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C A N C E R

A conserved long-distance telomeric silencing 
mechanism suppresses mTOR signaling in aging  
human fibroblasts
Kathrin Jäger1,2, Juliane Mensch1,2, Maria Elisabeth Grimmig1, Bruno Neuner3, Kerstin Gorzelniak4, 
Seval Türkmen5,6, Ilja Demuth7,8, Alexander Hartmann1, Christiane Hartmann9, Felix Wittig10, 
Anje Sporbert11, Andreas Hermann9,12,13, Georg Fuellen14, Steffen Möller14, Michael Walter1,2*

Telomeres are repetitive nucleotide sequences at the ends of each chromosome. It has been hypothesized that 
telomere attrition evolved as a tumor suppressor mechanism in large long-lived species. Long telomeres can silence 
genes millions of bases away through a looping mechanism called telomere position effect over long distances 
(TPE-OLD). The function of this silencing mechanism is unknown. We determined a set of 2322 genes with high 
positional conservation across replicatively aging species that includes known and candidate TPE-OLD genes that 
may mitigate potentially harmful effects of replicative aging. Notably, we identified PPP2R2C as a tumor suppressor 
gene, whose up-regulation by TPE-OLD in aged human fibroblasts leads to dephosphorylation of p70S6 kinase 
and mammalian target of rapamycin suppression. A mechanistic link between telomeres and a tumor suppres-
sor mechanism supports the hypothesis that replicative aging fulfills a tumor suppressor function and motivates 
previously unknown antitumor and antiaging strategies.

INTRODUCTION
Telomeres are repetitive nucleotide sequences that protect the nat-
ural ends of linear chromosomes (1). The exact role of telomeres in 
aging is still a matter of debate. Successive telomere attrition during 
cell divisions provides a molecular mechanism that determines rep-
licative life span (1, 2), which ultimately leads to cellular senescence. 
Telomere shortening was proposed to be a tumor suppressor mech-
anism a long time ago (2, 3). Successive telomere attrition during 
replication (4) eventually triggers the DNA damage response when 
telomeres become critically shortened, leading to cell cycle arrest and 
replicative senescence. It is believed that this mechanism acts as a 
tumor suppressor mechanism in humans and other large, long-lived 

species (2) at the cost of possible negative effects in later life (5). 
Clinical observations support this concept as most clinically detect-
able cancers have reactivated telomerase (1). Nevertheless, there is 
still much controversy about the functional and physiological role of 
replicative aging. A main reason is the double-edged role of telomere 
attrition (6). Excessive shortening of the telomere is itself tumori-
genic. Short telomeres are found in premalignancies and may increase 
genetic instability and tumor formation in mice (7).

In 2001, a process called telomere position effect (TPE), i.e., the 
reversible silencing of telomeric genes, was demonstrated in human 
HeLa cells using a luciferase reporter (8). Together, 16 genes were 
identified using cultivated myoblasts and fibroblasts, which are 
differentially expressed in young cells (with long telomeres) versus 
old cells (with short telomeres). Most of these genes are silenced in 
young cells (with long telomeres) and become expressed when telo-
meres are short (table S1). Re-elongation of telomeres in cells with 
short telomeres by exogenous expression of the hTERT gene (active 
telomerase) results in expression patterns similar to those in young 
cells with long telomeres (9, 10). As the silencing mechanism acts 
via looping structures up to at least 15 Mb away from the telomere, 
as experimentally proven for the five genes, C1S, DSP, ISG15 
(10, 11), SORBS2 (9), and hTERT (12), it was named telomere position 
effect over long distance (TPE-OLD) (Fig. 1A). Not much is known 
about the functional details of TPE-OLD. The ability to regulate 
genes by telomere length (TL) in a preemptive fashion, e.g., without 
induction of a strong DNA damage signal from critically short telo-
meres, may have important implications for the regulation of subtle 
age-dependent adjustments, which prompted us to study these in-
terrelationships in more detail.

We used a bioinformatics approach to identify TPE-OLD candi-
date genes and investigated gene expression of candidates in human 
fibroblasts at high population doublings (PDs) (with short telomeres) 
and in hTERT immortalized fibroblasts (with long telomeres). Fibro-
blasts from patients with Hutchinson-Gilford progeria (HGP) were 
used as a model for accelerated telomere attrition. HGP cells display 
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shorter telomeres and abnormal TL distribution (13, 14). Patients 
with HGP show many phenomena of normal aging at young age but 
a low cancer incidence and no age-related neurodegeneration (15). 
We identified 2322 TPE-OLD candidate genes, many of which are 
involved in cell cycle control, metabolic regulation, and stress response. 
We used one of these candidates (PPP2R2C) to show a mechanistic 
link between telomere attrition and a tumor suppressor mechanism 
that acts long before telomere-driven DNA damage signaling occurs, 
driving a tumor suppressor effect based on attenuated mammalian 
target of rapamycin (mTOR) signaling. PPP2R2C encodes PR55γ, a reg-
ulatory subunit of the serine/threonine-specific phosphatase (PP2A) 
with a wide variety of substrates involved in the regulation of cell 
cycle and metabolism (Fig. 1B) (16, 17). Our findings suggest an 
important functional role of TPE-OLD in aging cells and support the 
hypothesis that replicative aging fulfills a tumor suppressor function.

RESULTS
Genomic positional conservation analysis identifies 
previously unidentified TPE-OLD candidate genes
We first sought to identify candidate genes that might be affected by 
TPE-OLD by using a bioinformatics approach. Thinking in terms 
of biological mechanisms, most phenomena are gradual and the 
distinction between replicatively aging species and other species can 
be expected to be gradual as well. While some species are “clearly 

aging replicatively,” this attribute is difficult to assign in many 
cases. When selecting the species, we therefore adopted the simplest 
possible definition. The criteria for categorizing a species as having 
“assumed TL-dependent replicative aging” were set as TL < 20 kb, 
undetectable telomerase levels, and no stasis (stress associated se-
nescence), as previously proposed by Gomes et al. (18). By using these 
criteria, we noted that the 16 known or suggested TPE-OLD genes 
reported in the literature (9–12) appeared to be preserved at two 
telomeric positions in “replicatively aging species,” that is, in species 
which undergo TL-dependent replicative aging (18), including both 
primates and nonprimates (at 0.2 to 7.5 Mb and at 13 to 17 Mb) 
(Fig. 2A and fig. S1). No such conservation was observed in organ-
isms that do not undergo TL-dependent aging.

We used the Ensembl genome database to screen for other genes 
presenting a similar conserved position as this set of genes with es-
tablished TPE-OLD. We selected possible candidates on the basis of 
positional conservation, at most 1 Mb apart, and anywhere within 
17 Mb of the telomere, e.g., the maximum distance discussed in the 
literature for TPE-OLD effects. Using this approach, we identified 
2322 novel TPE-OLD candidates (fig. S3 and table S2). Gene set en-
richment analysis found that many candidates are involved in pro-
liferation, metabolism, and stress response and/or are regulated by 
transcription factors involved in proliferation, metabolism, devel-
opment, and response to stress and DNA damage (table S3) (19, 20). 
Accordingly, gene families associated with transcriptional regulation, 

Fig. 1. TPE-OLD concept and protein phosphatase 2A holoenzyme subunits as TPE-OLD candidates. (A) TPE-OLD concept. Telomeres may loop to specific loci to 
regulate gene expression, a process termed “telomere position effect over long distances” (9, 10, 12). The effect extends to a distance of at least 15 Mb from the telomere 
and may regulate gene expression in an age-dependent manner. (B) Schematic representation of the structural (A and A), regulatory (B, B′, B″, and B‴) and catalytic 
(C and C) subunits forming the PP2A holoenzyme. The enzyme is composed of one of two homologous catalytic subunits, one of two homologous structural subunits, 
and 1 of at least 15 highly variable regulatory subunits. The included table summarizes functional roles of the regulatory subunits. Red arrows indicate the TPE-OLD 
candidates, all displaying similar regulatory functions, as indicated by (21–24). MAPK, mitogen-activated protein kinase; ERK, extracellular signal–regulated kinase.
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cell growth, and response to stress were overrepresented in the 
group of TPE-OLD candidates (table S4). Thus, changes in the ac-
tivity of these genes in aging cells may point to a regulated adaptive 
process, which prompted us to investigate one of the highly ranked 
groups of TPE-OLD candidates more closely.

Several regulatory subunit genes of the cell growth 
regulator PP2A are TPE-OLD candidates
Focusing on genes strongly related to cell growth and aging, 20 of 
the TPE-OLD candidate genes encode subunits of serine/threonine- 
specific phosphatases PPP1, PPP2, and PPP6 and display the typical 
positional conservation with respect to the telomere (Fig. 2B and figs. 
S2 to S3). These PPPs code for key regulators of cell division, pro-
tein synthesis, and tumor suppression. The most abundant enzyme, 
PP2A, accounts for up to 1% of total cell protein in some tissues and 
has more than 300 substrates involved in cell cycle and metabolism, 
regulating major cell cycle pathways and checkpoints (16, 17). The 
full activity, substrate specificity, and subcellular localization of the 
PP2A phosphatase are determined by diverse regulatory subunits 
(Fig. 1B) (16, 17). We observed that although the catalytic subunits 
(PPP2CA and PPP2CB) have high sequence conservation, their 
chromosomal positions were not conserved among species; in con-
trast, the telomeric distance of many regulatory subunit genes, 
which are much more diverse in sequence, tended to be evolution-
arily conserved among species with TL-dependent replicative aging. 
In particular, we noticed that four regulatory subunits of PP2A, 
namely, PPP2R2C, PPP2R2D, PPP2R5C, and PPP2R3B (21–24), 
were locally preserved within the suggested TPE-OLD range at 
distinct positions relative to the telomere (fig. S4). No telomeric 
conservation (or any other conservation of chromosomal loca-
tion) of these genes was observed in species that do not undergo 
TL-dependent replicative aging (Fig. 2B and fig. S4). Given these ob-
servations and the role of PP2A in cell cycle regulation, we focused 
on these four PP2A regulatory subunit genes as TPE-OLD candidates 
in our next experiments.

Expression of the PP2A regulatory subunit gene PPP2R2C is 
markedly up-regulated in healthy presenescent fibroblasts 
but is not up-regulated in stress-induced senescence
We examined telomere-associated changes in gene expression and 
cell physiology in old but still replicating (presenescent) cells. The 
presenescence stage (reached after high PDs) of primary cells was 
established by culturing cells until the final cell cycle arrest and, for 
the experiments, thawing frozen samples from 10 to 15 PDs before 
the suggested final arrest. The presenescent fibroblasts had already 
shortened telomeres [TL ratio (TLR) 0.15 to 0.24 versus TLR 0.48 to 
0.81 in their young derivatives] but did not yet have the typical signs 
of senescent cells, even if their growth rate was already weakened 
(growth profiles are shown in fig. S5). These cells were compared with 
the respective replicatively young healthy cells. The same procedure 
was done with cells from patients with HGP, which are considered 
a model for accelerated telomere attrition and premature aging (13). 
TL was quantified as relative TLR, compared to single-copy gene stan-
dard, using an established polymerase chain reaction (PCR) method. 
Fibroblast cell lines were classified either as “young primary con-
trol cells” (low PDs 13 to 17, TLR 0.48 to 0.81), as “presenescent primary 
control cells” (high PDs 41 to 55, TLR 0.15 to 0.24), as “young pri-
mary HGP cells” (low PDs 19 to 20, TLR 0.28 to 0.68), or as “presenescent 
primary HGP cells” (high PDs 34 to 42, TLR 0.17 to 0.46; table S5).

