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Abstract in English 

Every living organism ages. A distinction can be made between replicative aging (char-

acterized by telomere shortening) and stress-induced aging (mainly caused by reactive 

oxygen compounds). In replicative aging, the telomeres shorten during each cell division, 

which is caused by incomplete replication during cell division. Several diseases have 

been shown to be affected directly or indirectly by telomere shortening. One of these 

diseases is Hutchinson-Gilford-Progeria, which is characterized by premature aging and 

mild telomere shortening. Another disease is the Nijmegen Breakage syndrome, which is 

a disease associated with more severe telomere attrition and markedly reduced telomere 

length. Telomeres are repetitive nucleotide sequences that act as protective caps at the 

ends of each chromosome. Each cell can divide for a certain number of times until its 

entries a stage called senescence or apoptosis. Most tumor and stem cells can express 

the gene telomerase (hTERT, human Telomerase Reverse Transcriptase), which can 

extend telomeres to some extent. Recently, the so-called Telomere Position Effect-Over 

Long Distances (TPE-OLD) has been described. Here, gene expression is directly con-

trolled by telomere length. 

In this work, different genes were screened for a TPE-OLD mechanism in human fibro-

blasts from Hutchinson-Gilford-Progeria patients and healthy children. In addition, pri-

mary cells were transfected with a vector to express hTERT and to arteficially lengthen 

telomeres. In addition, lymphoblastoid cell lines and HUVEC were studied to further elu-

cidate the cell specificity. For comparison, telomere-dependent differences in gene ex-

pression were also investigated in Nijmegen Breakage Syndrome cells. 

The serine/threonine phosphatase PPP2R2C (a tumor suppressor gene) was identified 

as a TPE-OLD regulated gene. Gene expression is upregulated by telomere shortening 

and chromosome reorganization in pre-senescent cells and leads to dephosphorylation 

of p70S6 kinase and suppression of mTOR (mammalian target of rapamycin) by TPE-

OLD. 

The results suggest a metabolic adaptation process in older cells and a link between 

telomere length and gene expression regulation and mTOR suppression. 
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Zusammenfassung in deutscher Sprache 

Jeder lebende Organismus altert. Man kann vereinfacht zwischen replikativer Alterung 

(begleitet von Telomerverkürzung) und stressinduzierter Alterung (überwiegend verur-

sacht durch reaktive Sauerstoffverbindungen) unterscheiden. Bei der replikativen Alte-

rung verkürzen sich die Telomere bei jeder Zellteilung, was auf eine unvollständige Rep-

likation während der Zellteilung zurückzuführen ist. Viele chronische und einige erbliche 

Krankheiten werden durch Telomerverkürzung direkte oder indirekte beeinflusst. Eine 

dieser erblichen Modellkrankheiten ist die Hutchinson-Gilford-Progerie, die durch vorzei-

tige Alterung gekennzeichnet ist. Eine andere Krankheit ist das Nijmegen Breakage Syn-

drom, welches sich durch genetische Instabilität und durch eine drastisch reduzierte Telo-

merlänge auszeichnet. Telomere sind sich wiederholende Nukleotidsequenzen, die als 

Schutzkappen an den Enden der Chromosomen fungieren. Jede Zelle kann sich in einer 

bestimmten Anzahl teilen, bis sie in die Phase der Seneszenz oder die Apoptose über-

geht. Im Vergleich dazu können die meisten Tumore und Stammzellen das Gen Telome-

rase (hTERT, human Telomerase Reverse Transkriptase) exprimieren, welches die Telo-

mere partiell verlängern kann. Vor kurzem wurde der so genannte „Telomere Position 

Effect-Over Long Distances“ (TPE-OLD) beschrieben. Hier werden Gene direkt durch die 

Telomerlänge kontrolliert. 

In dieser Arbeit wurden potenzielle Kandidaten-Gene auf einen TPE-OLD-Mechanismus 

in menschlichen Fibroblasten von Hutchinson-Gilford-Progerie und gesunden Kindern 

untersucht. Darüber hinaus wurden primäre Zellen mit einem hTERT enthaltenen Vektor 

zur künstlichen Verlängerung der Telomere transfiziert. Darüber hinaus wurden lympho-

blastoide Zelllinien und HUVECs untersucht, um die Zellspezifität zu untersuchen. Telo-

mer-abhängige Unterschiede in der Genexpression wurden zusätzlich in Nijmegen 

Breakage Syndrom-Zellen untersucht. 

Die Serin/Threonin-Phosphatase PPP2R2C (ein Tumorsuppressor-Gen) wurde als ein 

durch TPE-OLD reguliertes Gen identifiziert, das durch die Telomerverkürzung und phy-

sikalische Umlagerung der chromosomalen Struktur in präseneszenten Zellen verstärkt 

exprimiert wurde, was zur Dephosphorylierung der p70S6-Kinase mit konsekutiver Un-

terdrückung von mTOR (mammalian target of rapamycin) führte. 

Die Ergebnisse weisen auf eine metabolische Anpassung von älteren Zellen hin, bei de-

nen die Telomerlänge einen Link zur Genexpressionregulierung und der mTOR-Supp-

ression darstellt. 
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1 Introduction 

1.1  Aging 

1.1.1 Aspects of aging 

Every living organism is undergoing the aging process. Aging is characterized by a pro-

gressive multisystemic loss of cell and organ function leading to the death of the organ-

ism. Chronic diseases such as diabetes mellitus, atherosclerosis, neurodegenerative dis-

eases and also tumors are triggered or amplified by the aging process (1). In addition, 

exogenous factors such an unhealthy lifestyle, excessive exposure to radiation or stress 

can accelerate aging (2, 3). Genetic and epigenetic factors also influence aging (4). 

Two main types of aging processes can be distinguished in human cells: replicative aging 

(triggered by telomere shortening during each cell division) and stress-dependent mech-

anisms (SIS, stress-induced senescence). In this context, exogenous factors (pathogens, 

radiation, chemical carcinogens), endogenous factors (growth factors, alkylating rea-

gents, reactive oxygen compounds) and replicative aging mechanisms (induced by telo-

mere shortening) ultimately lead to DNA damage and reinforce each other. Different fac-

tors act cooperatively to induce overlapping signal transduction pathways. DNA damage 

causes transcriptional dysfunction and age-dependent functional impairment and leads 

to cellular senescence or apoptosis. (5, 6). Senescence refers to a cell state of growth 

arrest accompanied by functional decline (7), while apoptosis describes programmed cell 

death, mostly triggered by overlapping but stronger stimuli and signaling cascades than 

in senescence induction (8). 

In replicative senescence, the telomere shortening during each cell division, which is 

caused by incomplete replication during cell division is the main trigger for cell cycle arrest 

(9). This aging process primarily occurs in large, long-lived organisms (such as humans). 

1.1.2 Telomeres and replicative aging 

Telomeres together with variety of specialized proteins form protective caps (loops) lo-

cated at the end of all chromosomes and in human beings consist of the non-coding tan-

dem repeat sequence (TTAGGG)n (10). They provide genomic stability and protect DNA 

from degradation and recombination. They are also responsible for the positioning of the 

chromosomes within the cell nucleus. This is of particular importance for the pairing of 
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homologous chromosomes during early meiosis and cell division (11) but may also influ-

ence proper gene expression.  

Every time a cell divides, telomeres shorten because of the so-called 'end-replication 

problem'. During cell division, part of the terminal DNA is lost. When a critical threshold 

of telomere sequence loss is reached, the loop structure is abolished and dysfunctional 

telomeres are formed. As a result, the protective function of telomeres is lost, leading to 

chromosome instability. Accumulation of such DNA damage then leads to senescence or 

apoptosis (12–14). The resulting constant telomere shortening leads to a limitation of cell 

division, referred to as replicative senescence (15). Each cell can divide itself for a certain 

number of times until it is sent to senescence or cell death. The number of times a cell 

can divide before it is sent to growth arrest due to its critical telomere length (TL) is de-

scribed by the Hayflick limit (16).  

