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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 mMTOR (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 Telomerverkiirzung) und stressinduzierter Alterung (Uberwiegend verur-
sacht durch reaktive Sauerstoffverbindungen) unterscheiden. Bei der replikativen Alte-
rung verklrzen sich die Telomere bei jeder Zellteilung, was auf eine unvollstandige Rep-
likation wahrend der Zellteilung zurtickzufuhren ist. Viele chronische und einige erbliche
Krankheiten werden durch Telomerverkirzung 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 Instabilitdt und durch eine drastisch reduzierte Telo-
merlange 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 uber-
geht. Im Vergleich dazu kénnen die meisten Tumore und Stammzellen das Gen Telome-
rase (hTERT, human Telomerase Reverse Transkriptase) exprimieren, welches die Telo-
mere partiell verlangern kann. Vor kurzem wurde der so genannte ,Telomere Position
Effect-Over Long Distances” (TPE-OLD) beschrieben. Hier werden Gene direkt durch die
Telomerlange kontrolliert.

In dieser Arbeit wurden potenzielle Kandidaten-Gene auf einen TPE-OLD-Mechanismus
in menschlichen Fibroblasten von Hutchinson-Gilford-Progerie und gesunden Kindern
untersucht. Dardber hinaus wurden primére Zellen mit einem hTERT enthaltenen Vektor
zur kunstlichen Verlangerung der Telomere transfiziert. Dartber hinaus wurden lympho-
blastoide Zelllinien und HUVECSs untersucht, um die Zellspezifitat zu untersuchen. Telo-
mer-abhangige Unterschiede in der Genexpression wurden zusatzlich 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 Telomerverkiirzung und phy-
sikalische Umlagerung der chromosomalen Struktur in praseneszenten Zellen verstarkt
exprimiert wurde, was zur Dephosphorylierung der p70S6-Kinase mit konsekutiver Un-
terdriickung von mTOR (mammalian target of rapamycin) fuhrte.

Die Ergebnisse weisen auf eine metabolische Anpassung von alteren Zellen hin, bei de-
nen die Telomerlange einen Link zur Genexpressionregulierung und der mTOR-Supp-

ression darstellt.



Introduction 3

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), (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), 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 hnTERT, this mechanism was shown to be reversible

under ex vivo conditions (31, 36).
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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 p16'NK42 and leads to the inhibition of CDK4 / CDK®6 / 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 Jager 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 ¢.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 butin higher

ages (59).



Introduction 11

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 a isoform being more frequent than the B 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 (q, B, y, 8), B’ (a, B, v, 9, €), B" (a,
B, vy, ) 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).

Catalytic subunit (Ca, CB)

- PPP2CA
- PPP2CB

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 Jager et al., 2022 (69).
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The isoforms display functional differences during development. While Ba and B3 are
mostly found in cytosolic regions, the By isoform is enriched in the cytoskeletal fraction
(70). Moreover, while the Ba isoform is constantly expressed, the expression level of B
and By is highly variable during different developmental stages (70). The B3 and By sub-
units are predominantly expressed in the brain (67), whereas the Ba 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 By 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 Jager
etal. 2022 (69), Habib et al.2020 (73) and Jager 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).

hTERT cDNA
EcoRlI ¢ EcoRlI Before immortalization with ATERT After immortalization with A TERT

pBabe pura

puro'
hTERT

(SV40 promoter)

ITR v

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

Replication

Amp"

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, mMRNA 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 S5in (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 pug/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 pg/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 (PromocCell, catalog no. C-22110) supplemented with penicillin
(100 U/ml) and streptomycin (100 pg/ml) (Thermo Fisher Scientific, catalog no.
15140122). All cell lines were grown in a humidified incubator at 37°C and 5% CO»,. 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 puM H,0; 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 H,0,.
MRNA for gPCR 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, 1ug 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/ul) was used for gene expression measurements. All Tag-
Man probes used for gPCR 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 gPCR (MMgPCR) 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 Jager 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 63x 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 pl 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 ug 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 sSiRNAs 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 mMRNA analysis and protein determi-
nation. The relative expression level of each gene was normalized to the respective con-
trol (69).

29 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
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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, mMRNA was isolated and gPCR 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 Mdller, 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 gPCR. 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 mMRNA 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. 3Ain (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 H,O, 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 atelomere 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 um) than
adjacent (A, distance between probes < 2.26 um) 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 mMTOR (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 5Ain (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)).



Results 26

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 Il 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%, CACNALA -91%, COL5A3 -92%, GAMT -35%, NOTCHS3 -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).
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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 hnTERT and other TPE
genes may lead to predisposition to cancer through uncontrolled derepression of tran-
scription (69).

45 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 mMTOR 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).

46 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 HUVECSs, 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 H,O,, 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 Minster, 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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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 p7056 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

'Institute of Clinical Chemistry and Laboratory Medicine, Rostock University Medical
Center, University of Rostock, Rostock, Germany. “Charité—Universitdtsmedizin
Berlin, corporate member of Freie Universitdt Berlin, Humboldt-Universitat zu Berlin,
and Berlin Institute of Health, Institute of Laboratory Medicine, Clinical Chemistry
and Pathobiochemistry, Berlin, Germany. *Charité-Universitatsmedizin Berlin, corpo-
rate member of Freie Universitét Berlin, Humboldt-Universitat zu Berlin, and Berlin
Institute of Health, Department of Anesthesiclogy and Intensive Care Medicine,
Berlin, Germany. “Unfallkrankenhaus Berlin, Institute of Laboratory Medicine, Berlin,
Germany. °LNS Hematooncogenetics, National Center of Genetics Luxembourg,
Dudelange, Luxemburg. SCharité-Universitatsmedizin Berlin, corporate member
of Freie Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute
of Health, Institute of Medical Genetics and Human Genetics, Berlin, Germany.
“Charité-Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin,
Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Department of
Endocrinology and Metabolism, Berlin, Germany. *Berlin Institute of Health at
Charité-Universitdtsmedizin Berlin, BCRT - Berlin Institute of Health Center for
Regenerative Therapies, Berlin, Germany. “Translational Neurodegeneration Section
“Albrecht-Kossel”, Department of Neurology, Rostock University Medical Center,
University of Rostock, 18147 Rostock, Germany. '“Institute of Pharmacology and
Toxico\og¥, Rostock University Medical Center, University of Rostock, Rostock,
Germany. ''Advanced Light Microscopy, Max Delbriick Center for Molecular Medi-
cine, Berlin, Germany. '*Deutsches Zentrum fiir Neurodegenerative Erkrankungen
(DZNE) Rostock/Greifswald, Rostock, Germany. *Center for Transdisciplinary
Neurosciences Rostock (CTNR), University Medical Center Rostock, Rostock, Germany.
"Institute for Biostatistics and Informatics in Medicine and Ageing Research, Rostock
University Medical Center, Rostock, Germany.

*Corresponding author. Email: michael.walter@med.uni-rostock.de

Jager et al., 5ci. Adv. 8, eabk2814 (2022) 17 August 2022

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), ie., the
reversible silencing of telomeric genes, was demonstrated in human
HelLa 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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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 (Aa and Af3), regulatory (B, B, B", and B™) and catalytic
(Cex and CP) subunits forming the PP2A holoenzyme. The enzyme is composed of one of two homelogous catalytic subunits, one of two hemologous 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.

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 PRS5y, areg-
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

Jageretal, Sci. Adv. 8, eabk2814 (2022) 17 August 2022

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. $3 and table 52). 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,
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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
20Mb 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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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 028 to 0.68), or as “presenescent
primary HGP cells” (high PDs 34 to 42, TLR 0.17 to 0.46; table S5).
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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),
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Fig. 3. TL-dependent mRNA levels of regulatory, structural, and catalytic PP2A subunits in control (CON) and progeria (HGP) fibroblasts. (A} Quantitative PCR
(gPCR) analysis of primary (-hTERT) and immartalized (+hTERT) control (CON) and HGP cells at low (L) and high (H) PD. Cyclophilin A was used as normalization contral.
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 gPCR (MMQgPCR), 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 biclogical 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 fromn=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 H>O; 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 H,O, 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 B-galactosidase [i.e., senescence-associated p-galactosidase
(SA-B-Gal)] (fig. S7). SA-B-Gal measurements were additionally
confirmed by a highly sensitive spectrophotometric method
[4-methylumbelliferyl-B-p-galactopyranoside (MUG)], an alternative
for SA-B-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
H;0; stimulation did not induce a significant PPP2R2C mRNA increase
(fig. $6), while it did increase SA-B-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

Jager et al., S5ci. Adv. 8, eabk2814 (2022) 17 August 2022

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 WFSI
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. 56). Thus, telomere attrition
did not influence WFSI 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 um)
probes and a lower percentage of adjacent (“A”; distance between
probes <2.26 um) 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 $9). 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. 510). 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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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 pm 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).

suggesting a key role for SIRT6 in maintaining a silencing-competent
chromatin structure at natural telomeres (37). Compound BCI-150,
anew 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. $10). 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.

Jageretal, Sci. Adv. 8, eabk2814 (2022) 17 August 2022

P7056K dephosphorylation and downstream effects

in presenescent fibroblasts are directly related to PPP2R2C
up-regulation regardless of basal mTOR levels

The protein encoded by PPP2R2C (PR55y) 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 Thr*® 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 alesser 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, nTOR 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, p705S6K,
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. $12). 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. 513, 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 Thr** 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
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Fig. 5. Influence of TL on mTOR signaling. (A to C) Total and phosphorylated protein levels of (A) p7056K, (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 H;O; (200 uM; 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 f-actin. Protein/f-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
B-actin belongs to the same membrane as the respective protein (fig. 521). (D) Schematic summary of the suggested protective effect of TPE-OLD on PPP2R2C (PR55y for
the protein) induction. (E) Schematic illustration of the Akt/mTOR/p70S6K pathway. PR55y-mediated dephosphorylation of p7056K has a direct inhibitory effect on pro-
tein synthesis and may thus stabilize cells in presenescence. Inhibition of p7056K 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.

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 PR55y, 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.

Jager et al., 5ci. Adv. 8, eabk2814 (2022) 17 August 2022

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. $12), 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 + (.07 in controls at low PD;
P =0.1) but longer in presenescent cells (TLR 0.33 + 0.08 versus
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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 $6). 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
§16) 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. 514), 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 G,-M phase of the cell cycle (fig. S14) typical for se-
nescent cells (42), higher levels of the senescence markers MUG and
SA-B-Gal (fig. S7), elevated levels of mTOR in presenescence, and
elevated levels of TBC1D3 (Fig. 3 and fig. $6), 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 (HUVEGs), 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

Jager et al,, Sci. Adv. 8, eabk2814 (2022) 17 August 2022

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. $19).

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, DOTIL, 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
PR55y (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 HxO. 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 SIRTG6 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 p7056K

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 h'TERT in a cell with critically short
telomeres may stabilize the cell without undermining the tumor
suppressor effect of telomere attrition in general; “mild” hTERT
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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 Z

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 aresponse 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. $20), tumor suppres-
sor genes, and genes coding for FOX (forkhead box) transcription
factors involved in insulin signaling and longevity and heat shock
factor 1 (HSFI), 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 kB, 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 p7056K 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.

Jager et al,, Sci. Adv. 8, eabk2814 (2022) 17 August 2022

A _ o Phosp ylation « Str ging
Yeast J‘
— —
1 CENDOECTD
B
TPE-OLD

long telomeres

TPE-OLD
short telomeres

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 strass serving as its inhibitor via phosphorylation events.

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
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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
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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.
51 to 53, 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 HGADEN003, HGADFN127, HGADFN164,
and HGADEN178. All HGP cell lines displayed the classical HGP
mutation [LMNA Exon 11, heterozygous ¢.1824C > T (p.Glyc08Gly)|
|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 Miinster (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 1-glutamine
without pyruvate (Gibco, catalog no. 41965) supplemented with 10%
fetal bovine serum (FBS; Biochrome), penicillin (100 U/ml), and
streptomycin (100 ug/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'Investigacio
en Ciéncies 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-Universititsmedizin
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 ug/ml) (Biochrome, catalog no. A2212).
All cells were grown at 37°C in a humidified incubator contain-
ing 5% CO,.

HUVECs were obtained from PromoCell (catalog no. C-12200;
LOT no.: 4497004) and cultivated using the Endothelial Cell Growth
Medium Kit (catalog no. C-22110) from the same company. Penicillin
(100 U/ml) and streptomycin (100 ug/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% CO,. 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 h TERT 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
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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,
HGADENI164, HGADFN178, 707, 731, 778, and 881) were grown
to 100% confluence in 10-cm dishes. For H;O, treatment, two culture
dishes of each cell line were treated for 2 hours with 200 uM H,0,
in 10 ml of fibroblast medium; an additional three dishes were
processed identically but without H,O,. 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 H;0; 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 H,O,-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 TagMan Universal Master Mix II,
no. UNG (catalog no. 4440040) from Applied Biosystems and
following the manufacturer’s manual. The cDNA samples (5 ng/ul)
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 TagMan assays from Applied Biosystems were
used. Primer characteristics are summarized in table $7. The AACt
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 MMgPCR 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/ul, 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), 0.75x SYBR Green |
(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 §7.

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-p-Gal staining

The four HGP patient fibroblast cell lines and two control cell lines
(731 and/or 811) were used for SA-B-Gal staining. Determination
of B-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 uM H,O; 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 H,O,. 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 ul of 1x fixation buffer
[10x fixation buffer (catalog no. F1797) diluted with H,O|. The final
concentrations in the cell dishes were 2% formaldehyde, 0.2%
glutaraldehyde, 7.04 mM Na;HPO,, 1.47 mM KH;POq, 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 CO; in 500 ul of staining mixture
[10x 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-um filter
before use to remove aggregates. The percentage of SA-B-Gal-positive
cells was ascertained by counting all visible cells in four fields of view
of a light microscope at x50 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 H,O, 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-p-Gal
staining and subjective visual quantification that measures enzyme
activity in cell lysates (69). In this assay, f-galactosidase acts on the
substrate MUG to produce 4-methylumbelliferone galactosidase, which
can be detected fluorometrically (74). For each cell line, approximately
3.2 x 10° cells were transferred into two 5-cm culture dishes (i.e., ca.
1.6 x 10° cells per dish) and were cultivated to 50 to 70% confluence.
One dish of each cell line was treated with 200 uM H,0; 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
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cells were washed six times with 1 ml of PBS, lysed with 200 ul 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
12,000¢ for 5 min at RT. The supernatant was frozen at 20°C until
analysis. For measurements, 100 ul of the lysate was transferred into
a reaction tube and mixed with 50 ul of lysis buffer and 150 ul of 2x
reaction buffer [40 mM citric acid, 40 mM sodium phosphate, 300 mM
NaCl, 10 mM mercaptoethanol, and 4 mM MgCly (pH 6), stored at
4°CJ; 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 ul of the reac-
tion solution was withdrawn and transferred to a new Eppendorf tube
containing 500 ul of stopping solution (400 mM Na,COj;) to inhibit
the enzymatic reaction. Then, 150 ul 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 ug/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 x 10
cells) were washed with 5 ml of 0.1% EDTA/PBS and then detached
with 400 ul 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 ul 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 ug of the cell homogenate was mixed
with 2x 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% p-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 (Thr***) (108D2) rabbit monoclonal anti-
body (mAb) (Cell Signaling Technology, catalog no. 9234) (1:2000),
phospho-mTOR (Ser***) (D9C2) XP rabbit mAb (Cell Signaling
Technology, catalog no. 5536) (1:1000), and phospho-Akt (Ser*”)
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 ul of 30% H,O; before use
for each membrane. All blots were stripped with glycine stripping
buffer (100 mM glycine and 320 mM HCI) 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-B-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 B-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 B-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
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immediately. Last, the supernatant was aspirated and the cell pellet
was resuspended. After fixation, 10 ul 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 pl 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/MgCly. 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 ul 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 0.4x SSC/0.3%
IGEPAL® CA-630 (Sigma-Aldrich, catalog no. 13021) solution at 73°C,
briefly washed with 2x 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 63x 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 um) for graphical
presentation (figs. S8, C,and D, and §9). 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 “Optimal Cutpoints”
(76) was used. The optimal cut point was 2.26 um. 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 pg/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 ug/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/ul) 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 AACt 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 ug/ml; Sigma-Aldrich, catalog no. A2385)
dissolved in full medium was added to dishes C and D. The cells
were then incubated in 5% CO; for 48 hours at 37°C. After 48 hours
of incubation, TSA (0.2 pg/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.
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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% CO; for 24 hours at 37°C. RSV (Merck, catalog no.
554325) in DMSO was added to fresh medium at different concen-
trations: A: 0 uM RSV (DMSO-only control); B: 0.25 uM RSV; C:
1.0 uM RSV; and D: 10 uM RSV. After a total 48-hour incubation,
mRNA was isolated, and gPCR 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% CO, 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 uM (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 TagMan Universal Master Mix II,
no UNG (catalog no. 4440040) from Applied Biosystems following
the manufacturer’s manual. The cDNA samples (5 ng/ul) 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
TagMan 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 AACt 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 pl of 70% ethanol and incubated at
4°C for 24 hours. The cells were centrifuged and resuspended in 200 ul
of PBS with propidium iodide (50 ug/ml) (Sigma-Aldrich, catalog
no. 25535-16-4) and ribonuclease A (25 ul/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 ul 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 Bshringer et al.
(77). For this purpose, 25 ug of total protein isolated as described in
(78) was diluted in 50 ul of SHC buffer and 50 ul 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 ul 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 ul 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.abk2a14

View/request a protocol for this paper from Bio-protocol.
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Fig. S1

Telomeric distances of known TPE-OLD genes. For each human gene, the dendrogram
presents the maximum linkage tree of its orthologues, calculated based on their telomeric
distance. Only species with replicative aging are considered. The height of a connecting bar
represents the maximal difference in telomeric distance. The red bar is drawn at 1 Mb and
represents where the tree is cut into subtrees. The number of genes in the two largest subtrees
determines the rank of that gene in the TPE-OLD candidate list. The green dots represent the
distance of an orthologue to the telomere. For example, C1S has two preserved telomeric
distances: ~7 Mb from the telomere (dog, bonobo, African green monkey, gorilla, human,
gibbon, chimp, macaque, olive baboon) and ~16 Mb from the telomere (sheep, hybrid indicine
cattle, goat, hybrid cattle, cattle).
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Fig. S2

Telomeric distances of selected serine/threonine specific phosphatases (PPP) that are

candidates for TPE-OLD. Analogous to Figure S1, this figure presents dendrograms for the

telomeric distances of selected subunits of PP2A.
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Fig. S3

TPE-OLD candidate genes are positioned by the preserved telomeric distances of their
orthologues. For the selection of TPE-OLD candidates we determined for each gene the
telomeric distances that appear preserved, i.e. regions that contain most of its orthologues while
not exceeding 1 Mb in size. We allow two such chromosomal regions per gene. This plot
positions every gene by the mean of the telomeric distances in each region. The X axis denotes
the position of the “larger” region, i.e. the one that comprises more orthologues; the Y axis
denotes the position of the other region. The chromosome (where the human orthologue is
found) is indicated by a symbol. This helps to identify syntenic regions that appear as lines
(parallel or orthogonal to the diagonal). Names of genes for which a TPE-OLD effect has
previously been shown or suggested are in green. Names of protein phosphatase subunits are in
blue. Known TPE-OLD genes, such as hTERT at the end of the telomere, are frequently found
close to the 15 Mb (from the telomere) or close to the 5 Mb region. PPP2R2C (orange) is located
close to the 15 Mb and 5 Mb regions.
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Fig. S4

