent from the two mentioned above 

are also known to trigger cellular senescence but will not be further described 

in this work40. 

 

The p53/p21CIP1 pathway 

As a tumour suppressive transcription factor, p53 is often referred to as 

“guardian of the cell”. Its level is normally kept low by being bound to MDM2, 

an E3 ubiquitin protein ligase, which inhibits the transcriptional activity of p53 

and causes its degradation by ubiquitination. The p53/p21CIP1 pathway is 

Figure 8: Acute versus chronic senescence. In healthy tissues, acute senescent cells 

allow regeneration and tissue remodelling. They organize their own immune clearance by 
recruiting immune cells via their specific secretome, known as SASP. With persistent 
damage, pathology and ageing however, senescent cells are not removed by immune 
clearance and accumulate (chronic senescence) making tissues dysfunctional and atrophic.  
Adapted from Munoz-Espin & Serrano (2014)29 
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induced via DDR signalling, which on its own can be a reaction to a variety of 

stimuli. Once the pathway is operating, ATM/R leads to the phosphorylation 

of p53 and thereby to the dissociation of the MDM2–p53 complex which allows 

p53 to be rapidly stabilized and activated28,41–43. Furthermore, p53 induces 

the transcription of the cyclin dependent kinase inhibitor (CDKI) p21CIP1 which 

inhibits CDK2. The inhibition of CDK2 then prevents the inactivation of Rb. As 

described before, E2F target genes, which are required for S-phase onset, 

are repressed by Rb in its active state, thus forcing the cell into a cell-cycle 

arrest 16,17,28.  

 

If the stress that leads to the activation of the p53 pathway is severe, the 

temporally arrested cell transitions into a senescent growth arrest. On the 

other hand, if there was only minor damage to the cell, it may be repaired 

and the cell re-enters the cell cycle. If the stress is moderate and chronic or 

leaves permanent damage, the cell may resume proliferation through so 

called “assisted cycling”, where the cell relies on stress support pathways28 

(figure 9). This means that cell cycle arrest induced via the p53/p21CIP1 

pathway does not have to ultimately lead to cellular senescence.  

The p16INK4a/Rb pathway 

The p16INK4a/Rb pathway acts DDR-independent and is activated via the 

induction of the INK4/ARF locus in which three tumour suppressors are 

residing - two of them are part of the given pathway: p16INK4a and ARF, which 

are both encoded by the CDKN2A gene. In normal, proliferating cells, the 

INK4/ARF locus is silenced by H3K27 methylation which is mediated by the 

Polycomb repressive complexes PRC1 and PRC2. Thus, the consequent loss 

of this methylation and/or PRC1 from the INK4/ARF locus are sufficient to 

activate p16INK4a 17,28,44–47. However, the locus is also controlled by other 

epigenetic regulators and it is not completely understood yet how the 

recruitment and displacement of PRCs and other epigenetic components to 

the INK4/ARF locus are regulated17,48–51.    

As p16INK4a binds and inhibits both CDK4 and CDK6, ARF inhibits MDM2 

thereby preventing the degradation of p53, allowing a crosstalk between the 

two pathways (p53 can regulate expression of ARF through a negative 
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feedback loop)16,52. Similarly to the p53 pathway, the p16INK4a/Rb pathway 

leads to senescence by ultimately preventing the degradation of Rb, thereby 

the repression of E2F target genes and thus cell-cycle arrest16,17,28 (figure 9). 

  

Figure 9: Senescence-inducing stimuli and main effector pathways. A variety of cell-
intrinsic and -extrinsic stresses can activate the cellular senescence program. These stressors 

engage various cellular signalling cascades but ultimately activate p53, p16Ink4a, or both. 
Upon severe stress (red arrows), temporally arrested cells transition into a senescent growth 
arrest. On the other hand, cells exposed to moderate stress that is chronic in nature or that 
leaves permanent damage may resume proliferation through reliance on stress support 
pathways (green arrows). Cells undergoing senescence induce an inflammatory 
transcriptome regardless of the senescence inducing stress (coloured dots represent various 

SASP factors)28. Adapted from van Deursen (2014)28. 
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2.3.2 Senescence-dependent Cell Alterations 

Senescent cells acquire a couple of distinct changes as consequence of the 

beforehand described pathways. Besides others, they undergo morphological 

changes, for example the transformation of their size and shape as well as in 

the composition of their plasma membrane (PM). Furthermore they 

accumulate lysosomes and mitochondria and show nuclear changes as well 

as acquiring a distinct secretome, the senescent associated secretory 

phenotype (figure 10), which is the most relevant phenotypic program 

implemented in senescent cells16,53–56. 

 

Figure 10: Cellular changes due to senescence. The senescent state leads to specific 
changes regarding cell shape (flat, enlarged, irregular), nuclear integrity, lysosomal content, 

amount and functionality of mitochondria and the composition of the plasma membrane (PM). 
Additionally, they acquire a specific secretome known as senescent associated secretory 
phenotype (SASP). Adapted from Hernandez-Segura et. al (2018)54.  
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Morphological Alterations 

For senescence in vitro, morphological changes can be seen as a key feature, 

- for example in cells undergoing stress-induced or DNA damage-induced 

senescence, a flat phenotype is commonly seen26,57,58. As shown in figure 11, 

normal human dermal fibroblasts (HDFs), the cell type the experiments 

throughout this work have been performed with, change their morphology 

from a spindle-like shape to an enlarged, flattened and irregular shape59,60.  

 

 

 

 

 

 

 

 

 

 

Further, senescent cells become vacuolized, and sometimes appear with 

multiple or enlarged nuclei17,61,62. Literature suggests that at least in 

endothelial cells the activation of the mTOR pathway is necessary for the 

enlargement of the cell body. Data suggest, that the mTOR complex 1 

(mTORC1) is activated, integrates various stress signals and modulates cell 

growth accordingly in response to senescence-inducing stimuli54,63–65.  

Other than in vivo, where senescent cells appear to preserve the morphology 

dictated by the architecture of the tissue and are thereby difficult to detect 

or quantify, changes in size and morphology of senescent cells in vitro can 

easily be measured with either normal or fluorescent microscopy (figure 

11)17,54. 

 

Besides showing a distinct phenotype regarding size and shape, senescent 

cells also show changes in the composition of their plasma membrane, which 

has a central role in communication with neighbouring cells and the 

extracellular space54. In senescent cells the caveolae, 50-100 nm wide cave-

Figure 11: Morphology of human dermal fibroblasts. Normal human fibroblasts on the 

left and fibroblasts showing a senescent morphology on the right 
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like invaginations at the PM, show the most consistent change, as caveolin-

1, an important component of this cholesterol-enriched microdomains, is 

upregulated66,67. Caveolin-1 influences the morphology and the adherence of 

senescent cells as well as promoting senescence by increasing p53-activity 

for example by MDM2 inhibition (see also chapter 2.3.1 Molecular 

Pathways Underlying Cellular Senescence)61,68,69. Lately, other PM 

proteins have been identified to specifically change their expression in 

senescence (e.g. DEP1, B2MG, and also an oxidized form of vimentin) and are 

therefore promising to detect affected cells in the future, once their functional 

role has been further explored70,71.   

 

Additional to the above mentioned changes, senescent cells tend to be 

characterized by the upregulation of many lysosomal proteins and increased 

lysosomal content, the accumulation of mitochondria and some nuclear 

changes54,72.  

Especially the upregulation and activity of the lysosomal enzyme senescence-

associated beta-galactosidase (SA-βgal) is a commonly used marker for the 

identification of senescent cells by histochemical detection of its residual 

activity at pH 6.054,73–75. By this method, cells that show enzymatic activity 

become stained due to the conversion of the artificial substrate X-gal to a 

blue pigment76. This method is arguable, since it cannot be used for paraffin-

embedded tissue sections or live cells and because the high lysosomal activity 

is also a feature of cell types such as active macrophages, Kupffer cells and 

osteoclasts. Thereby, SA-βgal activity alone is not considered a specific 

senescence marker. Moreover, the constitutive expression of SA-βgal has 

been identified in non-senescent cells as well17,54,77,78. 

 

As previously mentioned, senescent cells have been shown to accumulate 

mitochondria79. The main source of this extra mitochondrial content is 

reduced mitophagy, leading to the accumulation of old and dysfunctional 

mitochondria80,81. Thereby, though increased in numbers, these mitochondria 

show decreased membrane potential resulting in the release of mitochondrial 
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enzymes (for example endonuclease G (EndoG)) and increased ROS 

production (which by itself can lead to ROS-induced senescence)80,82,83. 

 

Regarding the changes of the nucleus of a senescent cell, the most significant 

one might be the loss of condensation of constitutive heterochromatin and 

the appearance of cytoplasmic chromatin fragments (CCFs) enriched in 

epigenetic markers associated with DNA damage. These changes are 

symptoms of the destabilization of the nuclear integrity caused by the loss of 

LaminB1, a structural protein of the nuclear lamina59,84,85. The downregulation 

of LaminB1 mRNA is a widespread marker of senescence and is likely to be 

connected to the known upregulation of miRNA-23a in senescent cells, as 

miRNA-23a can target LaminB1 mRNA leading to its reduced translation59,86.  

 

Apoptosis resistance 

Being often triggered by the same stressors, senescence and apoptosis are 

alternative cell fates excluding each other, making senescent cells resistant 

to both extrinsic and intrinsic apoptosis. The mechanism behind the decision 

for one or the other is not yet fully understood87,88. Besides other members 

of a pro-survival network, the upregulation of two members of the BCL-2 

family are suggested to be specifically essential for the survival of the 

senescent cells – BCL-XL, which shows a higher rate of translation, and  BCL-

W, which is transcriptionally upregulated59,89. Due to this, the inhibition of 

BCL-XL, BCL-W and other BCL-2 family proteins induces apoptosis in 

senescent cells89–91.   

 

2.3.3 The Senescence Associated Secretory Phenotype (SASP) 

The most important phenotypic program implemented in senescent cells is 

the acquirement of a distinct secretome termed the senescent associated 

secretory phenotype. The SASP is a complex mixture of both soluble and 

insoluble factors which can be divided into groups based on their molecular 

mechanism92–94: 
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• Factors binding to receptor – Cytokines (e.g. IL-1α, IL-1β, IL-6 and IL-8), 

chemokines (e.g. CXCL-1, -3 and -10) and growth factors (e.g. HGF, 

TGFβ, and GM-CSF), all of which are influencing the microenvironment of 

the secreting cell by interacting with the corresponding receptors, 

triggering intracellular signalling cascades92. 

 

• Factors acting directly – Extra cellular matrix remodelling enzymes (e.g. 

MMPs), which can cleave membrane-bound proteins, destroy signalling 

molecules and remodel the extracellular matrix, thereby enabling the 

senescent cell to modify its microenvironment. Additionally ROS and 

nitrogen species are part of this group37,93,95. 

 

• Factors acting regulatory – Factors that do not have an enzymatic activity 

themselves but act as regulators for the first and second group by binding 

to them. Members of this group are for example tissue inhibitors of 

metalloproteases (TIMP) or the plasminogen activator inhibitor (PAI)96,97. 

 

• Extracellular Vesicles – EVs are particularly associated with shuttling of 

miRNAs, which can have an impact on both neighbouring cells and even 

cells located at a considerable distance98.  

 

Since all of these components are implicating diverse biochemical activities 

in positive or negative ways, it is suggested that the SASP functions as a 

mechanism to both communicate with surrounding cells as well as modulating 

the senescent cell´s local microenvironment55,93,99,100.  

Extracellular Vesicles as Mode of Intracellular Communication 

EVs are extracellular organelles surrounded by a lipid bilayer membrane and 

serve as protective vehicles transporting lipids, proteins and nucleic acids 

through the extracellular space thereby functioning as a mode of intercellular 

communication101–103. EVs have been found and isolated from a variety of 

body fluids of pluricellular organisms such as plasma, urine, semen and 

saliva104–112.  
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Depending on the cellular source, the cell´s state and its environment, the 

contents as well as the size and membrane composition of EVs are highly 

heterogeneous and dynamic101. Due to this heterogeneity, there are three 

subgroups of EVs that are distinguished - apoptotic bodies, exosomes and 

macrovesicles (MVs)/cellular microparticles/ectosomes (table 3)103,113,114.  

 

 

Table 3: Comparison of different types of extracellular vesicles. Adapted from Weilner 

et al. (2013)115.   

 Apoptotic bodies Exosomes 

Microvesicles/ 

Ectosomes/ 

Cellular 

Microparticles 

Origin Apoptotic cells Late endosomes Plasma membrane 

Size [nm] 50 – 5000 30 - 100 
100 – 1000 

some up to 10 µm 

Morphology Irregular Cup shaped Irregular 

Mode of release 

PM blebbing by 

actomyosin 

contraction 

Fusion of MVB with 

PM 

PM blebbing by 

actomyosin 

contraction 

Cargo 
mRNA, miRNA, 

rRNA, DNA, proteins 

mRNA, miRNA, 

proteins 

mRNA, miRNA, 

proteins 

Sedimentation [g] 1500 – 100 000 100 000 – 110 000 10 000 – 100 000 
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Apoptotic bodies are, as the name indicates, blebs originating from late 

apoptotic cells. They are released membrane vesicles, which are condensed 

remnants of the apoptotic cell and have a size of approximately 50-5000 nm.  

 

Exosomes are the smallest of the three subtypes, they are of endocytic origin 

and have a diameter of 30-100 nm. They evolve by the inward budding of 

endosomal membranes, which results in the progressive accumulation of 

intraluminal vesicles (ILVs) within large multivesicular bodies (MVBs). The 

fate of the MVBs is based on its biochemical properties, they are either 

degraded by proteosomal degradation at a lysosome, or fuse with the plasma 

membrane whereby they release the containing ILVs as exosomes into the 

intracellular space103,114,116.  