When a critical telomere shortness is reached, the p53 pathway is activated with consec-

utive senescence or apoptosis (9). Intact telomeres are protected by the binding of spe-

cific telomere binding proteins called “shelterin complex.” The shelterin complex supports 

the tertiary structure of telomeres and protects them from DNA-degrading enzymes (17). 

This complex is bound directly or indirectly to telomere sequences, thus forming a protein 

complex consisting of six proteins: TRF1 (telomeric repeat binding factor 1), TRF2 (telo-

meric repeat binding factor 2), TIN2 (TRF1 interacting nuclear factor 2), POT1 (protector 

of telomeres 1), RAP1 (Repressor/Activator protein 1), and TPP1 (POT1-TIN2 organizing 

protein (17). Shortening of telomeres and loss of these proteins results in detection of 

double-strand breaks (DSB) via specific stressor proteins (ATM / ATR) and end-to-end 

fusion of chromosomes, and eventually loss of genomic stability, activation of cell cycle 

checkpoints, and growth arrest (9). 

It has been hypothesized that the entry of cells into senescence protects the body of large 

long-lived species from early tumorgenesis (12–14, 17). 

As a consequence of telomere shortening, a connection with the occurrence of age-re-

lated diseases such as myocardial infarction (18), atherosclerosis (19) or Alzheimer's dis-

ease (20) has been described. 

1.1.3 Telomerase 

The TL of normal somatic cells decreases with each cell division. By contrast, stem cells, 

germline cells and cancer cells have found a way to avoid growth arrest. All these cells 

express the enzyme telomerase (21–23). Telomerase consists of two subunits: a RNA 
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template (TERC) (24) and a telomerase reverse transcriptase catalytic subunit (TERT) 

(25). TERT is a reverse transcriptase that extends the guanine-rich telomere sequences 

at the 3`- end of chromosomes by appending the repetitive (TTAGGG)n sequence (12). 

The property of TERT has been exploited by introducing the catalytic subunit into cells 

that normally do not possess it. In this way, human skin fibroblasts can (under proper 

experimental conditions) be immortalized with the aid of the human TERT subunit 

(hTERT) (26). Compared to other immortalization methods, this procedure has the ad-

vantage of generating a juvenile cell type that is physiologically very close to the in vivo 

phenotype without altering the karyotype (for example immortalization using oncogenes). 

In addition, these cells retain contact inhibition capacity, cell cycle control, growth factor 

dependence, and a normal karyotype (27). In addition, it could be shown that in fibroblasts 

the initiation of senescence after immortalization with hTERT could significantly be de-

layed and the number of population doublings (PDs) of the cells in culture could be in-

creased from 40-80 to over 120 PDs before senescence occurred (28). 

1.1.4 Telomere position effect 

In 1985, a mechanism called TPE (29), has been described first in Drosophila melano-

gaster (29) and then in Saccharomyces cerevisiae (30).This effect is defined as a sup-

pression of gene expression in subtelomeric regions and a change in gene expression 

associated with progressive telomere shortening (9). This effect can in these organisms 

be observed up to 100 to 150 kb away from the telomere and describes the direct influ-

ence of telomere (length) on gene expression by heterochromatin spreading (30, 31).  

The first evidence that a TPE may also exist in humans was demonstrated by a luciferase 

reporter gene near the telomere tandem sequence in Hela cells (31). It was shown that 

the silencing effect correlates with TL, and, that the luciferase reporter is expressed at 

significantly lower levels inserted at telomeric regions than at intra chromosomal sites. In 

addition, artificial telomere lengthening with overexpression of hTERT was shown to 

cause a decrease in luciferase expression (31). This had similarly been shown previously 

by Gottschling et al. 1990 in yeast studies. Thus, genes located close to the telomeres 

can be silenced, at least under artificial in vitro conditions (30). In further studies, it has 

been shown that tertiary structures can also be influenced by telomeres, which in yeast 

can repress genes up to 20 kb away from the chromosome end (32). 

In human cells, an influence of telomeres on gene expression was hypothesized to occur 

up to 10-15 Mb away from the chromosome end. This mechanism was called Telomere 
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Position Effect-Over Long Distance (TPE-OLD) (33), where genes located between the 

chromosome end and the affected gene are not affected by TPE. While in "classical" TPE 

the telomere impact is caused by the spreading of heterochromatin (34), in TPE-OLD 

genes a loop structure formation of telomeres including the interaction with the shelterin 

protein complex may bring the long telomeres close to the candidate genes, thus sup-

pressing its activity (33). During telomere shortening, this structure is then released and 

the telomeres separate from the TPE-OLD gene, increasing gene expression of the TPE-

OLD gene (fig. 1). In old cells with short telomeres, such an interaction cannot be main-

tained, which then leads to a change in gene expression (33, 35). By artificially lengthen-

ing telomeres with overexpression of hTERT, this mechanism was shown to be reversible 

under ex vivo conditions (31, 36).  

 

 

 

Figure 1: Telomere Position Effect. On the left panel the "classical" TPE is shown. A gene (violet) 

close to the telomere (orange) is repressed. Telomere shortening causes the suppressed gene 

to be expressed in aging cells. The TPE-OLD is shown on the right panel. Here, the gene (violet) 

is suppressed by telomere loops. Genes that are “far” away from the telomere end can be af-

fected. Genes (x, y; white boxes) between the target gene (violet) and the telomere end (orange) 

are not affected. Shortening of telomeres by replicative aging opens the loop and the target gene 

is exposed. Own illustration. 

To date, 16 TPE-OLD candidate genes have been identified in humans using gene ex-

pression analysis, three-dimensional fluorescence in situ hybridization (3D- FISH), and 

mapping of interaction with HI-C (32, 33, 36–38). 
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1.1.5  Stress and senescence 

Oxidative stress by free radicals, UV irradiation and activation of oncogenic signaling 

pathways lead to immediate growth arrest in vitro, which resembles replicative senes-

cence in many respects. The term 'Stress Induced Senescence' (SIS) was introduced for 

this phenomenon (39). This is caused by the induction of DNA DSBs and is primarily not 

dependent on TL (39).Telomere shortening is not necessarily associated with this re-

sponse, and even artificial telomere elongation by reverse transcriptase telomerase 

(hTERT, human Telomerase Reverse Transcriptase) does not protect fibroblasts from 

stress-induced growth arrest (40). 

SIS offers the possibility to induce cells into a state of senescence under experimental 

conditions by defined stress in a short period of time without the need to undergo numer-

ous cell divisions. Both stress and frequent cell divisions, often at sites of increased pro-

liferation such as heavily stressed vascular sections, can lead to senescence, and often 

both factors synergize to induce the aging process (9). 

These different factors lead to senescence and are strongly overlapping. However, 

slightly different signaling pathways may trigger senescence at the molecular level. For 

example, telomere damage and shortening primarily leads to activation of the p53-p21-

pRb cascade, similar to the response to DSB (9). DSB or short telomeres initially activate 

the ATR (ATM and Rad3 related) and ATM (Ataxia Teleangiektasia Mutated) kinases. 

These specific kinases regulate numerous proteins involved in the DNA damage re-

sponse. The tumor suppressor protein p53, which is involved in senescence initiation, is 

activated by ATM / ATR. The activation of p21, a target of p53, leads to the inhibition of 

CDK2 / cyclin E. This prevents phosphorylation of the tumor suppressor protein pRb and 

induces cell cycle arrest (9). 

DNA damage (41), cytotoxic substances (42), reactive oxygen species, and other stimuli 

can also lead to hypophosphorylation of Rb. This signaling pathway is mediated via the 

protein p16INK4a and leads to the inhibition of CDK4 / CDK6 / cyclin D (43) (fig. 2).  
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Figure 2: Senescence signaling cascade. Dysfunctional telomeres and / or telomere – independ-

ent signals (SIS) induce via p53 / p21 and p16 the hypophosphorylation of pRB and trigger se-

nescence entry. Figure modified according to Jäger and Walter, 2016 (26). 