TPE-OLD concept, PP2A holoenzyme structure and genomic localization of PP2A
subunits. (A), Genomic localization of regulatory PP2A subunits. (B), Genomic localization of
structural and catalytic PP2A subunits. Higher primates and other long-lived species with
replicative aging retain the location of genes encoding some regulatory PP2A subunits at the end
of their chromosomes. The location of each gene is shown in a schematic representation. Only
the subtelomeric areas (up to 10 Mb) are drawn to scale, not the middle range. Each bar
represents an individual chromosome; each color represents one PP2A subunit. The location of

the genes relative to the telomeres is marked on the chromosome.
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Fig. S5

Growth curves of primary (-hTERT) and immortalized (+hTERT) fibroblast cell lines.
CON, healthy controls (turquoise symbols: squares N707, triangles 731, circles 778, thombuses
811). HGP, Hutchinson-Gilford progeria fibroblasts (magenta symbols: squares HGADFNO003,
triangles HGADFN164, circles HGADFN127, rhombuses HGADFN178). L, low population

doubling (PD); H, high PD.
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Fig. S6

Telomere length- and stress-dependent mRNA levels of regulatory, structural and catalytic
PP2A subunits and control genes in healthy control (CON) and Progeria (HGP) cells. qPCR
analysis of healthy CON and HGP fibroblasts at low (L) and high (H) PD was performed under
basal conditions (10% FCS), in the absence of H>O; (light gray columns) and in the presence of
H>0; (200 pM; 2 h, gray columns). Cyclophilin A was used as an internal normalization control.
WFS1 and HTT represent internal controls, e.g., genes between PPP2R2C and the telomere. P21
was used as a marker for stress-inducible activation. TBC1D3 is a potential confounder that may
influence mTOR signaling and the HGP phenotype. All values were normalized to the level

(= 100%) of mRNA in young cells (PD 13-20). Each assay was performed in biological
quadruplicates and technical replicates and is shown as the mean = SEM. The Mann-Whitney U
test was employed to assess statistical significance. * indicates p < 0.05 and ** p < 0.01 for low
PD wvs high PD; # indicates p < 0.05 and ## p < 0.01for -H20; vs. tH20; (A) Overall
summarized data. (B) Data shown for all individual controls separately and in (C) for all
individual HGP cell lines separately (with 3 technical replicates each).
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Fig. S7

Senescence associated-p-galactosidase as a marker for telomere length- and stress-
dependent senescence. The number of senescence-associated pB-galactosidase (SA-B-Gal)-
positive cells (A, C, E-H) and the SA-B-Gal levels of cell extracts (measured fluorometrically as
MUG) (C, D) were determined in primary and immortalized cells using two healthy control cell
lines (light gray) and four HGP cell lines (gray) in the absence and presence of H,O; (200 puM, 2
h), as described in the Materials and Methods. (E), Representative SA-B-Gal staining of HGP
cells (low PD) in the absence of H20;. (F), Representative SA-B-Gal staining of HGP cells (high
PD) in the absence of H20s. (G), Representative SA-B-galactosidase staining of immortalized
HGP cells (low PD) in the absence of H201. (H), Representative SA-B-Gal staining of
immortalized HGP cells (high PD) in the absence of H20s. L, low PD; H, high PD, as indicated.
The percentages of SA -B -Gal-positive cells were ascertained by counting five visual fields

under a light microscope at 50x magnification by two different individuals independently and
blinded.
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Fig. S8

Telomere length-dependent chromosomal reorganization of pre-senescent and hT7ERT-
immortalized fibroblast cell lines. (A), Overall distribution of TEL-PPP2R2C probe distances
for healthy control cells (n=208, 224, 266 for 707, 731 and 778). (B), Overall distribution of
TEL-PPP2R2C probe distances for HGP cells (n=250, 236, 244 for HGADFN127,
HGADFN164 and HGADFN176). The proportion of probe distances <2.26 um and >2.26 pm
are shown in circle diagrams. Adjacent (A) and separated (S) as indicated. (C), Stacked bar
charts for all distances for all healthy controls (n=698) and all HGP cells (n=730), and the same
data separated for the respective shortest and longest distances in each cell. The mean distances
were stratified by cell lines and by immortalization status. Fibroblasts with short telomeres (-
hTERT) show a shift to greater distances relative to cells with long telomeres (+hTERT); i’ test
for trend, p < 0.001. The x-axis presents the deciles of distances from decile 1 = lowest 10% of
distances to the highest decile, decile 10 = highest 10% of distances. (D), Pairwise (allele
specific) TEL-PPP2R2C probe distances with the respective shortest and longest difference in
each cell for CON (n=698) and HGP (n=730).
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Fig. S9
Original data for all TEL-PPP2R2C probe distances for healthy controls and HGP cell
lines. Distances were divided into deciles (0.7258 um, 1.090 pm, 1.3442 pm, 1.606 um, 1.93
pum, 2.28 pm, 2.773 um, 3.49 um, 4.451 pum) for graphical presentation. Horizontal lines indicate
the bounds of deciles. The cut-off value for separation of A and S was 2.26 pm for all cell lines.
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Fig. S10

Influence of chromatin modulators on PPP2R2C expression. Human fibroblasts were treated
for the indicated time with the following: 1.) TSA at 0.2 pg/ml (gray; n=3 cell lines, 3 technical
replicates each), 5-AzaC at 1 pg/ml (dark gray; n=3 cell lines, 3 technical replicates each), or
both inhibitors (black); 2) resveratrol at a concentration of 0.25 pM (gray; n=3 cell lines, 3
technical replicates each), 1.0 pM (dark gray), or 10.0 uM (black); 3) 50 pM compound BCI-150
(dark gray) or the respective amounts of vehicle DMSO (light gray; all experiments n=3 cell
lines, 3 technical replicates each). All values were normalized to the level (= 100%) of mRNA in
primary cells (PD 13—17) in the absence of inhibitor. Each assay was performed in both
biological and technical triplicates and is shown as the mean = SEM. The Mann-Whitney U test
was used to assess statistical significance. * indicates p < 0.05 and ** p < 0.01. The experiment
with compound BCI-150 was performed in technical triplicates for one cell line. Cyclophilin A
was used as an internal normalization control. 11 of 288 measurements were excluded because of
nondetectable mRNA.
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Fig. S11

Correlation between TL and degree of phosphorylation of (A) Akt and (B) p70S6K.
All protein levels were normalized to the protein levels of B-actin. PR, protein ratio.
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Fig. 512
p70S6K dephosphorylation occurs independently of basal mTOR levels . The amount of cell protein
is shown in relation to cell growth rates in vitro. Total protein levels of Akt, mTOR p70S6K and
phosphorylated p70S6K are shown in relation to the slopes of the growth curves of control and progeria
(HGP) cell lines before (-hTERT) and after #TERT immortalization (+hTERT) at low (L) and high (H)
PDs. Data are derived from Fig 5 and Fig. S5 datasets. Relative protein levels were divided by the slope
at the respective time of harvesting. To determine the growth rate, the slope between the last PD-
datapoint before harvesting and the PD at time of harvesting was calculated. Despite 2-3-fold higher
relative mTOR, p70S6K and AKT protein levels in pre-senescent HGP cells (HGP cells seem to have an
inappropriately high mTOR tone in pre-senescence) the degree of phospherylation of p70S6K was not
enhanced but was rather further decreased (red arrow). Thus effects induced by PR55y in pre-senescence
are not secondary due to reduced mTOR levels. By contrast, effective dephosphorylation of p70S6K may
rather mitigate negative effects of inappropriately high mTOR tone in HGP cells.

=

0L Akt = 707
802 731
778
60 o 811
HGADFNOO3
HGADFN127
HGADFN164
HGADFN178
CON

250 4 mTOR HGP

=l
L=
1
L ]
IS

Rel. Protein/Slope
- $u i
oo oo
1 1 1
o
e WO
—HEi®
J @
> ko n

Rel. Protein/Slope
o o)
o o
1 |
W
[ ]

—

oo
il

-

BN B

=
o
o
k']
1]

P-p70S6K

40 4
30 4

Rel. Protein/Slope
w
(=]

ha
coo

1
d3m
bml B @

-

=M
owm
oo
Ml
i

1

p70S6K

Rel. Protein/Slope
o
o

=
1
-]
I - apx
e ek

-hTERT + hTERT



84

Fig. S13

Serum starvation is not a major determinant of p70S6K phosphorylation in aged
fibroblasts in vitro. (A) Immunoblot analysis of total and phosphorylated p70S6K in
immortalized control fibroblasts with long telomeres (L) and in aged control fibroblasts with
short telomeres (S) without (-) or with (+) serum starvation, as described in Materials and
Methods. The healthy control cell line 811 was used:. Attributable to artifacts in the Western blot
densitometric analysis of protein signal was not possible, B-Actin was used as reference for input
control. (B) qPCR analysis of the same healthy control cell line was performed once (with
technical triplicates) for mTOR and PPP2R2C under identical conditions as in (A). Cyclophilin A
was used as an internal normalization control.
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Fig. S14

Lack of metabolic suppression and cell stress in HGP fibroblasts. (A), Cellular levels of the
senescence marker MUG (left panel) compared to the metabolic marker arylsulfatase A (activity
in the middle panel and protein in the right panel), as shown for primary pre-senescent cells. The
protein product and resulting activity of ARSA, which is regulated by mTOR and p70S6K and is
strongly inhibited by the prototype mTOR inhibitor rapamycin, is not suppressed in pre-
senescent HGP cells. Data show the mean values of three controls (707, 731, 811) and three
HGP cell lines (HGADFN127, HGADFN164, HGADFN178). The Mann-Whitney U test was
used to assess statistical significance. * indicates p < 0.05. (B), Cell cycle distribution of healthy
primary control cells (upper left), primary HGP cells (upper right), healthy control cells after
hTERT immortalization (lower left), and HGP cells after A”TERT immortalization (lower right),
as described in Materials and Methods. GO/G1-phase (dark gray), S-phase (gray) and G2/M-
phase (light gray). HGP cells had a higher percentage of cells in the G2/M phase and a lower
percentage of cells in the S phase, which is typical for high proliferation stress. The ARSA
activity levels were not increased in young HGP fibroblasts (low PDs) and were not increased in
hTERT immortalized cells.

A

2,04

»
-}

in
r
-
in

MLIG [RFUImg]
=
ARSA Activity [miiimg]

=
th
L

ARSAP-Actin [Probein Raic]
Bt

0.04

00

Bl coct s [ 1Gam

3%

CON 86% 6% HGP
8% 16%
6% 3% HGP-T

CON-T 83%
1% 10%



86

Fig. S15

PPP2R2C knock down by siRNA and induction of protein synthesis (A). Western blot
analysis: effects of PPP2R2C knock down via siRNA in fibroblasts derived from a HGP affected
individual. Depicted levels of total and phosphorylated p70S6K protein without and with siRNA
treatments in two different concentrations. B-actin serves as a loading control. For densitometric
illustration of blots B-actin was used as reference for input control. PR, protein ratio (B) mRNA
levels of genes whose transcription is likely under control of p70S6K . Cyvelophilin A was used as
an internal normalization control. All values were normalized to the level (=100%) of mRNA in
untreated cells (CON). For each gene the significance was calculated against the control (CON)
of this gene. Assay was performed in duplicate using technical triplicates (total of six
measurements). Data are shown as the mean = SD. The Mann-Whitney U test was employed to
assess statistical significance. * indicates p < 0.05 and ** p < 0.01.
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Fig. S16

Cell proliferation in control and HGP fibroblasts. First derivatives of growth curves of
control and progeria cell lines before (bold line) and after A77ERT immortalization (faint line).
Progeria cell lines show a faster proliferation rate with an earlier stop of cell growth compared to
healthy control cell lines. No smoothing was applied. CON, healthy controls; HGP, Hutchinson-
Gilford progeria cells.
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Fig. S17
Amount of PPP2R2C mRNA in lymphoblastoid cells (L.CLs) from participants of the
BASE-II correlated with telomere length, as measured by monochrome multiplex qPCR,

which is described in the Materials and Methods section. All values are normalized to the level

(=100%) of mRNA of the median of the TL. Data are shown for 413 LCLs (each analyzed in
technical triplicates).
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Fig. S18
mRNA levels of the four PPP TPE-OLD candidates and all confirmed TPE-OLD genes in
LCLs and HUVECSs with long and short telomeres. qPCR analysis was performed under basal
conditions (10% FCS), in cells with long telomeres (low PDs in HUVECs) and in cells with
short telomeres (high PDs in HUVECs). TL was measured by monochrome multiplex qPCR, as
previously described. Cyclophilin A was used as an internal normalization control. All values
were normalized to the level (=100%) of mRNA in cells with long telomeres. P-values indicate
significance of the difference for assays done in duplicate using technical triplicates (total of six
measurements). Data are shown as the mean = SD, the mean and median are shown. The Mann-
Whitney U test was employed to assess statistical significance. * indicates p < 0.05 and ** p <
0.01 for an increase relative to low PD/long telomeres; # indicates p < 0.05 and ## p < 0.01 fora
decrease relative to low PD/long telomeres (A) Overall summarized data shown for LCLs (B)
Overall summarized data shown for HUVECs. For HUVECs the TL was measured in technical
triplicates, the average of the three measurements (performed on different days) was used to
report the mean TL.
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Fig. S19

mRNA levels of PPP2R2C in fibroblasts derived from cell donors of different ages. gPCR
analysis was performed under basal conditions (10% FCS), in cells with long telomeres and in
cells with short telomeres from donors of different ages. Cvclophilin A4 was used as an internal
normalization control. All values were normalized to the level (=100%) of mRNA in cells with
long telomeres. All assays were done twice and are shown as mean of technical triplicates (A),
gPCR data derived from samples of an array expression experiment (A. Herman group). Cells
were harvested at high PDs =35, (B), Data derived from samples of an independent experiment
(M. Walter group) of different cell donors derived from children and one middle-aged woman
(cell line N14 in Table S7). Cells were harvested at both low PD and high PDs. Cyclophilin A
was used as an internal normalization control. All values were normalized to the level (=100%)
of mRNA in cells with long telomeres. n.d., not detectable
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Fig. 520

Selected genes and gene families sorted by species and distance to telomeres:

Telomeric distances for TPE-OLD candidate genes. The figure shows the distance to the closest
telomere in Mb for selected TPE-OLD candidate genes. Genes are distinguished by their symbol,
supported by color. Species are separated horizontally, sorted by the median distance to
telomeres for all genes in the genome. Species proposed to age replicatively are grouped on the
left. Telomeric distances among TPE-OLD genes are preserved across species such that these
appear as horizontal lines on the left. The number in parentheses behind the gene name indicates
the human chromosome coding for that gene.

(A) TPE-OLD candidate genes often code for factors involved in cell cycle regulation, tumor
suppression, stress response, immune defense and metabolic regulation. Examples for TPE-OLD
candidates are tumor suppressor genes (EBF, CDKNIC, CDKN2D), stress response genes and
metabolic regulators (HSF1, MAPK]1, FOXI2), regulators of epigenetic silencing (SIRT3,
HDAC4), DNA damage response genes (HSF2BP, MGMT, CDKN2AIP), defense response genes
(ILI7REL, IIL15RA, IGHG?) but also genes coding for proteins whose expression increases or

declines during aging for unknown reasons such as some coagulation factors or lamins (LMNB?2).

Within the respective gene group, only individual members are TPE-OLD candidates. Some
gene families seem to have no TPE-OLD genes at all such as HOX (B) and NF-«B8 (C).
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Fig. S21

Original Western blot data. Original Western blots of Fig. 5. *Indicates the blots shown for
Fig. 5a-c. The blots (per cell line) are numbered according to their order of preparation. Blots
with the same cell line and number were incubated with different antibodies. Red crosses
indicate single lanes that were excluded from analysis because of loss of sample due to edge
effects.
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Fig. 822

Original Western blot data. Original Western blots of Figs. S13 and S15. (A) Serum starvation
indicated with + or — sampled for cells with short telomeres (S) and long telomeres (L). (B)
Original data for the PPP2R2C siRNA experiment: effect on p70S6K and P-p70S6K with
different siRNA concentrations.
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Table S1.

Regulation of gene expression with progressive telomere shortening in established and new

TPE-OLD candidates. Green color, previously known or suggested TPE-OLD genes; dark
green; TPE effect additionally confirmed by FISH; blue color, members of the phosphatase
(PP2A) family investigated in this study

Myoblasts’ Fibroblasts',2 | LCL HUVEC
1 n/a n/a n/a
) n/a n/a n/a
c1s 1 1 ~ 1
1 1 n/a n/a
1 n/a n/a n/a
1 n/a n/a n/a
DSP 1 1 ~ '
1 n/a n/a n/a
1 n/a n/a n/a
ISG15 1 1 ~ -
1 n/a n/a n/a
SORBS?2 *) n/a n/a T
1 l n/a n/a
TERT n/a ) ~ -
1 n/a n/a n/a
1 n/a n/a n/a
PPP2R2C n/a 1 ~ 1
PPP2R2D n/a ~ ~ 1
PPP2R3B n/a ~ ~ ~
PPP2R5C n/a ~ ~ 1

n/a, no data available; 1, higher expression in cells with shori

(SORES2) (9), Robin et al. (all others) (107; 2, from references Kim et al. (TERT) (12); Lou et al {(ISG15) (11).

telomeres; |, lower expression in cells with short telomeres; ~, no significant change or
inconclusive results; brackets, detectable in pathogenic context only (SORBS2) or for not full-length mRNA (TERT); 1, from references Robin et al.
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Table S2: Ranking of TPE-OLD candidate genes. This table presents all 2322 genes that are
TPE-OLD candidate genes, ranked by the number of orthologues that are at the same telomeric
distance. The first two columns (x and y) provide the mean of the telomeric distances of the two
1 Mb-wide chromosomal regions that contain most of the orthologues. The columns num.x and
num.y show the respective number of orthologues covered by that region and num.xy is the sum
of these two, by which the gene is ranked. The next column indicates the human chromosome on
which the gene is located and the last column indicates the name of the gene.

Table S2 is available as an excel file at: https://doi.org/10.5281/zenodo.6477501
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Table S3.

Gene set enrichment analysis of all TPE-OLD candidate genes with g:Profiler
Genes from Table S1 were entered into g:Profiler (19, 20); p values are color-coded from yellow

(insignificant) to blue (highly significant).
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REAC | stats.
Term name Termn ID | Pag L -bmdﬁd ) Show evidence codes
Gamma carboxylation, hypusine formati REACR-HSA-16..  3379x103 i |
1tolofl | Pagelofl
MIRNA stats
Term name Term ID | Pog L«bg»(&d - Show evidence codes
hsa-miR-331-3p MIRNAhsa-mif 21841073 [ ] |
hsa miR 6791 5p MIRNA sy miR.  1.554%107 I |
hsa-miR-106b-3 MIRNA sa-mif_  2118x102 o |
hsa-miR 615 3p MIRNADsa miR..  2258x102 (] |
1o40la | Pageloll
HPA | stats
Term name Term 1D Peg -logulpyg) ;| Showevidence codes
bronchus HPADCE000) 1601x10°2 ﬁ |
placenta; decidual cells| zLow| HPAD2E0511 41324102 B |
1t020f2 | Pagelofl
CORUM | stats
Term pome. Tem D Pod lp TRl Showeddencecodes
Ct8P complex CORUM:BAZ 12182102 [l |
ltolofl | Pagelofl
HP | stats
Term name Torm ID | Peg | -bgmd %1 Show evidence codes
Mitochondrial inheritance HPOXIL4Z 5562410 i |
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Lober optic atrophy HPOX1112 41454107 [
Wiolff-Parkinson-White syndrome HPOXLTLH 6781x107 i |
Ragged-red muscle fibers HPOXI2L0 71814103 |
Central recinal vessel vascular tortuosity HPOXITTEA 1384102 ] |
Retinal arteris! teruosity HP-OX063L 13182107 i |
Postural tresmor HPO02174 2490x102 [ |
Mitockandrial respiratory chain defocts HPOX0175 1118107 [y |
paired vi ive cogniti HP.0DI0TH 1579x102 1 |
Stroke-ike spisode HP.OX21CL 3607x202 B |
Sow decresse in visual actity HPONITz4 3724x107 B |
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Table 5S4

Functional gene groups

GEMNE FAMILY ALL TPE
GENES GEMNES

ZNF &8 ea
SNO 203 60
KM a7 10
RAB 8 17
FPFP &1 16
MRP e 16
WOR 62 16
FBX &2 1z
ADA 58 14
SER &7 17
POL 55 12
FOX 54 11
MAG 48 14
ABC 48 8
UBE 43 11
ZBT 42 10
L1 42 3
TBC 40 1
GAL k2l 11
CFA 33 ]
GOoL 8 21
SCA 8 1
PRK 35 T
MET 34 ]
CAC 3l a
FGF Edl 7
FRS 23 1
CHR 28 T
SH3 28 T
ZFP 25 Fi
IGH 23 19
KL 12 10
LCN a a

RR

1.802
1.2
1.235
1.205
1.248
1.277
1.828
1221
1.522
1.881
1.481
1.285
1.840
1.234
1.813
1.487
1.201
1734
1.779
1.328
3.880
1.827
1.281
1.484
1.831
1.424
2478
1.802
1.888
1.788
5211
3.320
8.308

FUNCTION

DN binding proteins
glutamine amidotransferases
potassium channels

small G proteins

sernefthreonine phosphatases
ATP-binding cassette transmembrane profeins
WDR domain proteins

F-box proteins

adenosine deaminases

serine proteases

DNA polymerases

transcription factors
cancer-associated proteins

ATP binding proteins

ubiquitination factors

DNA binding proteins

cytokines

GAP domain proteins

galaktose transfer proteins
poly(ADP-ribose) polymerases

Golgi proteins

transcription factors

serne/threonine kinases

receptor tyrosine kinases

calcium channels

growth factors.
phosphoribosylpyrophosphate synthetases
CHR domain proteins

‘SH2 domain proteins

DNA binding proteins
immunoglobulin heavy locus proteins.
serne proteases

transcriptional regulators.