 

Microvesicles, which are sometimes also referred to as cellular microparticles, 

shedding vesicles or endosomes, describe the third subtype, normally being 

approximately 100-1000 nm in size but some even reaching a diameter of up 

to 10 µm. Like the apoptotic bodies, MVs are membranous vesicles shedding 

from the PM (figure 12)101,103,114,117.  

  

Figure 12: Release of MVs and exosomes. MVs bud directly from the plasma 
membrane, whereas exosomes are represented by small vesicles of different sizes 
that are formed at the ILV by budding into early endosomes and MVEs and are 
released by fusion of MVEs with the plasma membrane. Other MVEs fuse with 
lysosomes. Red spots symbolize clathrin associated with vesicles at the plasma 
membrane (clathrin-coated vesicles [CCV]) or bilayered clathrin coats at 

endosomes. From: Raposo & Stoorvogel (2013)103. 
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As the separation by the basis of physico-chemical properties is very difficult, 

the currently available purification methods are mostly based on 

ultracentrifugation to separate small EVs from larger ones (the method 

chosen for this work). Still, this method cannot guarantee a pure yield as well 

as probably having an impact on the EVs integrity, making other methods 

(like affinity purification or chromatography) more useful depending on which 

follow-up experiments will be performed with the isolated EVs98,118.  

 

As previously mentioned, EVs represent an important vehicle of intracellular 

communication in between cells, both locally and at long distances. They can 

travel from organ to organ and even from organism to organism101,103. Since 

many research groups have tried to track EVs and monitor their uptake by 

various labelling methods, foremost membrane dyes and fluorescent fusion 

proteins, a variety of mechanisms have been suggested including 

endocytosis, phagocytosis, micropinocytosis or membrane fusion (figure 

13)119,120. 

 

This kind of communication is based on the biochemical content of the EVs – 

lipids and proteins as well as ribonucleic acids (for example miRNA and mRNA 

and also, as recent reports suggest, genomic and mitochondrial DNA) – 

influencing the cellular properties of the target cells not only via uptake of 

the EVs but also by stimulating signalling pathways via receptor-ligand 

interaction (figure 13)98,114,121. 

 

Though the molecular details regarding packaging of any kind of RNA are not 

yet fully understood, the EV-mediated exchange of genetic material among 

cells has provided evidence of a previously unknown mechanism of horizontal 

transfer of nucleic acids and has been proven by multiple studies using 

different methods98,102,122–125. A paper published by Valadi et al. in 2007102 

even showed that mRNAs delivered to a recipient cell via exosomes were 

translated into functional proteins98,102. 
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Figure 13: EVs can influence target cells by various modes of interaction. EVs 
containing transmembrane proteins (rectangles), membrane-associated proteins (triangles) 

and RNAs (curved symbol) are released from secreting cells by budding from the plasma 
membrane (macrovesicles), or when multivesicular endosomes (MVE; also: MVBs) fuse with 
the cellular membrane (exsosomes). These EVs can interact with recipient cells in various 
ways. They can dock at the plasma membrane of a target cell (1). Whole vesicles or just their 
cargo can be taken up by membrane fusion (2) or endocytosis, phagocytosis or 

macropinocytosis (3). Engulfed EVs may then fuse with endocytic compartments within the 
recipient cell103,114,119,120. Adapted from Raposo & Stoorvogel (2013)103. 

 

The lipid and protein cargo of EVs is to a certain degree similar in all EVs of 

different cellular origin, whereas at the same time specific for the releasing 

cell, reflecting the cell type of origin. This suggests, that EVs themselves can 

potentially be used as a minimally invasive source of biomarkers for the 

diagnosis and prognosis of several pathologies98,101,126. 

 

But it is not only the cargo that is cell specific. Further studies have shown 

that the interaction with cells is not coincidental but led by surface molecules 

responsible for distinct specific targeting. This feature makes EVs also an 

interesting research topic regarding novel therapeutic approaches, not only 

as a vehicle for other therapeutics but also as a new point of action in 

immune-modulatory, regenerative and anti-tumour therapy101,120,127.  
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Previously, it has been shown that stressed cells are secreting more vesicles 

than when in an unstressed state. This has been linked to both disposal of 

unneeded content and communication of their stress level to the surrounding 

tissue, simultaneously. As senescence is also linked to cellular stress, it is not 

surprising that the release of EVs is enhanced in this condition. Furthermore, 

studies showed that the release of these vesicles was linked to p53 which is 

also prominently placed in one of the pathways underlying cellular 

senescence. Thus, one can speculate that senescence upon DNA damage 

induces a p53-dependent increase of EVs biogenesis128–133. 

The Role of EV associated miRNAs as Part of the SASP 

As mentioned in the previous chapter, miRNAs packaged in EVs are nowadays 

considered a new pivotal form of intracellular communication134. 

MicroRNAs are a class of small, single stranded, 17-24 nucleotide long, 

noncoding RNAs targeting and binding the 3´-untranslated region (UTR) or 

open reading frame (ORF) of mRNAs, thereby mediating post-transcriptional 

gene silencing123,135. They can not only be transported via EV enclosure but 

also by being loaded into high-density lipoprotein (HDL) or bound by AGO2  

protein123. All those mechanisms protect the miRNAs from degradation 

granting them to existing stably in body fluids such as saliva, urine, 

breastmilk and blood123,136–141. As approximately 30% of the expression of 

protein encoding genes are regulated by miRNA, it is not surprising that their 

involvement has been well documented in many biological activities including 

cell proliferation, cell differentiation, cell migration, disease initiation and 

progression123,142–147.  

The post-transcriptional regulation of gene expression via miRNA is based on 

their rudimental base pairing to the so-called seed region (nucleotides 2-8) 

which must be completely aligned, and miRNA-mRNA interaction has to be 

continuous. The seed region binding sites are predominantly found in multiple 

copies within the 3´UTR but also in the 5´UTR or mRNA coding regions. Due 

to the elementary pairing, one miRNA can act on multiple targets, thus being 

able to regulate hundreds of mRNA targets148–150. The mechanism and 

strength of translational repression is determined by the complementarity of 

the miRNA and mRNA sequence. High complementarity leads to mRNA 
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degradation, whereas partial alignment only causes steric hindrance 

preventing mRNA translation151. 

It has been reported that several miRNAs are involved in organismal ageing 

and cellular senescence by targeting genes that play either a direct role in 

these processes (for example p53/21 and p16INK4a/pRB), or indirectly, by 

being differently expressed during tissue ageing123,152,153. 

 

Terlecki-Zaniewicz et al. (2018)154 identified the top 20 highly secreted EV-

miRNAs of the EV-SASP and, screened for validated miRNA-mRNA target 

pairs, predicted that they regulate a dynamic crosstalk of prominent meta-

pathways by targeting five common transcription factors (PTEN, P53, APAF1, 

CDKN1B (p27Kip1) and MYC) which are all well-known pro-apoptotic 

mediators154–160.  

 

The most abundant miRNA both for quiescent and senescent cells, as well as 

intracellular and EV-packed is miR-21-5p154. It is encoded by the MIR21 gene 

which is – for humans – located on the plus strand of chromosome 17q23.2 

within the coding gene TMEM49161,162. miR-21-5p is considered a typical 

oncogenic miRNA (oncomiR) playing a major role in pathologies and 

physiological processes, regulating molecular networks and targeting a wide 

range of tumour suppressors, including but not restricted to the above 

mentioned five transcription factors. It has been found to be upregulated not 

only in cancer, where it is connected to tumour progression and metastasis, 

specifically to the process of cell proliferation and differentiation, but also in 

cardiovascular diseases additionally to having an impact in the fibrosis of 

various tissues162–165. For this thesis miR-21-5p was interesting due to its 

upregulation in senescent cells and it targeting the formerly mentioned pro-

apoptotic mediators, thus whether its inhibition via anti-miR-21-5p 

transfection would lead to a incline in apoptosis.  

 

The uptake of functional micro-vesicular miRNAs has been demonstrated by 

several independent studies, also showing that this happens in an amount 
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sufficient enough to repress the translation of target genes of the vesicle-up-

taking cell115,166. 

 

This indicates that EVs secreted by senescent cells as well as their miRNA – 

for example miR-21-5p - cargo might have an anti-apoptotic effect on the  

recipient cell by repressing the above mentioned pro-apoptotic mediators.  

This effect on the other hand could possibly be reversed by inhibiting those   

miRNAs with anti-miRNA.  

2.3.4 Functions and Consequences of Cellular Senescence 

Due to the different natures of senescence regarding its original way of 

induction as wells as the possibility of being acute or chronic (see 2.3 

Cellular Senescence as a Hallmark of Ageing), senescence is a two-sided 

cell fate since it can both be beneficial for the senescent cell´s direct 

environment respectively the whole tissue, as well as detrimental. 

Beneficial Functions 

One, if not the most important role of senescent cells in mammals and other 

complex organisms, who own their increased longevity to the proliferative 

potential of mitotic somatic cells, is tumour suppression. By becoming 

senescent, pre-malignant cells, which would otherwise accumulate, leading 

to damage and finally tumour genesis, are no longer able to proliferate167,168. 

Studies showing, that in vivo senescent cells are predominantly present in 

pre-malignant tumours as well as the observation that many oncogenic 

signals induce cellular senescence, support the assumption that one of the 

functions of cellular senescence is to act as a tumour suppressive 

mechanism169–171. 

 

Another beneficial function associated with cellular senescence is their ability 

to induce an immuno-clearance reaction. This describes the recruitment of 

immune cells by the secretion of SASP factors leading to the removal of the 

senescent cells by the recruited cells. In wound healing, this trait is associated 

with reduction of fibrosis and ameliorated cutaneous wound healing29,33,99,172. 

Additionally, immune-clearance may have beneficial effects during 
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embryogenesis, as developmental senescence has been observed in multiple 

vertebrates including humans at various sites. By allowing the elimination of 

transient structures senescence, just like apoptosis, the way is paved for 

tissue remodelling and morphogenesis29–31,155. 

Detrimental Consequences 

Besides their above described beneficial functions, senescent cells are also 

thought to promote age-related disorders and shorten live-span, as studies 

connect cellular senescence to contributing to the general deterioration of 

organisms during ageing and age-related diseases (figure 14)173,174. 

Senescent cells in tissue can compromise its regeneration and repair 

capability by depleting it of proliferating stem cells and by influencing their 

neighbouring cells negatively via cell-cell-contacts and SASP factors, even 

being able to induce growth arrest in them175,176. Abnormal tissue architecture 

causing atrophy, dysfunctionality and gradual deterioration is also induced by 

SASP factors like cytokines and proteases. While the former alter epithelial 

cell differentiation and stimulate tissue fibrosis (e.g. IL-6 and IL-8) the latter 

are not only depleting the tissue of important EMC proteins but also cleave 

receptors and signalling molecules, therefore compromising intercellular 

communication28,177–179. 

As both ageing and age-related diseases like Alzheimer´s, atherosclerosis 

and diabetes are characterized by low-grade chronic inflammation, the 

accumulation of senescent cells further contributes - via pro-inflammatory 

molecules contained in the SASP - greatly to this so-called “inflammageing” 

phenotype180–182. 
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Figure 14:  Cellular senescence contributes to ageing and age-related diseases by tissue 

deterioration. Various mechanisms of senescent cells are thought to contribute to age-related tissue 
and organ dysfunction. A senescent cell state itself depletes tissues of functional somatic cells as well as 
stem or progenitor cells. Senescence in other cells can be induced via cell-to-cell contact or SASP-
signalling (paracrine senescence). This can also affect stem cell niches. As a result, tissue homeostasis 
and regeneration are impaired. SASP factors further degrade ECM components, promote fibrosis and 
aberrant cell differentiation causing a disruption of tissue architecture. Finally, pro-inflammatory 
cytokines, which are also secreted as part of the SASP, recruit immune cells and introduce a chronic 
inflammatory environment28. Adapted from van Deursen (2014)28. 
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2.4 Apoptosis vs. Necrosis 

Homeostasis is maintained in multicellular organisms by a balance between 

cell proliferation and cell death. Though there are more than the two, the 

best-known types of cell death are apoptosis and necrosis155,183.  

Apoptosis is normally understood as programmed cell death which involves 

the genetically determined elimination of cells, also occurring as a defence 

mechanism such as in immune reactions or when cells are damaged by 

disease or noxious agents184,185. In some cases though, apoptosis can be the 

cell´s response to stress at which point the type and the dose of the apoptotic 

stimuli are important to determine the cell´s fate. Whereas for example low 

doses of H2O2 can induce senescence, higher doses can cause apoptosis. 

Further, a variety of injurious stimuli such as heat, radiation, hypoxia and 

cytotoxic anticancer drugs can induce apoptosis, but these same stimuli can 

result in necrosis at higher doses155,184. This is especially important, as 

apoptosis and necrosis can occur independently, sequentially, as well as 

simultaneously186,187. 

 

The typical morphological changes of apoptotic cells are well defined and 

include cell shrinkage, plasma blebbing, chromatin condensation with 

margination of chromatin to the nuclear membrane, nuclear fragmentation 

and the formation of apoptotic bodies188. Additionally, apoptosis has been 

characterized by several biochemical criteria, including the caspase-

dependent activation and nuclear translocation of a caspase-activated DNase, 

resulting in internucleosomal DNA cleavage as an absolute marker of cell 

death, changes in mitochondrial membrane permeability, release of 

intermembrane space mitochondrial proteins and different kinetics of 

phosphatidylserine (PS) exposure on the outer leaflet of the plasma 

membrane. The latter can be detected by the fluorochrome-tagged 36 kDa 

anticoagulant protein Annexin V which allows for a precise estimation of 

apoptotic incidence183,189–197.  