Fig. 2. Conserved genomic positions of known TPE-OLD genes and identifi-
cation of TPE-OLD candidate genes encoding PP2A subunits. (A) Telomeric 
distances for established TPE-OLD genes. The figure shows the distance to the closest 
telomere in megabases for all genes for which a TPE-OLD was already proposed in 
the literature, capped at 20 Mb. Genes are distinguished by their symbol, supported 
by color. Species are separated horizontally, sorted by the median distance to telo-
meres for all genes in the genome. Only species with a median gene distance to 
the telomeres of above 15 Mb are shown, which is close to the maximal distance of 
established TPE-OLD genes from the telomere. Species proposed to age replica-
tively [as defined in Results and in (18)] are grouped on the left. The data presented 
in this figure serve as a reference for the preservation of telomeric distances below 
20 Mb and for the differences between replicatively and nonreplicatively aging 
species that can be expected for TPE-OLD genes. We find the telomeric distances 
among established TPE-OLD genes to be preserved across species such that these 
appear as horizontal patterns on the left. The number in parentheses behind the 
gene name indicates the human chromosome coding for that gene. (B) Telomeric 
distances for TPE-OLD candidates among PP1A and PP2A subunits. This figure 
presents a selection of those genes that appear clustered below 20 Mb. The four 
genes that have been investigated here are marked in the legend.
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First, we compared TL and gene expression levels of all relevant 
PP2A subunits in young (L for low PD in Fig. 3 and fig. S6) and 
presenescent (H for high PD in Fig. 3 and fig. S6) healthy controls 
and in HGP fibroblasts. Specifically, we analyzed the four PP2A 
regulatory subunits that appeared preserved within the sug-
gested TPE-OLD range at distinct positions relative to the telomere 
(PPP2R2C, PPP2R2D, PPP2R5C, and PPP2R3B), the two structural 

(PPP1A and PPP1B), and the two catalytic subunits (PPP2CA and 
PPP2CB).

No influence of TL on gene expression was detected for any 
structural or catalytic subunit (Fig.  3). Among the regulatory 
telomeric PP2A subunit genes, PPP2R2C displayed a consistently 
up-regulated level of mRNA in healthy fibroblasts with short telo-
meres (6.85 ± 1.79-fold, P ≤ 0.01 at 5 to 15 PDs before senescence), 

Fig. 3. TL-dependent mRNA levels of regulatory, structural, and catalytic PP2A subunits in control (CON) and progeria (HGP) fibroblasts. (A) Quantitative PCR 
(qPCR) analysis of primary (−hTERT) and immortalized (+hTERT) control (CON) and HGP cells at low (L) and high (H) PD. Cyclophilin A was used as normalization control. 
WFS1 and HTT represent internal controls, p21 represents a stress marker, and TBC1D3 represents a potential confounder, as described in Results. All values were normal-
ized to the level (=100%) of mRNA in cells at L PD. Results are shown as means ± SEM. Mann-Whitney U test was used: *P < 0.05 and **P < 0.01 for L PD versus H PD. Six of 
2394 measurements were excluded because mRNA was undetectable. (B) Average TL and PPP2R2C mRNA levels of CON and HGP cells at L and H PD before (−hTERT) and 
after (+hTERT) immortalization. TL was measured as relative TLR using monochrome multiplex qPCR (MMqPCR), as described in Materials and Methods. mRNA values 
were normalized to the level (=100%) of PPP2R2C mRNA in primary L PD cells. Results are shown as means ± SD. *P < 0.05 and **P < 0.01 for L PD versus H PD. ##P < 0.01 
for +hTERT versus −hTERT (Mann-Whitney U test). Each assay in (A) and (B) was performed in biological quadruplicate and technical triplicate. (C) Negative correlation 
between TL and PPP2R2C mRNA levels. All values were normalized to the mRNA level (=100%) of cell line 707 at L PD. Data are shown for 48 separate measurements from n = 16 
cell lines [8 primary and 8 immortalized (T)], excluding one measurement with undetectable mRNA. FC, fold change.
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with some interassay and interindividual variation (minimum/
maximum observed fold change 2.76-fold/16.99-fold). The PP2A sub-
unit genes PPP2R2D, PPP2R5C, and PPP2R3B were not up-regulated 
in fibroblasts under the conditions described here (Fig.  3A) and 
therefore were not analyzed further. In fibroblasts derived from pa-
tients with HGP, PPP2R2C mRNA levels increased 2.03 ± 0.27-fold, 
P ≤ 0.01, in high PD cells relative to low PD cells (Fig. 3A) (minimum/
maximun observed fold change 1.03-fold to 3.28-fold; fig. S6).

Next, we measured gene expression in hTERT-immortalized cells 
(i.e., cells with artificially elongated telomeres) at low and high PDs. 
Cells that had recently been immortalized were classified as “im-
mortalized cells at low PD” (PD 14 to 28 after hTERT immortaliza-
tion in healthy cells with TLR 0.6 to 1.18; PD 15 to 34 after hTERT 
immortalization in HGP cells with TLR 0.67 to 1.44), and cells with 
a substantial number of PDs after immortalization were classified as 
“immortalized cells at high PD” (PD 56 to 70 after hTERT immor-
talization in healthy cells with TLR 1.59 to 2.91; PD 57 to 63 after 
hTERT immortalization in HGP cells with TLR 0.87 to 2.74).

After immortalization, the PPP2R2C mRNA level in healthy 
fibroblasts was decreased to that of young cells or even lower (0.4 ± 
0.3-fold versus 6.8 ± 6.2-fold, P ≤ 0.01) (Fig. 3B). In HGP fibroblasts, 
the PPP2R2C mRNA level declined to below basal levels in hTERT- 
immortalized HGP fibroblasts (0.3 ± 0.2-fold versus 2.0 ± 0.9-fold, 
P ≤ 0.01), but with a substantial delay (at high PD after immortalization 
only). Together, we found an inverse relationship between PPP2R2C 
expression and TL in both control and HGP fibroblasts (Fig. 3C).

In addition to replicative senescence, several factors can acceler-
ate and/or trigger cell senescence, including various forms of stress 
like oxidative stress. Such acute stress is not primarily driven by the 
shortening of telomeres and may occur completely independently of 
TL and replicative senescence (25, 26). Using sublethal H2O2 con-
centrations, we triggered stress-induced senescence to investigate the 
specificity of the phenomena described here. Cyclin-dependent kinase 
inhibitor p21 was used to monitor the stress-inducible premature 
senescence (SIPS) (27). We stimulated fibroblasts with H2O2 at con-
centrations capable of inducing a typical stress response (SIPS), as 
indicated by induction of p21 mRNA (fig. S6) and the cellular stress 
marker -galactosidase [i.e., senescence-associated -galactosidase 
(SA--Gal)] (fig. S7). SA--Gal measurements were additionally 
confirmed by a highly sensitive spectrophotometric method 
[4-methylumbelliferyl--d-galactopyranoside (MUG)], an alternative 
for SA--Gal staining and subjective visual quantification that measures 
enzyme activity in cell lysates. We observed nonsignificant increases 
in PPP2R2C at the mRNA level in some experiments but found that 
H2O2 stimulation did not induce a significant PPP2R2C mRNA increase 
(fig. S6), while it did increase SA--Gal measurements, suggesting that 
oxidative stress is not a stimulus for PPP2R2C mRNA expression.

Together, these data showed that the expression of the PP2A reg-
ulatory subunit gene PPP2R2C is markedly up-regulated in healthy 
presenescent fibroblasts but is not up-regulated in SIPS. We found 
a lower relative increase in PPP2R2C mRNA in HGP cells com-
pared to healthy controls but no marked deviation from the inverse 
relationship between TL and PPP2R2C expression.

Histone-dependent telomere looping but not long-range 
heterochromatin spreading is responsible for the silencing 
of PPP2R2C
We were next interested to explore the mechanism linking telo-
mere shortening with PPP2R2C mRNA expression. Classical TPE in 

Saccharomyces cerevisiae and Drosophila melanogaster regulates genes 
in a manner proportional to the proximity to telomeric repeats through 
heterochromatin spreading and is not effective over longer telomere 
distances (28). To exclude spreading of the TPE in a continuous 
fashion (as in classical TPE), we examined the expression of other 
genes located between PPP2R2C and the telomere. We did not find 
a correlation between TL and the expression of genes such as WFS1 
and HTT, which also have some functional relationship with aging and 
survival (29,  30), in high-PD and low-PD cells with and without 
hTERT immortalization (Fig. 3 and fig. S6). Thus, telomere attrition 
did not influence WFS1 or HTT expression, although the chromo-
somal locations of these genes are more telomeric than the one of 
PPP2R2C, indicating that long-range heterochromatin spreading is 
not responsible for the silencing of PPP2R2C.

Next, we examined whether telomere shortening causes a change 
in chromatin organization involving the PPP2R2C locus. According 
to the TPE-OLD concept, there is a loop structure formed by long 
chromosomes in presenescent cells that opens or even completely 
disappears as telomeres shorten. Thus, as chromosomal reorganiza-
tion occurs in cells with short telomeres, one would expect a higher 
percentage of separated (“S”; distance between probes >2.26 m) 
probes and a lower percentage of adjacent (“A”; distance between 
probes <2.26 m) probes. We used a high-resolution three-dimensional 
fluorescence in situ hybridization imaging (3D-FISH) to measure 
the distance between a bacterial artificial chromosome (BAC) probe 
containing the PPP2R2C locus (red; 4.2 Mb from the telomere) and 
a TelVysion probe containing the conserved subtelomeric region of 
4p (green; ∼100 to 300 kb from the telomere; Fig. 4). Consistent with 
our proposed mechanism, we observed a continuous and highly sig-
nificant change in the overall distribution of the distances between 
the two loci in cells with long versus short TLs (Fig. 4 and figs. S8 
and S9). This pattern persisted even when we examined the shortest 
and longest probe distances separately for each cell line (fig. S8D) to 
correct for the known bimodal distribution of TLs in fibroblasts (31).