 

P53 is considered the primary factor in senescence initiation. Studies have shown that a 

defective p53-pRb cascade avoids senescence and cells continue to grow despite short-

ened telomeres. It is therefore assumed that senescence serves as an important protec-

tion mechanism against the development of malignant tumors (44). 

Another possibility would be that a possible TPE is lost due to the shortening of the telo-

meres. This would result in the lack of expression of genes, which under normal condi-

tions may support a coordinated shut-down. 
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1.2  Diseases associated with telomere shortening - a selection 

There are many different diseases caused by mutations in genes responsible for telomere 

stability (TERT, TERC, DKC1, TINF2 and many more) and other mutations that indirectly 

destabilize telomeres, such as interference with chromosome anchoring during cell divi-

sion, for example in Hutchinson-Gilford-Progeria (HGP) syndrome (27, 45–47). 

Mutations in the TERT and TERC genes are the most common mutations leading to dis-

eases affecting telomere biology. The symptoms manifest later in life. Diseases include 

dyskeratosis congenita, idiopathic pulmonary fibrosis, aplastic anemia, and familial liver 

cirrhosis. A mutation in TRF2, which directly affects the shelterin complex rarely, leads to 

direct shortening of telomeres. This may cause dyskeratosis congenita (46), Hoyeraal-

Hreidarsson syndrome (46), and idiopathic pulmonary fibrosis (45). 

In the following section, some secondary telomeropathies, which lead to premature aging, 

are described in more detail. Two of these diseases (HGP and NBS) were used as model 

diseases for premature aging and telomere shortening to varying degrees. 

1.2.1  Hutchinson-Gilford-Progeria syndrome 

The HGP syndrome is a very rare disorder in which the affected individuals age prema-

turely. The classic genotype is caused by a spontaneous de novo point mutation in the 

lamin A (LMNA) gene, resulting in a single nucleotide substitution mutation c.1824C > T 

in exon 11 associated with physical and disturbances in the nuclear envelope and mis-

folding of chromosomes anchored in the nuclear membrane (47). During the meantime 

other mutations have been described, which can lead to a Progeria like syndrome (48). 

HGP patients develop alopecia, postnatal growth retardation with sclerodermatous skin 

changes, loss of subcutaneous fat, atherosclerosis, and other age-associated symptoms 

particular in mesenchymal tissues. At an average age of 12.6 - 14.6 years, the patients 

die of heart attacks and strokes. (49). The cognitive development is normal and no in-

creased incidence of cancer is be observed during the short life time (49). Measurements 

of TLs in fibroblasts showed that they were moderately shortened compared to healthy 

fibroblasts (27), which my at least in part contribute to the clinical phenotype. 

1.2.2  Nijmegen Breakage syndrome  

NBS is a rare autosomal recessive disease caused by a mutation of the nibrin gene 

(NBS2) on chromosome 8 (50). This mutation causes the protein complex involved in the 
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DNA repair mechanism to be disturbed or incorrectly assembled. As a result, the whole 

mechanism comes to a standstill. In addition, the ATM cascade is disturbed in NBS and 

the cells can no longer entry regular apoptosis (51). Phenotypically, there are different 

malformations, because the mutation mostly affects the whole body. Already during preg-

nancy, a delayed development can be observed, which continues after birth. A small head 

is conspicuous, and it comes to malformations of the head and the brain. In addition, the 

immune system is affected, which, together with the disturbed DNA repair, leads to spe-

cific types of cancer (particularly leukemia, lymphoma) (52). 

It appears that nibrin has an additional important role in telomere protection (53). There 

are experimental data suggesting a link between nibrin and dysfunctional telomeres (54). 

Both cultured fibroblast cells and B-lymphocytes from NBS patients have a markedly re-

duced TL (53). The exact role of nibrin in telomere homeostasis is however not under-

stood. 

1.2.3 Werner syndrome 

Werner syndrome (WS), like HGP syndrome, is a progeroid disease. The mutation in 

WRN (Werner gene) is inherited in an autosomal recessive manner. This gene encodes 

one of the 5 RecQ helicases of the human genome. Nonsense mutations, insertions, 

and / or deletions or substitutions in the WRN gene result in genomic instability (55). Mu-

tations in this gene are found in approximately 90% of cases clinically diagnosed as WS. 

The remaining 10% are operationally referred to as atypical WS and have other causes, 

for example, other mutations in the LMNA gene (56). Functionally, WRN appears to have 

a variety of different functions in DNA repair, recombination, replication, transcription, and 

regulation of telomere integrity, and thus appears to be centrally involved in the mainte-

nance of genomic stability (57). Unlike HGP syndrome, the first symptoms do not appear 

before young adulthood. These include post-puberty dwarfism, premature graying of the 

hair, regression of the body tissue. The risk of developing malignant tumors is high, es-

pecially for sarcomas of mesenchymal origin and for melanomas not caused by sunlight 

exposure. The most frequent causes of death are malignancies or myocardial infarction 

caused by extensive and unusual form of arteriosclerosis (58). Studies have shown that 

although TL in young patients is accelerated telomere attrition occurs normal but in higher 

ages (59). 
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1.3  Protein phosphatase 2A 

Studies have shown that dephosphorylation of multiple enzymes and signaling molecules 

by protein phosphatase 2A (PP2A), plays a key role in growth, differentiation and regula-

tion of cell cycle and growth arrest at the cellular level (60). Moreover, PP2A is a tumor-

suppressor and its inhibition can lead to tumor growth (61). A broad variety of protein 

kinases in cellular signal transduction cascades provide substrates for PP2A, including 

the p70S6 kinase (p70S6k) involved in cell cycle regulation (62). 

PP2A is a serine/threonine phosphatase composed of different subunits. This holoen-

zyme consists three subunits: a structural (subunit A), a catalytic (subunit C) and a regu-

latory subunit (subunit B) (60). In mammals, both the structural and catalytic subunits 

have two isoforms, with the α isoform being more frequent than the β isoform (63). The 

variable regulatory subunit is further divided into four subfamilies, which consist numer-

ous of isoforms and splice variants in this subfamily: B (α, β, γ, δ), B′ (α, β, γ, δ, ε), B″ (α, 

β, γ, δ) and B″′ (PR93, PR110) (64–68). Four isoforms of the regulatory subunit, two 

isoforms of the structural subunit and two isoforms of the catalytic subunit were investi-

gated in more details in this study (fig.3). 

 

Figure 3. Structural organization of protein phosphatase 2A. PP2A consists of a structural subunit 

(A), a catalytic subunit (C), and a regulatory subunit (B). The respective subunits also consist of 

variable units (written in parentheses). Also shown are the genes that were further investigated 

in this work. Figure modified after Jäger et al., 2022 (69). 
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The isoforms display functional differences during development. While Bα and Bβ are 

mostly found in cytosolic regions, the Bγ isoform is enriched in the cytoskeletal fraction 

(70). Moreover, while the Bα isoform is constantly expressed, the expression level of Bβ  

and Bγ is highly variable during different developmental stages (70). The Bβ and Bγ sub-

units are predominantly expressed in the brain (67), whereas the Bα subunit is ubiqui-

tously expressed (67). However, knowledge is incomplete in an under-examined field 

needing further research. Much less is known about serine / threonine specific phospha-

tase compared to kinases. Studies suggest that the Bγ subunit (encoded by PPP2R2C) 

is a tumor-suppressor gene in glioblastoma (61) and prostate cancer (71), by suppressing 

the p70S6k in the mTOR pathway (61). A possible influence on the cognitive development 

was suggested sometimes in intellectual disability syndrome (72).  
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1.4  Aim of the work 

Aging of human cells can occur via stress-dependent mechanisms (SIS, stress-induced 

senescence) and / or via replicative aging processes triggered by increasing telomere 

shortening, with a broad overlap of both mechanisms and signal transduction pathways. 

(5, 6). 