INVOLVED IN

ional regulation, protein ion, DNA repair
pyridoxine biosynthesis, response to nutrient limitation
antagonism of insulin secretion
vesicular transport; organelle formation; cell growth and development
cell growth and energy metabalism
expart of organic anions and drugs
DNA damage sensing: DNA repair, protesn degradation, epigenetic regulation and immunity
protein degradation and hematopoiesis
purine metabolism; immunity
myeloid and lymphoid immunity, embryological growth and synaptic plasticity
DN repair
cell gowth and development
stress adaptation
drug resistance
protein degradation
development
or sterle insults

=il of immune and i to i

cell growth

metabolism; innate and adaptive immunity

ADP i ion; tumaor

esicular fransport and Golgi architecture:

neuroprotection

regulation of meiosis and mitosis

cell growth

cell-to-cell communication, ney ission and ne

cell gronth

ATP dependent cellular metabolism, cell growth and DMA repair

transcriptional regulation of the cell cycle

signaling pathways regulating the cytoskeleton and cell growth (Ras, Src)
ion of ipti and

adaptive immunity

innate immunity and tissue specific functions (neural plasticity, amyloid hydrolysis)

cell growth, DNA repair, ubiquitination and tumar suppression

Genes are aggregated to their first three letters that commonly indicate a gene family. The column "ALL GENES" presents the number
of members in the whole genome, the "TPE-GENES" column the number among the selected TPE-OLD candidates. RR is the ratio of
the relative frequency in the TPE-OLD subset to the relative frequency in the genome. The PPP genes are among the most abundant of

TPE-OLD candidates.
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Table S5.
Control and patient fibroblast cell lines

Cell Line Age, Sex Molecular Defect Primary Cells* Immortalized Cells*

PD Low PD High PD Low PD High

707 5 month, female no 17 [0.72] 54 0.20] 18 [0.60] 70 [1.59]

731 5 month, male no 13 [0.71] 55[0.15] 16 [0.71] 56 [2.91]

778 8 month, male no 15 [0.48] 41 [0.16] 14 [1.18] 66 [2.72]

811 1 month, female no 15[0.81] 49 [0.24] 28 [1.18] 63 [2.84]

HGADFN003 2 years 0 month, male Exon 11 mutation C->T, clinically affected 19 [0.68] 34 [0.46] 34 [1.44] 63 [0.87]

HGADFN127 5 years 0 month, female Exon 11 mutation C->T, clinically affected 19 [0.52] 40[0.24] 15 [0.96] 57 [2.74]

HGADFN164 4 years 8 month, female Exon 11 mutation C->T, clinically affected 19 [0.28] 42[0.17] 15[0.67] 64 [1.10]

HGADFN178 6 years 11 month, female | Exon 11 mutation C->T, clinically affected 20 [0.47] 34 [0.28] 22[1.03] 59 [1.54]

N14 55 years, female no 18 [1.11] 39 [0.78] 52 [2.65]
Youngl? 2 years, male no 42
Youngs* 9 years, female no 38
Midagel* 34 years, male no 43
Midage3* 48 years, female no 40
old1* 78 years, male no 37
o1d?* 82 years, female no 40

* Mean telomere length in brackets next to the PD (population doubling number).Telomere length was measured using a monochrome multiplex gPCR. The PD
was calculated as follows: ((current cell number / previous cell number)log)/0.3, # These cell lines were only analyzed in high passage.
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Table S6.

Log-transformed distance between the gravity centers after 3D-reconstruction
Results of hierarchical linear models. The table shows the results of hierarchical linear models (HLMs) with the intracellular probe
distances in gravity centers after 3D reconstruction as dependent variables. There was no significant difference between progeria cell
lines and control cell lines before immortalization (mean difference -0.03, p=0.72), and immortalized cells showed significantly lower
distances than nonimmortalized cells: mean difference = -0.34, p <0.0001. The effect of immortalization did not differ between
progeria cell lines and control cell lines: mean difference after immortalization: 0.03, p = 0.76. Similar results were found for all
shortest and longest probe pair distances per cell.

Parameter Distance AB Distance CD Combined distance AB and CD”
B (95%-confidence B (95%-confidence B (95%-confidence
p-value p-value p-value
interval) interval) interval)
Progeria cells IVI:IS“S control | 0,03 (-0.22 t0 0.16) 0.76 -0.04 (-0.25t0 0.17) 0.72 -0.03 (-0.22 10 0.15) 0.72
cel
Immortalisation versus no

X s -0.38 (-0.52 t0 -0.25) <0.0001 -0.29 (-0.41 t0-0.17) < 0.0001 -0.34 (-0.43 t0 -0.25) <0.0001

immortalisation
Immortalisation in Progeria
cells versus immortalisation 0.04 (-0.15 t0 0.23) 0.67 0.004 (-0.17 t0 0.17) 0.97 0.02(-0.11t0 0.15) 0.76

in control cells

# Distances AB (shortest probe distance) and CD (longest probe distance) nested within cells and cells nested within cell lines.
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Table S7.
List of primers used for gPCR

All TagMan probes used for gene expression analysis with gPCR spans exons and were obtained from Applied Biosystems.

Gene name Exon boundary | Assay location | Amplicon length Ref. Nr.

Cl1s 4-5 671 85 Hs00156159_m1
CACNAILA 41-42 6195 87 Hs01579431_ml
CDKNIA (p21) 2-3 566 66 Hs00355782_ml
DSP 8-9 1385 59 Hs00950591_m1
HIT 64-65 9046 69 Hs00918174_ml
ISGL5 22 # 482 140 Hs01921425_s1
PPP2CA 6-7 1259 77 Hs00427260_ml
PFP2CB 1-2 513 125 Hs00602137_ml
PPP2RIA 3-4 566 111 Hs01026388_ml
PPP2RIB 11-12 1505 146 Hs00988483_ml
PPP2R2C 9-10 1126 59 Hs00902099 _ml
PPP2R2D * 1904 91 Hs00908762_gl
PPP2R3B 7-8 1302 61 Hs00203045_ml
PPP2RSC 12-13 1338 65 Hs00604899 g1
SCAMP4 5-6 502 91 Hs00365263_ml
SORBS2 10-11 1598 87 Hs01125197_ml
TBC1D3 11-12 938 83 Hs04191701_gH
TERT 3-4 1826 57 Hs00972650_ml
WEsI1 2.3 404 81 Hs00903605_ml1
ZMNF286 6-6 # 3621 142 Hs00612325 sl
Human PPI (Cyclophilin A) 435 9% 4333763F

* Only amplicon spans exons, probe does not span exons; # Both primers and probe map within a single exon.
Primer telomere length measurement (73) Primer sequence
telg 5- | ACACTAAGGTTTGGGTTTGGGTTITGGGTTTGGGTTAGTGT -3
tele 5. | TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA | -3°
albu 5. | cggeggegggeggcgeggectgepeggAAATGCTGCACAGAATCCTTG | -3
albd 5°- | geceggecegeegegeeegtecegeegGAAAAGCATGGTCGCCTGTT -3
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ABSTRACT

Background: Nibrin, as part of the NBN/MRE11/RAD50 complex, is mutated in Nijmegen breakage syndrome
(NBS), which leads to impaired DNA damage response and lymphoid malignancy.

Results: Telomere length (TL) was markedly reduced in homozygous patients (and comparably so in all
chromosomes) by ~40% (qPCR) and was slightly reduced in NBS heterozygotes older than 30 years (~25% in
gPCR), in accordance with the respective cancer rates. Humanized cancer-free NBS mice had normal TL.
Telomere elongation was inducible by telomerase and/or alternative telomere lengthening but was associated
with abnormal expression of telomeric genes involved in aging and/or cell growth. Lymphoblastoid cells from
NBS patients with long survival times (>12 years) displayed the shortest telomeres and low caspase 7 activity.
Conclusions: NBS is a secondary telomeropathy. The two-edged sword of telomere attrition enhances the
cancer-prone situation in NBS but can also lead to a relatively stable cellular phenotype in tumor survivors.
Results suggest a modular model for progeroid syndromes with abnormal expression of telomeric genes as a
molecular basis.

Methods: We studied TL and function in 38 homozygous individuals, 27 heterozygotes, one homozygous fetus,
six NBS lymphoblastoid cell lines, and humanized NBS mice, all with the same founder NBN mutation:
c.657_661del5.

WWW.aging-us.com 12342 AGING



114

INTRODUCTION

Nijmegen breakage syndrome (NBS) was first described
m 1981 in two patients in Nijmegen. in the east
of the Netherlands [1]. It is characterized by
chromosome instability associated with microcephaly,
immunodeficiency. hypersensitivity to ionizing
irradiation, and a high predisposition to cancer [2—4].
NBS also displays other symptoms of aging such as
postnatal growth retardation, decline in mental function,
gray hair. telangiectasias and café au lait spots. Nibrin, a
DNA double-strand break (DSB) repair protein, is
defective [5. 6], and more than 90% of NBS patients
are homozygous for a founder mutation: ¢.657 661del5
[6-8]. Ruisk of death from lymphoma is elevated ~1000-
fold: by the age of 20. more than 40% of patients have
developed a malignant disease. predominantly of
lymphoid origin. Even heterozygous carriers of the
founder mutation have an increased risk of cancer [8]. In
some areas of the world. the NBN gene became the most
important cancer-predisposing gene [7].

Nibrin is part of the nibrin/Mrell/Rad50 (MRN)
complex, which is involved in the repair of DNA double
strand breaks (DSBs). the processing of DSBs in inmnme
gene rearrangements. and meiotic recombination [9]. The
important role of this complex in mediating the ATM-
dependent repair of DSBs probably explains the
predisposition to cancer and immunodeficiency in NBS.
It is unclear, however, why the incidence of cancer is so
much higher in NBS than in other genetic instability
syndromes. Nibrin is multifunctional and may also play
an Important role in protecting the telomeres from
mappropriate  DNA repair. Telomeric DNA is an
evolutionarily highly conserved repetitive sequence that
plays a crucial role both in cellular senescence and in
carcinogenesis. The exact role of the MRN complex and
nibrin in particular in telomere homeostasis is not clear.,
even though there have been some groundbreaking
experimental findings in recent years pointing to a key
function in the response to dysfunctional telomeres [10.
11]. Unlike in S. cerevisiae, mammalian MRN is not
required for association of telomerase to short telomeres
[12]. However, experimental in vifro and animal data
suggest that the MRN complex is required for activation
of the ATM-dependent repair of dysfunctional telomeres.
the resection of telomeric DNA to create the single-
stranded 3" overhang and for stabilization of telomeric T-
loops. which is required for telomere replication and
elongation [13. 14]. Telomeres recruit Mrel 1. phosphor-
rylated mibrin, and ATM, which is important for
protection and repair of telomeres [15, 16]. The MRN
complex protects the leading-strand ends from non-
homologous end joming (NHEJ) [17]. whereby the
telomeres seem to recruit Mrell, phosphorylated nibrin
and ATM in every G2 phase of the cell cycle and thus

promote the formation of a chromosome end protection
complex and a localized DNA damage response [18]. Tt
was proposed that mibrin is required for the proper
assembly of the MRN complex. which includes
ubiquitination of nibrin upon DSBs [19] and may
indirectly influence ATM activation by Mrell and
Rad50 [20].

We therefore hypothesized that NBS is a telomeropathy
[21. 22]. and that telomere abnormalities may accelerate
cancer manifestation. Shorter telomeres have been
described i individual NBS cases, for both NBS
lymphocytes [23. 24] and fibroblasts [25]. Nonetheless.
a systematic investigation has not yet been carried out,
and the importance of MRN in general and nibrin in
particular for telomere length and function are unclear.

RESULTS

Telomere lengths in human NBS cells and in
humanized NBS mice

Relative leukocyte TLs of blood DNA from 38 NBS
homozygotes. 27 heterozygotes. and 108 control
individuals were measured by qPCR. The mean relative
TL of NBS-homozygotes was ~40% shorter in two age-
matched groups (1-10 and 11-20 vears) than in the
control group (p<0.05). We found mildly (~25%)
reduced TLs in older NBS heterozygotes (=30 vyears
old: p=0.1) but not in younger heterozygotes (Figure 1
and Supplementary Tables 1-3).

For Q-FISH analysis. six NBS lymphoblastoid cell lines
derived from three individuals with extremely short
survival after cancer manifestation (<3 years). and from
three individuals with remarkably long survival (=12
years) were analyzed. All six lymphoblastoid cell lines
had TLs that were markedly reduced (by ~60-75%)
relative to healthy controls (p<0.05). Rather short
telomeres were found on chromosomes 17. 19, and 20.
but this pattern is also a characteristic of normal diploid
cells [26]. and no preferred shortening of a particular
chromosome was observed (Figures 2 and 3).

A positive correlation was found between the TL
measuwred by Q-FISH and the TL measwed by qPCR
(1=0.96): (Supplementary Figure 1). Regression analysis
was applied to transform the qPCR data into absolute
TLs. In the formula y=3.4(X)+10.11. vy represents the
predicted TRF (Terminal Restriction Fragment) value in
kb. X represents the qPCR (T/S) value. The qPCR data
and the TRF values showed a moderate correlation
(1=0.64. Supplementary Figure 2).

A rather uniform TL distribution has been described for
most fetal tissues of healthy individuals [27]. In
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Figure 1. (A) Relative telomere length (TL) as a function of age in NBS homozygotes, heterozygotes, and control individuals. Relative TL (T/S
ratio) was analyzed from blood samples of 38 NBS homozygotes, 27 NBS heterozygotes, and 108 control individuals by guantitative
polymerase chain reaction (gPCR). The dashed lines separate the NBS homozygotes in those with long, medium, and short TL. Below:
regression curves standardized for age. Original after thesis Raneem Habib [28]. (B) Comparison of TL, as analyzed by gPCR, of NBS
homozygotes, heterozygotes, and controls. The comparison was made for age-matched groups (mean values and standard deviation). *
indicates p<0.01; ** indicates p<0.001.
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contrast. we found considerable differences in TLs
between different fetal tissues: spinal cord and brain
tissues had the longest telomeres, while fibroblasts and
skin had the shortest. suggesting substantial telomere
attrition in these tissues before birth (Figure 4B).

The common human NBN mutation ¢.657_661del5 is
hypomorphic. allowing low-level. functionally relevant.
truncated nibrin protein to be formed through an
alternative initiation of translation. This is relevant
because a loss of function leads to early embryonic
lethality in mice [29]. Nbn-/- mice with the human NBS
allele display most of the human NBS characteristics
with one exception: humanized NBS mice are not prone
to early tumorigenesis [29]. The humanized mice
analyzed in this investigation expressed the human NBN
gene. generated by the introduction of the human
allele including the 5 bp deletion into Nbn-deficient

A

mice (NbnNBN®P). The T/S ratio of control and
Nbn-deficient mice showed some variability but we did
not find significant differences in the TLs between the
mice with the NBN founder mutation and the mice with
the wild type allele (Figure 4A).

Genetic instability in human NBS cells

The NBS cell lines exhibited spontaneous aberrations,
such as chromatid breaks and translocations, as
previously described [1-6]. The NBS cell lines in this
study displayved a markedly increased rate of chromatid
breaks after irradiation (Supplementary Table 4). In one
cell line (94P0307) we did find telomere fusions that
had not been described in previous NBS studies. All
individual telomeres of this line were shorter than those
of the control line 06P0131 with one exception: the
telomere of the p arm of one chromosome 19, which

Figure 2. (A) Analysis of telomere length by Q-FISH. Normal karyogram with single telomeres stained for telomere repeats (Q-FISH) and a
repetitive region in the centromeric region of chromosome 2. The horizontal lines overlaid on each chromosome define the measurement
areas. (B) Metaphases of the NBS LCL 94P0307 after Q-FISH of the NBS cell line 94P0307 with very short telomeres and a telomere fusion.
The arrows point to chromosomes 19. Left panel, Metaphase with weak telomerice fluorescence of both chromosomes 19; Right panel,
Metaphase with one chromosome 19 with a brightly fluorescent telomere of the p-arm. The other bright signal is the reference region of

chromosome 2. Original after thesis Raneem Habib [28].
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Figure 3. (A) Total telomere length (TL) analysed by Q-FISH. TL of six NBS lymphoblastoid cell lines and two control lines (06P0131 and
96P0125) was analyzed by Q-FISH. The boxplot presents the median, the minimum and the maximum T/C values. (B) Individual TLs of the NBS
line 94P0307 and the control line 06P0131 (red arrows in Figure 3A) analyzed by Q-FISH of 15 metaphases. The boxplot presents the median,
the minimum and maximum T/C values. Note the huge variability in TL of the short arm of one chromosome 19 (19p). Original after thesis
Raneem Habib [28].
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Figure 4. (A) Relative telomere length (TL) of three tissues of humanized Nbs mice as estimated by gPCR. Relative TL (T/S ratio) in brain,
heart, and liver tissues of humanized Nbs mice (Nbnv"NBN%!, in the figure labelled Nbn) 87, 68 and 92 (age: 32, 41, and 39 days) and
humanized wild-type mice (Nbn/"NBN*, in the figure labelled Nbn*): 95 and 98 (age: 32 days) estimated by gPCR. (B) Relative TL of an NBS
fetus. Relative TL £SD (T/S ratio) in 14 different tissues of a 32 week old NBS-fetus estimated by gPCR. Original from [28].
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showed an enormous variability in length (Figure 2B:
Figure 3 and Supplementary Table 5). due to cellular
mosaicism. This telomere was brightly fluorescent in
approximately 70% of the metaphases with decreasing
tendency during cultivation. The difference in relative
T/C values was approximately 11:1 for the two
chromosomes 19 (Supplementary Table 6). The
expression of hTERT was weak in this and all other
lymphoblastoid lines analyzed. close to the lower
detection limit (Supplementary Figure 3). pointing to
alternative lengthening of telomeres (ALT) as the most
likely mechanism of telomere elongation in this cell
line. Telomere dysfunction—driven genome damage
associated with clromosomal break-fusion-bridge
cycles and double-strand breaks are frequent in ALT
cell lines [30]. In this context. we were interested that
the cell line 94P0307 had twice as many aberrations
(chromatid breaks and translocations) compared to the
other two cell lines with long survival (Supplementary
Table 4 and Supplementary Figure 4).