In the yeast, expression of telomeric genes is modulated by 
chromatin modification in response to starvation and heat shock 
stress and is part of an important regulatory network (28). More-
over, changes in telomeric chromatin in late-passage human cells 
have been linked to cellular senescence (32). Heterochromatin 
in mammalian cells is normally dependent on histone deacetyl-
ation. We therefore investigated the influence of treatment with 
substances interfering with histone modifications on PPP2R2C 
mRNA levels (fig. S10). We did not find significant changes after 
treatment with trichostatin A (TSA), an inhibitor of histone deacety-
lases (33), and we did also not find a change after treatment of fibro-
blasts with 5-azacytidine (5-AzaC), which results in nonspecific overall 
DNA demethylation leading to a reorganization of genomic histone 
modification patterns (34). Resveratrol (RSV), which may induce in-
stability of telomeric DNA (35), slightly increased PPP2R2C mRNA 
levels in hTERT-immortalized fibroblasts, by up to 1.6-fold.

Because TSA, 5-AzaC, and RSV lack specificity, we aimed for a 
more specific modulation. In S. cerevisiae, the nicotinamide ade-
nine dinucleotide–dependent histone deacetylase Sir2 (silent infor-
mation regulator 2) has a key role in generating and maintaining silent 
chromatin near telomeres (36). This epigenetic silencing of telomere- 
proximal genes is lost with replicative yeast aging, concomitant with 
aberrant hyperacetylation of subtelomeric sequences. The mamma-
lian Sir2 homolog sirtuin 6 (SIRT6) has recently been shown to be 
required for repression of an endogenous telomere-proximal gene, 
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suggesting a key role for SIRT6 in maintaining a silencing-competent 
chromatin structure at natural telomeres (37). Compound BCI-150, 
a new SIRT inhibitor with selectivity for SIRT6 but not for SIRT1 and 
SIRT2 (38), enhanced the expression of PPP2R2C up to fivefold in 
hTERT-immortalized cells (fig. S10). As SIRT6 was found to be re-
quired for repression of telomere-proximal reporter genes in human 
cells (37), this finding suggests that silencing of PPP2R2C is depen-
dent on histone deacetylation mediated by SIRT6.

P70S6K dephosphorylation and downstream effects 
in presenescent fibroblasts are directly related to PPP2R2C 
up-regulation regardless of basal mTOR levels
The protein encoded by PPP2R2C (PR55) inhibits p70S6K, a down-
stream target of mTOR, via dephosphorylation (21). Together with 
S6 ribosomal protein (S6RP) and initiation factor and 4E-binding 
protein 1, p70S6K is the most important downstream target of mTOR, 
and its Thr389 phosphorylation status closely correlates with its kinase 
activity in vivo (39).

In presenescent human fibroblasts, telomere attrition was as-
sociated with markedly decreased phosphorylation of p70S6K to 
16 ± 6% of the levels of young healthy control cells (Fig. 5A). It has 
previously been shown that inhibition of p70S6K may secondarily 
decrease Akt phosphorylation (40). Accordingly, we observed a 
lower level of Akt protein in the phosphorylated state in both prese-
nescent healthy controls and (to a lesser degree) HGP cells (Fig. 5C). 
Immortalization of cells with telomerase, which recovered cell growth 
(fig. S5), also recovered the p70S6K phosphorylation pattern (Fig. 5A) 
and the Akt phosphorylation pattern (Fig. 5C) in both cell types in 
a TL-dependent manner (fig. S11).

mTOR mediates and integrates growth signals; thus, mTOR and 
protein synthesis are tightly regulated and coupled to cell growth 
rates. We examined the possibility that a lower p70S6K degree of 
phosphorylation occurs secondary to a lower need for protein syn-
thesis and a lower growth-related mTOR and p70S6K activity. We 
therefore related cell growth rates to the protein amounts of Akt, 
mTOR, and p70S6K (fig. S12). We found no evidence of a relation-
ship between the growth rates, the expression of mTOR, p70S6K, 
and Akt, and the degree of p70S6K phosphorylation. By contrast, 
the HGP fibroblasts with reduced growth rates had approximately 
twofold higher relative mTOR, p70S6K, and Akt protein levels 
compared to control presenescent cells. Despite this inappropriately 
high mTOR activation, the deactivating dephosphorylation of p70S6K 
was not disturbed but was enhanced (red arrow in fig. S12). In an-
other experiment, we examined the influence of serum starvation on 
total and phosphorylated p70S6K and mTOR protein and mRNA 
levels. As shown in fig. S13, this treatment led to slightly decreased 
levels of p70S6K and mTOR, reduction of which, however, was 
much lower than the TL-dependent up-regulation of PPP2R2C and 
the resulting decrease in p70S6K phosphorylation in aged cells. Thus, 
serum starvation was not a major determinant of p70S6K phos-
phorylation in presenescent fibroblasts.

Phosphorylation at Thr389 activates p70S6K and increases cellu-
lar protein synthesis via phosphorylation of the S6RP; correspond-
ingly, dephosphorylation inhibits protein synthesis. Inhibition of 
mTOR (and p70S6K) decreases the protein levels of many metabolic 
targets and may thus decelerate senescence entry. We therefore 
analyzed the metabolic marker arylsulfatase A (ARSA), in primary 
presenescent cells. The protein product (fig. S14, right) and resulting 
activity (middle panel) of ARSA, which is regulated by mTOR and 
p70S6K and is strongly inhibited by the prototype mTOR inhibitor 
rapamycin (41), were suppressed in aged fibroblasts.

To further confirm the role of PPP2R2C in p70S6K phosphoryl
ation in fibroblasts, we performed inhibitor experiments using 
PPP2R2C-specific small interfering RNA (siRNA). Upon treatment 
of presenescent fibroblasts with siRNA (both 25 and 50 nM) for 
7 hours and an incubation time of 48 hours after siRNA removal, 
the dephosphorylation of p70S6K was inhibited by approximately 
90% in HGP cells (fig. S15). In parallel, increased mRNA levels of 

Fig. 4. Identification of PPP2R2C as a TPE-OLD gene: Chromosomal reorgani-
zation. (A) Graphical illustration of the TPE-OLD effect with long and short telomeres. 
(B) Confocal images of 3D-FISH processed with IMARIS. Gray, 4′,6-diamidino-2- 
phenylindole (DAPI); turquoise, BAC RP11-762B2 targeting the gene PPP2R2C; ma-
genta, TelVysion (TEL) probe targeting subtelomeric 4p (100 to 300 kb from the 
telomere of chromosome 4p). A, adjacent; S, separated. (C) Overall distribution of 
TEL-PPP2R2C probe distances for both healthy control cells and progeria cells. The 
proportion of probe distances ≤2.26 and >2.26 m is shown in circle diagrams. The 
number of experiments includes all data points, after deducting the points with 
fewer than or more than four signals (instead of two red and two green signals 
each), irregular DAPI staining (e.g., mitotic cells) and abnormal cell shape (252 of 
total 1680 distances were excluded). Images were acquired using 405-nm excitation/415- 
to 480-nm emission for DAPI, 488-nm excitation/500- to 545-nm emission for Spec-
trum Green, and 561-nm excitation/565- to 640-nm emission for Spectrum Orange. 
Images were then processed using Imaris 9.3 software (Andor Bitplane).
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genes whose transcription is likely dependent on p70S6K phosphoryl
ation were observed and the total amount of p70S6K was moderate-
ly reduced. Together, these findings are in accordance with previous 
data on p70S6K and show that TL-dependent up-regulation of 
PPP2R2C leads to metabolic and proliferative suppression in aged 
cells. Our data support the notion that PR55, which is encoded by 
PPP2R2C, causes dephosphorylation of p70S6K and thereby con-
tributes to inhibition of cellular function in presenescent fibroblasts 
with short telomeres.

TL-dependent silencing of PPP2R2C and possible 
downstream effects were not severely affected in HGP 
fibroblasts despite abnormalities in telomere 
attrition kinetics
Fibroblasts from patients with HGP were used as a model for sug-
gested accelerated telomere attrition. The mean TL in HGP fibro-
blasts is slightly shorter than normal, and the TL distribution is abnormal. 

Normal or even longer telomeres have been described in approxi-
mately one-third of all cells (13, 14). We therefore hypothesized that 
changes in TPEs may at least in part explain these aging-related 
phenomena. However, we could exclude a severe abnormality in TPE- 
OLD (for PPP2R2C) in HGP.

p70S6K was almost completely unphosphorylated in presenescent 
HGP cells (Fig. 5A); we observed an inverse relationship between 
TL and PPP2R2C mRNA expression (Fig. 3C), and dephosphoryl
ation of p70S6K occurred in aged HGP cells with shorter telomeres 
(Fig. 5A) despite constantly high levels of total mTOR protein levels 
in these cells (fig. S12), which together excludes a severe abnormality 
in TL-dependent silencing of PPP2R2C by TPE-OLD.

There were, however, various indications of some subtle “telomeric 
dysfunction” in HGP cells. For example, in cells from patients with 
HGP but not controls, telomeres tended to be shorter in young cells 
(TLR 0.49 ± 0.08 in HGP versus 0.68 ± 0.07 in controls at low PD; 
P = 0.1) but longer in presenescent cells (TLR 0.33 ± 0.08 versus 

Fig. 5. Influence of TL on mTOR signaling. (A to C) Total and phosphorylated protein levels of (A) p70S6K, (B) mTOR, and (C) Akt. Western blot analysis was performed 
from primary (−hTERT) and hTERT-immortalized cells (+hTERT) at low (L) and high (H) PDs in the absence or presence of H2O2 (200 M; 2 hours), as indicated. Light gray 
columns, healthy CON fibroblasts; dark gray columns, HGP fibroblasts. All protein levels were normalized to the protein levels of -actin. Protein/-actin ratios were ex-
pressed relative to those in low-PD cell samples (which were set at a value of 1). Means ± SEM, n = 4 cell lines per column (with two to three independent blots each). Each 
-actin belongs to the same membrane as the respective protein (fig. S21). (D) Schematic summary of the suggested protective effect of TPE-OLD on PPP2R2C (PR55 for 
the protein) induction. (E) Schematic illustration of the Akt/mTOR/p70S6K pathway. PR55-mediated dephosphorylation of p70S6K has a direct inhibitory effect on pro-
tein synthesis and may thus stabilize cells in presenescence. Inhibition of p70S6K may additionally lead to a lower degree of Akt phosphorylation (40). Magenta, onco-
genes; turquoise, tumor suppressors; gray, not characterized. PI3K, phosphatidylinositol 3-kinase; 4E-BP1, 4E-binding protein 1.
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0.19 ± 0.02 at high PD; P = 0.2) (Fig. 3B). TL-dependent chromo-
somal reorganization in HGP fibroblasts was slightly (~10%) but not 
significantly different from that in controls (table S6). In line with 
the abnormal TL distribution, there was a higher variability in other 
features examined in HGP cell lines. Two HGP cell lines (HGADFN 
127 and HGADFN 164) showed only moderate chromosomal reor-
ganization, whereas the third cell line (HGADFN 178) displayed 
the most severe reorganization among all cells (fig. S9). Moreover, 
we found a lower relative increase in PPP2R2C mRNA in HGP cells 
compared to healthy controls (2.03 ± 0.27 versus 6.85 ± 1.79-fold, 
P = 0.02; Fig. 3B), and the suppression of Akt phosphorylation was 
reduced in HGP cells compared to the controls (41 ± 11% versus 
2 ± 1% of phosphorylation levels in young cells, P = 0.029; Fig. 5C). 
We also observed higher overall proliferation rates (figs. S5 and 
S16) and an approximately 2-fold higher activity level of the mTOR 
target ARSA (P = 0.04) and an approximately 1.5-fold higher ARSA 
protein level compared to control cells (difference not significant) 
(fig. S14), associated with a higher degree of senescence. Primary 
HGP cells grew faster and senesced after fewer rounds of replication 
than healthy control cells (fig. S5). We observed a higher fraction 
of cells in the G2-M phase of the cell cycle (fig. S14) typical for se-
nescent cells (42), higher levels of the senescence markers MUG and 
SA--Gal (fig. S7), elevated levels of mTOR in presenescence, and 
elevated levels of TBC1D3 (Fig. 3 and fig. S6), an amplifier of EGF 
receptor response. Together, these findings indicate that HGP cells 
have higher proliferation stress than controls. Although a severe 
abnormality in TPE-OLD (for PPP2R2C) can be excluded, TL hetero-
geneity and/or dysfunction may lead to altered TPE-OLD dynamics 
that may contribute to a higher degree of proliferation stress.