Telomere attrition may induce a DNA damage signal that ultimately leads to cellular se-

nescence. Recent data suggest that telomere attrition my modulate cell physiology and 

possibly also aging by a process called TPE; e.g., the telomere length and / or telomere 

structure-dependent silencing / activation of gene expression. A suspected but not yet 

proven function of a TPE is the induction of senescence (including cell cycle arrest) and/or 

the regulation of accompanying mechanisms in pre-senescent cells. 

 

This work will further investigate candidate TPE genes involved in cell cycle regulation 

with the following questions: 

a) Can a TPE be shown / proven and is it specific? 

b) Can a functional relationship between TPE and senescence be shown? 

c) Do changes in TPE contribute to the phenotype of telomere diseases? 

 

The following models and approaches were used for this purpose: 

Human skin fibroblasts from HGP children, as a model for premature replicative senes-

cence. Fibroblasts from healthy children were used as control group. Lymphoblastoid cell 

lines (LCL) and HUVEC were used to investigate possible cell-specificities. 

Gene expression analyses were performed of both the candidate gene and genes be-

tween the candidate gene and the telomere region. 

Comparative studies of primary and hTERT-immortalized HGP fibroblasts with artificially 

elongated telomeres were used to prove possible age-specific changes that arise from 

replicative processes triggered by telomere shortening. In order to prove successful im-

mortalization, the growth curves of the primary cells and the immortalized cells as well as 

the TLs and telomeric activity were compared. 

There are multiple other factors apart from telomere shortening, which may influence 

lifespan. A very important mechanism which converges from various factors is SIS. De-
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spite different damage mechanisms, similar signaling pathways, including p53, are acti-

vated by both telomere-dependent and telomere-independent signals. As a model for 

SIS, cells were treated with hydrogen peroxide which is an established procedure to ini-

tiate cell stress. In parallel, the respective immortalized cell lines were used to prove 

which effects can possibly be compensated. 

To show a loop structure of the telomere as a possible mechanism for gene silencing, 

specific probes were used for the investigated gene locus and were analyzed by 3D-

FISH.  

For all studies, the cells were compared at low and high PD numbers. In higher passages 

an increase of the postulated effect on gene expression was postulated. 
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2 Methods 

The material and methods section gives a brief overview of the used techniques and 

employed cell lines. A detailed step-by-step guide for each method can be found in Jäger 

et al. 2022 (69), Habib et al.2020 (73) and Jäger and Walter 2016 (26). 

2.1 Cell culture 

Primary fibroblasts from healthy children without obvious genetic defects, HGP fibroblast 

from the Progeria Research Foundation (PRF) Cell and Tissue Bank and one dermal 

fibroblast cell line from an apparently healthy adult donor were used. The primary cells 

were immortalized with retroviral supernatants obtaining a pBabePuro vector to stably 

express human telomerase as described in (26, 27, 74) (fig 4).  

 

 

Figure 4. Immortalization of human fibroblasts. On the left side the construction of the vector is 

shown, which was used for the immortalization of the cells by retroviral supernatant (according to 

reference Yi et al., 1999 (75)). On the right site the suggested physiological effect of telomere 

elongation on senescence development is shown. In replicativly aging cells, telomeres (orange) 

shorten after each cell division until they reach a critical length which leads the cell into senes-

cence. After immortalization with hTERT, telomeres are artificial elongated and cells escape se-

nescence (own illustration). 

 

Cells were analyzed at low and high PD number before and after immortalization. Fur-

thermore, mRNA from healthy human fibroblast donors at different ages were analyzed. 

A detailed overview of the characteristics of the individual fibroblast cell lines are shown 

in Table S5 in (69). The fibroblast cell lines were cultivated in Dulbecco’s modified Eagle’s 
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medium (DMEM) high glucose (4.5 g/liter) with L-glutamine without pyruvate (Gibco, cat-

alog no. 41965) supplemented with 10% fetal bovine serum (FBS; Biochrome), penicillin 

(100 U/ml), and streptomycin (100 µg/ml) (Biochrome, catalog no. A2212), hereafter re-

ferred to as “full medium” (69). 

Moreover, 413 lymphoblastoid cell lines (LCL) from the BASE-II study were investigated 

(76, 77). The positive (standard) control for cells with long telomeres is originated from T-

lymphoblastic leukemia cells (cell line 1301) and was a gift from S. Roura (ICREC Re-

search Group, Germans Trias i Pujol Health Sciences Research Institute, Barcelona, 

Spain). Both the LCLs and the 1301 cell line were maintained in RPMI 1640 medium with 

L-glutamine (Gibco, catalog no. 11875-093) supplemented with 10% FBS (Biochrome), 

penicillin (100 U/ml), and streptomycin (100 µg/ml) (Biochrome, catalog no. In addition, 

fibroblasts and LCLs from NBS patients were analyzed as shown in detail in (69, 73). 

These cells were cultured in the mediums described above. HUVECs (Human Umbilical 

Vein Endothelial Cells, PromoCell, catalog no. C-12200) were cultivated in Endothelial 

Cell Growth Medium Kit (PromoCell, catalog no. C-22110) supplemented with penicillin 

(100 U/ml) and streptomycin (100 µg/ml) (Thermo Fisher Scientific, catalog no. 

15140122). All cell lines were grown in a humidified incubator at 37°C and 5% CO2. An 

ethical vote is available for all cell lines (69). 

2.2 Hydrogen peroxide treatment 

Cells from healthy children and the HGP cells were treated at ~ 100% confluence with 

200 µM H2O2 for two hours. The cells were then washed with PBS and cultivated with full 

medium for 22 hours. A control was cultivated under identical conditions without H2O2. 

mRNA for qPCR analyses were isolated as described in (69). The relative expression 

level of each gene was normalized to the respective primary control at low PD number. 

One untreated cell dish for each PD and cell line was used for DNA isolation and TL 

measurement (69). 

2.3 Gene expression analysis via quantitative real-time PCR (qPCR) 

Total mRNA was isolated using the NucleoSpin RNA extraction kit (Macherey-Nagel, cat-

alog no 740955). For mRNA quantification, 1µg of RNA was transcribed into cDNA ac-

cording to protocol (M-MLV Reverse Transcriptase, RNase (H-), Promega, catalog no 
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M5301). A total of 10ng (5 ng/µl) was used for gene expression measurements. All Taq-

Man probes used for qPCR were from Applied Biosystems. A total list of all utilized pri-

mers can be found in the supplementary section in (69) and in the methods parts in (73). 

2.4 Telomere length measurement 

For DNA isolation, a standard extraction kit (DNeasy Blood & Tissue Kit, Qiagen, catalog 

no. 69504) was used. TL measurement was carried out using a modified monochrome 

multiplex qPCR (MMqPCR) described before in Cawthon 2009 (78). To determine mean 

TL, the telomere-specific amplification, and the amplification of the housekeeping 

gene / single-copy gene are performed in one reaction well with one quantification meas-

urement at different temperatures. The TL is expressed as an arbitrary unit and is given 

as the ratio of telomere to single copy gene. The qPCR was performed on a Bio-Rad 

CFX384 real-time C1000 thermal cycler (69, 73). 

2.5 Three-dimensional fluorescence in situ hybridization (3D-FISH) 

For the 3D-FISH analyses three control children cell lines and three HGP cell lines in high 

PD (with short telomeres) and high PD after immortalizations (long telomeres) were com-

pared. Cells were cultivated until they reach a confluence ~ 100%. Slides for direct cell 

preparation were prepared following the protocol in (69). The Spectrum Orange-labeled 

RP11-462B2 BAC probe was used to label the PPP2R2C region on chromosome 4. To 

mark the subtelomeric 4p region, the Vysis TelVysion 4p Spectrum probe (Abbott, Vysis, 

catalog no. 30-252004) was used (69).  