Abnormal regulation of telomeric genes in NBS cells

We investigated possible functional consequences of
telomere elongation on 19p and of the expression of
telomeric genes per se. Telomeres may loop to specific
loci to regulate gene expression: this process is called
TPE-OLD (telomere position effect over long distances)
[31]. Individual genes or gene regulators close to the
telomeres are silenced in young cells (with long
telomeres) and become expressed when telomeres are
short. Re-elongation of short telomeres in cells by
exogenous expression of the AWTERT gene (active
telomerase) normally results in reorganization of
functional telomeres and expression patterns similar to
those in young cells with long telomeres. up to 10-15
Mbp away from the telomere [31]. We were interested to
know if long 19p telomeres might influence the mRNA
expression of telomeric genes. Using Affymetrix ¢cDNA
microarray analyses and fibroblasts from healthy
volunteers and Hutchinson Gilford progeria (HGP)
patients we identified ten genes on 19p that were
differentially regulated at the level of mRNA in pre-
senescent cells (with short telomeres) and in ATERT
immortalized cells (with long telomeres) and that were
not differentially regulated by UV-B uradiation as a
model for stress-induced senescence (Supplementary
Table 7 and Supplementary Figures 5-8).

As shown in Figure 5 and Supplementary Table 8.
differential regulation in array experiments was
confirmed by qPCR for all ten genes in the healthy
control fibroblasts. The extremely elongated telomere of
19p in the lymphoblastoid cell line did not show
any suppressive or enhancing effect on mRNA level
(Figure 5). By contrast, the expression of all TPE-OLD

candidate genes was markedly altered in pre-senescent
NBS fibroblasts. We observed lower mRNA levels for
BSG (-61%), GAMT (-35%), SCAMP4 (-52%), OLFM?2
(-90%). COLSA3 (-92%). CACNAIA (-91%) and
NOTCH 3 (-42%), and we observed icreases for
UHRFI1 (12.5-fold). RNASEH2A (15.1-fold), and
DDX394 (3.8-fold) in pre-senescent NBS compared to
pre-senescent control fibroblasts. The telomere-
dependent regulation was even reversed for UHRFI.
RNASEH24, CACNAIA and DDX394. All TPE-OLD
candidates encode proteins involved in senescence or
cell growth. BSG encodes the metalloproteinase
EMMPRIN that may trigger matrix metalloprotease and
cytokine production and plays an important role in heart
remodeling in aging mice [32]. The GAMT gene
product guanidinoacetate methyltransferase catalyzes
creatine synthesis, which may help to replenish cellular
ATP [33]. possibly for senescence-associated secretory
phenotype (SASP) [34]. SCAMP4 gene product
secretory carrier membrane protein is a direct player in
SASP [35]. The OLFM?2 gene product olfactomedin 2 is
an age-dependent regulator of cell differentiation and
regulates axonal growth [36]. COL5A3 induces collagen
synthesis and is involved in age-dependent tissue
remodeling [37]. CACNAIA regulates calcium entry
age-dependently and plays a role in neurodegeneration
[38]. NOTCH3 functions as a tumor suppressor by
controlling p21-mediated cellular senescence [39]. By
contrast, UHRF] 1s a negative regulator of senescence.
Cellular senescence can be induced by phosphorylation
and inactivation of UHRF1 [40]. RNASEH2A enhances
migration and invasion and may play a role in
cancerogenesis [41]. DDX394 is a RNA helicase and
Telomeric Repeat Factor 2 (TRF2)-interacting protein
with suspected roles in both cancer and longevity [42].
Altogether. these data suggest abnormal regulation of
telomeric aging genes in NBS cells.

Relationship between telomeres length, disease
progression, and cell pathology

There was no significant correlation between the TL
and either the age at cancer mamfestation or age at
death (Table 1. Supplementary Table 9). This result was
surprising insofar as we expected a worse phenotype in
patients with short telomeres. Thus we explored the
possibility that short telomeres may have stabilized
the phenotype in a senescence-like state in all or in
individual patients. To test this possibility. we
measured caspase 7 activity as a swrrogate marker for
apoptosis. Senescent fibroblasts resist apoptosis by
dowmregulating caspases. As shown in Table 2. caspase
activity was significantly higher in the three cell lines
derived from patients with shorter survival and longer
telomeres compared to those with longer survival and
shorter telomeres (2.8-fold; P<0.05, 48h after 10 mg/ml
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bleomycin). The cell line 94P0307 with the shortest phenotype with a higher “degree” of senescence in cells
telomeres displayed an extremely low (almost from patients with long survival.

undetectable) caspase activity. Moreover, the cell lines

derived from patients with shorter survival displayed on There is a close functional link between ATM and
average twice as many chromatid breaks as the cells nibrin [43]. As shown in Table 2, the radiomumetic
from patients with long survival (Supplementary Table bleomycin induction of ATM-Ser 1981 phosphorylation
4). Altogether these data point to a more stable was not significantly different among cell lines with
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Figure 5. (A) mRNA expression of TPE-OLD candidate genes in cells with normal/short telomeres and artificially elongated telomeres in
the presence of hTERT. gPCR analysis was performed in a healthy human fibroblast cell line, a NBS fibroblast cell line, and in all 6
available lymphoblastoid cell lines (LCLs). Total mRNA was extracted from proliferating fibroblasts and from the same cell lines
proliferating with experimentally elongated telomeres, after immortalization with ATERT. In LCLs, mRNA from the & different donors
was compared. One of these cell lines (94P307) showed extremely elongated telomeres on p19. The genes were identified as TPE-OLD
candidates by use of Affymetrix gene chip experiments in independent cell lines from healthy controls and HGP patients (as described in
Supplementary Tables 7-8 and Supplementary Figures 5—8). All values were normalized to the level (=1-fold) of mRNA in unmodified
and pre-senescent control fibroblasts. Fach assay was performed in triplicate. Red arrows mark the genes with attenuated regulation in
NBS (short telomeres in pre-senescent vs. long telomeres in hTERT infected cells). Green arrows mark the genes with reversed
regulation in NBS (dark green: downregulated in pre-senescence in controls; light green upregulated). The blue arrow marks the LCL
with extremely long telomeres on 19p. BSG: basigin; GAMT: guanidinoacetate methyl-transferase; SCAMP4: secretory carrier
membrane protein 4; OLFM1: olfactomedin 1; UHRF1: ubiquitin like with PHD and ring finger domains 1; COL5A3: collagen type V alpha
3 chain; RNASEH2A: ribonuclease H2 subunit A; CACNA1A: calcium voltage-gated channel subunit alphal A; DDX39A: DExD-box helicase
39A; NOTCH3: Notch receptor 3. ND, non detectable (mRNA quantifications with Ct values above 35). Borderline Ct values were
detected for NOTCH3 for the LCL 95P182 (mean Ct = 34.9) and 59P319 (mean Ct = 34.6), not shown in the figure. (B) TPE-OLD concept.
Telomeres loop to specific loci to regulate gene expression, a process termed telomere position effect over long distance [31]. The
effect may likely extend to a distance of at least 10-15 Mbp from the telomere. The marked TPE-OLD gene candidates on 19p were
investigated in experiments shown in Figure 5A: BSG, GAMT, SCAMP4, OLFM2, COL5A3, CACNAIA, NOTCH3 (upregulated in pre-
senescent cells), and UHRF1, DDX39A and RNASEH2A (downregulated in senescent cells). TPE-OLD genes may form clusters with reverse
regulation in NBS (green) further away from the telomere.
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Table 1. Relationship of telomere length of NBS homozygotes with age at cancer manifestation and age at death.

Telomere ~ Age at
lenoth Origin  ID/DNA Cancer Ig Status cancer Mean=SD Age at death Mean = SD
= manifest.

Po 94P629 B-NHL IgA+IeG| 9 9
Po 97P614 B-NHL normal 7 19

DIBCL-1 11

DLCBL-5 27
Po 8294 T-NHL unknown 14 16
Po 98P222 Pre-B-ALL unknown 5 6
Ge 94P126 NHL unknown 137 192
Po 97P08L T-NHL [gA+HgG| 24 24
Po 94P251 HL [gA+HgG| 12 14
Po 94P548 [gA+gG] 8
Po 5567 T-NHL unknown 34 34
Po 96P551 normal
Cz 5431 NHL unknown 24 29
Cz 7822 NHL unknown 7 10

6
17

Po 96P473 IgA+IeG|
Po 97P229 B-NHL [gA+TgG| 4 6
Po 97P751  Causc of death unclear  unknown 3
Po 95P185 [gA+HgG|
Po 95P182 B-NHL [gA+HgG| 8 10
Po 94P195  T-NHL Precursor TLBL normal 19 21
Po 94p192 TLBL/ALL? IgG| 35 36

*Age-adjusted Po, Poland; Ge, Germany; Cz, Czech Republic.

Table 2. Analysis of caspase-7 and ATM phosphorylation after bleomycin treatment of six NBS lymphoblastoid cell
lines with the absolute longest (above) and absolute shortest (below) telomere lengths.

Smgj;ml Caspase-7 activit)('laofr:;{ l;:;um)'cin treatment PATM/ATM level after bleomycin (1h)
Oh 12h 24h 48h 0 pg/ml 10 pg/ml 30 ng/ml
89P0319 ¥ 0 0.65=0.26 0.77+0.22 0.78=0.17 0.90=0.13 0.17=0,05 0.56=0,01 0,74+0.03
96P0616 ¢ 0.2 0.17=0.01 0.24+0.01 0.41=0.05 0.90=0.08 0.07=0,05 0.24=0.06 0.47+0.06
95P0182 ¥ 2.8 0.17=0.14 0.25+0.15 0.46=0.11 0.65+0.10 0.04=0,03 0.28+0,07 0,53+0.06
0.33+0.28 0.42+0.30 0.55+0.20 0.82+0.14 0,09+0,07 0,36+0,17 0,58+0,14
97P0614 =12 0.13=0.03 0.16+0.05 0.36=0.09 0.49=0.05 0.04=0,02 0.16=0.,07 0,22+0.08
RoZd ¢ =12 0.13=0.08 0.150.01 0.27=0.01 0.36=0.05 0.06=0,05 0.30=0,09 0,39+0.04
94P0307 £ =12 0.01=0.01 0.02+0.01 0.02=0.01 0.03x£0.02 0.11=0,08 0.29=0.06 0.45+0.02
0.09+0.07 0.11+0.08 0.22+0.18 0.29+0.24 0,07+0,04 0,25+0,08 0,35+0,12
P=0.22 P=0.16 P=0.09 P=0.03 P=0.62 P=0.38 P=0.10
Each experiment was repeated three times; Mean + SD.
www.aging-us.com 12349 AGING



121

short or long swrvival rates. Also, the cell line with low
caspase 7 activity had normal ATM function.

DISCUSSION

Accelerated telomere attrition and telomere

dysfunction in NBS cells

The main finding of this work is the stronger than
expected telomere shortening and functional restriction in
NBS patients. NBS homozygotes showed significantly
shorter TL in all age groups. TL was reduced in
homozygous patients by ~40% (qPCR). TL was ~25%
shorter in NBS heterozygotes older than 30 years. The
latter result was borderline significant (p=0.1) but
remarkable in view of the lower age in NBS
heterozygotes (42 y vs. 57 y i controls). Even stronger
differences in TL were observed with qFISH (60-70%) in
a subset of six homozygous NBS patients.

The variability of TL depending on the method suggests
that telomeric and subtelomeric sequences are affected.
We found only a moderate correlation between qPCR
and TRF wvalues. which is plausible insofar as the
localization of the subtelomeric region included in the
measurement is variable in TRF analysis based on the
restriction enzymes used. Similar observations (with
comparable correlation coefficients) have been made in
other studies [44]. The advantage of the TRF method is
the measurement of TL in absolute values (bases): on
the other hand there is the disadvantage of being
dependent on restriction enzymes with interindividual
and intersexual biases [45]. Using qFISH rather short
telomeres were found on chromosomes 17, 19, and 20.
Yet this pattern was very similar to that of normal
diploid cells [26].

In one NBS lymphoblastoid cell line (94P0307). we
found striking telomere fusions with extreme telomere
clongation in cells with very low ATERT expression.
There is evidence that in humans the ATERT gene is
close to the telomere and influenced by TPE-OLD [46].
However, silencing of »TERT in this cell line is unlikely
because the hTERT gene is located on chromosome 5p
and the extremely elongated telomere is located on
chromosome 19p. We did not search for c-circles and
Al T-associated promyelocytic leukemia protein (PML)
bodies in this investigation. However. we had some
indirect evidence for possible ALT involvement.
Telomere dysfunction—driven genome damage asso-
ciated with chromosomal break-fusion-bridge cycles
and double-strand breaks are frequent in ALT cell lines
[30]. and were also observed in this cell line. This is
remarkable insofar as ALT normally requires the
activity of the Mrell/Rad50/nibrin recombination
complex [14, 47, 48]. However, there are several ALT

mechanisms [14]. and ALT may have occurred by
homologous  recombination and  telomere-sister
chromatid exchange [14]. Altogether. these in vifro
experiments are consistent with both the proposed
function of nibrin in telomere protection [18—20] and
with the occurrence of cancer forms with high ALT
prevalence in NBS [49].

Telomere extension was possible with telomerase in
cultivated control and NBS fibroblasts. We were able to
find expected changes on mRNA levels in control
fibroblasts for all TPE-OLD candidate genes investigated
on 19p. But we did not find expression changes of
telomeric genes for the lymphoblastoid cells with
abnormal 19p elongation: the TL-dependent regulation of
the genes BSG, GAMT, SCAMP4, OLFM?2, COL5A3, and
NOTCH 3 was attenuated in NBS fibroblasts, and it was
reversed for the genes UHRFI, RNASEH2A, CACNAIA
and DDX394. These data show that NBS cells are still
capable of elongating telomeres. Yet functionally
abnormal telomeres may arise.

Possible causes for accelerated telomere attrition in
NBS cells

The NBN nmtation ¢.657_661delS may affect a variety
of fimctions leading to disturbed telomere repair and
accelerated telomere attrition. The MRN complex is
required for activation of the ATM-dependent repair of
dystunctional telomeres, the resection of telomeric DNA
to create the single-stranded 3° overhang and for
stabilization of telomeric T-loops [13. 14]. The Mrell-
nibrin interaction required for ATM activation [20] may
be affected as well as nibrin ubiquitination [19] and/or
phosphorylation [18]. which is important for cell cycle
dependent telomere conservation and repair [18]. In
accordance with current concepts (with nibrin as a co-
factor for MRN complex assembly and a more indirect
activation of ATM [18-20]) ATM phosphorylation
was not impaired in our experiments. which does not
point to a direct functional interference with ATM
activation.

Increased oxidative stress has previously been described
for NBS cells [50, 51]. The observation that G:.C>A:T is
the most frequent spontaneous base mutation in NBS
[52] is of interest insofar as the telomeric TTAGGG
sequence is sensitive to oxidative modifications and
single-strand breaks [53]. Thus a high vulnerability of
telomeres to oxidative damage may contribute to
accelerated telomere attrition. The occurrence of ALT
cells, and persistent DNA replication stress may
additionally lead to spontaneous mitotic telomere
synthesis. a potential driver of genomic duplications in
cancer [14]. Owr findings in fetal tissue suggest that
substantial TL attrition may occur before birth in NBS
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homozygotes, which cannot be explained by the “end
replication problem™ alone. There were considerable
differences in TLs between different fetal tissues. This is
i sharp confrast to observations from healthy fetuses
showing a very mmniform TL in all tissues at all gestational
ages [27].

Possible implications of telomere attrition for
cancerogenesis

Genetic instability and impaired telomeric repair may
synergize with telomere attrition and dysfunction to
explain the extremely high cancer incidence in NBS.
The “dose dependency” of telomere attrition on
the phenotype also account for this possibility.
Homozygote NBS patients with marked telomere
attrition develop cancer at young age. Heterozygote
patients have an increased cancer risk at higher age.
and humanized NBS mice with normal TL did not
display early tumorigenesis. but showed all other
signs of NBS [29]. The higher TL reserve in mice
[53. 54] may explain why we observed no significant
reduction in TL in the NBS mice. Overall, these
data are consistent with epidemiological studies that
have demonstrated a strong inverse relationship
between TL and cancer incidence in the general
population [55-57].

A possible explanation for the high Iymphoma incidence
m NBS could be the high rate of somatic recombination
with associated hypermutability. This hypermutability
is required for the extreme degree of somatic
recombination of the immunoglobulin and T-cell
receptor genes necessary for the vast repertoire of
antibodies and T cell receptors [56]. On the other hand,
the almost inevitable development of T or B cell
Iymphoma during childhood and the extreme preference
over other types of cancer is striking. Two key steps are
important for tumorigenesis: increased mutation rate and
clonal selection with a growth advantage. The unique
combination of hypermutability and extreme telomere
attrition may have contributed to the high incidence of
Iymphomas at young age. In this context, it is
noteworthy that all suggested TPE-OLD genes on pl9
are functionally involved in cell senescence or cell
growth and that all these TPE-OLD candidates were
dysregulated in the NBS fibroblast cell line. Genes with
suggested functions In senescence were suppressed,
whereas growth promoting genes were rather increased
on mRNA level (Figure 5 and Supplementary Table 8).
Even if we had not the opportunity to show this
dysregulation in cultivated (Epstem-Bamr  virus
transformed) lymphoblastoid cell lines it is possible that
TPE-OLD dysregulation favors a growth advantage in
vivo, which synergizes with the extreme hypermutability
and may explain the dramatically increased risk for

developing lymphoma to over 1000-fold in NBS, which
was not found in any other disease. including other DNA
repair syndromes [56].

Possible implications of telomere attrition for tumor
suppression

We did not find an inverse correlation between TL and
age of cancer onset. A combination of the TL. the
degree of telomere damage, the number of critically
short telomeres per cell. and other individual factors
may also influence cancer onset. Alternatively, the
deleterious effect of TL attrition is to some extent
superimposed by some other more beneficial effect. In
this context. we found it interesting that individual
patients survived their disease for more than a decade.
Cultivated lymphoblastoid cells derived from NBS
patients with long survival times (=12 years) displayed
shorter telomeres and lower caspase 7 activities,
compared to cells derived from patients with short
survival times (<3 years), suggesting low apoptosis
rates and/or increased senescence rates with (at least in
these individual patients) effective tumor suppression.
The limit on cellular proliferation for cells with short
telomeres is considered an initial block to oncogenesis
[58]. Data may point to a direct protective effect of
short telomeres in these patients.

These results are important to a better understanding of
the role of telomere attrition in carcinogenesis per se. It
is generally accepted that telomere attrition drives
genomic instability and that the subsequent acquisition
of MTERT expression and telomerase activity is
involved in cancer immortality [59]. This model is
supported by clinical findings showing that short
telomeres are an important risk factor for malignant
transformation [57]. On the other hand. longer
telomeres can be a predictor for poor outcome after a
tumor has developed [60]. This. at first glance.
contradictory observation is usually attributed to higher
telomerase activities (and thus a higher “degree” of
immortality) in tumor patients with poor outcome.
However, other findings indicate that the activation of
telomerase may occur early in tumor development [59,
61]. The exact temporal sequence of telomerase
activation. telomere shortening and malignant
transformation is not clear. The data presented here
illustrate  the double-edged sword of telomere
shortening in NBN founder mutation carriers with
Iymphoid malignancies (and thus confirm the current
concept) but also show an alternative explanation for
the correlation between TL and tumor progression:
lower apoptosis and/or increased replicative senescence
rates due to short telomeres and thus relative protection
against new fumors (summarized in Figure 6). This may
have important therapeutic implications. For example,
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hematopoietic stem cell transplantation (HSCT) appears
to be a promising therapeutic strategy for some but not
all NBS patients [62]. From a therapeutic point of view,
our data suggest that telomere stabilization should
indeed be the goal for NBS (and possibly other tumor)
patients before cancer onset, but after cancer has already
developed. “keeping telomeres short” would probably
be more useful. Considering new therapeutic options for
influencing telomeres [58] these findings could become
clinically relevant for this and other cancer-predisposing
mutations with involvement of telomere attrition and/or
dysfunction.