TL-dependent silencing of PPP2R2C and established  
TPE-OLD candidates in other cell types and in fibroblasts 
from aged cell donors
To investigate TL-dependent expression of PPP2R2C in a different 
human cell type, we assessed the expression of PPP2R2C and TLs in 
413 lymphoblastoid cell lines (LCLs) established from B lymphocytes 
from participants of the Berlin Aging Study II (BASE-II) (43, 44), 
using the reverse transcription PCR (RT-PCR) and monochrome 
multiplex quantitative PCR (MMqPCR) approaches used for fibro-
blasts above. LCLs are expected to represent cells with a very broad 
TL distribution. Using this cell population, we did not observe a 
correlation between PPP2R2C expression and TL (fig. S17). We did 
also not find an increased mRNA expression for the other TPE-OLD 
candidates in LCLs. In primary human umbilical vein endothelial 
cells (HUVECs), by contrast, we found mRNA up-regulations for 
PPP2R2C, PPP2R2D, PPP2R5C, C1S, and SORBS2; we found a re-
ciprocal regulation (lower mRNA levels in aged cells) for DSP and 
no significant changes or inconclusive results for TERT, ISG15, and 
PPP2R3B (fig. S18). In human fibroblasts, we could confirm most 
of the previously established TPE-OLD genes as being differen-
tially expressed (higher expression in aged cells with short telo-
meres), but we could not show differential regulation for PPP2R5C, 
PPP2R2D, and PPP2R3B. Together, these data suggest that cell spec-
ificity is to be noted for TPE-OLD and/or that other factors may 
influence the expression of these TPE-OLD genes, particularly in 
LCLs (fig. S18).

We lastly asked whether up-regulation of PPP2R2C also plays a 
role in vivo and thus compared fibroblasts derived from very young 
up to very old individuals. We found that up-regulation of PPP2R2C 

is evidently more pronounced in the cells from very old donors, 
compared to young and middle-aged cell donors, further suggesting 
a physiological function in the aging organism and that in vitro rep-
licative senescence resembles in vitro senescence (fig. S19).

DISCUSSION
A simple tool predicts known and candidate TPE-OLD genes
We presented a heuristic strategy that can be applied to identify po-
tentially protective TPE-OLD candidate genes. Most of these candi-
date genes are not known to be involved in senescence or apoptosis 
entry but code for proteins involved in proliferation, metabolism, 
tumor suppression, and stress response. Moreover, many TPE-OLD 
candidates are regulated by transcription factors involved in prolif-
eration, development, and stress response. For example, the functions 
of the AP2 family of transcription factors are the cell type–specific 
stimulation of proliferation and the suppression of terminal differ-
entiation (45). Sp1 both activates and suppresses the expression of a 
number of essential oncogenes and tumor suppressors, as well as genes 
involved in proliferation, differentiation, DNA damage response, 
and senescence (46).

Only 1 of the 11 human genes associated with the Gene Ontology 
(GO) term “chromatin silencing at telomere” (GO:0006348) was found 
within the group of TPE-OLD candidate genes, DOT1L, which en-
codes a histone H3K79 methyltransferase and is essential for mam-
malian heterochromatin structure. Hence, the group of 2322 genes 
described here likely belongs to a previously unknown category with 
regulation being dependent on TL. Our tool allows other researchers 
to identify and investigate possible TPE-OLD genes for unidenti-
fied antitumor and antiaging strategies.

The gene encoding for the protein phosphatase 2A subunit 
PR55 (PPP2R2C) is a TPE-OLD gene and subject to  
long-range telomere regulation in human fibroblasts
PPP2R2C up-regulation was dependent on telomere attrition but 
not on exogenous stress triggers such as H2O2. Complete gene silenc-
ing was achieved by telomere elongation. Using 3D-FISH analysis, 
we showed that TEL-PPP2R2C probes were significantly closer to-
gether in cells with long telomeres than in cells with short telomeres, 
demonstrating telomere-dependent chromatin reorganization. In 
accordance with other investigations, changes in TPE-OLD gene 
expression were discontinuous (e.g., not involving genes positioned 
closer to the telomere), and the reestablishment of gene suppression 
after hTERT introduction occurred with some delay (as some time 
is required for elongation) (47).

Notably, BCI-150, a recently developed SIRT inhibitor with 
selectivity for SIRT6 versus SIRT1 and SIRT2 (38), enhanced the 
expression of PPP2R2C up to fivefold in hTERT-immortalized cells. 
As SIRT6 is required for repression of telomere-proximal reporter 
genes in human cells (37), this finding suggests that silencing of 
PPP2R2C is dependent on histone deacetylation mediated by SIRT6. 
The bimodality in 3D-FISH experiments suggested that both chro-
mosomes are involved in telomere loopings, in accordance with the 
reported bimodal distribution of TLs in fibroblasts, with TL differ-
ences of up to 6.5 kb between homologous chromosomes, likely due 
to stochastic elements in telomere inheritance (31). Together, these 
findings demonstrated a mechanistic link between TPE-OLD and a 
tumor suppressor gene that acts long before telomere-driven DNA 
damage signaling occurs.
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Telomere attrition leads to suppression of mTOR signaling 
via dephosphorylation of p70S6K
It has previously been shown that overexpression of PPP2R2C in-
hibited cancer cell proliferation both in vitro and in vivo through 
the suppression of the activity of S6K in the mTOR pathway (21). 
Vice versa, low PPP2R2C expression was associated with an in-
creased likelihood of cancer recurrence and cancer-specific mortal-
ity in prostate cancer (48). In accordance with these data, we showed 
that PPP2R2C up-regulation led to almost complete dephosphoryl
ation of p70S6K in presenescent but still replicating fibroblasts, and 
we found inverse relationships between TL and PPP2R2C expres-
sion and between TL and the dephosphorylation grade of p70S6K 
and Akt, respectively. Dephosphorylation of p70S6K likely delays 
senescence entry via metabolic suppression. The protein synthesis 
of rapamycin-sensitive proteins was suppressed in presenescent fi-
broblasts. By contrast, inhibition of PPP2R2C by siRNA may rein-
duce mTOR/p70S6K-dependent genes in aged cells. In parallel, we 
observed a decline in total p70S6K protein, which may occur because 
of phosphorylation-dependent degradation events, as previously 
described (49). However, we cannot entirely exclude unspecific trans-
fection events (50). More specific and complete knockout and over-
expression strategies using CRISPR-Cas9 technologies may further 
elucidate possible beneficial effects of PPP2R2C.

The combination of expansion-stimulation signals and inhibi-
tion of cell division (51) is a well-known factor in the transition to 
an unstable hypermetabolic state, which may occur without effec-
tive down-regulation of cell metabolism (52). Our data corroborate 
other findings and suggest an overall protective effect of p70S6K de-
phosphorylation in presenescent cells. This molecular pathway and 
the life-prolonging effects of mTOR suppression have been discussed 
in great detail. However, most findings so far were obtained by use 
of genetic manipulation in mice (53, 54) and flies (55) or mTOR inhi-
bition in human and rodent cell lines or in Caenorhabditis elegans. We 
show a possible physiological function and mechanism for mTOR 
suppression in vivo and identify short telomeres as an upstream 
trigger for mTOR suppression.

The effects of PPP2R2C regulation by TL supports 
the hypothesis that replicative aging fulfills a tumor 
suppressor function in vivo
The here-described findings strongly argue for a tumor suppressor 
function of replicative aging. We identified a direct tumor suppres-
sor gene under influence of TPE-OLD. A protective effect that mit-
igates the pitfalls of telomere attrition, namely, ongoing mitogenic 
stress, is plausible and supports the hypothesis that a main function 
of replicative aging is tumor suppression. As a prerequisite for an 
overall positive net effect (tumor suppression for a sufficiently long 
period of time), possible negative aspects of replicative aging must 
be minimized. Telomere attrition is, genetic instability syndromes 
(56) notwithstanding, generally not life-threatening in humans and 
also not in mice nor in C. elegans (57–59).

The expression of the hTERT gene itself is possibly regulated 
by TPE-OLD (12), further pointing to a regulatory role of telomeric 
gene expression. Gene silencing may have evolved as a mechanism 
to suppress undesired gene expression after embryonal development. 
It is tempting to speculate, but awaits further experimental proof, 
that limited up-regulation of hTERT in a cell with critically short 
telomeres may stabilize the cell without undermining the tumor 
suppressor effect of telomere attrition in general; “mild” hTERT 

up-regulation and mTOR suppression may synergize to limit the 
tumorigenic risk in cells with critically short telomeres. These data 
do not exclude the possibility that the induction of hTERT or other 
TPE-OLD genes may paradoxically impinge on the predisposition 
to cancer through uncontrolled transcriptional derepression.

HGP fibroblasts display functional PPP2R2C TPE-OLD effects 
but abnormalities in telomere attrition kinetics
Our experimental data did not indicate severe deficiency of 
TL-dependent chromosomal reorganization in HGP. Thus, func-
tional chromosomal reorganization may prevent an even worse 
phenotype, which is in line with the low cancer rates among patients 
with HGP (15).

Despite functional TPE-OLD in HGP fibroblasts, HGP cell lines 
display some abnormalities such as reduced mean PPP2R2C mRNA 
levels, higher proliferation rates, a reduced degree of Akt suppres-
sion, elevated variability of TL in 3D-FISH experiments, less marked 
changes in telomere PPP2R2C probe distances between low- and 
high-PD cells, and a slightly lower suppression of the metabolic marker 
ARSA. These observations are plausible in view of the greater 
heterogeneity in TL and abnormal TL distribution in HGP found in 
this and other studies; normal or even longer telomeres have been 
described in approximately one-third of all cells in other studies de-
spite shorter average TLs (13, 14). Accordingly, we detected shorter 
telomeres in young HGP cells and even longer telomeres in presenes-
cent cells, which corresponds to an overall “narrower” and shifted TL 
and PPP2R2C expression range. Primary (but not hTERT-transfected) 
HGP cells grew faster and senesced earlier after fewer rounds of 
replication (figs. S5 and S16). Altered dynamics in gene activation/
silencing may contribute to attenuated metabolic suppression, which 
is known to accelerate senescence entry (52).