Image acquisition was performed as described in Jäger et al. 2022: “Using a confocal 

scanning laser microscope (LSM 880 AxioExaminer Z1 from Zeiss) at 405-nm excita-

tion/415- to 480-nm emission for DAPI, 488-nm excitation/500- to 545-nm emission for 

Spectrum Green, and 561-nm excitation/565- to 640-nm emission for Spectrum Orange. 

A 63× numerical aperture 1.4 Plan-Apochromat oil immersion objective was used to cap-

ture optical sections at intervals of 0.3 mm. The pinhole was set to about 1 airy unit to 

achieve optical slices at all wavelengths with identical thickness. Images were processed 

using Imaris 9.3 software (Andor Bitplane)” (69). The distance between their gravity cen-

ters (distance between the closest probes in each target) was determined by 3D recon-

struction and sur-face rendering of the spots and used for further statistical analysis (69). 

A total of 70 nuclei (140 distances) were evaluated for each experiment. Only nuclei that 
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showed 2 red and 2 green signals each and had regular DAPI staining and normal cell 

shapes were used for analysis (e.g., mitotic cells, or triploid cells were excluded) (fig.5) 

(69). 

 

 

Figure 5. Exemplary representation of a cell nucleus analyzed with 3D-FISH. Red: PPP2R2C 

region on chromosome 4 labeled with RP11-462B2 BAC probe. Green: subtelomeric region la-

beled with Vysis TelVysion 4p probe. For better contrast, the cell nucleus was stained with DAPI 

and displayed here in gray. Distances were measured between red and green labeled spots. Own 

illustration. 

2.6 Protein analyses  

(These experiments were carried out by Dr. Juliane Mensch, Institute of Clinical 

Chemistry and Laboratory Medicine, Rostock University Medical Center, data 

shown in (69)) 

For protein analyses, cells were harvested at 100% confluence and were resuspended in 

200 µl sucrose-hepes buffer with cOmplete ULTRA Tablets EDTA-free (Roche, catalog 

no. 05892791001). The cell suspension was lysed by pipetting ten times up and down 

with a 26G insulin injection needle. The supernatant was used for protein concentration 

determination using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, catalog no. 

23225). Albumin was used as standard. A total amount of 15 µg of the cell homogenate 
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was used for semi dry western blot analysis. The gels were transferred onto a polyvinyli-

dene fluoride membrane. The primary antibodies were incubated overnight at 4°C. Sub-

sequently, the membranes were incubated with the secondary antibodies for 1 hour at 

room temperature. A detailed description of the used antibodies and their incubation times 

are described in more detail in (69). The Image Studio Lite Quantification software (Li-

Core) was used for densitometric analysis. 

2.7 PPP2R2C knock down 

For this experiment one primary HGP cell line at high PD number was used. To knock-

down PPP2R2C a Trilencer-27 Human siRNA Kit (OriGene, catalog no. SR303688) was 

used. To achieve maximum efficiencies, the provided different siRNAs were mixed. Cells 

at ~ 80% confluence were either treated with an end concentration in of 25 or 50 nM 

siRNA, according to the manufacturer’s instructions. When the cells showed cellular 

stress signals (after approximately 7 hours), the medium was changed. The cells were 

harvested after 72 hours for gene expression analysis and protein determination. A con-

trol was cultured in full medium for the same time. The relative expression level of each 

gene was normalized to the control (69). 

2.8 Serum deprivation 

One healthy primary control cell line and the associated hTERT cell line were used for 

this experiment. Cells at ~ 95% confluence were either treated for 18 hours with DMEM 

without 10% FBS, or were treated with full medium for 17 hours and then treated 1h with 

PBS only. In addition, a control was carried along in each PD, which was cultured in full 

medium for 18 hours. Cells were then harvested for mRNA analysis and protein determi-

nation. The relative expression level of each gene was normalized to the respective con-

trol (69). 

2.9 Inhibitor tests 

Three different substances were used for the inhibitor assay: Trichostatin A (TSA) (inhib-

its histone deacetylases), 5-AzaC (leads to non-specific DNA demethylation) and 

resveratrol (induces instability of telomeric DNA). (79–81). In addition, the compound BCI-

50 was used as a newly developed SIRT6 inhibitor (82). For these studies, only three of 



Introduction 20 

the healthy control cell lines were used. Due to the low availability of the compound BCI-

150, only one healthy cell line was used for this treatment. The exact experimental setup 

is described in the material and methods part in (69).  

After the treatments, mRNA was isolated and qPCR for gene expression analyses were 

performed as described before. The relative expression level of each gene was normal-

ized to that of the youngest cells (low PD) treated with DMSO (69). 

2.10 Statistical analysis 

Statistical analyses were performed with OriginPro 2018 (69). “Normally distributed vari-

ables are presented as the mean ± SD or as the SEM. The two-sided exact Mann-Whitney 

U test was applied to evaluate differences between two independent groups in non-nor-

mally distributed variables. P < 0.05 was considered statistically significant” (69). 

For 3D-FISH cut point analysis, the OptimalCutpoints package in R was used (the R anal-

ysis for 3D-FISH analysis were performed by Dr. Bruno Neuner) (69). 
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3. Results 

3.1 Chromosomal conservation of TPE-OLD candidates  

(These results have been achieved in cooperation with the Institute for Biostatistics 

and Informatics in Medicine and Ageing Research, Rostock University Medical 

Center, Dr. Steffen Möller, data shown in (69)) 

TPE-OLD candidate genes are often evolutionarily conserved at the end of telomeres in 

long-lived mammals but not in species with shorter life expectancies (Fig 1B in (69)). 

Among them are many genes that directly or indirectly influence cell growth and aging, 

including 20 genes, which belong to the group of serine/threonine specific phosphatases 

PPP1, PPP2 and PPP6. It was noticed that these regulatory subunits, despite being 

highly variable in sequence, are evolutionarily conserved at the end of the telomere in 

replicatively aging species. Four subunits belong to one family (PP2A) - namely 

PPP2R2C, PPP2R2D, PPP2R5C, and PPP2R3B – and showed relative to telomere local 

conservation within the postulated distance of a TPE-OLD gene (Fig S4 in (69). Because 

of the role of the PP2A subunits in cell cycle control and the fact that these genes fit the 

criteria of a TPE-OLD gene, they were studied more detail (69). 

3.2 Telomere length in relation to replicative aging 

The TL of the used cell lines was measured at different PD numbers. Comparisons were 

made between primary young, still dividing cells at low PD and primary pre-senescent 

cells at high PD. The pre-senescent cells were thawed 10-15 passages before reaching 

senescence. Relative TL was measured by monochrome multiplex qPCR. In the young 

primary fibroblasts (PD 13 to 17) the relative TL was 0.48 - 0.81, in the pre-senescent 

control fibroblasts (PD 41 to 55) 0.15 - 0.24. In the young primary HGP fibroblasts (PD 

19 to 20) 0.28 - 0.68, in the pre-senescent primary HGP fibroblasts (PD 34 to 42), 0.17 - 

0.46 arbitrary units (table S5 in (69)). 

The fibroblast cell lines were immortalized using a retroviral construct, which resulted in 

arteficial lengthening of their telomeres with each cell division. In the immortalized control 

cells at low PD (PD 14 to 28 after immortalization), the relative TL was 0.6 - 1.18. Com-

pared to the long-term immortalized control cells (PD 56 to 70), the TL was 1.59 - 2.91. 

In the immortalized HGP cells in low passage (PD 15 to 34), the relative TL was 0.67 - 
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1.44 and in the immortalized HGP cells at high PD (PD 57 to 63), the relative TL was 0.87 

- 2.74 arbitrary units, respectively (table S5 in (69)). 

Thus, telomeres were successively shortened in cells in higher PDs and there was a 

substantial artificial lengthening of telomeres in cells immortalized with hTERT for control 

cells 3.7-fold and for HGP cells 2.9-fold (table S5 in (69)).  