 

Necrosis can morphologically be characterized by rapid cytoplasmic swelling, 

formation of cytoplasmic vacuoles, distended endoplasmic reticulum, 
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formation of cytoplasmic blebs, condensed, swollen or ruptured mitochondria, 

disaggregation and detachment of ribosomes, disrupted organelle 

membranes, swollen and ruptured lysosomes, and eventually disruption of 

the cell membrane188,198,199. For a long time, necrosis has been described as 

a consequence of extreme physicochemical stress, such as heat, osmotic 

shock, mechanical stress, freeze/thawing and high concentration of hydrogen 

peroxide. In these conditions, cell death occurs quickly due to the direct effect 

of the stress on the cell, and therefore this cell death process has been 

described as accidental and uncontrolled. However, many different cellular 

stimuli (TNF on certain cell lines, dsRNA, IFNγ, ATP depletion, ischemia) have 

been shown to induce a necrotic process that follows defined steps and 

signalling events reminiscent of a true cell death program200. Other than for 

apoptosis, there is no clear biochemical definition of necrotic cell death and 

consequently no positive biochemical markers that unambiguously 

discriminate necrosis from apoptosis183. Therefore, to identify necrotic cells in 

FACS, they are stained with Propidium Iodine (PI) which can, due to the 

ruptured cell membrane, intercalate with between base pairs of the cell´s 

DNA201. 
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2.5 Problem statement and aim  

As previously described, it is by now well known that with age the human 

skin starts to accumulate senescent cells, leading to an overall functional 

deterioration over time. As senescent cells are producing significantly more 

extracellular vesicles compared to their quiescent counterparts, it is likely 

that they, respectively their cargo, play an important role in the 

communication in ageing tissue.  

 

As the most abundantly secreted miRNAs associated with SASP EVs have 

previously been connected to targeting genes which are responsible for 

regulation of anti-apoptotic pathways, the foremost aim of this study was to 

study the extracellular vesicles’ (EVs´) effect on the apoptotic behaviour of 

human dermal fibroblasts (HDF). As controls, cells treated with EVs that have 

been harvested from quiescent cells as well as untreated cells were used.  

 

For conduction of this study, three different approaches were chosen:  

 

1) Analysis of possible anti-apoptotic effects on cells after 

treatment with vesicles from senescent cells 

HDF were treated with either SASP EVs, extracellular vesicles from 

quiescent cells (QUIE EVs) or not at all and then brought into an 

apoptotic state by H2O2 treatment. The number of apoptotic cells was 

analysed via FACS to see whether there are less apoptotic cells after 

SASP EV treatment compared to treatment with QUIE EVs or no EV 

treatment. Staurosporin-treated cells were used as positive control for 

apoptosis, whereas EV and H2O2 untreated cells were used as negative 

control.  

 

2) Confirmation of anti-apoptotic effects from vesicles by QPCR 

analysis of pro-apoptotic genes in target cells 

Before the final FACS preparation, cell samples for RNA isolation were 

taken. With these RNA samples, qPCR targeting pro-apoptotic genes 

likely to be affected by SASP EV-associated miRNAs was performed, 
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namely MYC, APAF1_1, CDNK1B and PTEN with GAPDH as a 

housekeeping gene. If altered, these genes were expected to be 

downregulated in the SASP EV treated cells compared to the other 

conditions. 

 

3) Inhibition of the anti-apoptotic effect of vesicles from 

senescent cells by inhibition of mir-21-5p in target cells 

Lastly, cells were - prior to the vesicle treatment - transfected with 

anti-miR-21-5p. It was expected, that by the thereby resulting 

inhibition of miR-21-5p from the EVs the expected anti-apoptotic traits 

of the vesicles would be abolished. Hence, an upregulation of apoptosis 

compared to the non-transfected cells treated with EVs should be seen.  
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3. Materials and Methods 

 

Following good laboratory practice (GLP), all data and experimental 

procedures were recorded in lab journals which are the property of the 

University of Natural Resources and Life Sciences, Department for 

Biotechnology (16/2017, 73/2017). 

If not otherwise stated, experiments were performed at room temperature 

(RT). 

3.1 Cell Biology Methods 

3.1.1 Cell Lines  

Human Dermal Fibroblasts (HDF) 

Experiments were performed with human dermal fibroblasts (HDF, provided 

by Evercyte GmbH) from three female donors between the age of 49 and 65 

(HDF76, HDF85, HDF161). Originally, the cells were isolated from skin 

derived abdominoplasty post liposuction at the General Hospital, Vienna. 

Additionally, foreskin human dermal fibroblasts (fHDF, derived from a young 

male aged under 10) were used for the experiments (fHDF166). All fibroblasts 

were routinely grown in DMEM/Ham’s F-12 (1:1 mixture) (Biochrome GmbH, 

Berlin, Germany, F4815) supplemented with 10 % fetal calf serum (FCS) 

(Sigma Aldrich GmbH, St Louis, MO, USA, F7524) and 4 mM L-Glutamine 

(Sigma Aldrich GmbH St Louis, MO, USA, G7513). Depending on their 

replicative age, the cells were split with a ratio of 1:3 to 1:2 twice a week.  
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3.1.2 Cell Culture 

To ensure a sterile working environment, experiments were performed in a 

laminar flow hood. For routine culture, cells were cultivated in 25 cm² (T25, 

5 ml media), 75 cm² (T75, 15 ml media) or 175 cm² (T175, 35 ml media) 

Roux flasks (Corning) under normoxic conditions at 37°C and 7% CO2 in a 

HERAcell 150i incubator and a BBD 6220 incubator (both Thermo Fisher 

Scientific). Media and other reagents were warmed to room temperature 

before use. Centrifugation steps were conducted with sterile falcon tubes 

(Thermo Fisher Scientific). Fibroblasts were normally passaged at a 

confluency of 90%. 

 

Before passageing HDFs, cells were washed twice with Dulbecco’s phosphate 

buffered saline (PBS; L1820 Biochrom). These washing steps removed any 

traces of media, which would, due to it containing FCS, inhibit subsequent 

trypsin-treatment. Next, the cells were covered with 0.1% trypsin (27250-

018 Gibco) in PBS containing 0.02% EDTA (E6511 Sigma Aldrich) and were 

incubated for 3-5 minutes at 37°C. After detachment of the cells was 

observed via microscope, they were resuspended in fresh media and 

distributed into fresh flasks in the desired ratio.  

 

The replicative age of the cultured cells was monitored by defining their 

population doublings (PD). The following formula shows how to calculate the 

PD of a culture after passaging:  

 

𝑃𝐷𝑛+1 = 𝑃𝐷𝑛 +
ln  (𝑠𝑝𝑙𝑖𝑡 𝑟𝑎𝑡𝑖𝑜)

ln  (2)
 

 

3.1.3 Cryopreservation, Freezing and Thawing  

Both working and master cell banks were stored in liquid nitrogen at  

-196°C. For cryopreservation, cells were harvested at the appropriate 

confluency (see 3.1.2 Cell Culture). Instead of distributing the cell 

suspension into fresh flasks, like for the passaging procedure, the cells were 

centrifuged at 170 g for 5 min (centrifuge: 5810 R Eppendorf). The thereby 
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obtained cell pellet was resuspended in the appropriate culture media, 

additionally containing 10% dimethylsulfoxid (DMSO, ≥99.7%, Hybri-Max™, 

sterile-filtered and hybridoma tested; D2650 Sigma Aldrich)), which is 

necessary during cryopreservation to inhibit the formation of cell damaging 

ice crystals. The final concentration of cells was 5·105 to 1·106 cells/ml, for 

HDF those were approximately the cells of one T25 flask. For freezing, pre-

cooled (-80°C) Cryotubes (374081 Thermo Scientific) were each filled with 1 

ml of the cryomedia/cell suspension and then stored at -80°C until being 

transferred into the nitrogen tank. 

 

For thawing, the cell containing cryotube was submerged in 70% ethanol, 

transferred to the laminar air flow and thawed by warming to room 

temperature. The thoroughly thawed sample was then transferred into a 15 

ml falcon tube (Thermo Fisher Scientific) containing 11 ml media at room 

temperature and centrifuged at 170g for 5 min to remove the toxic DMSO. 

The cell pellet was very carefully resuspended in 1 ml media and then 

transferred into a T25 containing 5 ml* pre-warmed media. 24 h after 

thawing, the media was changed to remove any remaining traces of DMSO. 

 

* For other cell lines e.g. keratinocytes, one ml can be transferred to more than one T25. 

3.1.4 Determination of Cell Concentration and Viability  

The determination of the cell concentration was both necessary for accurate 

seeding densities to provide the repeatability of experiments as well as 

calculating the amount of vesicle producing cells for the treatment of 

(apoptotic) fibroblasts. For this, a Vi-CELL™ Cell Viability Analyzer (Beckman 

Coulter) was used which utilizes the trypan blue dye exclusion method to 

determine cellular viability. This method is based on the fact that the 

membrane of dying cells becomes permeable, thus allowing for the uptake of 

trypan blue dye. As a result, the dead or non-viable cells become darker than 

the viable cells. The contrast is measured to determine viability202; thereby 

giving information about the total viability (in %) as well as the counts of 

both the viable cells/ml x 106 and the total cells/ml x 106 of the given sample. 

For counting, the system needs 1 ml of cell suspension in a special Vi-CELLTM 
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tube. During the counting process images of the cells were taken making it 

possible to review and if necessary recalculate the given result. 

3.1.5 Induction of Stress-Induced Premature Senescence (SIPS) 

Middle aged fibroblasts were used for the induction of stress induced 

premature senescence; PD (population doubling) 12 to 14 for HDF 85 and 

HDF 161, PD 20 to 26 for HDF 76. fHDF 166 were not used in this 

experimental setup. To stress-induce premature senescence in fibroblasts, 

cells were treated with H2O2 to provoke oxidative stress. 

 

Aliquots of 30% H2O2 stock solution (216763 Sigma Aldrich) were stored at  

-80°C. Once thawed, an aliquot was kept at 4°C and not used any longer 

than a period of two weeks. Each day, a pre-dilution with PBS to a 

concentration of 100 mM was freshly prepared and then used for the final 

dilution to c = 100 µM in culture media. 

 

On day 0, HDFs were seeded into T75 flasks with a density of  

3500 cells/cm2. For the next four days, the cells were daily treated for 60 

minutes with 100 µM H2O2. After each treatment, media was exchanged to 

normal growth media.  The four days of H2O2-treatment were followed by two 

days of recovery and then another five days of cell stress treatment.  

As control, cells were seeded at the same density on day 0, but instead of 

treating them with H2O2, were left to grow with only two media changes per 

week. This leads to cell cycle arrest by contact inhibition once the cells reach 

maximum density. Those cells were called “quiescent” or short QUIE. 

Throughout the two-week period of inducing the SIPS and QUIE phenotype, 

photos of the cells were taken (with exception of the two recovery days) to 

observe the changes in the cellular morphology.  

In our set up, extracellular vesicles (EVs) were harvested once a week (see 

3.1.6 Harvesting of Small Extracellular Vesicles (< 220 nm)) for a 

maximum of five consecutive weeks from both SIPS and QUIE HDFs, the 

media was changed twice per week. The harvested EVs were used to treat 

HDFs that were treated with high concentrations of H2O2 to induce apoptosis 
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(see 3.1.7 EV treatment and apoptosis induction in dermal 

fibroblasts). 

3.1.6 Harvesting of Small Extracellular Vesicles (< 220 nm) 

To analyse the impact of EVs derived from senescent dermal fibroblasts on 

the apoptotic behaviour of other dermal fibroblasts, conditioned media from 

both SIPS and QUIE cells (=control) was collected separately and subjected 

to various centrifugation steps. This method is called differential 

centrifugation and was performed according to standards recommended from 

the international society for extracellular vesicles (ISEV) and published by Hill 

et al. 2013203. Throughout the centrifugation steps, the temperature was kept 

at 4°C to avoid protein and especially vesicle degradation in the samples. To 

obtain enough vesicles for our experiments, this procedure was done with 20 

SIPS and 10 QUIE T75 flasks, respectively.  

 

Briefly, vesicle-free media had to be prepared first to exclude vesicles derived 

from FCS media supplement from the analysis. Therefore the standard 

medium (DMEM/Ham´s 1:1) was supplemented with 20% serum and 

centrifuged overnight at 100.000 g and 4°C (Beckman, l8-80M 

ultracentrifuge; rotor: 70Ti). The pellet was discarded and the vesicle-free 

media (secretion media) filtered using 0.22 μm Stericup® Filter Units 

(Millipore Merck), diluted 1:1 with DMEM/Ham´s to 10% concentration and 

supplemented with 4 mM L-Glutamine.  

 

For the actual secretion experiment, 12 ml of secretion media per T75 flask 

were added to SIPS and QUIE cells. Vesicle-free media was left on the cells 

for 48 h under normal cell culture conditions, then the supernatants were 

collected in 50 ml falcon tubes (Falcon™ 50mL Conical Centrifuge Tubes) and 

the cells provided with fresh normal culture media (15 ml/T75). The 

supernatants were centrifuged for 15 min at 500 g and 4°C (Eppendorf 

centrifuge 5804R) to get rid of apoptotic cells and cell debris. Then, the 

supernatants were transferred into 50 ml Corning® CentriStar™ tubes 

(430829 Corning) and centrifuged for another 15 min at 4°C, this time at 

14.000 g (Beckman Coulter Avanti JXN-26), to eliminate larger EVs. To 
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ensure sterility after the first two centrifugation steps and to remove EVs 

larger than 220 nm, supernatants were then filtered using 0.22 μm Stericup® 

Filter Units (Millipore Merck). Next the filtrates were transferred into 

ultracentrifugation tubes (Quick-Seal® Tubes, Beckman) using a syringe and 

a flat opening needle. As the syringes were prior disinfected in a NaOH-bath, 

they needed to be rinsed with PBS before usage. Additionally, friction needed 

to be limited as much as possible throughout this step, since vesicles are very 

sensitive regarding mechanical stress and could otherwise easily be 

damaged. Precaution steps included slowly and steadily drawing and ejecting 

EV-containing liquids, avoiding air bubbles by staying below the liquid levels 

and refraining from bringing the needle opening too close to the bottom of 

the tubes. To avoid deformation of the tubes during centrifugation and 

thereby impairment of the sample quality, the Quick-Seal® Tubes had to be 

filled up to the seam. In case there was not enough supernatant to fill the 

tubes completely, it was diluted with sterile PBS. The Quick-Seal® Tubes 

were sealed using the "tube topper" accessory for Quick Seal® Tubes 

(Beckman) and ultracentrifugation took place at 100.000 g and 4°C for  1 ½ 

h (centrifuge: Beckman, l8-80M ultracentrifuge; rotor: 70Ti) under vacuum. 