HGP fibroblasts age much faster in vitro and show constitutive 
activation of mTOR signaling, whereas the dephosporylation of p70S6K 
is apparently intact. Preliminary data suggest more pronounced 
alterations in other TPE-OLD genes. Together, these data point to 
telomeric abnormalities in HGP and may help to explain why pa-
tients with HGP do not develop tumors but many signs of prema-
ture aging. Because of the early death of patients with HGP, it cannot 
entirely be ruled out that an increased risk of cancer could arise with 
older age in these patients. To investigate telomere clinical phenotype 
interrelationships more closely, cells from patients with Nijmegen 
breakage syndrome (56), which is characterized by chromosome in-
stability, could be helpful. In fibroblasts from these patients, there were 
also indications of telomeric imbalances in TPE-OLD associated 
with accelerated telomere attrition (56). The patients tend to have 
progeroid symptoms, but, in contrast to patients with HGP, they 
have shorter telomeres, a higher degree of genetic instability, and a 
high cancer rate.

The TPE-OLD mechanism is evolutionary conserved, likely 
as a response to negative effects of replicative aging
Several lines of evidence support our hypothesis that TPE-OLD is 
an evolutionarily conserved response to replicative aging. First, we 
did not find an equal distribution of TPE-OLD genes along the ends 
of the chromosomes, indicating a highly conserved telomeric local-
ization. Second, TPE-OLD candidates have functional similarities 
and are often involved in the control of proliferation and metabo-
lism or stress responses. We anticipate that many other genes be-
yond the known ones such as PPP2R2C are protectively activated by 
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TPE-OLD as the cells of humans and other large, long-lived species 
age. We observed telomeric clustering of many other genes related 
to stress and aging, including interleukins (fig. S20), tumor suppres-
sor genes, and genes coding for FOX (forkhead box) transcription 
factors involved in insulin signaling and longevity and heat shock 
factor 1 (HSF1), the master regulator of proteotoxic stress, but we 
did not find such clusters for genes involved in development, such 
as HOX genes or for the cell death gene and canonical driver of 
inflammation nuclear factor NF B, which is in agreement with our 
concept that TPE-OLD is effective in presenescent cells and triggers 
protective processes but does not trigger apoptosis. Third, there are 
obvious similarities to classical TPE. The main function of classical 
TPE is protection against acute cellular stress. Notably, CDC55, 
the ortholog of PPP2R2C in yeast, is located in relative proximity to 
the yeast telomere (<150,000 base pairs), a site at which classical TPE 
with heterochromatin spreading and silencing of adjacent genes 
can be effective. CDC55 encodes YGL190C, which dephosphorylates 
and antagonizes the protein Tap42, mediating the effects of rapa-
mycin on the yeast Tor protein kinase (60). CDC55 stabilizes yeast 
cells during starvation-induced stress and down-regulates metabolic 
functions (61). This mechanism is strongly reminiscent of the met-
abolic effect of p70S6K inhibition in humans. We thus suggest that 
TPE in yeast and TPE-OLD in large, long-lived species have a com-
mon functional and mechanistic origin (Fig. 6).

TPE-OLD effects are cell type specific and/or may display 
further levels of regulation
A differential regulation of PPP2R2C mRNA could be demonstrated 
for HUVECs and fibroblasts but not for LCLs. Moreover, a differen-
tial regulation of most known TPE-OLD genes could be shown for 
HUVECs and fibroblasts but not for LCLs suggesting cell specificity 
and/or peculiarities in LCLs.

Considering cell type specificity, the three other PP2A subunit 
TPE-OLD candidates affect similar pathways, and all potentially 
attenuate cell proliferation via mTOR inhibition (Fig. 1B), raising 
the possibility that these subunits may be induced in other metabol-
ic states or in other cell types. Findings from facioscapulohumeral 
muscular dystrophy, in which a genetic defect results in reposition-
ing of an active gene near telomeres or subtelomeric sequences and 
the phenotype is altered in an age-dependent manner (9), suggest 
cell and tissue specificity for TPE-OLD. TL varies greatly across tissue 
types (62); hence, similar functions may be performed by different 
subunits with genomic positions appropriate for the basal TL of their 
respective cell types.

There are various other possible explanations for discrepant 
findings in different cell types. It is possible that splice variants are 
induced, some of which undetectable with the used universal primer 
pairs. In addition, epigenetic mechanisms may influence TPE-OLD 
effects including DNA methylation and histone modifications in 
promotor regions (12), which are difficult to control experimentally. 
For example, in Epstein-Barr virus–transformed lymphoblastoid cells, 
the immortalization procedure may have contributed to the inability 
to reproduce established TPE-OLD effects. In these cells, telomeres 
are elongated both by telomerase and by alternative lengthening of 
telomeres, which may result in dysfunctional telomeres with a re-
duction in telomere binding proteins (63). We were interested that 
the in vitro effects of PPP2R2C were most pronounced in cells from 
three very old donors, further suggesting a physiological function of 
TPE-OLD (PPP2R2C) in the aging organism.

Cell specificity together with redundancy and methodological 
challenges (e.g., the difficulty in detecting these subtle effects with-
out artificial cell manipulation) may explain why TPEs have thus 
far not been reported for human cells on a larger scale. Other tissues 
and other PP2A regulatory subunits and other TPE-OLD candidates 

Fig. 6. Similarities between TPE and TPE-OLD and possible phylogenetic relation-
ships. (A) TPE-OLD and TPE in yeast may share mechanistic and functional aspects. In 
S. cerevisiae, under optimal growth conditions, most subtelomeric genes are silenced 
by the histone-binding silent information regulator (SIR) complex (in this species, 
largely independent of TL). Nutrition starvation, heat shock, or chemical treatment 
can induce hyperphosphorylation of Sir proteins and a subsequent decrease in silencing 
(28). (B) Mechanistic and functional similarities of TPE in yeast and TPE-OLD in mam-
mals and other vertebrates may be due to common evolutionary heritage, with SIRT6 
(the mammalian homolog of Sir2) retaining its ancestral role as a cofactor for gene 
silencing in young and growing cells in the same way as Sir2 acts as a silencing factor 
in yeast, with stress serving as its inhibitor via phosphorylation events.
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must be examined to unravel cell specific effects. More structural 
experiments are required for a better understanding of how chro-
matin architecture may influence TPE-OLD. These experiments in-
clude combining chromatin interaction maps with epigenome and 
transcriptome datasets for studying long-range control of gene 
expression. Another limitation of the here-described approach are 
possible misassignments to the classes of replicatively and nonrep-
licatively aging species, respectively. For example, there is little data 
on the cetaceans, and it seems possible that the blue whale, the nar-
whal, and the vaquita also age replicatively. For each new TPE-OLD 
candidate, confirmatory studies should be performed to confirm 
TPE-OLD effects experimentally and to rule out piggybacking 
by gene synteny as a cause for the telomeric location, e.g., the 
physical colocalization of genetic loci that are not disrupted during 
evolution.

In conclusion, we have identified a physiological trigger (telomere 
attrition) for a well-known aging-protection mechanism (mTOR 
suppression). This mechanistic link between short telomeres and 
tumor suppression points to a tumor suppressor function of repli-
cative aging. We identified a large number of new TPE-OLD candi-
date genes, and we present a heuristic strategy that can be applied to 
easily identify candidate TPE-OLD genes. TPE-OLD genes are po-
tential targets for intervention in cancer- and aging-related processes. 
Their activation may have a protective effect when telomeres shorten, 
but they do not necessarily have beneficial effects under all circum-
stances, such as in disease-associated cellular states.

MATERIALS AND METHODS
Experimental design
Genes with potential for TPE-OLD were screened in silico with 
cross-species data from the Ensembl genome database. We focused 
on a group of genes that shows preserved telomeric distances and 
that is strongly related to cell growth and aging.

The aim of further investigations was to examine telomere-associated 
changes in gene expression and cell physiology in old but still repli-
cating (presenescent) cells before the point of cell cycle arrest. The 
presenescence stage (high PDs of primary cells) was established by 
culturing cells until the final cell cycle arrest and thawing frozen sam-
ples from 10 to 15 PDs before the final arrest for experiments.

Retrieval of gene-telomere distances for human genes 
and their orthologs
We retrieved the gene-telomere distances from the public MySQL 
database of Ensembl Mart version 100 (released April 2020) (64). 
Orthologs were accepted as determined by Ensembl Compara (65) 
by the “one2one, “one2many,” or “many2many,” definitions. A species 
was included into the analysis if it was one of the established model 
organisms (S. cerevisiae and C. elegans) or if its median gene-telomere 
distance was at least 7.5 Mb, i.e., the median distance for fruitfly, as 
a threshold for the quality of genome assemblies in Ensembl to 
avoid false positives at the ends of chromosomal fragments. To fa-
cilitate interpretation, species are indicated by their common name. 
Scatter plots were created with R (66) version 4.0.1 and the ggplot2 
package; heatmaps were created with the gplots (67) package for 
custom selection of genes from gene families with known gene-
position effects. Telomeres are not annotated in Ensembl. As the bio-
logical anchor to define the gene-telomere distance for our analysis, 
we chose the location of the gene on the same chromosome arm 

that is closest to the telomere, i.e., the first (p arm) or last (q arm) 
coding sequence for each chromosome.

Determination of preserved telomeric distances 
and selection of TPE-OLD candidates
For each gene, we determined at which distance to the telomeres the 
largest number of orthologs are located, where the maximum allowed 
pairwise distance between chromosomal positions was set to 1 Mb. 
We allow for two such 1-Mb-wide regions for each gene. The sum 
of the number of orthologs covered in these two regions determines 
the rank of that gene as a TPE-OLD candidate. For Fig. 1B and figs. 
S1 to S3, we thus grouped the chromosomal positions of the orthologs 
using a parameter-free complete linkage tree, using the R function 
hclust, for which we provided a custom distance function and then 
used the routine “cutree.” We systematically iterated over all human 
genes in Ensembl 104 with at least 12 orthologs in all completely 
sequenced “replicatively aging” species.

In the scatter diagrams of Fig. 2, the species on the x axis are 
sorted primarily by replicatively aging versus “nonreplicatively 
aging” and secondarily by their median gene-telomere distance. 
Scatter plots represent genes by a unique symbol and show telomer-
ic distance on the y axis. Positions above 20 Mb are clipped in the 
scatter plot.

All R and shell scripts contributing to this manuscript are avail-
able online (68) to facilitate updates with upcoming releases of 
Ensembl or custom gene selections. The criteria for categorizing a 
species as having assumed TL-dependent replicative aging (marked 
by green color) were set as TL < 20 kb, undetectable telomerase levels, 
and no stasis, as described previously (18).