3.3 Gene expression changes in TPE-OLD candidate genes 

To investigate whether gene expression is regulated in dependence on TL, gene expres-

sion of PP2A subunits was measured in primary fibroblasts in low and high PDs, as well 

as in immortalized cell lines in the respective PDs. This was done in both control and 

HGP fibroblasts. Special attention was paid to the four regulatory subunits (PPP2R2C, 

PPP2R2D, PPP2R3B, and PPP2R5C). In addition, two catalytic subunits (PPP2CA and 

PPP2CB) and two structural subunits (PPP1A and PPP1B) were examined as controls. 

Only for the regulatory subunit PPP2R2C a clear dependence of TL on gene expression 

could be shown with an up-regulation of mRNA by 6.85 ± 1.79-fold (p≤ 0.01) in control 

cells at high PD compared to low PD (i.e., when telomere was short). In HGP cells, the 

mRNA increases were lower up to 2.03 ± 0.27-fold (p≤ 0.01) (fig. 3A in (69)). A substantial 

individual variation of each cell line was observed. In control cells, the minimum/maximum 

fold change was 2.76-fold / 16.99-fold, in HGP the minimum/ maximum fold change was 

1.03-fold / 3.28-fold (fig. S6 in (69)). 

Subsequently, gene expression of the immortalized cells was examined. Here, PPP2R2C 

mRNA measurements showed that in control cells after immortalization (with artificially 

extended telomeres), gene expression fell to the level of the primary young cells (or even 

lower) (0.4 ± 0.3-fold vs. 6. 8 ± 6.2-fold, p≤ 0.01) In HGP cells, suppression of PPP2R2C 

gene expression (below basal level) was observed at very long telomeres (0.3 ± 0.2-fold 

versus 2.0 ± 0.9-fold, p ≤ 0.01) (Fig 3B in (69)). 

When comparing the TL of each cell line to PPP2R2C gene expression, an inverse cor-

relation was observed in both control and HGP cells (Fig 3C in (69)). 

To verify that the gene expression changes were causally related to telomere shortening, 

cells were additionally stressed with H2O2 to induce stress-induced senescence (SIS). 

Here, p21 was used as a stress control (Fig. S6 in (69)).  

Neither the structural PP2A subunits nor the catalytic PP2A subunits displayed any rela-

tionship between gene expression and TL. Moreover, no significant effect of SIS on 
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PPP2R2C mRNA expression could be shown. (Fig. S6 in (69)). In addition, genes located 

on chromosome 4p between PPP2R2C and the subtelomeric region were examined in-

cluding HTT and WFS1. These genes were chosen because both genes are involved in 

aging processes (83, 84). However, no correlation was found between gene expression 

of these two genes and TL in old primary and immortalized fibroblasts (Fig.3 and Fig. S6 

in (69)). 

These data suggest that PPP2R2C gene expression change is selectively and directly 

related to TL. 

3.4 Evidence of a telomere loop as a possible reason for gene silencing 

Next, it was examined whether a telomere loop (and not the spread of heterochromatin) 

could be the cause of gene silencing of PPP2R2C. 

To demonstrate that a telomere loop is present, high-resolution three-dimensional fluo-

rescence hybridization (3D-FISH) was used to measure the distance between the sub-

telomeric region and the PPP2R2C locus. A TelVysion probe (~100 - 300 kb from telo-

mere; green) was used to label the subtelomeric region and a BAC (bacterial artificial 

chromosome) was used to label the PPP2R2C locus (4.2 Mb from telomere; red). 140 

distances for each cell line were analyzed. For cells with short telomeres, a significantly 

higher percentage of separated probes (S; distance between probes > 2.26 µm) than 

adjacent (A, distance between probes < 2.26 µm) probes could be detected (Fig. 4, Fig. 

S8A and Fig. S8B in (69)). A significant change in the distribution of total probe distances 

was observed. By contrast, in the immortalized cells with artificially elongated telomeres, 

more adjacent distances were observed (69). 

The data demonstrate a physical loop as the most likely explanation for gene silencing in 

cells with long telomeres. 
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3.5 Effect of PPP2R2C on the dephosphorylation of p70S6k independent of cel-

lular mTOR levels 

(These results have been achieved in collaboration with Dr. Juliane Mensch, Insti-

tute of Clinical Chemistry and Laboratory Medicine, Rostock University Medical 

Center, data shown in (69)) 

The mTOR protein complex is a component of various signaling pathways, many of which 

are related to cell growth and cell cycle (85). PPP2R2C is able to dephosphorylate a 

downstream target of mTOR (61). 

It was shown that in pre-senescent cells with short telomeres, the phosphorylation of 

p70S6k was reduced to 16 ± 6% relative to the levels of control fibroblasts in low PD (Fig. 

5A, in (69), results analyzed by Dr. Juliane Mensch). No correlation was found between 

the growth rate and mTOR, and p70S6k expression levels, and no correlation was found 

between the growth rate and the phosphorylation level of p70S6k. However, a two-fold 

higher relative mTOR, p70S6k protein level was shown in the HGP fibroblasts compared 

to the control fibroblasts. The deactivating dephosphorylation of p70S6K was not dis-

turbed in HGP cells; by contrast, it was rather enhanced (Fig S12 in (69), results archived 

from Dr. Juliane Mensch). 

Next, it was investigated whether serum depletion in cell culture influenced the protein 

levels and mRNA expressions. Although there were reduced p70S6k and mTOR levels 

in the absence of serum, this reduction was much lower than the TL-dependent regulation 

of PPP2R2C mRNA. Thus, serum deficiency was excluded as a major factor in p70S6k 

phosphorylation (Fig. S13 in (69)).  

siRNA (small interfering RNA) experiments were performed to further confirm the influ-

ence of PPP2R2C on p70S6k phosphorylation. It was shown that in pre-senescent HGP 

fibroblasts, the dephosphorylation of p70S6k was decreased by approximately 90% in 

PPP2R2C silenced cells (Fig S15 in (69)). 

3.6 PPP2R2C silencing in HGP fibroblasts 

(These results have been achieved in collaboration with Dr. Juliane Mensch, Insti-

tute of Clinical Chemistry and Laboratory Medicine, Rostock University Medical 

Center, data shown in (69) 

HGP fibroblasts were used as a model for premature aging associated with telomere 

attrition. Because other work has shown that HGP cells exhibit moderately shortened TLs 
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(27, 86), it was hypothesized that altered TPE could contribute to the age-related phe-

nomena in HGP. 

A severe TPE-OLD defect for PPP2R2C could be excluded. In pre-senescent HGP cells 

p70S6k was almost completely dephosphorylated as it can be expected for TPE-OLD 

(Fig. 5A in (69), results archived from Dr. Juliane Mensch). Moreover, an inverse corre-

lation between TL and PPP2R2C was shown (Fig. 3C in (69)). Although HGP fibroblasts 

showed consistently high mTOR protein levels (Fig S12 in (69), results archived from Dr. 

Juliane Mensch), p70S6k dephosphorylation was intact in HGP cells in high PD with short 

TL (Fig 5A in (69), results analyzed by Dr. Juliane Mensch). 

Moreover, it was shown that TLs were shorter in HGP cells compared to control cells at 

comparable (low) PDs (TL 0.49 ± 0.08 in HGP versus 0.68 ± 0.07 in control groups; 

P = 0.1). In cells at high PD, the TLs of HGP fibroblasts were longer compared with the 

TLs of control cells (TL 0.33 ± 0.08 versus 0.19 ± 0.02; P = 0.2) (Fig. 3B, in (69)). These 

data may point to complex telomeric dysfunction in HGP cells. Apparently, the dynamics 

of TL-dependent chromosomal reorganization was altered in HGP, compared to control 

cells (table S6 in (69), calculation done by Bruno Neuner). 

3.7 Influence of chromatin modification on PPP2R2C mRNA expression 

Next, the influence of substances interfering with histone deacetylation and other modifi-

cations was investigated, since heterochromatin in mammals is dependent on hetero-

chromatin spreading. 