Post centrifugation, the tubes were carefully(!) cut open with scalpels (Cutfix, 

X006.1 Carl Roth) and EV-depleted media was discarded. The EVs pellets 

were carefully resuspended (with MICRONIC precision pipette tips, 250 µl) in 

1 ml PBS (pellets in different tubes but from the same sample were pooled) 

and kept at 4°C until further use. 

 

The amount of vesicles was quantified by the number of secreting fibroblasts. 

The applicability of this approach had been confirmed by research from our 

group204. Briefly, fibroblasts from one T75 flask per condition (SIPS and QUIE) 

were harvested and measured by Vi-CELL™ XR Cell Counter to determine the 

number of total cells for secretion. Additionally, the total volume of secretion 

media before the first centrifugation step (supernatant harvested) as well as 

before ultracentrifugation (supernatant before UC) was determined, to 

exclude potential losses of EVs.  
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Using the following equation, the final number of secreting fibroblasts was 

calculated: 

 

number of cells secreting into supernatant before UC = 

 

number of cells for secretion ∙
superntanat harvested [ml]

supernatant before UC [ml] 
 

 

3.1.7 EV Treatment of and Apoptosis Induction in Dermal Fibroblasts 

To evaluate, if EVs derived from senescent dermal fibroblasts have an anti-

apoptotic effect on other dermal fibroblasts, harvested vesicles from SIPS 

cells were applied on HDFs that were later subjected to an oxidative stress 

treatment by high doses of H2O2. EVs from quiescent fibroblasts and no EV 

treatment both served as a control.  

Vesicles were quantified by the number of secreting fibroblasts (see above 

for details). The recipient fibroblasts were treated with EVs in two different 

ratios (1:1, 5:1 - number of secreting fibroblasts versus number of treated 

fibroblasts). Vesicles were always freshly prepared for the experiment, 

starting on day 0 by adding secretion media and ending on day 2 by vesicle 

preparation according to protocol (3.1.6 Harvesting of Small Extracellular 

Vesicles (<220nm)). 

 

For the actual experiment, 7.5×104 cells/well with 2ml media/well were 

seeded on day 1 in two 6-well plates (plate 1 for apoptosis treatment, plate 

2 as control). Possible transfection steps (see 3.1.8 Anti-miR Transfection) 

happened at the same day, else the cells were left to settle down for 24 h. 

On day 2, media was changed to secretion media and harvested vesicles from 

both SIPS and QUIE cells were put on the recipient cells, according to the 

scheme in (figure 15). The remaining vesicles were stored at 4°C.  
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After a 24 h of pre-treatment on plate 1, wells A1, A2, A3, B1 and B2 received 

a stress treatment of 200 µM H2O2 for 2 hours. Afterwards, both plates (stress 

and control) were provided with fresh vesicles in vesicle-free media and 

incubated for another 24 hours. Well B3 of plate 1 received a staurosporin 

treatment overnight (c=300 nM) and served as a positive (apoptotic) control 

in the subsequent experiment. After 24 h of recovery, the cells of plate 1 

(wells A1, A2, A3, B1, B2) were once more stressed with  H2O2 for 2 h, 

although the concentration was raised to 400 µM. This time the vesicle 

containing media of each well was separately saved, kept at 4°C and 

transferred back after the stress treatment ended. After 3 hours of recovery, 

an apoptosis assay with Annexin-V/PI-staining was performed on both plates 

(see 3.1.9 Apoptosis assay with Annexin-V/PI-staining) and  RNA-

samples were taken. In the end, 12 samples were acquired (table 4). 

  

QUIE 1:1 

SIPS 1:1 QUIE 5:1 

SIPS 1:1 No EVs 

No EVs/ 

staurosporin 

Figure 15: EV treatment scheme. 
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Stresses (H2O2-Treatments) No stress 

QUIE 1:1 QUIE 1:1 

QUIE 5:1 QUIE 5:1 

SIPS 1:1 SIPS 1:1 

SIPS 5:1 SIPS 5:1 

No EVs No EVs (2x) 

 Staurosporin 

Table 4: Samples EV treatment and apoptosis induction. 

 

3.1.8 Anti-miRNA Transfection 

miR-21-5p was identified as one of the top 20 highly secreted miRNAs of the 

miR-SASP and putatively supresses pro-apoptotic downstream targets such 

as PTEN154, thereby implying anti-apoptotic functions. To see, whether miR-

21-5p, as part of the EV-SASP, does have an impact on the anti-apoptotic 

effect of the EVs, the recipient cells were infected with anti-miR-21-5p (LNA-

Powerinhibitor Exiqon miR-21-5p) which – if successful – should reverse the 

anti-apoptotic effect by neutralizing the miR-21-5p content of the EVs. As 

control, cells were transfected with an anti-miR-control (LNA-Powerinhibitor 

Exiqon miR-Ctrl).  

 

The transfection was done using a lipid-based formulation (siPORT™ NeoFX™ 

Transfection Agent, Thermo Fisher Scientific) as a vehicle according to the 

manufacturer´s user guide (figure 16)205. Throughout the incubation steps of 

the protocol, cells were harvested, counted and diluted to a final volume of 

7.5×104 cells/ml. 

 

First Opti-MEM® I medium (Thermo Fisher Scientific) and siPORT™ NeoFX™ 

transfection agent were warmed to room temperature. Then, for each 

transfection, 5 µl of siPORT™ NeoFX ™ transfection agent were diluted in 95 

µl Opti-MEM® I medium. The mixture was incubated for 10 min at room 
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temperature to allow for the formation of cationic lipid complexes, that act as 

the vehicle for the transport of nucleic acids into the cells205. Meanwhile, the 

anti-miR was diluted with Opti-MEM® I medium to 100 µl, to yield a final 

concentration of 30 nM after the transfection complexes were mixed with the 

cells suspension and media, the final volume being 2.5 ml/well (consisting of 

200 µl transfection complexes, 1ml cell suspension and 1.3 ml media) and at 

the end of the incubation time carefully mixed with the siPORT/Opti-MEM-mix 

by slowly pipetting up and down. The mixture was left to incubate for another 

10 min, after which the newly formed transfection complexes were distributed 

into the wells of a cell culture plate (=200 µl/well) and overlaid with 1 ml cell 

suspension and 1.3 ml media. Finally - to ensure thorough mixing - the plates 

were then slowly moved in a flat eight motion.  

The transfected cells were then used for vesicle treatment and apoptosis 

induction as described in 3.1.7 EV treatment of and apoptosis induction 

in dermal fibroblasts. For this experiment, the procedure was similar to the 

one described in chapter 3.1.7 with the exceptions that a) the recipient cells 

seeded on day 1 were transfected throughout the process (reverse 

transfection and b) the EV rations were 1:1 only thus resulting in 20 different 

samples (see table 5). 
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Anti-miR-21-5p Anti-miR-control Non transfected 

QUIE 1:1 stressed QUIE 1:1 stressed QUIE 1:1 stressed 

SIPS 1:1 stressed SIPS 1:1 stressed SIPS 1:1 stressed 

No EVs stressed No EVs stressed No EVs stressed 

QUIE 1:1 QUIE 1:1 QUIE 1:1 

SIPS 1:1 SIPS 1:1 SIPS 1:1 

No EVs No EVs No EVs (2x) 

  Staurosporin 

Table 5: Samples EV treatment and apoptosis induction of anti-miR transfected cells. 

 

 

  

Figure 16: Reverse transfection overview. Nucleic acids such as anti-miRs are 
diluted and mixed with diluted siPORT™ NeoFX™ transfection agent (Invitrogen) 

forming transfection complexes, which can overcome the cell membrane barrier 
due to their hydrophobic properties. The transfection mix is transferred to a culture 
plate and overlaid with cell suspension. The complexes are taken up by the cells 
via endocytosis and nucleic acids are released into the cytoplasm.  

Adapted from Invitrogen205.  
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3.1.9 Apoptosis Assay with Annexin-V/PI-Staining 

To determine how the treatment with EVs affects the apoptotic behaviour of 

HDFs, especially if the EVs do have an anti-apoptotic effect, an Annexin-V/PI-

staining apoptosis assay was carried out.  Besides other cellular events that 

take place during apoptosis, the loss of cell membrane asymmetry leads to 

the exposure of phosphatidyl serine (PS) on the outside of the cell and, 

subsequently, to the loss of integrity of the plasma membrane. During early 

apoptosis, PS is externalised and can be stained by Annexin-V protein, which 

is conjugated to a fluorophore. Once the cell membrane loses its integrity, PI 

can enter the cell and label the DNA by intercalation, indicating late 

apoptosis206 (see figure 17).  

 

 

 

 

 

 

 

Figure 17: Dual staining with Annexin-V and PI. In a live, intact cell, PI cannot enter 

the cell and label dsDNA/RNA. Moreover, phosphatidyl serine (PS) is maintained 
exclusively on the inner leaflet via flippase, resulting in negative staining for both dyes. 
Annexin V labels externalized PS- on the cell surface following the initiation of apoptosis. 
During the latter stages of apoptosis both PS is exposed and PI can enter the cell due to 
the loss of membrane integrity. 

From: http://stmichaelshospitalresearch.ca/staff-services/research-facilities/facilities/flow-
cytometry-core/cell-viability-apoptosis/ (22.03.2018) 
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The apoptosis assay was done on ice using the Pacific Blue™ Annexin-V Kit 

(Biolegend) and propidium iodide (PI, P4864, Sigma Aldrich GmbH) diluted 

1:25 in Annexin-V binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl 

and 5 mM CaCl2 diluted in RO-H2O, stored at 4°C). 

To ensure that no apoptotic cells get lost, the supernatant of each well was 

transferred to an individual centrifugation tube (Falcon™ 15 mL Conical 

Centrifuge Tubes, Thermo Fisher Scientific). The cells were washed twice with 

1 ml PBS, which was pooled into the centrifugation tube. Next, cells were 

harvested (500 µl trypsin and 1 ml media to stop the trypsin per well, see 

also 3.1.2 Cell Culture) and added to the tube as well. The wells were rinsed 

once more with PBS (containing Ca2+, Mg2+ and 10% FCS) to ensure 

detachment of all cells, the washing solution was collected in the 

corresponding tube. All samples were centrifuged at 200 g for 10 minutes 

(Eppendorf centrifuge 5804R). The supernatant was discarded, the pellet 

carefully resuspended, washed with 1 ml Annexin-V binding buffer and again 

centrifuged for 10 min at 200 g. This was done a second time, with only 900 

µl binding buffer of which one third (300 µl) was taken for RNA analysis before 

centrifugation. The cells were carefully resuspended in 100 µl staining 

solution (master mix with 2.5 µl Pacific Blue™ Annexin-V, 1 µl PI dilution and 

100 µl Annexin-V binding buffer per sample) and incubated for 15 min at 

room temperature in the dark. One untreated (no EVs, no stress) sample was 

left unstained and served as control to adjust FACS settings. After incubation, 

samples were diluted with 200 µl of Annexin-V binding buffer and transferred 

to special FACS tubes.  

 

Analysis was performed by FACS on a Gallios flow cytometer (Beckman 

coulter) using an excitation wavelength of 488 nm and a 600 nm emission 

filter for the detection of PI (FL-3) as wells as an excitation of 405 nm and a      

450/50 nm emission filter to detect the Pacific Blue™ Annexin-V staining (FL-

9). Cells treated with 300 nM staurosporin for 24 h (see 3.1.7 EV Treatment 

of and Apoptosis Induction in Dermal Fibroblasts) were used as positive 

control. Flow cytometry data were analysed with Kaluza software (Version 

1.2, Beckman Coulter). 
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As can be seen in figure 18, analysis was done with the help of both the 

histograms for Annexin-V and PI as well as the dot plot making it possible to 

distinguish the different populations of cells regarding their apoptotic or 

necrotic state. It was important to look at all the above-mentioned plots, as 

especially the histogram data alone would most likely have led to false 

positive values whereas the dot plot was easier to handle with the colour code 

gained via the histograms (figure 18 C). 

 

Figure 18 Analysis of FACS data on the 
example of staurosporin treated cells 
A shows the histogram for FL3/PI. The 

gating coloured the PI positive population 
blue in all the other plots.  

B shows the histogram for FL9/Annexin. 
The gating colouring the Annexin positive 
population red in all the other plots. In this 

plot it shows that PI positive cells are also 
Annexin positive.  

C shows the dot plot for both FL3 and FL9. 
In this plot the gating gaining the absolute 

number of cells and percentages was done. 
It shows that, though positive in the 
histogram for Annexin, part of the red 
coloured dots are visibly part of the PI- AN- 
population, meaning that they are double 
negative and thereby viable cells. This 
shows how important it was to work with 

the help of all three plots. (AN= Annexin)  

A B 

C 
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3.2 Molecular Biology Methods 

3.2.1 RNA Isolation 

To guarantee the best possible ribonuclease free environment, the working 

area as well as tools and hands were frequently wiped with RNaseZAP® 

(AM9780 Life Technologies) wipes throughout the whole isolation process. 

Centrifugation steps were performed at 4°C using a micro-centrifuge (5415R 

Eppendorf). Furthermore, chemicals were diluted in nuclease-free water 

(NFW) (10977049 LifeTechnologies) and RNA lysates were kept in nuclease-

free tubes (72.692 Sarstedt). Due to the toxicity and volatility of various 

reagents used in the isolation process, all steps were performed under a fume 

hood. 