CANCEROGENIC

DEFECTIVE REPAIR OF
DNA DOUBLE-STRAND BREAKS

MRE11/RAD50/NBN

Estimating the relative contribution of telomere
shortening to cancerogenesis is difficult, especially in
view of the bifinctional role of telomere shortening. The
DNA repair defect has likely a major contribution to
cancerogenesis. According to recent recommendations
for a novel nomenclature [21, 22], NBS is clearly a
secondary telomeropathy. Our data do not curently
warrant the classification of the disease as a classical
“impaired telomere maintenance spectrum disorder”
(ITM). Secondary telomeropathies include diseases in
which it is not clear to what extent the telomere
dysfunction is the cause of the pathology.

+ STABLE REPLICATIVE SENESCENCE
+ CELL CYCLE ARREST

- TUMOR-SUPPRESSIVE

ALTERNATIVE LENGTHENING
OF TELOMERES (ALT)

el CANCEROGENIC

e PROGEROID PHENOTYPE

* GENOMIC INSTABILITY
* INAPPROPRIATE GENE EXPRESSION

Figure 6. Pathophysiological concept. The patients’ cells in Nijmegen Breakage Syndrome have markedly reduced telomere lengths.
Telomere attrition may induce genetic instability and alternative telomere elongation and thus enhance the cancerogenic effect (that is
induced by defective repair of DNA double-strand breaks by non-homologous end joining) and also contribute to a progeroid
phenotype. Telomere attrition may, however, also mitigate the clinical phenotype by inducing stable replicative senescence and cell
cycle arrest. The latter is indicated by cells from patients with long tumor survival times with very short telomeres and little apoptosis.
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Possible implications of telomere attrition for the
progeroid phenotype

NBS belongs to the progeroid syndromes and patients
have symptoms of aging such as decline in mental
function, gray hair, teleangiectasia and café au lait
spots. It has been shown that transient introduction of
telomerase mRNA into progeria cells improves many of
the hallmarks of this disorder [63]. It is assumed that
telomere dysfunction in Hutchinson Gilford progeria
and likely other telomere syndromes is a causative
molecular mechanism of pathogenesis [64]. The data
presented here expand this concept and show that
abnormal TPE-OLD may contribute to the progeroid
phenotype in NBS. Using independent methods
comparing replicative, stress-inducible and hTERT
immortalized cells, we identified ten TPE-OLD
candidate genes with significant TL-dependent expres-
sion changes. Seven of the TPE-OLD candidate genes
were upregulated in aged healthy fibroblasts and are
mvolved in senescence pathways or have some
functional relation to aging. Three of the genes had
rather growth promoting function and were suppressed
in normal fibroblasts on mRNA level (Figure 5 and
Supplementary Table 8). The TL-dependent response
was attenuated for all seven upregulated genes in NBS
fibroblasts and was reversed in all three growth
promoting genes, suggesting that the normal senescence
program is disturbed in these cells and shifted to a
rather growth promoting expression patterm.

Thus coordinated regulation of telomeric genes could be
mportant for (patho)physiology. We postulate that the
progeroid phenotype in NBS is intimately influenced by
TPE-OLD. In the age-associated genetic disease
facioscapulohumeral mmscular  dystrophy  SORBS2
transcription is altered by a telomeric 4.8-Mb loop in
patients” myoblasts. SORBS2 is normally up-regulated by
maturation/differentiation of skeletal nmscle and is
misregulated by TPE-OLD-dependent variegation in
myoblasts [65]. NBS is a secondary telomeropathy in
which telomere dysregulation occurs at multiple sites.
We camnot entirely exclude that some changes on mRNA
level occwred secondarily as part of an adaptation
mechanism.  However, the extremely accelerated
telomere aftrition is a plausible explanation for abnormal
TL-dependent regulation in NBS cells and modulation of
the clinical phenotype. A role in pathogenesis is also
supported by the significantly milder clinical phenotype
m NBS mice with significantly longer telomeres.
Humanized NBS mice have less severe immune system
defects and are not markedly prone to malignancy.

The pathophysiological role of short telomeres in
diseases with short telomeres is mostly attributed to
replicative exhaustion, increased DNA damage response,

genetic instability and missing scavenger for oxygen
radicals. The studies presented here show another
mechanism that could be effective independent from
DNA damage response and long before the onset of
senescence: an imbalance or dysfunction in telomere
position effect.

All progeroid syndromes can be classified into two
categories: those caused by alterations in components of
the nuclear envelope: and those caused by mwitations in
components of the telomerase complex. Short telomeres
have now been described for almost all progeroid
syndromes with nutations in genes involved in DNA-
repair  pathways, including  Rothnmnd-Thomson
syndrome, Werner Syndrome. Dyskeratosis congenita,
Ataxia teleangiectasia, Atfaxia teleangiectasia like
syndrome, Bloom syndrome. and NBS [21, 22]. The
progeroid syndromes with short telomeres resemble each
other in many aspects and short telomeres are a potential
cause or co-factor for symptoms such as nail atrophy,
alopecia, gray hair, immumodeficiency and possibly also
cancerogenesis. George Martin described the progerias as
segmental diseases [66] and characterized their pathology
and many molecular defects in pioneering investigations
(summarized in reference [67]). In his original definition.
each disease captures some. but not all. of the symptoms
of aging, each with different (segmental) affected
organ systems. The data described here support a more
modular instead of a strictly segmental model. in which
the aging phenotype is caused by a limited number of
modules. as originally proposed by Hofer et al. [68],
some of which are unique and some of which overlap the
symptoms of other modules. TPE-OLD can provide an
explanation for this model on a molecular basis.
Depending on the degree of the telomere damage and
disease-specific peculiarities. a phenotype variety may
result with a more progeroid or more cancerogenic gene
expression pattern.

MATERIALS AND METHODS
Cell cultures

The fibroblast cell lines were propagated in Amniomax
medium  with gentamicin sulfate and L-glutamine
supplement. Lymphoblastoid cells (LCLs) were prepared
and cultured as described [69].

DNA samples

DNA was isolated from the blood of 27 NBS
heterozygotes. 38 NBS homozygotes, a homozygous
NBS fetus, and 108 controls. The NBS fetus presented
with microcephaly, craniofacial dysmorphology. and
signs of immaturity, but no malformation of mner organs.
The pregnancy was interrupted in the 32° week.
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Molecular genetics

The founder mutation was analyzed as previously
described [6]. Expression of the human telomerase
reverse transcriptase gene (h7ERT) was analyzed by
qPCR. GAPDH was used as the internal control gene.
The primer sequences for #77ERT were: 5°- CCG ATT
GTG AAC ATG GAC TAC GT -3 (forward): 5°- CGT
AGT TGA GCA CGC TGA ACA -3'(reverse). The
primer sequences for GAPDH were: 5°-CTC TGC TCC
TCC TGT TCG AC-3'(forward): 5°-GCG CCC AAT
ACG ACC AAA TC-3(reverse).

mRNA quantification of TPE-OLD (telomere position
effect over long distances) candidate genes was carried in
triplicates in a 384-well plate using a BioRad CFX384
real-time C1000 thermal cycler, as described [70].
Human PPIA (Cyclophilin A) (Cat. 4333763F) was used
as an endogenous control. The AACt method was used
for relative quantification [70]. The following gene
expression TaqMan assays (Applied Biosystems) were
used: BSG (Cat. Hs00936295 ml). CACNAIA (Cat.
Hs01579431 ml), COLSA3 (Cat. Hs01555669 ml),
DDX39A (Cat. Hs01124952 gl). GAMT (Cat.
Hs00355745 ¢1), NOTCH3 (Cat. Hs01128537 ml),
OLFM2 (Cat. Hs01017934_ml), RNASEH2A (Cat.
Hs00197370 ml), SCAMP4 (Cat. Hs00365263 ml),
and UHRFI1 (Cat. Hs01086727_ml). qPCR was applied
to determine the relative telomere length as described
previously [71]. The relative length of individual
telomeres was analyzed by quantitative fluorescence in
situ hybridization (Q-FISH) [72]. The fluorescence
mtensity of single telomeres (7) relative to a constant
repetitive region in the centromeric region (C) of
chromosome 2 (T/C ratio) was measured. using Ikaros
software. The T/C ratio of 15 metaphases was estimated.
and the mean telomere intensities of the p-arms and q-
arms were calculated for each chiromosome.

Absolute TL was measured by Terminal Restriction
Fragment (TRF) length analysis, using the Roche -
TeloTAGGG TL assay and the restriction enzymes
Hinfl and Rsal [28].

Humanized NBS mice, kindly provided by André
Nussenzweig. were generated by reconstitution of
Nbn knockout mice with the human NBN gene
carrying the c¢.657_661del5 mutation or the wild type
allele [28].

hTERT immortalization

Fibroblasts were infected with retroviral supernatants
from a packaging cell line (PA317-TERT) that stably
expresses the human telomerase cloned into a
pBabePuro vector, as described previously [73].

Identification of TPE-OLD candidate genes in
human fibroblasts

Using an Affymetrix ¢cDNA microarray. we compared
the expression profiles of pre-senescent fibroblasts and
WTERT immortalized fibroblasts. As a model for stress-
inducible senescence, we used UV-radiated cells
(radiated twice per day. for 3 consecutive days, with a
total dose of 528 J/mr. using four 20W TL/12 lamps
emitting broadband UV-B peaking at 312 nm).
Senescence was confirmed by [-galactosidase staining.
We analyzed 16 microarrays, each with 54,675
transcripts on an HGU133-A2.0 array from Affymetrix®,
in a design with 3 groups. Differentially expressed genes
in replicative senescence, up to 15 Mbp telomeric on p19.
that were not differentially expressed in UV-B treated
cells were viewed as potential TPE-OLD candidates.

Analysis of caspase-7 in western blots

Lmyphoblastoid cells were treated in triplicate with 10
ng/ml bleomycin for Oh. 12h. 24h. and 48h. Caspase
fragments were separated by SDS gel electrophoresis,
using the primary antibody cleaved Caspase-7 (Asp 198)
and the second antibody (Anti-Mouse IeG Horsradish
Peroxidase).

Detection of ATM and phosphorvlated ATM (p-
ATM) by immunoprecipitation

For examination of phosphorylation of ATM after
bleomycin treatment, lymyphoblastoid cells in logarithmic
growth were treated in triplicate with 0. 10. and 30 ng/ml
bleomycin for 1 h at 37°C. Immunoprecipitation was
performed with the FISH-antibody (Anti-ATM. rabbit
polyclonal. Novus) and magnetic beads (Dynal Biotech
ASA/Invitrogen). The separated proteins were probed
with anti-ATM pS1981 (Rockland. monoclonal. mouse).
and reprobed with an anti-ATM antibody (Abcam
Cambrige, UK) [74].

Statistical analysis

The original data were exported to Excel 2007.
GraphPad Prism 5 software, and SPSS 15.0 software for
graphs and boxplots. The statistical tests used were
Mamn-Whitney U test, Fisher’s exact test. and the
unpaired t-test.

Analysis of chromosome fragility

Chromosome preparations were performed using
standard techniques. The Iymphoblastoid cell lines were
analysed for chromosomal abermations 4 h after
irradiation (Muller MG 150 x ray apparatus: Ua. 100 KV
I 10mA:; filter, 0.3 mm Ni; dose rate, 2.1 Gy/min;
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Seifert, Hamburg, Germany) with 0 Gy, 0.5 Gy and
1.0 Gy including 1h colcemid treatment. 50 cells were
analysed each. The types of aberrations were classified
as achromatic lesions, chromatid and isochromatid
breaks, and chromatid translocations. In order to
calculate the total number of chromatid breaks per cell
the latter were counted twice, the achromatic lesions and
the telomere fusions neglected. Detailed protocols of the
cytogenetic and molecular genetic methods are presented
i [74].

Ethics statement

All procedures were performed in accordance with the
ethical standards of the responsible committee. The cell
lines were established with the ethical approval of “The
Children’s Memorial Health Institute, Warsaw™, the
Ethics Committee of the Second Medical School of
Charles University in Prague. and the consent of the
subjects, or their parents (for children and the fetus).
The mouse studies were approved by the State Office
for Health and Social, Berlin (G0438/09).

Data availability statement

The data that supports the findings of this study are
available in the supplementary material of this article.

AUTHOR CONTRIBUTIONS

RH analyzed the telomere lengths in the framework of
her dissertation (Q-PCR. Q-FISH. hTERT analysis).
RK performed the caspase and ATM experiments in
the framework of his dissertation. KC and ES took
care of the subjects and performed the primary
molecular diagnostics. RF provided fetal data and
tissues. KJ and MW performed the TPE-OLD analysis
and hTERT immortalization. ID performed the TRF
analysis. RV  performed and analysed array
experiments. HN established and characterized the
lymphoblastoid cell lines. MD provided resources. KS
and MW drafted the paper. All authors read and
accepted the manuscript.

ACKNOWLEDGMENTS

We acknowledge the probands and their parents for their
participation, Annelore Junge for prenatal cytogenetic
diagnostics, and André Nussenzweig for providing the
humanized NBS mouse. We thank Antje Gerlach,
Mohsen Karbasiyan, Janina Radszewski. and Bastian
Salewsky for general technical assistance. Britta Teubner
and Brigitte Schroder for cytogenetic assistance, and Dr.
Ramui Derbas for statistical advice. We would also like to
thank Michael Hanna, PhD. (Mercury Medical Research
& Writing) for proof-reading the manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

Raneem Habib received a stipend from the University
of Damascus, Syria. Ryong Kim received a stipend
from the Gottlieb Daimler- und Karl Benz-Stiftung.
This work was supported by grants from the German
Research Society to K.S. and M.D. (Collaborative
Research Center 577. Project B1).

REFERENCES

1. Weemaes CM, Hustinx TW, Scheres JM, van Munster
Pl, Bakkeren JA, Taalman RD. A new chromosomal
instability disorder: the nijmegen breakage syndrome.
Acta Paediatr Scand. 1981; 70:557—-64.
https://doi.org/10.1111/1.1651-2227.1981.th05740.x
PMID:7315300

2. Varon R, Demuth |, Chrzanowska KH. GeneReviews®:
Nijmegen Breakage Syndrome. Seattle (WA); 1993.
PMID:20301355

3. Demuth I, Digweed M. The clinical manifestation of a
defective response to DNA double-strand breaks as
exemplified by nijmegen breakage syndrome.
Oncogene. 2007; 26:7792-98.
https://doi.org/10.1038/sj.onc.1210876
PMID:18066092

4. Chrzanowska KH, Gregorek H, Dembowska-Baginska B,
Kalina MA, Digweed M. Nijmegen breakage syndrome
(NBS). Orphanet J Rare Dis. 2012; 7:13.
https://doi.org/10.1186/1750-1172-7-13
PMID:22373003

5. Saar K, Chrzanowska KH, Stumm M, Jung M, Nirnberg
G, Wienker TF, Seemanova E, Wegner RD, Reis A,
Sperling K. The gene for the ataxia-telangiectasia
variant, nijmegen breakage syndrome, maps to a 1-cM
interval on chromosome 8g21. Am J Hum Genet. 1997,
60:605-10.

PMID:9042920

6. Varon R, Vissinga C, Platzer M, Cerosaletti KM,
Chrzanowska KH, Saar K, Beckmann G, Seemanovi E,
Cooper PR, Nowak NJ, Stumm M, Weemaes CM, Gatti
RA, et al. Nibrin, a novel DNA double-strand break
repair protein, is mutated in nijmegen breakage
syndrome. Cell. 1998; 93:467-76.
https://doi.org/10.1016/s0092-8674(00)81174-5
PMID:9590180

7. Seemanova E, Varon R, Vejvalka J, Jarolim P, Seeman P,
Chrzanowska KH, Digweed M, Resnick |, Kremensky |,

WWW.aging-us.com 12355

AGING



127

10.

11.

12.

13.

14.

15.

16.

Saar K, Hoffmann K, Dutrannoy V, Karbasiyan M, et al.
The slavic NBN founder mutation: a role for
reproductive fitness? PLoS One. 2016; 11:e0167984.
https://doi.org/10.1371/journal.pone.0167984
PMID:27936167

Seemanovd E, Jarolim P, Seeman P, Varon R, Digweed
M, Swift M, Sperling K. Cancer risk of heterozygotes
with the NBN founder mutation. J Natl Cancer Inst.
2007;99:1875-80.
https://doi.org/10.1093/inci/djm251

PMID:18073374

Digweed M, Sperling K. Nijmegen breakage syndrome:
clinical manifestation of defective response to DNA
double-strand breaks. DNA Repair (Amst). 2004;
3:1207-17.
https://doi.org/10.1016/j.dnarep.2004.03.004
PMID:15279809

Rai R, Hu C, Broton C, Chen Y, Lei M, Chang S. NBS1
phosphorylation status dictates repair choice of
dysfunctional telomeres. Mol Cell. 2017; 65:801-17.e4.
https://doi.org/10.1016/j.molcel.2017.01.016
PMID:28216226

Oh J, Symington LS. Role of the Mrell complex in
preserving genome integrity. Genes (Basel). 2018;
9:589.

https://doi.org/10.3390/genes9120589
PMID:30501098

Feldser D, Strong MA, Greider CW. Ataxia
telangiectasia mutated (atm) is not required for
telomerase-mediated elongation of short telomeres.
Proc Natl Acad Sci USA. 2006; 103:2249-51.
https://doi.org/10.1073/pnas.0511143103
PMID:16467146

Stracker TH, Petrini JH. The MRE11 complex: starting
from the ends. Nat Rev Mol Cell Biol. 2011; 12:90-103.
https://doi.org/10.1038/nrm3047 PMID:21252998

Cesare AJ, Reddel RR. Alternative lengthening of
telomeres: models, mechanisms and implications. Nat
Rev Genet. 2010; 11:319-30.
https://doi.org/10.1038/nrg2 763

PMID:20351727

Takai H, Smogorzewska A, de Lange T. DNA damage
foci at dysfunctional telomeres. Curr Biol. 2003;
13:1549-56.
https://doi.org/10.1016/50960-9822(03)00542-6
PMID:12956959

Attwooll CL, Akpinar M, Petrini JH. The mrell complex
and the response to dysfunctional telomeres. Mol Cell
Biol. 2009; 29:5540-51.
https://doi.org/10.1128/MCB.00479-09
PMID:19667076

17.

18.

19.

20.

21

22,

23.

24.

25.