For this purpose, different substances such as TSA (an inhibitor of histone deacetylase), 

5-AzaC (an inhibitor of DNA methyltransferase) and RSV (which causes instability of te-

lomeric DNA) (79–81) were used. Only under the influence of RSV a weak increase of 

PPP2R2C mRNA (up to 1.6-fold) could be seen (Fig. S10 in (69)). No significant effect 

could be observed with the other inhibitors, excluding any significant and specific modu-

lation of these substances. Therefore, a new SIRT inhibitor (compound BCI-150), which 

exclusively inhibits sirtuin 6 (SIRT6), was used (82). SIRT6 is thought to be involved in 

maintaining a silencing-competent chromatin structure of telomeres (87). Indeed, in 

hTERT immortalized cells, this SIRT6 inhibitor was able to increase PPP2R2C expres-

sion up to fivefold, suggesting that silencing of PPP2R2C depends on histone deacetyla-

tion mediated by SIRT6 (Fig. S10 in (69)). 
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3.8 PPP2R2C expression in different cell types 

Next, it was investigated whether PPP2R2C is regulated in a cell-type specific manner, 

or similarly differentially expressed in other cell lines depending on TL. For this purpose, 

413 lymphoblastoid cell lines from the Berlin Aging Study II were investigated. In this cell 

population, no correlation was found between TL and PPP2R2C gene expression, or any 

other TPE-OLD candidate gene (Fig. S17 in (69)). 

Moreover, the same studies were performed in primary HUVECs. Compared with LCLs, 

up-regulation was detected in the following genes: PPP2R2C, PPP2R2D, PPP2R5C, 

C1S, and SORBS2. In addition, a reciprocal regulation was shown for DSP, e.g. the 

mRNA level was lower in old cells with short telomeres compared with young cells with 

longer telomeres (Fig. S18 in (69)). 

Finally, the question arose whether upregulation of PPP2R2C may also occur in vivo. For 

this purpose, human skin fibroblasts from older donors were compared to very young and 

middle-aged donors. It was shown that the upregulation of PPP2R2C was significantly 

more pronounced in cells from old donors. (Fig. S19 in (69)). 

Altogether, these data suggest that TPE-OLD is in part cell type specific. Data also sug-

gest that replicative senescence in vitro resembles replicative senescence in vivo and 

that TPE-OLD is effective in vivo.  

3.9 Telomere position effect in NBS cells 

NBS is characterized by chromosome instability associated with immunodeficiency and 

a high predisposition to cancer (52). However, NBS also displays many symptoms of 

premature aging such as gray hair, café au lait spots and decline in mental function. This 

phenotype is at least in part caused by a dramatic (up to 40%) reduced TL (73). NBS 

therefore belongs to the severe (secondary) telomeropathies. The primary defect affects 

impaired DNA damage repair. This extreme telomere attrition may on one hand counter-

act cancerogenic effects to some extent (if the telomeres are still stable enough) but may 

also induce a progeroid phenotype. It could be shown that the TL-dependent gene ex-

pression change was attenuated in eight TPE-OLD candidate genes in NBS fibroblasts 

(BSG -61%, CACNA1A -91%, COL5A3 -92%, GAMT -35%, NOTCH3 -42%, OLFM2 -

90%, and SCAMP4 -52%) and was even reversed in three growth promoting TPE-OLD 
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candidate genes (DDX39A 3.8-fold, RNASEH2A 15.1-fold, and UHRF1 12.5-fold), sug-

gesting that TPE-OLD the normal senescence program is disturbed in this disease (Fig. 

5 and Table S8 in (73)), further suggesting a physiological role of TPE-OLD. 
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4. Discussion 

4.1 Characterization of PPP2R2C as a TPE-OLD gene 

The studies showed that PPP2R2C was upregulated in cells with short telomeres, 

whereas suppression of gene expression was observed in cells with long telomeres. By 

contrast, exogenous stress (hydrogen peroxide) did not induce any change in gene ex-

pression. Thus, PPP2R2C expression was related to TL and was apparently not influ-

enced by exogenous triggers such as SIS. As previously shown for other TPE-OLD genes 

(33, 36), 3D-FISH analysis revealed that the TEL-PPP2R2C probes were significantly 

closer to each other in cells with long telomeres than in cells with short telomeres (69). It 

has previously been shown that the length of telomeres on both alleles can vary (88). 

Also in this work, it could be seen in 3D-FISH studies that (presumably due to the bimodal 

TL distribution) both chromosomes are involved in the telomere loop. 

Moreover, gene regulation by TL was specific and discontinuous. Genes located between 

the subtelomeric region and PPP2R2C (even closer to the telomere end than PPP2R2C) 

were not affected by this effect. In inhibitor experiments, compound BCI-160 (a recently 

developed SIRT inhibitor with high selectivity for SIRT6) (82) increased PPP2R2C gene 

expression up to fivefold in hTERT immortalized cells. Previously, SIRT6 was shown to 

be required for the repression of telomere-external reporter genes (87).  

Altogether, these results suggest that silencing of PPP2R2C depends on histone 

deacetylation mediated by SIRT6 and is dependent on a loop – like chromosomal struc-

ture. 

4.2 Cell specificity of TPE-OLD 

It was shown that in both skin fibroblasts and in HUVEC cells, mRNA expression for 

PPP2R2C is directly regulated by TL. However, this effect could not be observed in LCLs, 

suggesting some kind of cell specificity (69).  

Demanelis et al. has shown that TL varies in different tissues (89). Thus, PPP2R2C and 

possibly also other TPE-OLD candidates are likely not differentially expressed in all cell 

types to the same degree, possibly related to basal TL of the respective cell type. Explic-

itly there is a possibility that the three other TPE-OLD candidate genes of the PP2A sub-

unit are induced in other cell types or metabolic states, but still affect similar signaling 
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pathways. In addition, non-comparable results may result from the fact that the used pri-

mer pairs cannot detect all induced splice variants; moreover, not all variants are yet 

known. Epigenetic mechanisms (DNA methylation, histone modifications in promoter re-

gion) (33) may additionally have an influence on TPE-OLD effects (69). Additionally, in 

LCLs the procedure for immortalization using EBV may have contributed to the lack of 

positive results. Unlike immortalization with hTERT, this immortalization method was re-

ported to result in partially dysfunctional telomeres (90). 

In facioscapulohumeral muscular dystrophy, it could be shown that a repositioning of a 

telomere-related gene created a TPE-OLD effect, which was age-dependent (89). More-

over, in fibroblasts from the three old donors, the in vitro effect of PPP2R2C regulation 

was most pronounced in the here described experiments (69). Altogether these data sug-

gest a physiological function of PPP2R2C (and other TPE-OLD genes) in the aging or-

ganism, and that cell and tissue specificity may exist for TPE-OLD genes (69). 

4.3 Direct influence of telomere shortening on the mTOR signaling pathway  

(These results have been achieved in collaboration with Dr. Juliane Mensch, Insti-

tute of Clinical Chemistry and Laboratory Medicine, Rostock University Medical 

Center) 

Both Fan et al. and Bluemn et al. have previously shown that overexpression of PPP2R2C 

can inhibit tumorigenesis and that repression of PPP2R2C can promote tumor cell prolif-

eration (61, 71). This is mediated by the activity of p70S6k in the mTOR signaling pathway 

secondary to p70S6k phosphorylation / dephosphorylation. In this work, it was shown that 

upregulation of PPP2R2C in pre-senescent (but still dividing) fibroblasts resulted in al-

most complete dephosphorylation of p70S6k. In addition, there is an inverse correlation 

between PPP2R2C expression and TL and between the level of dephosphorylation of 

p70S6k and TL (69). Knockdown of PPP2R2C using siRNA reactivated mTOR-depend-

ent metabolic genes in aged cells (69, 91, 92). 

Altogether, the data shown here suggest that dephosphorylation of p70S6k has metabo-

lism inhibiting (potentially protective) effect on pre-senescent fibroblasts in accordance 

with current models on mTOR (69). However, most of the experimental findings on the 

life-prolonging effect of mTOR suppression so far have been shown in mice, which have 

been genetically modified (93), and Drosophila (69, 94). 