 

Since the cell samples were harvested while preparing the Annexin-V/PI 

assay, they needed to be centrifuged (500 g, 5 min) to remove the Annexin-

V binding buffer. Then, samples were resuspended in 500 µl TRIzol® reagent 

(T9424 Sigma Aldrich). The lysates were vortexed for a few seconds and 

either immediately processed or frozen at -80°C after a short incubation at 

room temperature (5 min). If the lysates were frozen, they had to be slowly 

thawed on ice again before further steps could be taken.  

 

Once the samples were fully thawed (or if it processed) 100 µl chloroform 

(C2432 Sigma Aldrich) were added, the mixture was vortexed for 30 sec and 

incubated for 3-5 min at room temperature. During the next step – 

centrifugation at 12.000 g for 15 min - the samples’ contents were separated 

into three phases: an aqueous phase on top containing nucleic acids, followed 

by a thin protein phase as border to the organic phase at the bottom. A 

maximum of 200 µl of the aqueous phase was carefully transferred into a 

fresh nuclease-free tube, without touching the border phase. 1 μl of GlycoBlue 

(AM9516 Life Technologies) acting as a carrier for better RNA precipitation 

and visibility, and 250 μl isopropanol (20922.394 VWR Chemicals Prolab) 

were added and the samples were gently and thoroughly mixed by hand (not 

vortexed!). After 10 min of incubation at room temperature, precipitated RNA 
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was pelleted by centrifugation at 12.000 g for 10 min. Supernatant was 

carefully discarded without disturbing the RNA pellet, which was then washed 

with 70% ethanol (stock c=100%) and centrifuged at 7.500 g for 5 min. 

Finally, ethanol was removed and the RNA pellet was air-dried. Once 

completely dry, the pellet was resuspended in 20 μl of NFW and incubated at 

58°C for 10 min to ensure that the RNA was completely dissolved, before 

freezing and storing the sample at -80°C.  

The total RNA concentration and purity was measured with a NanoDrop™ 

One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific) 

which determines nucleic acid concentrations based on absorbance at 260 

nm. 1 μl of sample was measured and the 260/280 ratio calculated to 

determine the presence of protein or organic compounds such as phenol. A 

ratio of ~2.0 is considered as “pure” for RNA; values appreciably lower 

suggest the presence of contaminants. Another indicator of purity is the 

260/230 ratio, which suggests “pure” nucleic acid samples in the range of 

2.0-2.2. 

3.2.2 Complementary DNA Synthesis for mRNA 

For analysis of mRNA levels in the prepared samples via quantitative PCR 

(qPCR), the RNA had first to be transcribed reversely into stable 

complementary DNA (cDNA). All reagents and dilutions were kept on ice 

during the experiment, to impair the activity of RNases. The cDNA synthesis 

was performed using the High-Capacity cDNA Reverse Transcription kit 

(4368814 Applied Biosystems) according to the manufacturer's 

instructions207. Two types of controls were included, a “no reverse 

transcription” control (RT-, reaction mix without enzyme), and a “no template 

control” (NTC, template was substituted by nuclease-free water (NFW)). For 

each RNA sample, a total amount of 500 ng was transcribed into cDNA.  

For transcription, a master mix was prepared with the kit´s components and 

RNase inhibitor (N2115 Promega) according to table 6 and added to each RNA 

templates. One additional reaction was included in the calculation for the 

master mix to provide excess volume for the internal pipetting inaccuracy 

that occurs during the reagent transfer. 
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Component Volume/Reaction (µl) 

10x RT Buffer 2.0 

25x dNTP Mix (100mM) 0.8 

10x RT Random Primers 2.0 

MultiScript™ Reverse 

Transcriptase 1.0 

RNase Inhibitor 1.0 

Nuclease Free Water 3.2 

Master mix total  10.0 

RNA Template (500ng)  10.0 

Reaction Total 20.0 

Table 6: Reaction mix of the High-Capacity cDNA Reverse Transcription kit. 

 

After preparation of the reaction mix, the samples were centrifuged shortly 

to both eliminate air bubbles and spin down the tubes contents. The reverse 

transcription was performed in a thermo cycler (T3 Biometra) according to 

the program described in table 7. 

 

 Step 1 Step 2 Step 3 Step 4 

Temp. [°C] 25 37 85 15 

Time [min] 10 120 5 ∞ 

Table 7: Thermal cycler temperature profile for reverse transcription. 

 

After transcription, the cDNA was diluted to a final volume of 50 µl with NFW 

and stored at -20° until further use. 
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3.2.3 Quantitative PCR (qPCR) 

To determine the number of copies of a specific mRNA in question within a 

sample, quantitative PCR (qPCR) was performed. Generally speaking, DNA 

polymerase, primers (forward and reverse), dNTPs and a fluorescent dye, 

which intercalates into the DNA, are mixed with the beforehand transcribed 

cDNA samples. Then the reaction mix is subjected to a series of temperature 

cycles leading to the amplification of the template cDNA. Throughout the 

amplification process, the fluorescent dye binds to newly formed DNA strands 

causing an increase in fluorescence signal, which is measured after each 

cycle. The cycle in which the cumulative signal reaches a certain threshold is 

called “threshold cycle” (Ct) and is indirectly proportional to the initial amount 

of product. By using this Ct, the expression levels of the mRNAs in question 

can be determined. However, it is necessary to prepare a standard curve for 

each product, which serves as a conversion matrix between copy number and 

Ct. This, in turn, requires samples, which only contain the specific cDNA in 

question with a known concentration.  

3.2.3.1 Preparing Standards for qPCR 

Standards for each gene in question were self-prepared. As beforehand 

described, RNA was isolated via TRIzol® and then transcribed using the High-

Capacity cDNA Reverse Transcription kit. The cDNA of the gene in question 

was then amplified via PCR. To get an optimal output, multiple cDNA samples 

preferably from different cell lines or cell types - in this case from 

keratinocytes and fibroblast - were mixed and used as templates.  

 

PCR amplification was done with a GoTAQ DNA Polymerase kit (M300 

Promega) according to the manufacturer's instructions208. Exon-Exon 

spanning primers (Integrated DNA Technologies) were designed to amplify a 

mRNA sequence with 70-300 bp in length, which includes a 1000 bp long 

intron sequence to reduce genomic DNA background. Required reagents were 

thawed on ice, whereas GoTAQ polymerase was kept at -20°C before being 

added as the last component to the PCR mix. All required components 

necessary for PCR amplification were combined according to table 8, resulting 
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in a total volume of 50 µl. The amplification itself was performed in a thermo 

cycler (T3 Biometra) according to the program described in table 9.  

 

Component 
Volume/Reaction 

(µl) 

Final 

Concentration 

PCR Nucleotide Mix (c = 10 mM) 1.0 0.2 mM 

Forward Primer 1.0 0.1-1.0 µM 

Reverse Primer  1.0 0.1-1.0 µM 

5x Green GoTaq® Reaction Buffer 10.0 
1x (1.5 mM 

MgCl2) 

GoTaq® DNA Polymerase (5 u/μL) 0.25 1.25 u 

cDNA Template 2.0 < 0.5 µg 

Nuclease-free water 34.75  

Total 50.0  

Table 8: Component mix for PCR amplification of mRNA-sequence from cDNA using 
GoTaq® DNA polymerase. 

 

  
Repeat 39x 

 

 Initial 

Denaturation 
Denaturation Annealing Extension 

Final 

Extension 

Temp.  

[°C]  
95 95 55 72 72 

Time 5 min 30 sec 30 sec 20 sec 5 min 

Table 9: Temperature profile for PCR amplification in thermal cycler using GoTaq® 
DNA polymerase. 

 

The PCR products were frozen until purity and the correct product size were 

determined via gel electrophoresis. Therefore, the samples (50 µl in total) 

were 1:4 mixed with loading dye and transferred onto a 2% agarose gel (w/v) 

(840004 Biozym) in 1x TAE buffer (Tris-base, acetic acid, EDTA) containing 

1 μl of Midori Green DNA stain (MG02-MP Biocat). As a marker, 4µl of 

"Generuler" 100 kb DNA ladder (SM0241 Thermo Scientific) were used. 

Before starting the electrophoresis, another 5 μl of Midori Green DNA stain 

were added to the 1x TAE running buffer at the positive pole. The 

electrophoresis was performed at 130 V for 20-45 min until both dyes and 
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marker were thoroughly separated. Afterwards, the gel was scanned under 

UV light a Gel Doc station (Gel Doc XR+ Bio-Rad, set to auto exposure). Right 

product length was confirmed by checking sample bands against DNA ladder 

bands.  

 

The correct products were excised with a clean scalpel and transferred into 

micro centrifuge tubes (Eppendorf). Then, cDNA extraction was performed 

using the FavorPrep™ Gel Purification Mini kit (FAGCK001 Favorgen Biotech 

Corp.) according to the manufacturer’s protocol209. Briefly, 1000 µl FADF 

buffer were added to each gel slice and the mixture was incubated at 55°C 

on a shaking block (1000 rpm) until the slices were completely dissolved (5-

10 min). After the samples cooled down to RT, 800 μl of each sample mixture 

were transferred onto a FADF Column, which was placed in a collection tube. 

The columns were centrifuged at 11.000 g for 30 sec and the flow-through 

was discarded. For larger sample volumes, the procedure was repeated until 

all liquid was loaded onto the column. Next the column membrane was 

washed by adding 750 μl wash buffer and centrifuging again at 11,000 g for 

30 seconds. The flow-through was discarded and the column matrix dried by 

another centrifugation step at full speed (16.000 g, 3 min). The column was 

then placed into a clean microcentrifuge tube (Eppendorf) and the DNA was 

eluted by adding 40 μl of NFW onto the centre of the membrane and 

centrifugation at 16,000 g for 1 min. The concentration of DNA in the eluate 

was measured via NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific). The product length was 

calculated by using an online copy number calculator 

(http://cels.uri.edu/gsc/cndna.html). There the number of copies is 

determined by using the measured amount of total DNA in ng and the length 

of the obtained product in bp as variables of the following calculation210: 

 

𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐜𝐨𝐩𝐢𝐞𝐬 =  
𝑎𝑚𝑜𝑢𝑛𝑡 ∙ 6.022 ∙ 1023

𝑙𝑒𝑛𝑔𝑡ℎ ∙ 109 ∙ 650
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This calculation is based on the assumption that the average weight of a base 

pair is 650 Daltons. This in turn means that one mole base pairs weighs 650g 

210. 

As last step, a 100µl stock solution with a concentration of 109 copies/μl was 

prepared for each obtained DNA sample and both, this stock and the original 

eluate, stored at -20°C. The samples, each specific for one mRNA-sequence, 

were used as standards in subsequent qPCRs. 

3.2.3.2 HOT FIREPol™ EvaGreen™ Quantitative PCR  

Post cDNA synthesis with the High-Capacity cDNA Reverse Transcription kit, 

sequences were amplified and simultaneously quantified by qPCR in a 

thermocycler Rotor-GenQ 6000 (Qiagen). A master mix containing HOT 

FIREPol™ EvaGreen™ qPCR Mix Plus (ROX) (08-24-00020 Solis Biodyne) was 

prepared according to table 10. All reagents were kept on ice for the duration 

of the experiment. All samples were analysed in technical quadruplicates. 

 

  

Component Volume/Reaction (µl) 

5x HOT FIREPol™ EvaGreen™ qPCR Mix Plus 2.0 

Forward Primer 0.25 

Reverse Primer  0.25 

cDNA Template (25ng) 1.0 

Nuclease-free water 6.50 

Total 10.0 

Table 10: 5x HOT FIREPol™ EvaGreen™ qPCR Mix Plus (ROX) reaction components 

and respective amounts per reaction. 
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Samples were then run in the thermocycler according to table 11. 

For each gene in question a ten-fold serial dilution was prepared starting from 

the solution (containing 109 copies/µl) and resulting in six standard dilutions 

with a copy number from 108 to 103 per microliter. Those were analysed in 

duplicates by qPCR, resulting in a standard curve which then was used to 

convert the Ct values of the target mRNAs into actual copy numbers. For 

relative comparison, expression levels of a specific mRNA in question were 

normalized to the levels of GAPDH of the respective sample, as it served as 

an intracellular housekeeping gene. A housekeeping gene should theoretically 

be expressed at a constant level among different tissues of an organism, at 

all stages of development, and their expression levels should also remain 

relatively constant in different experimental conditions211.  

All primer sequences and product lengths can be seen in table 12.  

 

 

 

Table 11: Temperature profile for 5x HOT FIREPol™ EvaGreen™ qPCR Mix Plus 
(ROX) qPCR. 

 Cycles Temp [°C] Time [sec] 
Acquisition 

Mode 

Activation 1 95 600  

Quantification 45-55 

95 15  

60 30  

72 15 Single 

80 2 Single 

Melting Curve 1 
65 10  

99 60 Continuous 
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3.3 Statistical Analysis 

Statistical analysis was done with Graph Pad Prism. A Mann-Whitney-Test for 

unpaired, not normally distributed datasets was done to find out whether 

there was a significant difference in the percentage of apoptotic cells 

depending on their treatment. A p-value below 0.05 was considered 

significant. As experiments were repeated, data points are mean ± standard 

deviation.  

 

  

Gene fw /rev Sequence 
Product 
length  

APAF1 
fw CTTCTTCCAGTGTAAGGACAGT 

243 bp 
rev CTGAAACCCAATGCACTCCC 

    

CDKN1B 
(p27Kip1) 

fw TGGCCTCAGAAGACGTCAAAC 
139 bp 

rev CCATTCCATGAAGTCAGCGAT 

    

GAPDH 
fw CGACCACTTTGTCAAGCTCA 

280 bp 
rev TGTGAGGAGGGGAGATTCAG 

    

MYC 
fw CGTCCTCGGATTCTCTGCTC 

280 bp 
rev GCTGCGTAGTTGTGCTGATG 

    

PTEN 
fw CAGAGACAAAAAGGGAGTAACTATT 

188 bp 
rev TCACCTTTAGCTGGCAGACC 

Table 12: Primers used for qPCR. 
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4. Results 

To analyse the effect of senescence and quiescence derived vesicles on the 

apoptotic behaviour of human dermal fibroblasts, the desired phenotype had 

to be introduced into the cells. For SIPS, cells were treated with chronic sub-

lethal concentrations of H2O2 for two weeks (see chapter 3.1.5 Introduction 

of Stress-Induced Premature Senescence) whereas for quiescence cells were 

left to grow until they stopped proliferating due to contact inhibition which 

also took about two weeks. Throughout this study, senescence was solely 

determined by morphological changes, as the method to induce senescence 

has in the past already been proven to be sufficient. When fibroblasts become 

senescent, their morphology changes significantly. While young cells exhibit 

a more spindle-like, papillary shape, senescent counterparts are flattened and 

enlarged with a more reticular phenotype212,213. On the last day of H2O2-

treatment, stressed HDFs had not only adopted these morphological changes, 

but had also formed clearly visible stress fibres and experienced cytoskeleton 

reorganization, further alterations specific to a switch to senescence (figure 

18).  