Dimitrova N, de Lange T. Cell cycle-dependent role of
MRN at dysfunctional telomeres: ATM signaling-
dependent induction of nonhomologous end joining
(NHEJ) in G1 and resection-mediated inhibition of NHEJ
in G2. Mol Cell Biol. 2009; 29:5552-63.
https://doi.org/10.1128/MCB.00476-09
PMID:19667071

Verdun RE, Crabbe L, Haggblom C, Karlseder 1.
Functional human telomeres are recognized as DNA
damage in G2 of the cell cycle. Mol Cell. 2005;
20:551-61.
https://doi.org/10.1016/j.molcel.2005.09.024
PMID:16307919

Wu J, Zhang X, Zhang L, Wu CY, Rezaeian AH, Chan CH,
Li IM, Wang J, Gao Y, Han F, Jeong YS, Yuan X, Khanna
KK, et al. Skp2 E3 ligase integrates ATM activation and
homologous recombination repair by ubiquitinating
NBS1. Mol Cell. 2012; 46:351-61.
https://doi.org/10.1016/j.molcel.2012.02.018
PMID:22464731

Kim JH, Grosbart M, Anand R, Wyman C, Cejka P,
Petrini JH. The Mrell-Nbs1 interface is essential for
viability and tumor suppression. Cell Rep. 2017;
18:496-507.
https://doi.org/10.1016/j.celrep.2016.12.035
PMID:28076792

Holohan B, Wright WE, Shay JW. Cell hiology of
disease: telomeropathies: an emerging spectrum
disorder. ] Cell Biol. 2014; 205:289-99.
https://doi.org/10.1083/jch.201401012
PMID:24821837

Opresko PL, Shay JW. Telomere-associated aging
disorders. Ageing Res Rev. 2017; 33:52-66.
https://doi.org/10.1016/j.arr.2016.05.009
PMID:27215853

Siwicki JK, Degerman S, Chrzanowska KH, Roos G.
Telomere maintenance and cell cycle regulation in
spontaneously immortalized t-cell lines from nijmegen
breakage syndrome patients. Exp Cell Res. 2003;
287:178-89.
https://doi.org/10.1016/50014-4827(03)00140-x
PMID:12799193

Berardinelli F, Sgura A, Di Masi A, Leone S, Cirrone GA,
Romano F, Tanzarella C, Antoccia A. Radiation-induced
telomere length variations in normal and in nijmegen
breakage syndrome cells. Int | Radiat Biol. 2014;
90:45-52.
https://doi.org/10.3109/09553002.2014.859400
PMID:24168161

Habib R, Neitzel H, Ernst A, Wong JK, Goryluk-
Kozakiewicz B, Gerlach A, Demuth 1, Sperling K,
Chrzanowska K. Evidence for a pre-malignant cell line

wWww.aging-us.com

12356

AGING



128

26.

27.

28.

29.

30.

31

32.

33.

in a skin biopsy from a patient with nijmegen breakage
syndrome. Mol Cytogenet. 2018; 11:17.
https://doi.org/10.1186/s13039-018-0364-6
PMID:29445421

Lansdorp PM, Verwoerd NP, van de Rijke FM,
Dragowska V, Little MT, Dirks RW, Raap AK, Tanke HJ.
Heterogeneity in  telomere length of human
chromosomes. Hum Mol Genet. 1996; 5:685-91.
https://doi.org/10.1093/hmg/5.5.685

PMID:8733138

Youngren K, Jeanclos E, Aviv H, Kimura M, Stock J,
Hanna M, Skurnick J, Bardeguez A, Aviv A. Synchrony in
telomere length of the human fetus. Hum Genet. 1998;
102:640-43.

https://doi.org/10.1007 /s004390050755
PMID:9703424

Hahib R. Analysis of telomere length in patients with
chromosomal instability syndromes, particularly
Nijmegen Breakage Syndrome (NBS) and its mouse
model by complementary technologies; Doctoral thesis
Charité - Universitatsmedizin, 2012.

Difilippantonio S, Celeste A, Fernandez-Capetillo O,
Chen HT, Reina San Martin B, Van Laethem F, Yang YP,
Petukhova GV, Eckhaus M, Feigenbaum L, Manova K,
Kruhlak M, Camerini-Otero RD, et al. Role of Nbsl in
the activation of the atm kinase revealed in humanized
mouse models. Nat Cell Biol. 2005; 7:675-85.
https://doi.org/10.1038/ncb1270

PMID:15965469

Sakellariou D, Chiourea M, Raftopoulou C, Gagos S.
Alternative lengthening of telomeres: recurrent
cytogenetic aberrations and chromosome stability
under extreme telomere dysfunction. Neoplasia. 2013;
15:1301-13.

https://doi.org/10.1593/neo0.131574 PMID:24339742

Robin JD, Ludlow AT, Batten K, Magdinier F, Stadler G,
Wagner KR, Shay JW, Wright WE. Telomere position
effect: regulation of gene expression with progressive
telomere shortening over long distances. Genes Dev.
2014; 28:2464-76.
https://doi.org/10.1101/gad.251041.114
PMID:25403178

Zavadzkas JA, Plyler RA, Bouges S, Koval CN, Rivers WT,
Beck CU, Chang El, Stroud RE, Mukherjee R, Spinale FG.
Cardiac-restricted overexpression of extracellular
matrix metalloproteinase inducer causes myocardial
remodeling and dysfunction in aging mice. Am J Physiol
Heart Circ Physiol. 2008; 295:H1394-402.
https://doi.org/10.1152/ajpheart.00346.2008
PMID:18689500

Schneider JE, Stork LA, Bell JT, ten Hove M, Isbrandt D,
Clarke K, Watkins H, Lygate CA, Neubauer S. Cardiac

34.

35.

36.

37

38.

39.

40.

41.

structure and function during ageing in energetically
compromised guanidinoacetate n-methyltransferase
(GAMT)-knockout mice - a one year longitudinal MRI
study. J Cardiovasc Magn Reson. 2008; 10:9.
https://doi.org/10.1186/1532-429%-10-9

PMID:1827/5592

Herranz N, Gil J. Mechanisms and functions of cellular
senescence. J Clin Invest. 2018; 128:1238-46.
https://doi.org/10.1172/1C195148

PMID:29608137

Kim KM, Noh JH, Bodogai M, Martindale JL, Pandey PR,
Yang X, Biragyn A, Abdelmohsen K, Gorospe M.
SCAMP4 enhances the senescent cell secretome.
Genes Dev. 2018; 32:909-14.
https://doi.org/10.1101/gad.313270.118

PMID:29967290

Anholt RR. Olfactomedin proteins: central players
in development and disease. Front Cell Dev Biol.
2014; 2:6.

https://doi.org/10.3389/fcell. 2014.00006

PMID:25364714

Zhang X, Zhao G, Zhang Y, Wang J, Wang Y, Cheng L,
Sun M, Rui Y. Activation of JNK signaling in osteoblasts
is inversely correlated with collagen synthesis in age-
related osteoporosis. Biochem Biophys Res Commun.
2018; 504:771-76.
https://doi.org/10.1016/j.bbrc.2018.08.094

PMID:30217450

Marinelli S, Eleuteri C, Vacca V, Strimpakos G, Mattei E,
Severini C, Pavone F, Luvisetto S. Effects of age-related
loss of p/g-type calcium channels in a mice model of
peripheral nerve injury. Neurobiol Aging. 2015;
36:352-64.
https://doi.org/10.1016/j.neurobiolaging.2014.07.025

PMID:25150573

Cui H, Kong Y, Xu M, Zhang H. Notch3 functions as a
tumor suppressor by controlling cellular senescence.
Cancer Res. 2013; 73:3451-59.
https://doi.org/10.1158/0008-5472.CAN-12-3902

PMID:23610446

Yang J, LiuK, Yang J, Jin B, Chen H, Zhan X, Li Z, Wang L,
Shen X, Li M, Yu W, Mao Z. PIM1 induces cellular
senescence through phosphorylation of UHRF1 at
Ser311. Oncogene. 2017; 36:4828-42.
https://doi.org/10.1038/onc.2017.96

PMID:28394343

Huas, JiZ, QuanY,Zhan M, Wang H, LiW, Li Y, He X, Lu
L. Identification of hub genes in hepatocellular
carcinoma using integrated bioinformatic analysis.
Aging (Albany NY). 2020; 12:5439-68.
https://doi.org/10.18632/aging. 102969

PMID:32213663

wWww.aging-us.com

12357

AGING



129

42.

43.

45,

46.

47.

48.

49,

Park S, Park HEH, Son HG, Lee SIV. The role of RNA
helicases in aging and lifespan regulation. Translational
Medicine of Aging. 2017; 1:24-31.
https://doi.org/10.1016/j.tma.2017.08.001

Zhao S, Weng YC, Yuan SS, Lin YT, Hsu HC, Lin SC,
Gerbino E, Song MH, Zdzienicka MZ, Gatti RA, Shay JW,
Ziv Y, Shiloh Y, Lee EY. Functional link between ataxia-
telangiectasia and nijmegen breakage syndrome gene
products. Nature. 2000; 405:473-77.
https://doi.org/10.1038/35013083

PMID:10839544

Khincha PP, Dagnall CL, Hicks B, Jones K, Aviv A, Kimura
M, Katki H, Aubert G, Giri N, Alter BP, Savage SA,
Gadalla SM. Correlation of leukocyte telomere length
measurement methods in patients with dyskeratosis
congenita and in their unaffected relatives. Int J Mol
Sci. 2017; 18:1765.
https://doi.org/10.3390/ijms18081765
PMID:28805708

Meyer A, Salewsky B, Spira D, Steinhagen-Thiessen E,
Norman K, Demuth I. Leukocyte telomere length is
related to appendicular lean mass: cross-sectional data
from the berlin aging study Il (BASE-II). Am J Clin Nutr.
2016; 103:178-83.
https://doi.org/10.3945/ajcn.115.116806
PMID:26675777

Kim W, Ludlow AT, Min J, Robin ID, Stadler G, Mender
I, Lai TP, Zhang N, Wright WE, Shay JW. Regulation of
the human telomerase gene TERT by telomere
position effect-over long distances (TPE-OLD):
implications for aging and cancer. PLoS Biol. 2016;
14:2000016.
https://doi.org/10.1371/journal.pbic.2000016
PMID:27977688

Compton SA, Choi JH, Cesare Al, Ozgur S, Griffith 1D.
Xrce3 and Nbsl are required for the production of
extrachromosomal  telomeric  circles in  human
alternative lengthening of telomere cells. Cancer Res.
2007; 67:1513-19.
https://doi.org/10.1158/0008-5472.CAN-06-3672
PMID:17308089

Wu G, lJiang X, Lee WH, Chen PL. Assembly of
functional AlT-associated promyelocytic leukemia
bodies requires nijmegen breakage syndrome 1.
Cancer Res. 2003; 63:2589-95.

PMID:12750284

Barthel FP, Wei W, Tang M, Martinez-Ledesma E, Hu X,
Amin SB, Akdemir KC, Seth S, Song X, Wang Q,
Lichtenberg T, Hu |, Zhang J, et al. Systematic analysis
of telomere length and somatic alterations in 31
cancer types. Nat Genet. 2017; 49:349-57.
https://doi.org/10.1038/ng.3781

PMID:28135248

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Krenzlin H, Demuth [, Salewsky B, Wessendorf P,
Weidele K, Birkle A, Digweed M. DNA damage in
nijmegen breakage syndrome cells leads to PARP
hyperactivation and increased oxidative stress. PLoS
Genet. 2012; 8:21002557.
https://doi.org/10.1371/journal.pgen. 1002557

PMID:22396666

Melchers A, Stockl L, Radszewski J, Anders M, Krenzlin
H, Kalischke C, Scholz R, Jordan A, Nebrich G, Klose J,
Sperling K, Digweed M, Demuth I. A systematic
proteomic study of irradiated DNA repair deficient
Nbn-mice. PLoS One. 2009; 4:e5423.
https://doi.org/10.1371/journal.pone.0005423

PMID:19412544

Petersen S, Saretzki G, von Zglinicki T. Preferential
accumulation of single-stranded regions in telomeres
of human fibroblasts. Exp Cell Res. 1998; 239:152-60.
https://doi.org/10.1006/excr.1997.3893
PMID:9511733

Prowse KR, Greider CW. Developmental and tissue-
specific regulation of mouse telomerase and telomere
length. Proc Natl Acad Sci USA. 1995; 92:4818-22.
https://doi.org/10.1073/pnas.92.11.4818
PMID:7761406

Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp
PM, DePinho RA, Greider CW. Telomere shortening
and tumor formation by mouse cells lacking
telomerase RNA. Cell. 1997; 91:25-34.
https://doi.org/10.1016/s0092-8674(01)80006-4
PMID:9335332

Widmann TA, Herrmann M, Taha N, Kbénig J,
Pfreundschuh M. Short telomeres in aggressive non-
hodgkin's  lymphoma as a risk factor in
lymphomagenesis. Exp Hematol. 2007; 35:939-46.
https://doi.org/10.1016/j.exphem.2007.03.009
PMID:17533048

Chrzanowska KH, Digweed M, Sperling K, Seemanova
E, editors. DNA-repair deficiency and cancer: Lessons
from lymphoma. Fulda: Wiley-VCH Verlag GmbH & Co.
KGaA 2009.

Wentzensen IM, Mirabello L, Pfeiffer RM, Savage SA.
The association of telomere length and cancer: a meta-
analysis. Cancer Epidemiol Biomarkers Prev. 2011;
20:1238-50.
https://doi.org/10.1158/1055-9965.EPI1-11-0005
PMID:21467229

Jager K, Walter M. Therapeutic targeting of
telomerase. Genes (Basel). 2016; 7:39.
https://doi.org/10.3390/genes /070039 PMID:27455328

Hahn WC. Role of telomeres and telomerase in the
pathogenesis of human cancer. J Clin Oncol. 2003;
21:2034-43.

www.aging-us.com

12358

AGING



130

60.

61.

62.

63.

64.

65.

66.

https://doi.org/10.1200/1C0.2003.06.018
PMID:12743159

Luo X, Sturgis EM, Yang Z, Sun Y, Wei P, Liu Z, Wei Q, Li
G. Lymphocyte telomere length predicts clinical
outcomes of HPV-positive oropharyngeal cancer
patients after definitive radiotherapy. Carcinogenesis.
2019; 40:735-41.
https://doi.org/10.1093/carcin/bgz019
PMID:30721961

Kolquist KA, Ellisen LW, Counter CM, Meyerson M, Tan
LK, Weinberg RA, Haber DA, Gerald WL. Expression of
TERT in early premalignant lesions and a subset of cells
in normal tissues. Nat Genet. 1998; 19:182-86.
https://doi.org/10.1038/554

PMID:9620778

Wolska-Kusnierz B, Gregorek H, Chrzanowska K,
Pigtosa B, Pietrucha B, Heropolitariska-Pliszka E, Pac M,
Klaudel-Dreszler M, Kostyuchenko L, Pasic S, Marodi L,
Belohradsky BH, Ciznar P, et al, and Inborn Errors
Working Party of the Society for European Blood and
Marrow Transplantation and the European Society for
Immune Deficiencies. Nijmegen breakage syndrome:
clinical and immunological features, long-term
outcome and treatment options - a retrospective
analysis. J Clin Immunol. 2015; 35:538-49.
https://doi.org/10.1007/s10875-015-0186-9
PMID:26271390

Li Y, Zhou G, Bruno IG, Zhang N, Sho S, Tedone E, Lai
TP, Cooke JP, Shay JW. Transient introduction of
human telomerase mRNA improves hallmarks of
progeria cells. Aging Cell. 2019; 18:212979.
https://doi.org/10.1111/acel. 12979 PMID:31152494

Aguado J, Sola-Carvajal A, Cancila V, Revéchon G, Ong
PF, lones-Weinert CW, Wallén Arzt E, Lattanzi G,
Dreesen O, Tripodo C, Rossiello F, Eriksson M, d’Adda
di Fagagna F. Inhibition of DNA damage response at
telomeres improves the detrimental phenotypes of
hutchinson-gilford progeria syndrome. Nat Commun.
2019; 10:4990.
https://doi.org/10.1038/s41467-019-13018-3
PMID:31740672

Robin JD, Ludlow AT, Batten K, Gaillard MC, Stadler G,
Magdinier F, Wright WE, Shay JW. SORBS2
transcription is activated by telomere position effect-
over long distance upon telomere shortening in muscle
cells  from patients with facioscapulohumeral
dystrophy. Genome Res. 2015; 25:1781-90.
https://doi.org/10.1101/gr.190660.115
PMID:26359233

Martin GM. Genetic syndromes in man with potential
relevance to the pathobiology of aging. Birth Defects
Orig Artic Ser. 1978; 14:5-39.

PMID:147113

67.

68.

69.

70.

71.

72.

73.

74.

Martin - GM. Genetic modulation of senescent
phenotypes in homo sapiens. Cell. 2005; 120:523-32.
https://doi.org/10.1016/j.cell.2005.01.031

PMID:15734684

Hofer AC, Tran RT, Aziz OZ, Wright W, Novelli G, Shay J,
lewis M. Shared phenotypes among segmental
progeroid syndromes suggest underlying pathways of
aging. ) Gerontol A Biol Sci Med Sci. 2005; 60:10-20.
https://doi.org/10.1093/gerona/60.1.10

PMID:15741277

Neitzel H. A routine method for the establishment of
permanent growing lymphoblastoid cell lines. Hum
Genet. 1986; 73:320-26.
https://doi.org/10.1007/BF00279094 PMID:3017841

Kannenberg F, Gorzelniak K, Jager K, Fobker M, Rust S,
Repa J, Roth M, Bjorkhem I, Walter M. Characterization
of cholesterol homeostasis in telomerase-immortalized
tangier disease fibroblasts reveals marked phenotype
variahility. J Biol Chem. 2013; 288:36936—47.
https://doi.org/10.1074/jbc.M113.500256

PMID:24196952

Neuner B, Lenfers A, Kelsch R, Jager K, Briiggmann N,
van der Harst P, Walter M. Telomere length is not
related to established cardiovascular risk factors but
does correlate with red and white blood cell counts in
a german blood donor population. PLoS One. 2015;
10:20139308.
https://doi.org/10.1371/journal.pone.0139308

PMID:26445269

Perner S, Briderlein S, Hasel C, Waibel |, Holdenried A,
Ciloglu N, Chopurian H, Nielsen KV, Plesch A, Hogel J,
Méller P. Quantifying telomere lengths of human
individual chromosome arms by centromere-calibrated
fluorescence in situ hybridization and digital imaging.
Am J Pathol. 2003; 163:1751-56.
https://doi.org/10.1016/S0002-9440(10)63534-1

PMID:14578175

Walter M, Forsyth NR, Wright WE, Shay JW, Roth MG.
The establishment of telomerase-immortalized tangier
disease cell lines indicates the existence of an
apolipoprotein a-l-inducible but ABCAl-independent
cholesterol efflux pathway. J Biol Chem. 2004;
279:20866—73.

https://doi.org/10.1074/jbc. M401714200
PMID:15001567

Kim R. Assoziationsstudie zur klinischen Variabilitit bei
Patienten mit dem Nijmegen Breakage Syndrom;
Doctoral thesis Charité - Universitatsmedizin, 2010.

www.aging-us.com

12359

AGING



131

SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Correlation between telomere length analyzed by qPCR and Q-FISH in six NBS lymphoblastoid cell

lines and two controls (06P0131,96P0125). Original from [28].
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Supplementary Figure 2. Correlation of telomere length measured by qPCR and TRF analysis. The equation of the computed
regression line is y= 3.4(X) +10.11 with a correlation coefficient of r= 0.64. Mean TRF length has been defined according to the formula

described in Roche Application Note No. 12 209 136 001 (April 2018).
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Supplementary Figure 3. (A) Expression of the hTERT gene in lymphoblastoid cell lines (LCLs) and hTERT immortalized fibroblasts. Agarose
gel electrophoresis of the PCR products of the hTERT cDNA and the GAPDH c¢DNA as internal control. 06P0131 and 96P0125 are LCL controls
derived from male individuals homozygous for the wild type allele. Original from [28]. (B) Expression of hTERT as measured by gPCR.
Dissociation curve of gPCR for hTERT cDNA (template). The high fluorescent peaks correspond to 95P0182 (green) and 94P0307 (red). The
weak fluorescent peaks correspond to 06P0131 (dark green) and 97P0614 (light green). The lower lines (no template) correspond to 89P0319
{purple), 96P0616 (red), Rozd (brown) and 96P0125 (blue). (C) Expression of hTERT as measured by gPCR in a separate experiment,
Dissociation curve of gPCR for hTERT cDNA (template) and non template control (NTC).

www.aging-us.com 12362 AGING



134

Supplementary Figure 4. Metaphase of NBS-LCL 94P0307 after Q-FISH. The arrow points to the telomere fusion between p telomere
of chromosome 2 and an undefined chromosome.
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Supplementary Figure 5. TPE-OLD candidate gene approach - UV-Radiation. Human skin fibroblasts at 80 % confluence were
exposed to UV-B radiation in a thin layer of DMEM using four 20W TL/12 lamps emitting broadband UV-B peaking at 312 nm. The procedure
was performed twice a day for 3 consecutive days with a total dose of 528 J/m?2. 24 hours after the last irradiation analysis B galactosidase
staining was performed. A, pre-treatment. B, senescent cells.
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Supplementary Figure 6. TPE-OLD candidate gene approach — Statistical analysis. The unnormalized raw data of all experiments
were exported in an ASCIl format from the Affymetrix GCOS5®-Software and imported in the statistical platform 5-Plus 8.0® (Insightful
Corporation, Seattle, Washington). Ten experiments were assigned two groups based on the characteristics of UV-treatment (6 repeats) and
pre-senescence (4 repeats). Both groups were compared to six control experiments. The aim was to identify the most relevant genes
discriminating between cells with UV-treatment and cells from pre-senescence, HGP). For this purpose a computer program based on S-Plus
which computes the required subsets of genes and simultaneously controls the overall false positive rate was used. 16 microarrays were
analyzed, each with 54.675 transcripts on an HGU133-A2.0 array from Affymetrix®, in a design with 3 groups, each with 4-6 replicates. To
keep the data at a high quality level we used the GCOS Detection calls to discard all genes (transcripts) with callrates lower than 80% present
in at least 13 of 16 repeats in a total of 19.984 transcripts. To make the data of different microarrays comparable, the Affymetrix-GCOS
Signal-values were first normalized to have the same interquartile range (1QR) as the maximum IQR of the set and then each chip’s median
was shifted to the maximum median of the chip set.
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Supplementary Figure 7. TPE-OLD candidate gene approach. Differentially expressed genes (DEGs), dependent on chromosomal
localization. For simplification only the DEGs with highest significance level are shown.
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Supplementary Figure 8. TPE-OLD candidate gene approach. Differentially expressed genes (DEGs), visualized as Volcano Plot.
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Supplementary Tables

Supplementary Table 1. Telomere length of healthy individuals (controls).