Gene set enrichment analysis
Gene enrichment analysis was performed by g:profiler as described 
in (19). Briefly, an enrichment score (ES) is calculated that reflects 
the degree to which a set S is overrepresented at the extremes (top 
or bottom) of the entire ranked list L. The statistical significance 
(nominal P value) of the ES is estimated by using an empirical 
phenotype–based permutation test procedure that preserves the 
complex correlation structure of the gene expression data. The pro-
portion of false positives is controlled by calculating the false discovery 
rate by comparing the tails of the observed and null distributions 
for the normalized ES.

Cells and cell culture lines
Human primary dermal fibroblast cell lines were obtained from The 
Progeria Research Foundation (PRF) Cell and Tissue Bank. The 
HGP cell lines were HGADFN003, HGADFN127, HGADFN164, 
and HGADFN178. All HGP cell lines displayed the classical HGP 
mutation [LMNA Exon 11, heterozygous c.1824C > T (p.Gly608Gly)] 
[more details in (69)]. We did not examine cell lines with nonclassi-
cal or multiple mutations (exclusion criterion). Histograms of 
mutational analysis sequenced by the PRF Cell and Tissue Bank are 
available on request. Healthy child control dermal fibroblast cell 
lines (707, 731, 778, and 811) were a gift from the Children’s Hospital 
of Münster (Professor Thorsten Marquardt). These fibroblasts were 
from children in whom a genetic disease has been excluded and a 
nongenetic cause for their symptoms had been found. Cultures 
from all cell lines have tested negative for mycoplasma contamination. 
Ethical approval for the establishment of the cell lines and informed 
consent were obtained from the children’s parents. One human primary 
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dermal fibroblast cell line from an adult donor (N14) was a gift 
from E. Orso, University of Regensburg. The characteristics of all 
fibroblast cell lines are summarized in table S5.

All human fibroblasts were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) high glucose (4.5 g/liter) with l-glutamine 
without pyruvate (Gibco, catalog no. 41965) supplemented with 10% 
fetal bovine serum (FBS; Biochrome), penicillin (100 U/ml), and 
streptomycin (100 g/ml) (Biochrome, catalog no. A2212), hereafter 
referred to as “fibroblast medium.” In addition, we analyzed mRNA 
from healthy human fibroblast donors at different ages.

The 1301 cell line (derived from T lymphoblastic leukemia) was 
a gift from S. Roura (ICREC Research Group, Institut d’Investigació 
en Ciències de la Salut Germans Trias i Pujol, Barcelona, Spain). All 
other LCLs were established from BASE-II participants. We ana-
lyzed a subgroup of 413 participants of the BASE-II selected on the 
basis of the availability of LCLs. BASE-II is a prospective multi-
disciplinary and multi-institutional study that investigates factors 
associated with aging trajectories in Berlin (43, 70). All participants 
gave written informed consent to the study protocol that was ap-
proved by the Ethics Committee of the Charité-Universitätsmedizin 
Berlin (number of the ethical approval: EA2/ 029/09). Both the 1301 
cell line and LCLs from the BASE-II study 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 g/ml) (Biochrome, catalog no. A2212). 
All cells were grown at 37°C in a humidified incubator contain-
ing 5% CO2.

HUVECs were obtained from PromoCell (catalog no. C-12200; 
LOT no.: 449Z004) and cultivated using the Endothelial Cell Growth 
Medium Kit (catalog no. C-22110) from the same company. Penicillin 
(100 U/ml) and streptomycin (100 g/ml) from Thermo Fisher Sci-
entific (catalog no. 15140122) were added to the medium. HUVECs 
at several passages were grown in a humidified incubator at 37°C 
and 5% CO2. Expansion, cell cultivation, and experiments were per-
formed in T75 cell culture flasks (Sarstedt, catalog no. 83.3911.302). 
High cell densities were selected for subsequent harvesting.

hTERT immortalization
Fibroblasts were infected with retroviral supernatants from a packaging 
cell line (PA317-TERT) that stably expresses human telomerase cloned 
into a pBabePuro vector according to methods previously described 
(47, 71). The vector and packaging cell line were a gift from W. Wright 
(UTSW Medical School, Dallas, TX, USA). After a 2-week selection 
with puromycin according to established protocols (47), infection 
and selection were checked by determination of hTERT expression 
using real-time PCR and measurement of TL as described (72).

Test points for measurements
Test points for the fibroblast cell lines were classified either as “pri-
mary cells at low population doubling (PD)” (PD 13 to 20) or as 
“primary cells at high PD” (PD 34 to 55). The presenescence stage 
(high PDs of primary cells) was established by culturing cells until 
the final cell cycle arrest and thawing frozen samples from 10 to 
15 PDs before the final arrest for experiments. Cells that had recently 
been immortalized were classified as immortalized cells at low PD 
(PD 14 to 34 after hTERT immortalization), and cells with a substan-
tial number of PDs after immortalization were classified as immor-
talized cells at high PD (PD 55 to 70 after hTERT immortalization). 
The fibroblasts were immortalized in medium PDs, at about the 

same time interval before senescence (mean PD of immortalization 
in controls PD 37 and in HGP PD 20).

Hydrogen peroxide treatment
Cells from eight fibroblast cell lines (HGADFN003, HGADFN127, 
HGADFN164, HGADFN178, 707, 731, 778, and 881) were grown 
to 100% confluence in 10-cm dishes. For H2O2 treatment, two culture 
dishes of each cell line were treated for 2 hours with 200 M H2O2 
in 10  ml of fibroblast medium; an additional three dishes were 
processed identically but without H2O2. After 2 hours of incubation, 
the cells were washed with 5 ml of PBS (Gibco, catalog no. 14190250) 
and incubated in fresh fibroblast medium for another 22 hours. 
Subsequently, cells from one H2O2 dish and from one untreated 
dish (as a control) for each of the eight cell lines were harvested for 
Western blot analyses. In addition, cells from the H2O2-stressed dish 
and one other untreated dish for each of the eight cell lines were 
harvested for gene expression analyses. Cells from the third untreated 
dish for each cell line were harvested for TL measurement.

Quantitative real-time PCR
For mRNA quantification, total RNA was isolated using a standard 
extraction kit (Macherey-Nagel NucleoSpin RNA, catalog no. 740955) 
and quantified with a NanoDrop ND 1000 spectrophotometer. Com-
plementary DNA (cDNA) synthesis was carried out following the 
manufacturer’s instructions [M-MLV Reverse Transcriptase, RNase 
(H−), Promega, catalog no. M5301]. One microgram of mRNA was 
used for the reverse transcriptase reaction.

qPCR was carried out using TaqMan Universal Master Mix II, 
no. UNG (catalog no. 4440040) from Applied Biosystems and 
following the manufacturer’s manual. The cDNA samples (5 ng/l) 
were assayed in triplicate; the nontemplate control (water) was an-
alyzed in duplicate in a 384-well plate. The assay was carried out 
using a Bio-Rad CFX384 real-time C1000 thermal cycler with the 
following thermal cycling profile: 10 min at 95°C, followed by 50 cycles 
at 95°C for 15 s and 1 min at 60°C with signal acquisition. For gene 
expression quantification of the potential TPE and control genes, 
the gene expression TaqMan assays from Applied Biosystems were 
used. Primer characteristics are summarized in table S7. The Ct 
method was used for relative quantification. The relative expression 
level of each gene was normalized to its level in untreated low-PD 
cells. The mean and SEM were calculated from technical duplicates 
or triplicates of biological replicates.

TL measurement
A standard extraction kit (DNeasy Blood & Tissue Kit, Qiagen, catalog 
no. 69504) was used for DNA extraction. Mean TL was determined 
using the modified MMqPCR method as described previously (73). 
This technique enables telomere-specific and single-copy gene (ref-
erence) amplification in a single reaction well with quantification 
measurements at different temperatures. The ratio of telomere to 
single-copy gene content (TLR) is taken as a relative measure of TL 
and is expressed in arbitrary units. The DNA samples (20 ng/l, as 
a single copy) and a reference DNA standard (186.6 to 0.09 ng) were 
assayed in triplicate on different plates. A nontemplate control (water) 
and positive control (human leukemia cell line 1301 DNA) were 
prepared in duplicate and run on every plate. The assay was per-
formed using a Bio-Rad CFX384 real-time C1000 thermal cycler 
with the following thermal cycling profile: 1 cycle of 15 min at 95°C; 
2 cycles of 15 s at 94°C; 1 cycle of 15 s at 49°C; 40 cycles of 15 s at 
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94°C; 1 cycle 10 s at 62°C; and 1 cycle 15 s at 72°C with T signal ac-
quisition, 10 s at 85°C, and 15 s at 89°C with signal acquisition. The 
reagents for PCR were used at the following final concentrations: 1 U 
of titanium Taq DNA polymerase per reaction with the provided 
titanium Taq PCR buffer (catalog no. 639208), 0.75× SYBR Green I 
(Sigma-Aldrich), 0.2 mM of each deoxynucleotide triphosphate, 1 mM 
dithiothreitol, 1 M betaine, 900 nM of each telomere primer (telg 
and telc), and 300 nM of each single-copy gene primer (albu and albd). 
Primer sequences are shown in table S7.

All samples were measured in triplicate, and the average of the 
three measurements was used to report the mean TL for each sample. 
The intra-assay coefficients of variation were <0.3 for all samples.

SA--Gal staining
The four HGP patient fibroblast cell lines and two control cell lines 
(731 and/or 811) were used for SA--Gal staining. Determination 
of -galactosidase activity was performed using a histochemical 
staining kit from Sigma-Aldrich (catalog no. CS0030). The proce-
dure was performed according to the manufacturer’s recommenda-
tions. Briefly, cells were transferred into two wells of a 12-well plate 
and cultivated in fibroblast medium for approximately 1 day (to 
approximately 50 to 70% confluence). Cells in one well were treated 
with 200 M H2O2 in 2 ml of fibroblast medium for 1.5 hours, 
washed with 1 ml of PBS, and incubated for another 4 hours in 
fibroblast medium followed by staining. Untreated cells were stained 
in the absence of H2O2. For the staining procedure, the cells were 
first washed twice with 1 ml of PBS per well and then fixed for 6 to 
7 min at room temperature (RT) with 500 l of 1× fixation buffer 
[10× fixation buffer (catalog no. F1797) diluted with H2O]. The final 
concentrations in the cell dishes were 2% formaldehyde, 0.2% 
glutaraldehyde, 7.04 mM Na2HPO4, 1.47 mM KH2PO4, 0.13 M NaCl, 
and 2.68 mM KCl. Continuing the staining procedure, the cells were 
then washed again three times with 1 ml per well of PBS and incu-
bated overnight at 37°C without CO2 in 500 l of staining mixture 
[10× staining solution (catalog no. S5818), reagent B (catalog no. 
R5272), reagent C (catalog no. R5147), X-gal solution (catalog no. 
X3753)]. The staining mixture was filtered through a 0.2-m filter 
before use to remove aggregates. The percentage of SA--Gal–positive 
cells was ascertained by counting all visible cells in four fields of view 
of a light microscope at ×50 magnification. The counting was per-
formed independently by two different individuals who were blinded 
to the treatment. Four dishes were excluded from analysis because 
of complete cell death after H2O2 treatment. The mean and SD were 
formed by using technical duplicates and biological replicates.