 

 

 

 

 

 

 

 

 

Figure 19: SIPS treatment with H2O2 induces a senescent phenotype with typical 
morphological changes. HDFs were seeded at 3,500 c/cm² and treated with 100 μM H2O2 
for one hour over the course of the following 11 days intermitted by one 48-hour long recovery 
period. Afterwards, treated fibroblasts (right picture) showed a distinctly different morphology 

to their quiescent (non-treated) counterparts (left picture), including stress fibres and 
cytoskeleton reorganization, two signs of cellular senescence. Pictures were taken on the last 
day of H2O2-treatment. Scale bar = 200 μm. 

 

  

quiescent fibroblasts senescent fibroblasts 
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The apoptosis assay was repeated 13 times, though conditions varied 

between experiments. Throughout the experiments, cells from three different 

HDF donors were used and their EVs harvested between two to six weeks 

after senescence induction (recovery week). As EV recipients, cells from two 

different donors were used with their passage doubling varying between PD 

9.5 and PD 28 (table 13). 

 

Experiment # EV donor Recovery 

week 

EV recipient PD 

1 HDF 161 2 fHDF 166 20.5 

4 HDF 76 2 HDF 76 26 

5 HDF 76 3 HDF 76 28 

6 HDF 76 4 HDF 76 17.5 

7 HDF 161 1 HDF 76 21.5 

8 HDF 161 2 HDF 76 23.5 

9 HDF 161 3 fHDF 166 9.5 

10 HDF 161 4 fHDF 166 12 

11 HDF 161 5 fHDF 166 15 

13 HDF 85 2 fHDF 166 20.5 

14 HDF 85 3 fHDF 166 23.5 

17 HDF 161 2 HDF 76 17.5 

18 HDF 161 3 HDF 76 17.5 

 

Table 13: Donor and state of the cells regarding recovery week for the EV donors and 
PD for the EV recipient. Missing numbers in the “Experiment #” column are due to the 
corresponding experiments being aborted at an early state, therefore no data was collected 

for these. Un/coloured blocks indicate the same charge of SIPS cells in different recovery 
weeks. 

 

Throughout the results, “Q” indicates treatment with quiescent derived 

vesicles, “S” indicates senescence derived vesicles, “ctrl” indicates no 

apoptosis induction whereas “stressed” indicates apoptosis induction via 

hydrogen peroxide treatment. Ratios are vesicle secreting cells to recipient 

cells. 
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4.1 Cell Morphology 

Before harvesting the cells for the Annexin-V/PI assay, photos were taken. A 

difference in cell morphology could be seen between those where apoptosis 

was induced via staurosporin treatment compared to the ones that were 

treated with hydrogen peroxide to induce senescence. The former showed the 

apoptosis specific phenotype, shrunk cells with apoptodia and cellular 

fragmentation into apoptotic bodies (figure 19, A). The latter did barely 

shrink, but the plasma membrane lost its integrity, looking almost netlike 

(figure 19, B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Fibroblasts before harvesting for the apoptosis assy. Morphological 

differences were observed for the cells treated with staurosporin (A) compared to those treated 
with hydrogen peroxide (B). Especially noticeable is the size of the nucleus as well as the 
behaviour of the cell membrane which fragmentated into apoptotic bodies for staurosporin but 
simply seems to lose its integrity for H2O2. Scale bar = 200 µm 

A 

B 
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4.2 FACS Data 

Aim of the apoptosis assay with Annexin-V and PI was to determine the 

number of apoptotic cells per condition and to compare whether there was a 

significant difference between the groups. Of special interest was the 

question, if there were less apoptotic cells for the SASP EV treated cells as 

this would indicate an anti-apoptotic effect of said vesicles. For each 

condition, an unstressed control was prepared in order to determine if the 

EVs themselves did have any apoptotic or necrotic effect on the cells, which 

was disproved (see figure 22). Hence, the cells´ apoptotic behaviour in this 

set-up relied only on the hydrogen peroxide treatment.  

Cell Numbers 

Aim of the flow cytometric analysis was to determine if there were less 

apoptotic cells for the SIPS-EV treated samples than for the ones with QUIE-

EVs or no treatment at all. Cells treated with staurosporin were used as a 

positive control for apoptosis, while untreated cells were used as a negative 

control. The cell count for the FACS was set to 20 000 cells (or 10 min, 

whatever event occurred first). The given values are the ones obtained after 

gating, therefore being the absolute cell count excluding debris. 

As can be seen in table 14 and figure 20, the cells treated with H2O2 treatment 

for apoptosis induction were significantly less in number compared to the 

ones treated with staurosporin. For statistical comparison between groups, 

only those experiment showing values for both treatments were considered 

(e.g. for comparison between “staurosporin” and “S 5:1 stress” the value for 

AP1 “S 5:1 stress” and the values for AP17 and AP18 “staurosporin” were not 

taken into account, as there were no corresponding values for the given 

experiments). Therefore, the stated p-values are for the same n for each 

condition whereas figure 20 shows all counts with n between 7 to 13 

depending on the condition.  
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Figure 21: Number of cells after gating in comparison. Treatment with H2O2 as 
apoptosis inducer (=stress) leads to significantly less cells in the FACS compared to 
staurosporin. Horizontal lines indicate mean with SEM. Q indicates vesicle treatment with 
quiescent derived EVs, S indicates treatment with SIPS derived EVs, the ratio indicates EV 
secreting cell to EV receiving cell. Groups were compared by Mann-Whitney-Test for 
nonparametric distributions, ns > 0.05; * ≤ 0.05, **p < 0.01, ***p < 0.001. 

No EVs Stress: p = 0.0039; Q 1:1 Stress: p = 0.0004; S 1: 1 Stress: p = 0.0141; Q 5: 1 
Stress: p = 0.0089; S 5:1 Stress: p= 0.0232  

Cellcount after gating

Cell Treatment

A
b

s
o

lu
te

 N
u

m
b

e
r 

o
f 

C
e
ll

s

no E
Vs 

ct
rl

Q
 1

:1

S 1
:1

 

Q
 5

:1

S 5
:1

 

Sta
uro

no E
Vs 

Str
es

s

Q
 1

:1
 S

tr
es

s

S 1
:1

 S
tr
es

s

Q
 5

:1
 S

tr
es

s

S 5
:1

 S
tr
es

s

0

5000

10000

15000

20000

25000

**

***
*

**
*

Table 14: Cell counts after gating. AP x = Number of experiment/biological replicate; Q indicates 

vesicle treatment with quiescent derived EVs, S indicates treatment with SIPS derived EVs, the ratio 
indicates EV secreting cell to EV receiving cell.   

 Stauro- 
sporin 

no 
EVs 

Stress 

no 
EVs 
ctrl 

Q 1:1 
Q 1:1  
Stress 

S 1:1 
S 1:1 

Stress 
Q 5:1 

Q 5:1 
Stress 

S 5:1 
S 5:1 

Stress 

AP 1  19786 19862 19751 19766 19806 19781 19762 18576 19755 19774 

AP4 19513 16931 - 8326 19282 17810 19450 13921 19601 - 19627 

AP5 19049 14384 - 19974 14804 18898 19773 19958 12364 19974 19719 

AP6 13492 1021 - 19952 1001 19955 1019 19961 1288 - 1014 

AP7 19889 - 19906 19901 11965 19884 5227 19910 7388 - 5454 

AP8 19358 19710 19833 19741 2833 19741 19553 19765 19366 19730 19257 

AP9 19947 7148 19855 19950 3885 19913 3846 10375 5522 19958 5526 

AP10 8878 2304 19611 19870 1630 19769 5024 19900 2237 19792 2825 

AP11 19759 2775 19873 19944 2563  2144 19926 4505  2115 

AP13 18133 5856 19924 19905 6848 19896 12193 19907 8971 19936 9647 

AP14 12244 2034 19894 19865 2676 19865 3239 19848 4021 17871 2531 

AP17 19890 4153 19934 19951 5817 19932 3738 - - - - 

AP18 19852 15403 19864 19461 11506 19925 19702 - - - - 



 

67 

 

Percentages of Apoptotic Cells – does the EV-SASP have an Anti-

Apoptotic Effect? 

Analysing the FACS data of the carried-out experiments, the anti-apoptotic 

effect of SIPS EVs could not be proven. Neither did the presence of senescent 

cell derived EVs reduce the amount of apoptotic cells compared to the 

treatment with quiescent derived EVs, nor to the ones that did not receive 

any EV treatment (table 15, figure 21). Apoptotic percentage reflects the total 

of early (Annexin-V positive) and late (Annexin-V + PI positive) apoptotic 

cells. Where there are no values, the condition was not observed for the given 

experiment. Statistical analysis between groups was done only considering 

those experiments, were both conditions were observed.  

For example, for the analysis of the SIPS EV treated, stressed cells (ratio 1:1; 

“S 1:1 Stress”) to the stressed ones without vesicle treatment (“no EVs 

Stress”), values for AP4, AP5 and AP6 were excluded for the SIPS cells, as 

there were no corresponding values for the untreated cells for those 

experiments. Additionally, the AP14 value for “no EVs Stress” was excluded 

for analysis as explorative data analysis showed that it can be regarded an 

outliner. 

 

  
Stauro- 
sporin 

no 
EVs 
ctrl 

no 
Evs  

Stress 
Q 1:1 

Q 1:1 
Stress 

S 1:1 
S 1:1 

Stress 
Q 5:1 

Q 5:1  
Stress 

S 5:1 
S 5:1 

Stress 

AP1 - 0,7 7,25 0,24 1,54 0,23 3,48 0,25 11,86 0,33 4,91 

AP4 51,29 - 4,77 3,61 2,78 2,14 1,69 2,6 2,64 - 1,99 

AP5 45,02 - 4,73 1,32 4,46 1,08 3,15 1,28 4,46 1,28 4,02 

AP6 83,05 - 47,6 2,24 47,65 3,01 53 1,99 48,3 - 49,11 

AP7 68,49 0,54  0,43 16,03 0,44 33,9 0,85 27,89  38,17 

AP8 47,89 1,62 2,97 0,71 35,86 1,16 0,95 1,39 4,71 1,22 2,75 

AP9 76,46 1,75 39,27 0,72 10,74 0,95 4,89 2,88 8,47 0,64 18,98 

AP10 93,82 0,98 32,03 0,28 40,67 0,58 19,25 0,68 39,87 0,55 37,17 

AP11 33,47 0,84 37,98 0,51 46,5 - 40,86 0,62 28,15  35,22 

AP13 93,64 0,3 17,76 0,64 18,63 0,49 11,74 0,5 19,06 0,46 17,24 

AP14 85,57 0,8 75,47* 0,57 48,96 0,76 45,87 0,65 34,2 0,67 60,57 

AP17 80,02 0,85 25,89 1,45 27,92 0,63 49,57 - - - - 

AP18 86,86 0,85 32,11 0,84 33,8 0,9 23,71 - - - -- 

Table 15: Percentages of apoptotic cells. APx = number of experiment/biological replicate, Q 

indicates vesicle treatment with quiescent derived EVs, S indicates treatment with SIPS derived EVs, the 

ratio indicates EV secreting cell to EV receiving cell. * outliner, excluded for further analysis.   
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Figure 22: Percentages of apoptotic cells. Horizontal lines indicate mean with SEM. Q 

indicates vesicle treatment with quiescent derived EVs, S indicates treatment with SIPS derived 
EVs, the ratio indicates EV secreting cell to EV receiving cell. There was no significant difference 
in the amount of apoptotic cells between the groups that were induced via H2O2 exposure (with 
n.s. p > 0.05). Neither did any of the EV treatments have an effect nor was there a significant 
difference to be observed between the origin of the EVs or the ratio. Therefore, no anti-
apoptotic effect of the SAPS EVs can be concluded. 

no EVs Stress vs. Q 1:1 Stress – p = 0.8955; no EVs Stress vs. S 1:1 Stress – p = 0.5545; no 
EVs Stress vs. Q 5:1 Stress – p = 0.7762; no EVs Stress vs. S 5:1 Stress – p = 0.6048;  S 
1:1 Stress vs. Q 1:1 Stress – p = 0.7538; S 1:1 Stress vs. S 5:1 Stress – p = 0.5545. 
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Percentages of necrotic cells (after gating)
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Figure 23: Percentages of necrotic cells after gating. Q indicates vesicle treatment with 
quiescent derived EVs, S indicates treatment with SIPS derived EVs, the ratio indicates EV 
secreting cell to EV receiving cell. Comparing the amount of necrotic cells of the H2O2 stressed 
cells with the ones where apoptosis was induced via staurosporin treatment it becomes 
obvious that there were significantly more necrotic cells for the samples treated with hydrogen 

peroxide. As can be seen in the graph all of the staurosporin values are below the mean of 
the H2O2 samples. Though there were as formerly discussed also significantly less cells for 
those samples, therefore these results should be regarded with care.  