DNA number relative telomere length Age (years) Sex
04P0523 2.16 1 F
04P0862 341 1 F
05P0586 1.6 2 M
05P0509 1.12 2 F
04P0535 1.45 3 F
01P088S 0.9 3 M
02P01053 2.25 5 M
04pP0216 1.42 9 M
112 1.3 11 F
204 1.29 11 F
166 1.83 12 F
17 1.94 13 F
443 1.93 14 F
444 1.36 15 M
210 0.98 16 F
365 1.51 17 F
247 1.23 18 F
47 1.17 19 F
293 1.58 19 -
193 0.74 20 M
390 1.41 20 M
431 1.25 20 M
423 0.79 20 M
11 1.2 20 M
161 1 20 F
420 0.73 20 F
o2 1 21 M
440 1 21 F
143 1.26 21 F
448 0.83 21 F
129 0.93 21 F
169 1.16 21 F
164 1.18 21 F
13 1.22 21 M
413 0.9 21 F
223 1 22 F
163 0.95 22 M
40 0.91 22 F
188 0.76 22 F
241 1 23 M
246 0.84 23 M
470 1 23 M
280 1.44 23 F
262 0.99 23 F
191 0.89 23 F
328 0.78 24 M
333 1.14 24 F
471 1.39 24 F
464 0.75 24 M
284 1 24 F
150 1 24 F
330 0.85 24 F
292 1.26 24 M
ol 0.97 25 F
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425 0.81 25 F
49 1.65 25 F
165 0.99 25 F
189 0.92 25 M
323 1.33 25 M
90 0.84 26 F
320 1.23 26 F
93 1.72 26 F
41 1.52 26 F
388 0.78 27 F
147 0.75 27 F
303 1.34 27 F
445 0.88 27 F
430 0.84 27 F
102 1.3 27 F
32 1 28 M
313 1.54 28 F
160 0.94 28 M
472 0.73 28 F
347 1 28 F
146 0.74 28 M
222 1.1 28 F
Ra 1 28 F
305 1.51 29 F
383 0.92 29 F
207 1 29 F
37 0.81 29 M
73 1.12 29 M
187 0.96 29 M
104 0.74 29 F
23 0.71 29 -
31 0.92 30 F
269 0.84 30 F
1 0.88 30 M
271 1.23 30 F
372 0.93 30 M
27 0.75 30 -
595 1.71 35 M
188 1.21 37 M
596 0.88 38 M
192 0.78 39 M
597 0.94 40 -
194 1 43 F
584 0.79 45 -
591 0.53 60 F
592 0.51 60 M
579 04 64 M
590 0.47 66 M
570 0.56 67 M
574 0.5 74 M
588 0.51 75 F
572 0.61 78 F
580 0.61 78 M
587 0.61 80 M
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Age group Number Mean SD Max Min
1-10 8 1.79 0.80 341 0.9
11-20 18 1.30 0.37 1.94 0.73
21-30 65 1.03 0.24 1.72 0.71
31-45 7 1.04 0.33 1.71 0.78
46-80 10 0.53 0.07 0.61 0.4

Supplementary Table 2. Estimation of telomere length of NBS-homozygotes.

DNA number Relative telomere lengths Age (vears) Sex
13720 1.62 1 M
12207 1.48 1 M
13424 1.29 1 F
6645 0.3 1 F
5342 0.21 1 M
6018 0.68 2 F
7105 0.44 2 F
3769 0.43 2 M
3772 0.43 2 F
7694 2.1 3 F
11766 2 3 F
8294 2.1 3 F
13607 0.98 5 F
13028 1.55 6 M
3426 1.35 6 F
8165 1 6 M
9990 1.3 6 M
11348 1.17 7 F
5202 0.67 7 F
3201 0.35 7 F
4530 0.22 7 F
8304 0.34 § M
12557 1.13 8§ -
5700 0.99 9 F
11154 1.73 10 M
7822 0.96 10 M
9028 0.78 10 F
5546 0.58 10 M
6023 1.3 12 F
13921 0.76 12 M
2552 0.69 13 M
3197 0.2 13 M
3205 1.3 14 M
3316 0.29 15 M
5567 0.64 15 M
5450 0.56 18 F
10376 0.46 19 F
5431 0.26 20 F
1-10 vears:
Category Number Mean SD Max Min
Control & 1.79 0.80 341 0.90
NBS-Homozygote 28 1.01 0.58 2.10 0.21
11-20 vears
Category Number Mean SD Max Min
Control 18 1.30 0.37 1.94 0.73
NBS-Homozygote 10 0.65 0.39 1.30 0.20
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Supplementary Table 3. Estimation of telomere length of NBS-heterozygotes.

DNA number Relative telomere lengths Age (vears) Sex
5343 2 1 F
10130 1.51 2 M
4328 0.89 3 M
8296 1.68 3 M
3221 1 4 M
3223 2 5 F
10133 1.38 5 F
10131 0.99 5 M
10123 2.35 7 M
7234 1.56 § F
6017 1.77 8 M
3224 1.49 10 M
10120 0.71 12 F
4787 1.31 19 M
8295 0.71 22 F
3222 1 25 F
10124 2 25 M
508 1 27 F
6024 1.3 30 F
466 1.3 30 M
7235 0.79 30 M
7824 0.75 33 M
7823 0.78 35 M
6025 0.32 40 M
4786 0.25 40 M
464 0.6 50 F
463 0.27 54 M
Age Category Number Mean SD Max Min
1--10 Control 8 1.79 0.80 3.41 0.90
NBS-Heterozygote 12 1.55 0.45 2.35 0.89
11--30 Control 83 1.08 0.29 1.94 0.71
NBS-Heterozygote 9 1.12 0.41 2.00 0.71
Control 17 0.74 0.33 1.71 0.40
NBS-Heterozygote 6 0.50 0.24 0.78 0.25
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Supplementary Table 4. Analysis of chromosome fragility after irradiation in six NBS lymphoblastoid cell lines with
the absolute longest (above) and absolute shortest (below) telomere lengths.

Aberrant mitoses (%0) Breaks (%)
Survival (v)

0 Gy 0.5 Gy 1.0 Gy 0 Gy 0.5 Gy 1.0 Gy
89P0319 2 0 14 69 88 0.16 1.42 2.2
96P0616 2 0.2 2 38 42 0.02 0.54 0.68
95P0182 2 2.8 0 42 100 0 1.18 3.5
Mean = SD 5=8 50+7 77+ 31 0.16 + 0,02 1.05+ 045 2.13+1,41
97P0614 < =12 2 40 42 0.04 0.52 0.66
RoZd ¢ =12 0 39 59 0 0.48 0.71
94P0307 =12 0 42 72 0 1.16 1.58

1+1 40+2 58+15 0.01 +0.02 0.72 £0.38 0.98 = 0.52
Control 0 16 10 0 0.2 0.14

Chromatid breaks were distinguished from chromatid translocations. Since the latter are due to two breakage events, they
were counted twice for the calculation of the total break events. Dicentric chromosomes were not scored because they
cannot be induced in the G2 phase and apparently are due to telomere fusions.
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Supplementary Table 5. T/C-FISH data on telomere lengths of NBS-LCL 94P0307.

Chromosome Median (= SD) of p-arm Median (= SD) of q-arm
1 8.7 (=4.8) 8(£5.9)
2 5.2 (x4.5) 5.1(x8.3)
3 9.0 (£9.3) 9.9 (=6.1)
1 11.2(=10.1} 7.2(=10.5)
5 9.1(£5.7) 11.4(=11.1)
6 9.1(£7.1) 7.8(x4.8)
7 10.6(x6.1) 4.9(£6.7)
g 9.3 (=6.3) 7.1(=6.6)
9 10.7(£5.9) 7.3(£5.5)
10 10.2(x9.4) 17.4(%11.1)
11 9.5(6.5) 7 (£5.6)
12 8.9(£5.2) 7.5(£5.4)
13 5.6(=6.1) 8.6(=7.3)
14 6.4(£7.3) 9.8(x6.9)
15 5.5(x4.5) 9.7(x4.9)
16 7.5(+6.5) 8.1(x5.1)
17 5 (x4.6) 6.1(£5.7)
18 6.9(=6.2) 5.8(=6.6)
19 13.2(+£36.6) 6.2(+5.9)
20 5.3(x4.2) 6.7(x4.1)
21 4.6(x3.2) 6.2(=6.1)
22 5.7(£3.5) 4.9(x3.3)
X 6.6(£7.1) 6.1(x7.9)
Y 6.3(£3.3) 4.5(£5.1)

Supplementary Table 6. Q-FISH analysis of telomere lengths of the p arm of chromosome 19 in 11 metaphases of the
NBS lymphoblastoid cell line 94P0307. T/C values are presented for the highly and weakly fluorescent chromosome
19.

Metaphase 1 2 3 4 5 6 7 8 9 10 11 @
T/C value: high 852 526 471 441 605 334 794 602 329 683 586 566
T/C value: low 32 126 20 21 82 L1 21 63 22 35 96 4.8
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Supplementary Table 7A. TPE-OLD candidate gene approach using Affymetrix expression data in senescent (HGP), hTERT
immortalized senescent and UV-B-treated fibroblasts for comparison. In yellow those genes with highly significant expression
changes in senescent but not in UV-B-treated and/or not in hATERT immortalized senescent fibroblasts.
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immortalized senescent cells and UV-B-treated cells, Raw data.
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Supplementary Table 8. Regulation of telomeric 19p genes in normal and NBS fibroblasts with short telomeres
(relative to cells with long telomeres).

Functions in : ) . Differential gene  Differential gene
Distance to Differential gene . , )
senescence . expression, gJPCR  expression, gPCR  TPE-OLD
Gene Reference telomere expression, . ]
and/or cell [Mbp] ASF trix dat data Control data NBS Effect
¥ £ ¥ i
growth P ety data fibroblasts fibroblasts
[fold-change]
MMP and
BSG cytokine [32] 0.6 +2.8 +3.2 +2.4 (N)
production
ATP production
s . 3 . +2. +5. +1.
GAMT (SASP?) [33, 34] 1.4 0 6 1.9 (N)
SCAMP4 player in SASP [35] 1.9 +2.3 +1.9 +1.6 (N)
OLFM2 cell [36] 9.9 438 +50 +33 )
- differentiation ’ ' :
g. regulator of
UHRF1 feg. feslator ot ) 49 27 5.0 +1.7 R
senescence
age-dependent
COLS5A3 AgendependEr [37] 10.0 424 +25.0 +4.0 N)
tissue remodel.
1gration and
RNASEH2A L Eononan [41] 12.8 2.1 45 +12 R
invasion
CACNAlA ~ Ctlelumenty: [38] 13.6 +2.1 +1.3 -L5 R

nerve function

- 1 T 3 .
DDX39A role m cancer [42] 14.6 2.0 22 +1.7 R
and longevity

pos. regulator of

NOTCH3
senescence (p21)

[39] 15.2 +4.1 +100.0 +58.0 N

BSG, basigin; GAMT, guanidinoacetate methyl-transferase; SCAMP4, secretory carrier membrane protein 4; OLFM2,
olfactomedin 2; UHRF1, Ubiquitin like with PHD and ring finger domain 1; COL5A3, collagen type V alpha 3 chain; RNASEH2A,
ribonuclease H2 subunit A; CACNA1A, calcium voltage-gated channel subunit alphal A; DDX39A, DExD-box helicase 39A;
NOTCH3, Notch Receptor 3; SASP, senescence associated secretory phenotype; MMP, matrix metallopeptidases; (N), TPE-
OLD: normal but attenuated regulation; R, TPE-OLD: reversed regulation, compared to regulation (mRNA) in healthy control
fibroblasts; grey overlay: upregulation in pre-senescent cells; green overlay, down regulation in pre-senesecent cells

Supplementary Table 9. Correlation between telomere length and clinical data of 21 NBS homozygotes.

Age at cancer manifestation Age at death
Telomere length
p P
Long vs.median 0.07 0.50
Median vs. short 0.52 0.54
Long vs. short 0.41 0.99

The p values are hased on the unpaired T- test,
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Abstract: Telomere length and cell function can be preserved by the human reverse transcriptase
telomerase (hTERT), which synthesizes the new telomeric DNA from a RNA template, but is
normally restricted to cells needing a high proliferative capacity, such as stem cells. Consequently,
telomerase-based therapies to elongate short telomeres are developed, some of which have successfully
reached the stage 1 in clinical trials. Telomerase is also permissive for tumorigenesis and 90% of all
malignant tumors use telomerase to obtain immortality. Thus, reversal of telomerase upregulation in
tumor cells is a potential strategy to treat cancer. Natural and small-molecule telomerase inhibitors,
immunotherapeutic approaches, oligonucleotide inhibitors, and telomerase-directed gene therapy are
useful treatment strategies. Telomerase is more widely expressed than any other tumor marker. The low
expression in normal tissues, together with the longer telomeres in normal stem cells versus cancer
cells, provides some degree of specificity with low risk of toxicity. However, long term telomerase
inhibition may elicit negative effects in highly-proliferative cells which need telomerase for survival,
and it may interfere with telomere-independent physiological functions. Moreover, only a few hTERT
molecules are required to overcome senescence in cancer cells, and telomerase inhibition requires
proliferating cells over a sufficient number of population doublings to induce tumor suppressive
senescence. These limitations may explain the moderate success rates in many clinical studies.
Despite extensive studies, only one vaccine and one telomerase antagonist are routinely used in
clinical work. For complete eradication of all subpopulations of cancer cells a simultaneous targeting
of several mechanisms will likely be needed. Possible technical improvements have been proposed
including the development of more specific inhibitors, methods to increase the efficacy of vaccination
methods, and personalized approaches. Telomerase activation and cell rejuvenation is successfully
used in regenerative medicine for tissue engineering and reconstructive surgery. However, there are
also a number of pitfalls in the treatment with telomerase activating procedures for the whole organism
and for longer periods of time. Extended cell lifespan may accumulate rare genetic and epigenetic
aberrations that can contribute to malignant transformation. Therefore, novel vector systems have
been developed for a ‘mild” integration of telomerase into the host genome and loss of the vector in
rapidly-proliferating cells. It is currently unclear if this technique can also be used in human beings to
treat chronic diseases, such as atherosclerosis.

Keywords: telomerase; telomeres; aging; senescence; atherosclerosis; cancer; gene therapy;
immunotherapy; regenerative medicine; personalized medicine

1. Telomeres and Telomerase in Aging and Cancer

Aging is a complex process, which is accompanied by cycle arrest, remodeling in cell morphology
and chromatin structure, functional decline, and extensive shifts in gene expression and metabolism.
The aging of human cells can be mediated via stress-related mechanisms and via replicative senescence

Genes 2016, 7, 39; doi:10.3390/ genes7070039 www.mdpi.com/journal / genes
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induced by telomere shortening. The various senescence triggers interact cooperatively and induce
overlapping signaling pathways. Stressors include endogenous substances, exogenous factors, and
species-specific mechanisms of aging such as replicative senescence. Replicative aging induced by
telomere attrition is a species-specific aging mechanism, which acts as a tumor-suppressor in large,
long-lived organisms [1] (Figure 1). Telomere attrition is, however, associated with functional decline
and other negative effects that become relevant for the organism beyond the stone-age life span of
approximately 50 years. An inverse correlation between telomere length and onset of age-related
diseases has been shown in many studies even though the causality is still controversial |2].

Telomeres consist of repetitive non-coding DNA sequences (in humans TTAGGG), which are
located at the end of the chromosomes. Telomeres, together with the shelterin complex, form a cap
to protect the chromosome ends [3-5]. The shelterin complex consists of six telomere-associated
proteins [6]. The telomere sequence is recognized by the subunits TRF1, TRF2, and POTI.
These subunits are interconnected by the proteins TIN2, TPP1, and Rapl. The complex allows cells to
distinguish telomeres from DNA damage sites. Without this protection, e.g., when telomeres shorten
beyond a critical threshold, unprotected telomeres provoke a DNA damage response [7].

Telomere shortening occurs due to the so-called end replication problem, which means that
the 3" end of the DNA strand shortens with each cell division, since the DNA polymerase cannot
completely replicate the strand [5,8]. At a certain threshold of telomere attrition the damage-repair
system recognizes the unprotected DNA double strand as DNA breaks and activates the p53 or the
pl6INK4a signaling pathway to initiate a senescence or apoptosis program. Reactive oxygen species
(ROS) or other environmental stress factors may also lead to telomere damage and accelerate the
telomere attrition. Particularly, the GGG triplet within the human telomere sequence TTAGGG is
vulnerable to chemical modifications. From a critical telomere length, onwards, telomeres are unable to
claim the shelterin complex resulting in loss of the protective inner nucleotide loop, which ultimately
leads to genomic instability [9,10] (Figure 1).

In numerous studies, it was observed that a healthy lifestyle is correlated with longer telomeres,
likely reflecting protection against age-related diseases [4]. It has been shown in aging mice that cells
with short and /or damaged telomeres are accumulating in stress-prone tissues, likely due to replicative
exhaustion and /or stress-induced telomere damage. Animal studies suggest that senescence is not
only a marker of, but also involved in, the propagation of age-related disorders [5,10].

From an evolutionary point of view, it is thought that the cell division limit was developed as a

mechanism for tumor suppression. Indeed, in mice short telomeres are a hindrance to cancer growth.

On the other hand, very short and damaged telomeres can also provoke tumor growth when a missing
cap leads to chromosomal instability, as it is exemplarily observed in Dyskertosis congenita [11].

Telomere length and cell function can be preserved by the reserve transcriptase telomerase.

The human telomerase consists of two subunits: a RNA templates (TERC, telomerase RNA component),
and the catalytic subunit (hTERT, human telomerase reverse transcriptase), which synthesizes the new
telomeric DNA from the RNA template [4]. Higher telomerase activities are under normal conditions
only detectable in cells that need a high replicative capacity, such as stem cells and progenitor cells [9].