MUG assay
The four HGP patient fibroblast cell lines and two control cell lines 
(731 and/or 811) were used for the MUG assay. This highly sen-
sitive spectrophotometric method is an alternative for SA--Gal 
staining and subjective visual quantification that measures enzyme 
activity in cell lysates (69). In this assay, -galactosidase acts on the 
substrate MUG to produce 4-methylumbelliferone galactosidase, which 
can be detected fluorometrically (74). For each cell line, approximately 
3.2 × 106 cells were transferred into two 5-cm culture dishes (i.e., ca. 
1.6 × 106 cells per dish) and were cultivated to 50 to 70% confluence. 
One dish of each cell line was treated with 200 M H2O2 in 3 ml of 
fibroblast medium for 1.5 hours and then incubated in normal 
fibroblast medium for another 4 hours. The following steps were 
executed according to the protocol by Gary and Kindell (75). The 

cells were washed six times with 1 ml of PBS, lysed with 200 l of 
lysis buffer [5 mM CHAPS, 40 mM citric acid, and 40 mM sodium 
phosphate (pH 6)], and transferred into 1.5-ml Eppendorf tubes us-
ing a cell scraper. The cells were vortexed for 20 s and centrifuged at 
12,000g for 5 min at RT. The supernatant was frozen at 20°C until 
analysis. For measurements, 100 l of the lysate was transferred into 
a reaction tube and mixed with 50 l of lysis buffer and 150 l of 2× 
reaction buffer [40 mM citric acid, 40 mM sodium phosphate, 300 mM 
NaCl, 10 mM mercaptoethanol, and 4 mM MgCl2 (pH 6), stored at 
4°C]; 1.7 mM MUG (Sigma-Aldrich, catalog no. M1633, stored 
at −20°C) was added immediately before use. The reaction solution 
was incubated for 3 hours at 37°C. After 3 hours, 50 l of the reac-
tion solution was withdrawn and transferred to a new Eppendorf tube 
containing 500 l of stopping solution (400 mM Na2CO3) to inhibit 
the enzymatic reaction. Then, 150 l of the solution was transferred 
into a well of a 96-well plate. Fluorescence was measured in dupli-
cate with Fluoroskan Ascent FL (Thermo Fisher Scientific) at 360-nm 
excitation and 465-nm emission. The protein concentration of the 
lysate was determined using bicinchoninic acid (BCA) assay (with 
human albumin as the standard), and the fluorescence signal was 
normalized to the total protein concentration. Typical concentrations 
were in the range of 0.3 to 1.0 g/ml. The results are displayed as 
relative fluorescence units per milligram (RFU/mg). The mean and 
SD were calculated from technical duplicates of biological replicates.

Western blotting
Fibroblast cell lines grown to confluence in a 7-cm dish (~5 × 106 
cells) were washed with 5 ml of 0.1% EDTA/PBS and then detached 
with 400 l of trypsin/EDTA (Gibco, catalog no. 25200-056). The 
cells were removed in 7 ml of fibroblast medium and centrifuged at 
1200g for 5 min at RT. The supernatant was discarded, and the pellet 
was resuspended in 1 ml of PBS, transferred to a 1.5-ml Eppendorf 
tube, and centrifuged again at 1200g for 5 min. The supernatant was 
discarded, and the cells were resuspended in 200 l of sucrose-Hepes 
buffer [SHC buffer; 0.2 M sucrose, 0.02 M Hepes (pH 7.3), and 
cOmplete ULTRA Tablets EDTA-free (Roche, catalog no. 05 892 
791 001)] and lysed by pipetting the cell suspension up and down 
10 times in a syringe through a 26G insulin injection needle. After 
10-s centrifugation at 6000g to remove unlysed cell debris, the super-
natant was aliquoted into Eppendorf tubes and stored at −80°C 
until analysis.

Protein concentrations were measured using the Pierce BCA Pro-
tein Assay Kit (Thermo Fisher Scientific, catalog no. 23225) with albu-
min as the standard. Then, 15 g of the cell homogenate was mixed 
with 2× sample buffer [0.1 M tris (pH 6.8), 8% (w/v) SDS, 40% (w/v) 
glycerin, bromophenol blue (0.2 mg/ml), and 20% -mercaptoethanol]. 
SDS–polyacrylamide gel electrophoresis was performed with 7.5 and 
10% polyacrylamide gels. The gels were transferred to polyvinylidene 
fluoride membranes (Millipore, catalog no. IPVH00010).

The membranes were incubated with primary antibodies against 
phospho-p70 S6 kinase (Thr389) (108D2) rabbit monoclonal anti-
body (mAb) (Cell Signaling Technology, catalog no. 9234) (1:2000), 
phospho-mTOR (Ser2448) (D9C2) XP rabbit mAb (Cell Signaling 
Technology, catalog no. 5536) (1:1000), and phospho-Akt (Ser473) 
rabbit mAb (Cell Signaling Technology, catalog no.9271) (1:1000), 
all diluted in BSA-blocking solution [5% BSA, 0.1% Tween 20, 20 mM 
tris, and 0.15 M NaCl (pH 7.5)], overnight at 4°C. The membranes 
were then incubated with goat anti-rabbit IgG (H + L)–horseradish 
peroxidase (HRP)–conjugated (Bio-Rad, catalog no. 1706515) (1:5000) 
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secondary antibody for 1  hour at RT. Blots were exposed to CL- 
XPosure Films (Thermo Fisher Scientific, catalog no. 34089) with a 
homemade enhanced chemiluminescence (ECL) solution using 2 ml 
of solution A [50 mg of luminol (Fluka, catalog no. 09253) in 200 ml 
0.1 M tris solution (pH 8.6)] and 0.2 ml solution B [11 mg of para- 
coumaric acid (Sigma-Aldrich, catalog no. 501-98-4) in 10 ml of dimethyl 
sulfoxide (DMSO)] supplemented with 1 l of 30% H2O2 before use 
for each membrane. All blots were stripped with glycine stripping 
buffer (100 mM glycine and 320 mM HCl) for 30 min at 60°C.

Membranes were incubated overnight at 4°C with primary anti-
bodies against p70 S6 kinase clone 20-10C-6, rabbit mAb (Millipore, 
catalog no. 05-781R) (1:6000); mTOR (7C10) rabbit mAb (Cell 
Signaling Technology, catalog no. 2983) (1:1000); Akt (C-20) (Santa 
Cruz Biotechnology, catalog no. sc-1618) (1:500); and mouse 
monoclonal anti–-actin (clone AC-15, Sigma-Aldrich, catalog no. 
A5441) (1:80,000), all of which were diluted in milk-blocking solu-
tion [5% skimmed milk powder, 0.1% Tween 20, 20 mM tris, and 
0.15 M NaCl (pH 7.5)]. As secondary antibodies, we used goat 
anti-mouse IgG (H  +  L)–HRP conjugate (Bio-Rad, catalog no. 
1706516), goat anti-rabbit IgG (H + L)–HRP conjugate (Bio-Rad, 
catalog no. 1706515), rabbit anti-goat immunoglobulins, and poly-
clonal HRP (DakoCytomation, catalog no. P0449) at a dilution of 
1:40,000 for -actin and 1:5000 for all others. Incubation time was 
1 hour at RT. Blots were developed as described above.

For ARSA experiments, the membranes were incubated overnight 
at 4°C with human anti-ARSA/ARSA antibody (R&D Systems, 
catalog no.MAB2485) (1:1000) diluted in milk-blocking solution, 
as described above. The secondary antibody goat anti-mouse IgG 
(H + L)–HRP conjugate (Bio-Rad, catalog no. 1706516) (1:5000) 
was incubated for 1 hour. Blots were exposed to CL-XPosure Films 
(Thermo Fisher Scientific, catalog no. 34089) on SuperSignal West 
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 
catalog no. 34096). Blots were stripped and incubated with mono-
clonal anti–-actin antibody as described above.

Densitometric analysis was performed using Image Studio Lite 
Quantification Software (LI-COR). The mean and SEM values were 
calculated from biological quadruplicates and technical replicates, 
all normalized to -actin.

Three-dimensional fluorescence in situ hybridization
Three fibroblast cell lines of patients with HGP (HGADFN127, 
HGADFN164, and HGADFN178) and three control cell lines (707, 
731, and 778) were used for 3D-FISH experiments. Cell pairs with 
short and long telomeres were used for 3D-FISH analyses. Fibroblasts 
were cultivated in a T25 flask until they reached 100% confluence. 
The cells were then trypsinized and centrifuged, and the cell pellets 
were solubilized in PBS.

For slide preparation, cells were treated following established 
protocols for direct cell nucleus preparation. Briefly, the cell suspen-
sion was mixed carefully with 0.9% NaCl in a 1:1 ratio. After 10-min 
centrifugation at 210g at RT, the supernatant was discarded, and the 
cell pellet was incubated with 5 ml of 0.4% KCl solution (preheated 
to 37°C) for 10 min at RT. Then, 2 ml of ice-cold fixing solution 
(methanol/acetic acid 3 + 1) was added, and the whole mixture was 
centrifuged again.

The pelleted cells were fixed in 5 ml of ice-cold fixing solution. 
First, 1 ml of fixation solution was added dropwise and carefully 
mixed. The rest of the fixation solution was then slowly added and 
carefully mixed again. The fixing solution was changed five times 

immediately. Last, the supernatant was aspirated and the cell pellet 
was resuspended. After fixation, 10 l of cell suspension was care-
fully dropped onto a slide, incubated for 15 min at 80°C on a heat-
ing plate, and washed briefly with PBS. For pepsin digestion, slides 
were incubated with pepsin solution [50 l of pepsin (Sigma-Aldrich, 
catalog no. 1.07192.001) and 100 ml of 0.01 N HCl] for 10 min 
at 37°C. The slides were washed with PBS and then incubated for 
3 min with PBS/MgCl2. The slides were then incubated for 10 min 
with 1% formaldehyde, followed by 3 min with PBS at RT and then 
2 min at RT in ascending ethanol (70–85–100%); last, the slides 
were dried at RT.