Staurosporin vs. no EVs Stress: p = 0.0022; Staurosporin vs. Q 1:1 Stress: p = 0.0002; 

Staurosporin vs. S 1:1 Stress: p = 0.0006; Staurosporin vs. Q 5:1 Stress: p = 0.0011; 
Staurosporin vs. S 5:1 Stress: p = 0.0022 

 

Curious enough though, the treatment with H2O2 lead to significantly higher 

amounts of necrotic cells compared to the staurosporin treatment (figure 22) 

which leads to the question if H2O2-treatment is really a suitable apoptosis 

inducer in this set-up. 
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Influence of Anti-miR Transfection on the Amount of Apoptotic Cells 

As previously discussed, the treatment of cells with EVs did, regardless of 

their source, not have an anti-apoptotic effect. Still, to see if the inhibition of 

the most abundantly expressed miRNA in SASP-EVs, miR-21-5p, does have 

an effect on the apoptotic behaviour, cells were transfected with anti-miR-

21-5p or anti-miR control and then treated with EVs before being stressed 

into apoptosis. Non-transfected cells functioned as control.  

In this experiment, the cells behaved as predicted with the apoptosis rates 

rising for all the groups that were stressed with hydrogen peroxide (no EVs, 

QUIE EVs 1:1, SASP EVs 1:1) when transfected with anti-miR-21-5p 

compared to the untransfected cells (figure 23). Furthermore, apoptosis rates 

were even higher for the anti-miR control transfected cells, most likely due 

to the fact that the control anti-miRs can bind randomly as well as the 

transfection stressing the cells. To see if the findings are statistically 

significant, the experimental set-up has to be repeated, as it has by now only 

been done once (n=1).  
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Percentages of apoptotic cells after anti-miR

transfection (after gating)
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Figure 24: Percentages of apoptotic cells after anti-miR transfection, after gating.  

Q indicates vesicle treatment with quiescent derived EVs, S indicates treatment with SIPS 
derived EVs, the ratio indicates EV secreting cell to EV receiving cell. As expected, the apoptosis 
rates for staurosporin treated cells were the highest (86%). For the untransfected cells the 
ones that were exposed to SASP EVs before H2O2-apoptosis induction had the lowest apoptosis 
rate (23%) compared to the ones without EV treatment (32%) or QUIE EV exposure (33%). 

For the anti-miR control, transfected and H2O2 treated cells all the conditions showed a higher 
rate regarding apoptosis, with 57% for the “no EV” cells, 56% for the QUIE EV treated cells 
and 42% for the SASP EV treated ones.  The cells transfected with anti-miR-21-5p behaved as 
expected rising the apoptosis rate for all of the H2O2 treated cells. Rates were 48% for the no 
EV cells, 41% for the QUIE EV treated and 46% for the SASP EV treated ones. This means that 
the transfection had an effect on the SASP EV treated cells in particular, doubling the apoptosis 
rate. 
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4.2 qPCR 

For analysis of RNA expression, samples were taken before staining the 

harvested cells with Annexin-V and PI throughout the apoptosis assay. RNA 

isolation was done with TRIzol® and chloroform. qPCR was done for two of 

the previous experiments - #10 and #13 – for the expression of the apoptosis 

regulatory genes MYC, PTEN, CDKN1B (p27Kip1) and APAF1 with four technical 

replicates for each condition. 

GAPDH was used as a housekeeping gene, all results were compared 

relatively to those of the EV-untreated, unstressed cells, as these represent 

the natural gene-expression. 

Having a look at the copy numbers of GAPDH it was recognisable that it was 

downregulated in staurosporin treated cells by about a ten-fold compared to 

the other treatments, therefore its use as a housekeeping gene should be put 

into question.  

To set the qPCR in context, table 16 provides information regarding the % of 

apoptotic cells for the two experiments in question. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 16: Percentages of apoptotic cells of the experiments #10 and #13 for which 

qPCR was run. 

 % of apoptotic cells for the experiments 

Cell Treatment #10 #13 

Q 1:1 stressed 
42,63 21,94 

Q 5:1 stressed 45,14 20,41 

S 1:1 stressed 22,22 14,29 

S 5:1 stressed 43,44 19,54 

no EVs stressed 36,5 21,91 

Staurosporin 93,96 94,05 

Q 1:1 ctrl 0,89 0,68 

Q 5:1 ctrl 1,28 0,54 

S 1:1 ctrl 1,05 0,65 

S 5:1 ctrl 1,14 0,75 

no EVs ctrl 1,38 0,39 
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MYC 

 

Interestingly, in experiment #10 no change in regulation for MYC in 

staurosporin treated cells could be observed, with no difference in the 

foldchange compared to the completely untreated cells (“no EVs ctrl). In 

comparison, it was slightly upregulated in the untreated and SASP EV treated 

cells that were stressed with H2O2 for apoptosis induction, while being slightly 

downregulated in the QUIE EV treated cells that received the same stress 

treatment for apoptosis induction. For the unstressed cells, all the EV 

treatments seem to have a minor impact on MYC expression with the 

foldchange being between 0.12 (Q 5:1 ctrl) to 0.35 (S 5:1 ctrl) lower 

compared to the control group. This might suggest that the SASP EV 

treatment might has a comparable effect on unstressed cells as the quiescent 

derived cells have on stressed ones (table 17). 

As can be seen in figure 24, the data of experiment #13 gave a completely 

different picture. Here MYC was highly upregulated for all the H2O2 stressed 

cells by up to 7 times while staurosporin was only slightly upregulated. The 

trend of MYC being slightly downregulated in QUIE EV treated, unstressed 

cells can once again be observed with the foldchange values being almost the 

same as for experiment #10. The SASP EV treated cells showed a foldchange 

between 1 (with an EV secreting cell to EV receiving cell ratio of 5:1) and 3 

(ratio 1:1).  
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Table 17: Foldchange of MYC expression normalized to the untreated control “no EVs 
ctrl”. The only values comparable for the two experiments are those of Q ctrl for both ratios. 
Other than that, no reliable statement can be made regarding the impact of EV exposure on 
MYC expression. 

 

 

 

  

 Foldchange of MYC 

Normalized to “no EVs ctrl” 

Cell Treatment #10 #13 

Q 1:1 stressed 
0,69 5,52 

Q 5:1 stressed 0,65 7,10 

S 1:1 stressed 1,46 5,65 

S 5:1 stressed 1,73 2,38 

no EVs stressed 2,07 7,18 

Staurosporin 1,00 1,94 

Q 1:1 ctrl 0,80 0,81 

Q 5:1 ctrl 0,88 0,87 

S 1:1 ctrl 0,65 3,31 

S 5:1 ctrl 0,76 1,01 

no EVs ctrl 1,00 1,00 
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Figure 25: Foldchange in MYC expression for experiments #10 and #13. Values 
are normalized to the untreated control group (no EV treatment, no apoptosis induction) 
and the mean of technical quadruplicates +/- standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PTEN 

For PTEN, the results of the two compared experiments once again behave 

quite different with only Q 1:1 ctrl and S 5:1 ctrl showing some similarities. 

The expression for #10 seemed to be only marginally influenced by the 

presence of EVs while they mainly caused an upregulation in #13. Like for 

MYC, S 1:1 ctrl in experiment #13 behaved completely different than the 

other EV control samples with PTEN being upregulated while it was barely 

influenced in the others (table 18, figure 25). 
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Table 18: Foldchange of PTEN expression normalized to the untreated control “no 
EVs ctrl”. As for MYC the outcome of the two experiments is differing for most of the conditions 
with exception of Q 1:1 ctrl and S 5:1 ctrl. Overall, the EVs, regardless of source seem to have 

barely an impact on PTEN expression.  

 Foldchange of PTEN 

Normalized to “no EVs ctrl” 

Cell Treatment #10 #13 

Q 1:1 stressed 
1,12 3,46 

Q 5:1 stressed 0,76 2,60 

S 1:1 stressed 1,07 3,09 

S 5:1 stressed 1,06 1,16 

no EVs stressed 0,84 2,59 

Staurosporin 1,09 1,46 

Q 1:1 ctrl 0,75 0,76 

Q 5:1 ctrl 0,84 1,01 

S 1:1 ctrl 0,55 2,07 

S 5:1 ctrl 0,98 0,92 

no EVs ctrl 1,00 1,00 
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Figure 26: Foldchange in PTEN expression for experiments #10 and #13. Values are 
normalized to the untreated control group (no EV treatment, no apoptosis induction) and the 
mean of technical quadruplicates +/- standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CDKN1B (p27Kip1) 

qPCR for CDKN1B showed barely any impact of the treatments on the 

expression, though there were minor variations in up- and downregulations 

for all the EV treatments regardless of EV-source or apoptosis induction. 

Additionally, the expression in the EV-untreated, but hydrogen peroxide 

stressed cells did barely change either compared to the completely untreated 

ones (table 19, figure 26). 
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Table 19: Foldchange of CDKN1B expression normalized to the untreated control “no 
EVs ctrl”. Though involved in the apoptotic cascade, the expression of CDKN1B does not seem 
to be influenced by any of the treatments. 

 

 

 

 

 

 

 

 

 

 Foldchange of CDNK1B 

Normalized to “no EVs ctrl” 

Cell Treatment #10 #13 

Q 1:1 stressed 
0,75 0,92 

Q 5:1 stressed 0,64 1,15 

S 1:1 stressed 0,89 1,11 

S 5:1 stressed 0,98 0,78 

no EVs stressed 0,87 1,02 

Staurosporin 1,03 1,24 

Q 1:1 ctrl 0,62 0,89 

Q 5:1 ctrl 0,94 1,09 

S 1:1 ctrl 0,74 1,52 

S 5:1 ctrl 0,85 0,89 

no EVs ctrl 1,00 1,00 
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Figure 27: Foldchange in CDKN1B expression for experiments #10 and #13. Values 
are normalized to the untreated control group (no EV treatment, no apoptosis induction) and 

the mean of technical quadruplicates +/- standard deviation. 

 

APAF1 

As expected, APAF1 was upregulated for the cells where apoptosis was 

induced via staurosporin. For those where apoptosis induction was done via 

H2O2 treatment, APAF1 does not seem to change its expression level notably 

compared to the untreated cells (table 20, figure 27). Since the expression 

levels varied between the experiments, no trend can be observed with 

certainty.  
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Table 20: Foldchange of APAF1 expression normalized to the untreated control “no 

EVs ctrl”. Only minor foldchanges could be observed, for most of the conditions in both 

directions. For both experiments an upregulation in the staurosporin treated cells could be 
observed. Compared to the barely upregulated expression in the untreated but stressed cells 
this leads to the question whether the apoptosis induction by hydrogen peroxide exposure is 
induced via another apoptosis cascade. 

 

 

 

 

 

 Foldchange of APAF1 

Normalized to “no EVs ctrl” 

Cell Treatment #10 #13 

Q 1:1 stressed 
1,50 1,69 

Q 5:1 stressed 1,28 1,88 

S 1:1 stressed 1,31 0,68 

S 5:1 stressed 1,96 0,78 

no EVs stressed 0,90 1,58 

Staurosporin 3,04 4,26 

Q 1:1 ctrl 1,65 0,88 

Q 5:1 ctrl 1,42 1,11 

S 1:1 ctrl 1,22 2,04 

S 5:1 ctrl 1,40 1,06 

no EVs ctrl 1,00 1,00 
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Figure 28: Foldchange in APAF1 expression for experiments #10 and #13. Values are 
normalized to the untreated control group (no EV treatment, no apoptosis induction) and the 
mean of technical quadruplicates +/- standard deviation. 

 

 

Overall, since qPCR was only run for two biological replicates and these 

showed different trends, no prediction regarding the up- or downregulation 

of the observed genes can be made.  
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5. Discussion 

The aim of this work was to determine whether microvesicles derived from 

SIPS fibroblasts have an anti-apoptotic effect on cells in which apoptosis was 

induced via repeated hydrogen peroxide exposure. Further on, the expression 

of pro-apoptotic genes – MYC, PTEN, CDKN1B and APAF1 – was checked by 

qPCR to see if EV treatment had a regulatory impact on them. Last, 

transfection of cells with anti-miR-21-5p was expected to shed some light on 

the question if the inhibition of miR21-5p, a member of the mirSASP in 

senescent cells that inhibits pro-apoptotic pathways154, does have a pro-

apoptotic effect . 

 

FACS data revealed that there was no predictable system to the apoptotic 

behaviour of hydrogen peroxide treated cells, regardless of EV treatment. 

While the percentage as well as the cell number was consistent for the 

apoptosis positive control – staurosporin treated cells – numbers varied highly 

for every condition that was H2O2 treated (table 14 and 15). Interestingly, in 

experiments where the cell count was high for H2O2 treated cells, apoptosis 

was comparably low (AP1, AP4, AP5 and AP18).  Additionally, it has to be 

noted that the number of apoptotic cells covered in total Annexin-V positive 

(early apoptotic) as well as Annexin-V/PI positive (late apoptotic) cells. While 

after staurosporin treatment, most of the measured cells were only Annexin-

V positive, the ones treated with H2O2 were mainly late apoptotic. This is 

notable since Wlodkowic suggests in 2012 that “…when [the ] apoptotic 

cascade advances to later stages, […] cells stain intensely with both probes. 

Of note the primary necrotic cells will also fall into this group as Annexin V 

will penetrate cells with ruptured membrane and stain PS residues displayed 

on the inner leaflet of the plasma membrane. Moreover, cells with severely 

damaged membranes and very late apoptotic cells stain rapidly and strongly  

with PI and may not exhibit Annexin V staining.” 214 Taking this and the fact   

that the percentage of necrotic cells in hydrogen peroxide treated cells was 

significantly higher compared to those where apoptosis was induced via 

staurosporin treatment, it has to be questioned if the concentration of the 

H2O2 treatment might induce necroptosis rather than apoptosis215. Therefore, 
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as suggested by literature, it should be taken into consideration to 

additionally analyse other morphological and biochemical parameters to 

discriminate between apoptosis and necrosis for example by Fluorochrome-

Labeled Inhibitors of Caspases (FLICA) 214,216 . 