Discussion 30 

The results show a possible physiological in vivo function for mTOR suppression, namely 

adaptation to aging conditions in old cells with short telomeres (69). 

4.4 Replicative aging as a tumor suppressor 

The described results support the hypothesis that replicative aging acts as a tumor sup-

pressor. A TPE-OLD gene was identified (PPP2R2C), which has previously been de-

scribed as a tumor suppressor gene (61). To ensure tumor suppression over a long period 

of time, any negative aspects of replicative aging must be minimized. Apart from genetic 

instability syndromes (73), telomere attrition is not life-threatening in humans (95). Inso-

far, an additional adaptation beyond the DNA damage response which is inherent to rep-

licative aging makes sense as protection mechanism against cancer (69). 

Interestingly, Kim et al. had shown that hTERT itself is a TPE-OLD gene (33). Hypothet-

ically, mild up-regulation of hTERT in old cells (with short telomeres) could contribute to 

cell stabilization without increasing tumor risk in the organism. However, this has to be 

shown in further experiments. In this regard, mTOR suppression (by PPP2R2C) could act 

synergistically to limit the risk of tumor formation in cells with a critical TL. Such concept 

does not exclude that under certain circumstances expression of hTERT and other TPE 

genes may lead to predisposition to cancer through uncontrolled derepression of tran-

scription (69). 

4.5 Abnormalities in telomere kinetics in HGP and NBS 

HGP patients (at least during their short life time) do not develop cancer (49). In this work, 

it was shown that TL-dependent chromosomal rearrangement for PPP2R2C is not se-

verely disturbed. Thus, intact mTOR suppression may even prevent an even worse phe-

notype (tumor formation at low age). However, various abnormalities were observed in 

HGP cells despite functional TPE-OLD. These include a higher rate of proliferation (cells 

grew faster and reached the stage of senescence earlier, Figs. S5, S16 in (69)), an overall 

reduced PPP2R2C suppression and high cell to cell variability. In addition, the dynamics 

in the change of TL-PPP2R2C distances of the probes was different compared to controls 

(Fig. S8 in (69)).An abnormal distribution of TLs at low and high PDs with quite normal 

average TLs has also been shown in other studies (69, 86, 96). 

In contrast to HGP patients, NBS patients exhibit higher genetic instability and a high 

cancer rate (52). In NBS cells, with more severe telomere attrition the results suggest a 
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marked telomeric imbalance in TPE-OLD (73). The data from the NBS experiments fur-

ther support the concept that a disease mechanism can be effective independent from 

the DNA damage response and long before the onset of cell death: an imbalance or dys-

function in telomere position effect which may contribute to the progeroid phenotype in 

HGP, NBS and possibly other diseases (73). 

The data in this thesis can provide an explanation why HGP patients suffer from age-

related symptoms but do not develop tumors. However, since HGP patients die very early 

(49, 97, 98), it cannot entirely be excluded that at an older age these patients would also 

develop cancer (73). 

4.6 Limitations 

This study has some limitations. First, skin fibroblasts from healthy children were used for 

the most experiments. HGP fibroblasts with short telomeres and premature aging were 

considered as an example of replicative senescence. For better comparability and to ex-

clude pre-existing in vivo aging effects, samples from donors younger than <10 years 

were used. It should be noted however that the skin punches of healthy children were 

taken from children <1 year old, whereas the progeria children were between two and six 

years old. The slightly different age of donors could be an influencing factor, due to the 

lack of suitable control donors between the ages of two and seven years. 

Second, cells were passaged in culture until they reached the stage of replicative senes-

cence. Not all cell lines were examined in low and high PDs, since in some instances (as 

indicated in the manuscripts) only cell aliquots in higher PDs were available from the older 

donors. In the HUVECs, a comparable problem arose in high PDs. The HUVECs were 

grown up to passage 5, but not higher, because a slower growth rate and changes in cell 

morphology were observed. It was not entirely clear whether this limit represents the 

maximum level of PDs in cell culture. 

Third, the human skin fibroblasts were immortalized using a retro-viral construct, resulting 

in artificial elongation of telomeres after each cell division. Immortalization by hTERT has 

the advantage of preserving contact inhibition, cell cycle control, growth factor depend-

ence and normal karyotype compared to immortalization by oncogenes, irradiation or fu-

sion with tumor cells (27, 28, 99). By contrast, primary B lymphocytes were immortalized 

with Epstein-Barr virus to generate immortalized lymphoblastoid cell lines. This procedure 
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elongates telomeres not only by telomerase but also by alternative lengthening of telo-

meres (ALT). This can lead to reduced telomere binding of proteins and subsequently to 

dysfunctional telomeres. (90). This could be a reason why the effects detected in human 

skin fibroblasts and LCLs, were not comparable, as described above. 

Fourth, a disadvantage of hydrogen peroxide as stress trigger is its instability at room 

temperature and 37°C. Moreover, it cannot entirely be excluded that the cells had slightly 

different confluency when treated with H2O2, and / or had different metabolic states, which 

may in part influence the neutralization capacity. 

Fifth, a monochromatic multiplex PCR was used for TL measurement (78). This allows a 

very low amount of DNA to be analyzed. Here, the telomere amplification product (T) is 

compared with the amount of a single-copy gene standard (S). The advantage of this 

method is that the amplification of both products is done in the same well. Thus, some 

measurement errors such as pipetting errors, can be excluded. Nevertheless, this method 

has pitfalls and disadvantages. For example, it only provides a determination of the rela-

tive mean TL of the entire material and does not give information on TL of individual cells 

or individual chromosomes. 

Sixth, in the 3D-FISH analysis, only selected cell lines were used to investigate possible 

telomere loops. For this purpose, only the "extreme" TLs were compared in these exper-

iments. This means that only cells at high PD (short telomeres) were compared with im-

mortalized cells at high PD (with artificially extended telomeres). Thus, this is a simplifi-

cation for better analysis and not a completely “natural” in vivo state. 

Seventh, some of the primary cell lines grew slowly in culture and it was difficult to have 

enough material in all PDs to perform all experiments. The primary control cells came 

from the Children's Hospital Münster, while the HGP cells came from the Progeria Re-

search Foundation (PRF) Cell and Tissue Bank, and therefore it was difficult to have a 

maximum of replicates for all experiments. For this reason, the Man-Whitney U test was 

used for statistical analysis. Some statistical tests could not be applied due to the low n-

number. The Mann-Whitney U test is a non-parametric test that does not assume a nor-

mal distribution. Exact 2-sided significance was used for calculations to have a maximum 

validity. 
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5. Conclusion 

A telomere position effect was detected in human skin fibroblasts in a gene for a regula-

tory subunit of serine/threonine-specific phosphatase PP2 (PPP2R2C), suggesting a 

functional link between replicative aging and mTOR suppression in human fibroblasts. 

In HGP cells, this mechanism is an effective but changed in dynamics in relation to the 

TL. Adequate upregulation of PPP2R2C in HGP is a possible explanation for lack of can-

cerogenesis because PPP2R2C is an effective tumor suppressor gene. 

A mechanistic link between TL, TPE-OLD-mediated gene expression and mTOR sup-

pression is a possible metabolic adaptation in older cells. 
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6. Outlook 

Technical difficulties for the identification of TPE-OLD genes, cell specificity and other 

methodological challenges could be the reason for the sparse number of known TPE-

OLD genes. To better understand the cell specificity aspect, other tissue types and other 

PP2A regulatory subunits as well as other TPE-OLD candidates need to be investigated. 

In addition, further structural experiments are required to better understand the influence 

of chromatin structure on TPE-OLD. As previously described, siRNA knockdown is tem-

porary. In further studies, a knockout using CRISPR/Cas9 should be performed. 

In this work, only in vitro/ ex vivo models were used. It could be useful to investigate the 

mechanisms described here in further studies using appropriate animal models. 
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