For hybridization, 2 l of probe was added to the hybridization 
field. The Vysis TelVysion 4p spectrum probe (Abbott, Vysis, catalog 
no. 30-252004) was used for detection of the 4p subtelomeric region. 
For detection of the PPP2R2C region on the chromosome, RP11-
462B2 BAC (Illumina) labeled with Spectrum Orange was used. 
Slides were then covered carefully with a cover glass and sealed with 
Fix-O-Gum (Marabu, catalog no. 29010017000). The codenatur-
ation step was carried out for 5 min at 80°C on a heating plate. The 
slide was then incubated for 24 hours in a 37°C water bath protected 
from light. For the final washing step, the cover glass was removed 
carefully, and the slides were incubated for 2 min in 0.4× SSC/0.3%  
IGEPAL® CA-630 (Sigma-Aldrich, catalog no. 13021) solution at 73°C, 
briefly washed with 2× SSC/0.1% IGEPAL solution, and then washed 
with PBS at RT. The ethanol series described above was repeated, and 
the slides were air-dried. One drop of Vectashield/4′,6-diamidino-2- 
phenylindole (DAPI) mixture (Vectashield, Vector, #H-1000; DAPI, 
Sigma-Aldrich, catalog no. 10236276001) was pipetted onto the slides 
and covered with a cover glass.

Images were acquired with a confocal scanning laser microscope 
(LSM 880 AxioExaminer Z1 from Zeiss) using 405-nm excitation/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 capture 
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 then processed using Imaris 9.3 software 
(Andor Bitplane). A total of 70 cell nuclei (140 distances) were ana-
lyzed for each experiment. Cells with fewer or more than four sig-
nals (two red and two green signals each), irregular DAPI staining 
(e.g., mitotic cells), and abnormal cell shape were excluded from 
further analysis (excluded data points are available on request). The 
distance between their gravity centers (distance between the closest 
probes in each target) was determined by 3D reconstruction and sur-
face rendering of the spots and used for further statistical analysis.

Binary and ordinal data are shown as absolute numbers and 
percentages. Continuous variables are displayed as the mean (SD) 
when normally distributed and the median (range) when not nor-
mally distributed. As the distance between the gravity centers after 
3D reconstruction in the nuclei was not normally distributed, log 
transformation of both distances (AB and CD) was applied. Hierar-
chical linear models were used to estimate the impact of immortal-
ization on the distance between gravity centers. We allowed random 
variation between cells, and cells were nested within cell lines. The 
results are displayed together with their P values and 95% confidence 
intervals (table S6). Distances were divided into deciles (0.7258, 1.090, 
1.3442, 1.606, 1.93, 2.28, 2.773, 3.49, and 4.451 m) for graphical 
presentation (figs. S8, C, and D, and S9). To evaluate the optimal cut 
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point for the distinction between cells with or without immortaliza-
tion (Fig. 4 and fig. S8, A and B), the R package “OptimalCutpoints” 
(76) was used. The optimal cut point was 2.26 m. The area under 
the curve with this cut point was 0.63 with a sensitivity of 52% and 
a specificity of 69%.

PPP2R2C knockdown via 27-mer siRNA duplex
The knockdown of PPP2R2C was conducted using the Trilencer-27 
Human siRNA Kit (OriGene; SR303688). The provided siRNAs were 
mixed to maximize knock-down efficiency. Cells were grown in 
DMEM containing 10% FBS (Biochrome), penicillin (100 U/ml), 
and streptomycin (100 g/ml) (Biochrome, catalog no. A2212) in 
T25 flasks.

Primary cells of the cell line HGADFN127 were used at high PD 
for this experiment.

When cells reached a confluence of approximately 80%, siRNAs 
was added to a final concentration of 25 or 50 nM in the medium, 
following the instructions provided by the manufacturer. siRNA- 
containing medium was replaced by normal medium as soon as the 
cells started to show signs of cellular stress (7  hours). Cells were 
harvested 72 hours after removal of siRNA-containing medium and 
lysed for protein and mRNA isolation as described above.

Serum deprivation
For serum deprivation experiments, the 811 primary and hTERT 
immortalized cell lines were used. Cells were grown in two T75 
flasks and treated at ~95% confluence for 18 hours in DMEM with-
out pyruvate supplemented with 10% FBS and penicillin (100 U/ml) 
and streptomycin (100 g/ml), and for 17 hours in DMEM supple-
mented with 10% FBS, and then 1 hour only in PBS. Cells were 
harvested for protein and RNA isolation as described. The cDNA 
samples (5 ng/l) were assayed in triplicate; the nontemplate con-
trol (water) was analyzed in duplicate in a 384-well plate. For gene 
expression quantification, the following TaqMan assays were used: 
PPP2R2C (Applied Biosystems, catalog no. Hs00902099_m1) and 
mTOR (Applied Biosystems, catalog no. Hs00234508_m1). Human 
PPIA (cyclophilin A) (Applied Biosystems, catalog no. 4333763F) 
was used as the endogenous control. The Ct method was used for 
relative quantification.

Inhibitor tests
Three fibroblast cell lines from healthy individuals (707, 731, and 
778) were used for TSA/5-AzaC and RSV experiments. TSA inhibits 
histone deacetylases (33). 5-AzaC results in nonspecific overall DNA 
demethylation (34) and RSV induces instability of telomeric DNA (35).

For TSA and 5-AzaC treatment, cells were grown in four 100 mm 
by 20 mm tissue culture dishes (Falcon, catalog no. 353003), denoted 
by letters A to D, from 25% initial confluence to 70% final con-
fluence (A to D; A: DMSO control, B: TSA only; C: 5-AzaC only; D: 
TSA and 5-AzaC). 5-AzaC (1 g/ml; Sigma-Aldrich, catalog no. A2385) 
dissolved in full medium was added to dishes C and D. The cells 
were then incubated in 5% CO2 for 48 hours at 37°C. After 48 hours 
of incubation, TSA (0.2 g/ml) (Sigma-Aldrich, catalog no. T8552) 
dissolved in DMSO was added to dishes B and D. To control for 
nonspecific DMSO side effects and to create comparable conditions, 
DMSO was added to dishes A and C at this time point. After 24 hours 
of incubation, the old medium was discarded, and fresh medium 
was added. After another 24 hours of equilibration incubation, the 
mRNA was isolated, and qPCR was performed as described.

For RSV treatment, cells were grown in four wells (A, B, C, and 
D) of a six-well tissue culture plate (Falcon, catalog no. 353046) and 
incubated in 5% CO2 for 24 hours at 37°C. RSV (Merck, catalog no. 
554325) in DMSO was added to fresh medium at different concen-
trations: A: 0 M RSV (DMSO-only control); B: 0.25 M RSV; C: 
1.0 M RSV; and D: 10 M RSV. After a total 48-hour incubation, 
mRNA was isolated, and qPCR was performed.

The healthy cell line 778 was used for SIRT6 inhibitor treatment. 
Compound BCI-150 is a recently developed SIRT inhibitor with se-
lectivity for SIRT6 versus SIRT1 and SIRT2 (38). Cells were grown 
in two wells (A and B) of a six-well tissue culture plate and incubated 
in 5% CO2 for 24 hours at 37°C. Subsequently, the SIRT6 inhibitor 
BCI-150 (Asiner Ltd., catalog no. SYN 17739303), a gift from A. Del 
Rio (Institute of Organic Synthesis and Photoreactivity, National 
Council, Bologna, Italy), was added to well B at a concentration of 
50 M (in DMSO) in fresh medium. Only DMSO was added to well 
A (control). The cells were incubated for another 48 hours; mRNA 
was isolated as described above, and qPCR was performed.

qPCR was carried out using TaqMan Universal Master Mix II, 
no UNG (catalog no. 4440040) from Applied Biosystems following 
the manufacturer’s manual. The cDNA samples (5 ng/l) were as-
sayed in triplicate; the nontemplate control (water) was analyzed in 
duplicate in a 384-well plate. The assay was carried out using a 
Bio-Rad CFX384 real-time C1000 thermal cycler with the following 
thermal cycling profile: 10 min at 95°C, followed by 50 cycles at 
95°C for 15 s and 1 min at 60°C with signal acquisition. For gene 
expression quantification of the potential TPE gene PPP2R2C, a 
TaqMan assay (Applied Biosystems, catalog no. Hs00902099_m1) 
was used. Human PPIA (cyclophilin A) (Applied Biosystems, catalog 
no. 4333763F) was used as the endogenous control. The Ct method 
was used for relative quantification. The relative expression level 
of each gene was normalized to that of the youngest cells (low PD) 
treated with DMSO.

Distribution of cells in the growth phase
Fibroblasts were cultivated on 100 mm by 20 mm tissue culture dishes 
(Falcon, catalog no. 353003) to ~70 to 80% confluence. For cell 
synchronization, cells were cultivated for 24 hours with DMEM/1% 
penicillin/streptomycin and 0.1% fetal calf serum. After 24 hours, 
the cells were harvested and prepared for cell cycle analyses. The cell 
pellets were resuspended in 500 l of 70% ethanol and incubated at 
4°C for 24 hours. The cells were centrifuged and resuspended in 200 l 
of PBS with propidium iodide (50 g/ml) (Sigma-Aldrich, catalog 
no. 25535-16-4) and ribonuclease A (25 l/ml) (Macherey-Nagel, 
catalog no. 740505.50) and then incubated in the dark at RT for 
30 min. The cell suspension was added to a fluorescence-activated 
cell sorting (FACS) Falcon and filled with 200 l of PBS. Ten thousand 
cells were counted for routine FACS analyses (FACSCalibur).

Arylsulfatase activity
The arylsulfatase, an enzyme activity in protein homogenates, was 
determined following a modified protocol according to Böhringer et al. 
(77). For this purpose, 25 g of total protein isolated as described in 
(78) was diluted in 50 l of SHC buffer and 50 l of reaction buffer 
[10 mM 4-nitrocatechosulfate, 10% (w/v) NaCl, 0.3% (v/v) Triton 
X-100 (Sigma-Aldrich), and bovine serum albumin (1 mg/ml; Sigma- 
Aldrich)], in 0.5 M sodium acetate (pH 5.0) was added, followed by 
incubation at 37°C for 6 hours. The reaction was terminated by 
adding 800 l of stop buffer (1 M NaOH), and the 4-nitrocatechol 
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released by ARSA was assessed at 515 nm using a spectrophotometer 
(Pharmacia Biotech) against water. As a blank, a similar assay was 
immediately stopped with 250 l of 0.5 N NaOH and absorption 
read again. The difference between absorptions read for reacted and 
blank assay was transformed to the activity unit pmol nitrocate-
cholsulfate degraded per minute.

Other statistical analysis
The package OptimalCutpoints in R 3.6.1 (79) was used for all scat-
ter diagrams and for 3D-FISH cut point analysis. The code for data 
retrieval for scatter diagrams and heat maps is available at https://
bitbucket.org/ibima/tpe-old and was programmed with R 3.6.1 (79). 
Statistical analyses were conducted using OriginPro 2018 and SPSS 
for Windows (IBM Corp. Released 2017. IBM SPSS Statistics for 
Windows, Version 25.0. Armonk, NY: IBM Corp). Normally distrib-
uted variables are shown as the means ± SD or as the SEM as indi-
cated. The two-sided exact Mann-Whitney U test was applied to evaluate 
differences between two independent groups in non-normally dis-
tributed variables. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abk2814

View/request a protocol for this paper from Bio-protocol.
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