 

Concluding, it can be said that, that within the experimental framework of 

this master thesis, EV treatment of cells prior to stress induction did not show 

any anti-apoptotic effects regardless of the EV origin (senescent vs. 

quiescent). One aspect that could possibly explain the contradictory data that 

since have been published by Terlecki-Zaniewicz et. al. in Aging in 2018154, 

is the previously mentioned problem with the  hydrogen peroxide treatment. 

The concentration used for the treatment should probably be re-evaluated in 

further studies since data collected for this thesis imply that H2O2 might not 

induce an apoptotic state, but rather necrosis. Analysis can for example be 

done by treating the cultured cells with necrostatin, which efficiently blocks 

necrosis. Comparison between necrostatin treated and untreated cells, 

stressed with H2O2 and stained with Annexin-V/PI should help in identifying 

the nature of cell death upon hydrogen peroxide induction.  

 

Regarding the impact of the EVs on gene expression, the standard deviation 

between the two biological replicates was two high to draw a reliable 

conclusion whether EVs do have a regulatory function and if so in which 

direction (up- or downregulating). A more detailed analysis of additional 

biological replicates is needed to shed light on this aspect of EV research. 

Other targets of EV linked miRNAs such as p53 are likely to be of interest as 

well.   

 

Interestingly, the positive anti-miR-21-5p transfection result supports the 

hypothesis, that a member of the EV “mirSASP” could have an antiapoptotic 

effect on recipient cells and therefore enables cells to directly regulate the 

fate of their neighbouring cells via EV uptake. However, this preliminary data 

still needs additional confirmation in independent experiments and should be 

taken with care at this stage. 
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Moreover, further investigations of regulated (mi)RNA expression upon EV 

treatment by qPCR are likely to help shed some light on the impact of EV 

treatment on the translational network of recipient cell. Additionally, future 

qPCR data for anti-miR transfected cells will hopefully help to understand the 

context between apoptosis regulation by EV associated microRNAs. Since 

once their targets and effects are known, they may allow the design of novel 

therapy strategies. 
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% early appoptotic cells 0,18 2,49 0,1 0,03 0,04 0,08 0,12 4,22 1,67 0,87

% necrotic cells 0,29 0,63 0,31 0,53 0,55 0,54 2,84 0,65 0,14 1,21

% of dead cells (apoptotic +necrotic) 0,99 7,88 0,55 0,78 0,78 0,87 4,38 12,51 3,62 6,12

% of apoptotic cells (early + late) 0,7 7,25 0,24 0,25 0,23 0,33 1,54 11,86 3,48 4,91

AP1

Stauro 

no Evs 

STRESS
Q 1:1 Q 5:1 SIPS 1:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 19513 16931 8326 13921 17810 19282 19601 19450 19627

 % of viable cells 48,57 94,51 96,07 97,28 97,71 96,68 97,01 97,77 97,78

% late apoptitic/primary necrotic cells 18,1 3,63 3,06 2,11 1,76 2,38 2,29 1,45 1,54

% early appoptotic cells 33,19 1,14 0,55 0,49 0,38 0,4 0,35 0,24 0,45

% necrotic cells 0,14 0,71 0,31 0,11 0,15 0,54 0,35 0,53 0,22

% of dead cells (apoptotic +necrotic) 51,43 5,48 3,92 2,71 2,29 3,32 2,99 2,22 2,21

% of apoptotic cells (early + late) 51,29 4,77 3,61 2,6 2,14 2,78 2,64 1,69 1,99

AP4

Stauro 

no Evs 

STRESS
Q 1:1 Q 5:1 SIPS 1:1 SIPS5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 19049 14384 19974 19958 18898 19974 14804 12364 19773 19719

 % of viable cells 54,88 93,81 98,54 98,56 98,62 98,53 94,28 93,93 96,27 95

% late apoptitic/primary necrotic cells 6,36 3,81 0,41 0,68 0,46 0,7 3,49 3,5 2,13 3,06

% early appoptotic cells 38,66 0,92 0,91 0,6 0,62 0,58 0,97 1 1,02 0,96

% necrotic cells 0,1 1,46 0,14 0,17 0,31 0,19 1,26 1,56 0,58 0,98

% of dead cells (apoptotic +necrotic) 45,12 6,19 1,46 1,45 1,39 1,47 5,72 6,06 3,73 5

% of apoptotic cells (early + late) 45,02 4,73 1,32 1,28 1,08 1,28 4,46 4,5 3,15 4,02

AP5

Stauro 

no Evs 

STRESS
Q 1:1 Q 5:1 SIPS 1:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 13492 1021 19952 19961 19955 1001 1288 1019 1014

 % of viable cells 16,81 48,19 97,37 97,73 96,68 48,55 48,37 45,63 41,91

% late apoptitic/primary necrotic cells 57,67 41,04 1,77 1,58 2,3 40,46 40,61 45,93 44,77

% early appoptotic cells 25,38 6,56 0,47 0,41 0,71 7,19 7,69 7,07 4,34

% necrotic cells 0,14 4,21 0,39 0,29 0,32 3,8 3,34 1,37 8,97

% of dead cells (apoptotic +necrotic) 83,19 51,81 2,63 2,28 3,33 51,45 51,64 54,37 58,08

% of apoptotic cells (early + late) 83,05 47,6 2,24 1,99 3,01 47,65 48,3 53 49,11

AP6

Stauro no Evs
Q 1:1 Q 5:1 SIPS 1:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 19889 19906 19901 19910 19884 11965 7388 5227 5454

 % of viable cells 31,48 99,36 99,53 98,96 99,37 82,42 67,3 59,27 56,47

% late apoptitic/primary necrotic cells 25,8 0,33 0,23 0,57 0,27 13,53 25,64 30,11 34,67

% early appoptotic cells 42,69 0,21 0,2 0,28 0,17 2,5 2,25 3,79 3,5

% necrotic cells 0,03 0,11 0,05 0,2 0,19 1,55 4,82 6,83 5,35

% of dead cells (apoptotic +necrotic) 68,52 0,65 0,48 1,05 0,63 17,58 32,71 40,73 43,52

% of apoptotic cells (early + late) 68,49 0,54 0,43 0,85 0,44 16,03 27,89 33,9 38,17

AP7

9. Appendix 

9.1 Supplementary Data 

9.1.1 FACS Data 
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Stauro no Evs stress no Evs
Q 1:1 Q 5:1 SIPS 1:1 SIPS 5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 19358 19710 19833 19741 19765 19741 19730 2833 19366 19553 19257

 % of viable cells 50,97 96,25 98,29 98,92 98,54 98,75 98,68 46,38 94,49 98,55 96,61

% late apoptitic/primary necrotic cells 6,89 2,22 1,11 0,48 0,69 0,68 0,73 34,66 3,35 0,74 2,06

% early appoptotic cells 41 0,75 0,51 0,23 0,7 0,48 0,49 1,2 1,36 0,21 0,69

% necrotic cells 1,15 0,79 0,09 0,37 0,07 0,09 0,1 17,76 0,8 0,5 0,64

% of dead cells (apoptotic +necrotic) 49,04 3,76 1,71 1,08 1,46 1,25 1,32 53,62 5,51 1,45 3,39

% of apoptotic cells (early + late) 47,89 2,97 1,62 0,71 1,39 1,16 1,22 35,86 4,71 0,95 2,75

AP8

Stauro no Evs stress no Evs
Q 1:1 Q 5:1 SIPS 1:1 SIPS 5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 19947 7148 19855 19950 10375 19913 19958 3885 5522 3846 5526

 % of viable cells 21,83 59,6 97,05 98,72 96,7 98,5 98,98 74,54 80,01 83,62 78,37

% late apoptitic/primary necrotic cells 44,85 13,72 1,22 0,49 2,53 0,54 0,37 10,35 7,73 4,73 13,32

% early appoptotic cells 31,61 25,55 0,53 0,23 0,35 0,41 0,27 0,39 0,74 0,16 5,66

% necrotic cells 1,7 1,13 1,2 0,56 0,42 0,55 0,38 14,72 11,52 11,49 2,64

% of dead cells (apoptotic +necrotic) 78,16 40,4 2,95 1,28 3,3 1,5 1,02 25,46 19,99 16,38 21,62

% of apoptotic cells (early + late) 76,46 39,27 1,75 0,72 2,88 0,95 0,64 10,74 8,47 4,89 18,98

AP9

Stauro no Evs stress no Evs
Q 1:1 Q 5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 19759 2775 19873 19944 19926 2563 4505 2144 2115

 % of viable cells 66,04 50,7 98,9 99,37 99,27 45,69 65,68 51,12 61,42

% late apoptitic/primary necrotic cells 12,35 35,78 0,35 0,25 0,31 40,69 24,24 36,57 31,82

% early appoptotic cells 21,12 2,2 0,49 0,26 0,31 5,81 3,91 4,29 3,4

% necrotic cells 0,49 11,32 0,26 0,12 0,11 7,8 6,17 8,02 3,36

% of dead cells (apoptotic +necrotic) 33,96 49,3 1,1 0,63 0,73 54,3 34,32 48,88 38,58

% of apoptotic cells (early + late) 33,47 37,98 0,84 0,51 0,62 46,5 28,15 40,86 35,22

AP11

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stauro no Evs stress no Evs
Q 1:1 Q 5:1 SIPS 1:1 SIPS 5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 8878 2304 19611 19870 19900 19769 19792 1630 2237 5024 2825

 % of viable cells 6,04 63,5 98,62 99,12 98,72 98,95 98,85 57,36 54,85 77,79 56,57

% late apoptitic/primary necrotic cells 72,23 28,86 0,36 0,17 0,23 0,29 0,3 36,99 38,53 17,1 34,23

% early appoptotic cells 21,59 3,17 0,62 0,11 0,45 0,29 0,25 3,68 1,34 2,15 2,94

% necrotic cells 0,14 4,47 0,4 0,61 0,6 0,47 0,59 1,96 5,27 2,97 6,27

% of dead cells (apoptotic +necrotic) 93,96 36,5 1,38 0,89 1,28 1,05 1,14 42,63 45,14 22,22 43,44

% of apoptotic cells (early + late) 93,82 32,03 0,98 0,28 0,68 0,58 0,55 40,67 39,87 19,25 37,17

AP10

Stauro no Evs stress no Evs
Q 1:1 Q 5:1 SIPS 1:1 SIPS 5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 18133 5856 19924 19905 19907 19896 19936 6848 8971 12193 9647

 % of viable cells 5,94 78,09 99,62 99,33 99,46 99,36 99,26 78,05 79,59 85,71 80,46

% late apoptitic/primary necrotic cells 62,69 14,77 0,04 0,02 0,04 0,02 0,02 12,06 7,67 5,24 9,91

% early appoptotic cells 30,95 2,99 0,26 0,62 0,46 0,47 0,44 6,57 11,39 6,5 7,33

% necrotic cells 0,41 4,15 0,09 0,04 0,04 0,16 0,29 3,31 1,35 2,55 2,3

% of dead cells (apoptotic +necrotic) 94,05 21,91 0,39 0,68 0,54 0,65 0,75 21,94 20,41 14,29 19,54

% of apoptotic cells (early + late) 93,64 17,76 0,3 0,64 0,5 0,49 0,46 18,63 19,06 11,74 17,24

AP13

Stauro no Evs stress no Evs
Q 1:1 Q 5:1 SIPS 1:1 SIPS 5:1

Q 1:1 

STRESS

Q 5:1 

STRESS

SIPS 1:1 

STRESS

SIPS 5:1 

STRESS

total cell count 12244 2034 19894 19865 19848 19865 17871 2676 4021 3239 2531

 % of viable cells 13,98 21,04 98,83 99,17 99,22 99 98,25 44,28 62,8 46,4 35,91

% late apoptitic/primary necrotic cells 43,2 70,16 0,24 0,21 0,19 0,1 0,27 41,52 31,19 40,1 49,19

% early appoptotic cells 42,37 5,31 0,56 0,36 0,46 0,66 0,4 7,44 3,01 5,77 11,38

% necrotic cells 0,45 3,49 0,37 0,25 0,13 0,24 1,08 6,76 3,01 7,72 3,52

% of dead cells (apoptotic +necrotic) 86,02 78,96 1,17 0,82 0,78 1 1,75 55,72 37,21 53,59 64,09

% of apoptotic cells (early + late) 85,57 75,47 0,8 0,57 0,65 0,76 0,67 48,96 34,2 45,87 60,57

AP14
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Stauro no Evs stress no Evs
Q 1:1 SIPS 1:1

Q 1:1 

STRESS

SIPS 1:1 

STRESS

total cell count 19890 4153 19934 19951 19932 5817 3738

 % of viable cells 18,91 71,3 98,28 97,34 98,35 70,45 49,36

% late apoptitic/primary necrotic cells 52,54 20,64 0,19 0,15 0,23 14,41 28,65

% early appoptotic cells 27,48 5,25 0,66 1,3 0,4 13,51 20,92

% necrotic cells 1,07 2,82 0,87 1,21 1,02 1,63 1,07

% of dead cells (apoptotic +necrotic) 81,09 28,71 1,72 2,66 1,65 29,55 50,64

% of apoptotic cells (early + late) 80,02 25,89 0,85 1,45 0,63 27,92 49,57

AP17

Stauro no Evs stress no Evs
Q 1:1 SIPS 1:1

Q 1:1 

STRESS

SIPS 1:1 

STRESS

total cell count 19852 15403 19864 19461 19925 11506 19702

 % of viable cells 12,74 63,97 97,98 97,53 97,57 63,1 73,43

% late apoptitic/primary necrotic cells 50,14 28,49 0,22 0,23 0,14 28,61 19,62

% early appoptotic cells 36,69 3,62 0,63 0,61 0,76 5,19 4,09

% necrotic cells 0,43 3,92 1,17 1,63 1,54 3,1 2,86

% of dead cells (apoptotic +necrotic) 87,26 36,03 2,02 2,47 2,44 36,9 26,57

% of apoptotic cells (early + late) 86,83 32,11 0,85 0,84 0,9 33,8 23,71

AP18
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