Telomere elongation by telomerase leads to chromosomal stabilization and a change to a more
youthful gene expression pattern. In addition to its established role in extending telomeres, hTERT can
promote proliferation of resting stem cells through a non-canonical pathway [9] and has direct effects
on transcription and cell signaling, e.g., as a cofactor in a pB-catenin transcriptional complex [12], which
plays a role in embryogenesis and development [13]. Uncontrolled induction of telomerase would,
however, have also pitfalls. Telomerase, per se, is no oncogene, but permissive for carcinogenesis and
approximately 90% of all tumor cells express the enzyme to elongate the telomeres, which makes its
use for systemic applications problematic.
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Figure 1. Replicative aging cooperates with other aging mechanisms to activate the p53 and/or
Rb signaling pathways. ATM and ATR are sensors of DNA double- and single-strand damage
induced by replicative senescence or other DNA damage. Activated ATM and ATR trigger checkpoint
responses to induce cell cycle arrest. A stronger stimulation of p53 may lead to apoptosis by activating
the mitochondrial pathway of apoptosis. Telomere length and cell function can be preserved by
the reserve transcriptase telomerase, which synthesizes the new telomeric DNA from the RNA
template. Telomerase may help to avoid senescence and to rejuvenate tissues, but is also permissive for
carcinogenesis. Senescence may help to prevent tumor growth but can also be overcome by a process
called crisis, and then has paracrine and other pro-tumorigenic effects. With permission, adapted
from [1].

The variety in telomere length in individuals of the same age is determined by genetic
and environmental factors, leading to telomere damage and accelerated shortening of telomere
length [14,15]. Inflammation is thought to contribute to telomere attrition in cells of the immune system
by promoting leukocyte turnover and replicative exhaustion, and possibly also by direct modulation
of telomerase activity by ROS and other stress factors [16]. For example, increased production of
cytokines has been shown to adversely affect telomerase activity and telomere length [17]. C-reactive
protein (CRP), a marker of inflammation, is inversely correlated with leukocyte telomere length
(LTL) [18]. Shorter telomeres are associated with higher interleukin-6 (IL.-6) and C-reactive protein

values [19]. Telomerase activity was found to be reduced by psychological and life stress [20,21].

Various stressors trigger increased ROS formation, which leads to telomere attrition both directly and
indirectly (by lower hTERT activity), which ultimately leads to a reduction of leukocyte telomere length
(LTL) [4]. Smoking is an excellent example for higher ROS formation and, consequently, progressive
shortening of telomeres [22].
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At the cellular level, senescence serves as a natural tumor suppressor [23]. Senescent cells are no
longer capable of replication and shut down their metabolism to a minimum. Only some key pathways
are active and only few genes are expressed at higher levels. The senescence normally prevents the
replication of abnormal chromosomes. The pl6/pRb tumor suppressor pathways are activated in
response to DNA damage and telomere dysfunction during senescence [23-25]. This process, however,
could be flawed by oncogene activation to bypass senescence. An incorrect removal of senescent
cells can lead to malignancy [23]. The alternative lengthening of telomeres (ALT) mechanism enables
cancer cells with inactive telomerase the conservation of the telomere structure [26,27]. Approximately
5%=10% of cancer cells maintain their telomeres by ALT, in which sister chromatids exchange their
telomeres by non-reciprocal recombination events [28]. Studies have shown that these cancer cells are
more sensitive to ROS and drug treatments when they elongate their telomeres by ALT. Apparently
these cells are under strong pressure to activate the alternative mechanism to escape senescence and
apoptosis [26].

The catalytic subunit hTERT (human telomerase reverse transcriptase) was found to be
upregulated in cervical carcinomas [29,30], hepatocellular carcinoma [31]], lung tumors [29], breast
carcinomas [29], and neuroblastomas [29]. Telomerase in tumor cells is re-expressed on transcriptional,
post-transcriptional, post-translational, and epigenetic levels [23]. Under normal conditions, the absence
of CAAT and TATA elements in the TERT promoter prevents constitutive activation. However, promoter
mutations or unusual epigenetic changes may overcome this barrier [32]. Telomerase also plays a
regulatory role in the spread of cancer cells [33]. In the vast majority of investigated tumors an increased
expression of human telomerase RNA (hTR) was detected, as well [34].

Telomerase is a target for both anti-cancer and cell rejuvenation strategies with a broad overlap of
targets at different cellular and functional levels (Figures 1 and 2).
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Figure 2. Therapeutic targeting of telomerase. Potential targets of telomerase for antitumor
(telomerase suppressing) and rejuvenation (telomerase activation) drugs are shown by numbers 1-7.
1, inhibition/activation of gene transcription; 2, inhibition/activation of protein synthesis;
3, modulation of activity by posttranslational modifications; 4, modulation of telomerase activity
by cellular sequestration; 5, interference with telomerase complex assembly; 6, modulation of signaling

pathways and molecules involved in enzyme activation, such as Wnt/ B-catenin, PI3K/Akt, and mTOR
signaling; and 7, modulation of telomerase complex catabolism including vaccine therapy.
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2. Telomerase as a Target for Regenerative Medicine

Replicative senescence contributes to the decline in many physiological functions and in most
tissues and, thus, contributes to the pathology of chronic diseases [35,36]. As telomerase activity
is not, or only at low levels, detectable in somatic tissues there are many situations and chronic
diseases in which the transient rejuvenation by telomerase immortalization could be a therapeutic
option [16,37,38]. There are several possible strategies to reconstruct or enhance the enzymatic activity
for therapeutic use:

(1). Classical gene therapy with transfection of telomerase sequences: This approach can be used for
tissue engineering, for in vitro optimization of stem cell transplantation in donor cells with short
telomeres [39] and, in principle, also for the treatment of chronic diseases in the whole organism,
provided that induction of telomerase is time-limited.

(2). Re-expression of silenced telomerase: Cell differentiation normally leads to transcriptional
downregulation of telomerase induced by signaling and epigenetic alterations [40,41]. However,

telomerase downregulation can, at least in part, be reversed by various substances and mechanisms.

Examples are histone deacetylase inhibitors [42] and estrogen receptor agonists, the latter acting by Akt
mediated phosphorylation [43]. Many drugs with main targets other than telomerase also influence
hTERT on transcriptional and /or posttranslational level. Involved signaling pathways that upregulate
hTERT expression and /or activity (see also paragraphs below) are P13/ Akt, MAPK/ERK1/2, and the
Wnt/ 3-catenin pathway.

(3). Activation of residual enzymatic activity: Activation of telomerase activity itself is an option

for cells with residual telomerase activity such as stem cells of regenerative tissues and lymphocytes.

In lymphocytes” clonal expansion typically activates telomerase activity via enzyme phosphorylation
and subsequent nuclear translocation [44]. This function declines with advanced age and leads to
exhaustion of memory cells and could be restored by direct interaction with the telomerase holoenzyme
or the telomerase activating signaling pathways [45].

(4). Modulation of the intracellular location: The sequestration of telomerase is another possible
level of regulation on telomerase activity, implicating telomerase localization as a potential target for
pharmacotherapy [46]. Telomerase can be translocated between the nucleus and the cytosol. hTERT is
also present in mitochondria with yet unknown physiological significance [16,47].

Ectopic expression of telomerase was used to immortalize a wide variety of cell types including
human fibroblasts [48-52], dermal fibroblasts [53,54], keratinocytes [55], muscle cells [56-58],
vascular endothelial [59-61], myometrial [62], retinal [48-52], bone marrow stromal cells [63-66],
osteoblasts [67-69], odontoblasts [70], CD4 and CD8 T cells [71,72], mesenchymal stem cells [72],
myoblasts [73], hepatic stellate cells [74,75], fetal neuronal precursors [76], and breast epithelial
cells [37]. Some cell types, such as bronchial and corneal cells, were used to form three-dimensional
cultures [37].

Telomerase reconstruction was first discussed for treatment of diseases with distorted enzymatic
activity of telomerase, namely, dyskeratosis congenital and aplastic anaemia [77]. Potential other
applications are production of epithelia for burns or wounds, endothelia for blood vessels,
chondrocytes for the treatment of arthritis, osteocytes for bone defects, and hematopoietic cells for
bone marrow transplants or for the replacement of immune cells [39,78,79]. By use of this technique
human blood vessels have already been engineered in vitro [56].

Transient telomerase activation may also be used for the treatment of other chronic diseases such
as cardiac muscle disease, atherosclerosis [15], immunodeficiency, and bone marrow failure [11,80],
liver disease [11,81], pulmonary fibrosis [11,82], degenerative cartilage defects [B3], cataract [84],
rheumatoid arthritis [85], organ transplantation [86], or treatments associated with the accelerated
formation of senescent cells such as past cancer therapy or HIV [87,88]. Cartilage defects have become
the target of cartilage tissue engineering [83]. Thomas and coworkers have demonstrated that bovine
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TERT-modified bovine adrenocortical cells can be transplanted into severe combined immunodeficient
mice, and that these cell clones behave like their normal counterparts and form functional tissue after
transplantation. This tissue is histologically similar to tissue formed from normal cells and shows a
similar rate of cell division, implying a therapeutic role of telomerase in xenotransplantation [86].

The association between telomere length and aging has also led to the development of telomerase
activators that may induce hTERT and/or hTR expression, enhance enzyme activity and/or influence
cellular location. The idea behind this approach is to reverse normal cellular aging and to treat
symptoms of aging. A single molecule telomerase activator, cycloastragenol (commercially available as
TA-65, derived from Astragalus membranaceus root), has been shown to transiently activate telomerase
in T lymphocytes [87], associated with the retardation of telomere shortening, increased proliferative
potential, and enhanced functional response [88]. This substance was proposed to be used for the
treatment of accelerated immunosenescence in HIV patients to increase the number of senescent
memory CD8 T cells [87,88]. Cycloastragenol (TA-65) has been sold as a food supplement since 2013
and has been identified as an effective telomerase activator in immune cells, neonatal keratinocytes,
and fibroblasts [87,89], acting via ERK-pathway activation and subsequent enhancement of telomerase
expression. It increases the telomere length in mice without increasing the cancer incidence [90].
In a small pilot study it was used for the treatment of age-related macular degeneration [91] and was
shown to improve markers of metabolic, bone, and cardiovascular health [92]. A moderate increase
in leukocyte telomere length was shown in humans [93]. However, the number of patients in these
studies was limited and some effects were of borderline significance. Long-term prospective studies
regarding positive or side-effects are lacking.

Other phytochemicals have been shown to activate telomerase. Resveratrol activates telomerase
in mammary epithelial [94] and endothelial progenitor cells [95], most likely due to the upregulation
of SIRT1 [96]. Current knowledge regarding possible long-term effects is, also for this substance,
incomplete [96]. For the treatment of cataracts pharmaceuticals with telomerase activating effects
such as N-acetylcarnosine have been proposed since reduced telomere length is intimately involved
in opacification, making the lens opaque or cloudy [84]. Another compound (AGS-499) has
neuroprotective effects in mice and showed delayed progression of amyotrophic lateral sclerosis
and increased survival in SOD1 transgenic mice [97]. Bone marrow mesenchymal stem cells often
display premature aging und unstable proliferation. It has recently been shown in a rat model that
co-transfection of BMSCs with telomerase and nerve growth factor had a better effect on learning and
memory compared to cells lacking these factors [98]. These effects may be used for the development of
therapeutic strategies to treat cognitive impairment in vascular dementia.

Indirect strategies to upregulate telomerase activity are described for certain antioxidants, such as
N-acetylcysteine, which blocks the nuclear export of telomerase into the cytosol [99] and «-tocopherol,
which was shown to retain telomerase activity in brain microvascular endothelial cells [100]. The idea
behind this concept is that ROS damage telomeres directly (by damaging the vulnerable GGG triplet
of the repetitive telomere sequence) and indirectly (by modulating telomerase activity and cellular
location) [101]. HMG-CoA reductase inhibitors may also have telomere lengthening effects [102],
by interfering with the redox balance of cells [99] and by increasing expression of the telomere
stabilizing protein TRF2 [103]. Finally, Ginkgo biloba was shown to activate telomerase by inducing
PI3K/ Akt signaling [104].

Telomerase upregulation in skin diseases: The skin is an organ for which some therapeutic approaches
of telomerase are already in use. Several therapeutic strategies have been proposed based on in vivo
or ex vivo stimulation of stem/progenitor cells for expressing hTERT or telomere RNA component
(hTR) and for the replacement of dysfunctional or lost skin [37,105-111]. The application area ranges
from reconstructive surgery after severe wounds, burns, deep skin injuries, infections, and decubitus
ulcers [106,107] to treatment of diseases with defects in hTERT and /or hTR associated with premature
replicative senescence of the skin, e.g., the premature aging Werner syndrome, in Fanconi anaemia, and
chronic dysplastic anaemia [37,112]. Positive effects of bone marrow-derived stem/progenitor cells for
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skin tissue engineering have been shown in several studies either alone or in combination with artificial
skin grafts, thereby reducing the risk of graft rejection [106,108,113]. Ex vivo co-culture of human skin
substitutes with circulating endothelial progenitor cells improved survival by formation of functional
microvessels [107]. In a rat model transfection of hTERT into hair follicle stem cells by coating
polyethylenimine DNA complexes on the skin surface stimulated hair growth [114], presumably
by both telomere elongation and/or modulating Wnt/p-catenin signaling. Recently, optimized
three-dimensional culture conditions have been described with enhanced hTERT expression levels,
proliferation, and multipotency of human dermal stem/progenitor cells [115].

Telomerase upregulation in atherosclerosis: Despite enormous research and identification of numerous risk
factors are the exact causes of atherosclerosis incompletely understood and the exact pathomechanism
remains unclear [4,116]. Experimental findings in cell culture and animals suggest that telomere
shortening contribute to the pathogenesis of atherosclerosis at advanced age. Numerous findings
in humans have shown that telomere shortening correlates with the degree of atherosclerosis
in vivo [15]. Experimental data suggest that the activation of telomerase can delay and—at least
in part—reverse the senescent phenotype [15,117,118]. The pathologically vicious circle between
replicative aging and inflammation by atherosclerosis could be reversed by a telomerase-based
therapy [119]. Matsushita et al. have shown that a stable hTERT expression in endothelial cells ensures
a younger phenotype and induces improvement of endothelial nitric oxide synthase (eNOS) [120].
Telomerase and vascular endothelial growth (VEGF)-mediated angiogenesis potentially regulate the
transcriptional expression of each other, suggesting a role of telomerase in regulating cellular processes
other than telomere elongation, such as differentiation and angiogenesis [119]. Development of
therapeutic approaches is still on an experimental level due to fear of cancer-promoting side-effects on
systemic use.

Telomerase upregulation in psychiatric disorders: Based on experimental and preliminary clinical data it
was hypothesized that the mode of action of many psychopharmacological drugs (e.g., antidepressants,
lithium, and antipsychotics) is, at least in part, mediated by their influence on telomerase activity.
A close correlation between stress-dependent telomerase activity and depression-like behaviors
has been shown in mice [121]. Fluoxetine reversed clinical symptoms and increased hippocampal
telomerase activity in parallel, raising the possibility that drug effects might be mediated by
telomerase-dependent neurogenesis [121]. Smaller pilot studies suggested a close correlation between
telomerase activity, clinical symptoms and response to antidepressants [122,123]. Likewise, lithium
increased hippocampal telomerase activity in a rat model of depression, accompanied by telomere
elongation and reducing clinical symptoms [124]. In patients with bipolar disorder, telomere length
correlated with duration of therapy [125]. Antipsychotic drugs may also have some positive influence
on telomere length [126]. The modulation of intracellular Wnt/ f-catenin or PI3K/ Akt signaling
pathways, the interaction with brain-derived neurotrophic factor and 5-HT, and antioxidant properties
could represent possible mechanisms by which psychopharmacological drugs could modulate
telomerase activity [127]. These pathways are functionally-relevant downstream drug effects and are
also activation pathways for telomerase, suggesting a potential (yet unproven) mechanism by which
these drugs may mediate neurogenesis via telomerae activation [38,128].

3. Telomerase as a Target for Cancer Treatment

There are several approaches for a telomerase-based gene therapy in the treatment of cancer.
Cancer cells have high telomerase activity compared to most other cells [129]. The restriction of
hTERT is a potential therapeutic option because telomerase complex components are up regulated
in most tumor cells. Moreover, telomerase is a good target for cancer therapy because most somatic
cells have no or only low level telomerase activities. Thus, the selective inactivation of telomerase
expression in cancer cells does not influence most healthy cells [96]. Different therapeutic approaches
for telomerase-based treatment of cancer have been developed or are under investigation [96,130].
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(1). Oligonucleotide inhibitors. Antisense oligonucleotides and chemically-modified nucleic
acids have been shown to inhibit telomerase and to induce telomere shortening [131-135] associated
with subsequent onset of senescence and/or apoptosis in cell cultures [134-137]. These inhibitors
act directly or indirectly (by inducing apoptosis). Targets include the RNA template, hTERT protein,
and associated proteins. For example, the thio-phosphoramidate oligonucleotide inhibitor imetelstat
(by Geron Corporation, Menlo Park, CA, USA) targets the RNA template for hTERT by binding to
the catalytic site of telomerase [138]. Imetelstat (GRN163L) was successfully tested for glioblastoma
tumors [139]. This cancer type ensures that there is sufficient time to permit tumor growth and erosion
of telomeres to critical levels that trigger cellular senescence. Clinical phase II studies are planned for
breast and lung cancers. Significant side-effects were not observed and possible combinatory therapies
with well-established regimes for myeloproliferative neoplasms and acute myeloid leukemia are under
investigation [96].

(2). Small-molecule telomerase inhibitors. Small-molecule telomerase inhibitors have been
identified in screens of chemical libraries or were synthesized based on the structure of natural
telomerase inhibitors such as epigallocatechin-3-gallate (EGCG) [140-144]. Moreover, various targets
with overlapping functions have been proposed such as the PI3K-Akt-mTOR pathway [145], which is
often dysregulated in cancer. The mTOR inhibitor rapamycin was shown to inhibit telomerase
activity [146-148] and to counteract carcinogenesis.

(3). Immunotherapeutic approaches. The active site of telomerase in cancer cells is a possible
target to develop vaccines [149]. Adoptive cell therapy, with the use of high-avidity T lymphocytes
reactive against telomerase, has successfully been used in adenocarcinoma mouse prostate mice,
which develop androgen-independent prostate cancer [150]. Despite marked temporary autoimmune
depletion of B cells as side effect this therapy was not associated with significant immunoglobulin
decreases or infections. At least 23 clinical studies, summarized in [151] have investigated hTERT
immunotherapy as anticancer strategy in melanoma, acute myeloid leukemia, glioblastoma, prostate,
renal, pancreatic, hepatocellular, and non-small-cell lung cancer: 18 phase I/I-1I studies [152-168],
four phase II studies [169-172], and one phase III trial [173] with pancreatic cancer patients and
GV1001. Median survival ranged from 88 to 450 days in non-responders and from 216 to >600 days in
responders [157,158,163,166,170,172], with the pancreatic cancer patients showing best survival rates
so far. In a phase | trial an hTERT-derived peptide was used as a vaccine in hepatocellular carcinoma
patients, with the majority of patients showing recurrence up to 24 weeks after vaccination [174].

Possible reasons for the limited success in many studies are the development of self-tolerance,
the limited size of the precursor T-cell repertoire, negative effects of immunosuppressive tumor
microenvironment on T cells, and interindividual differences. Various improvements have been
proposed for future studies. These include (i) stimulation of cooperation between CD8+ and CD4+
T cells, by immunization with both MHC class I and class Il hTERT peptides, in order to expand
the pool of persisting memory CD8+ T cells; (ii) limiting the development of immune-tolerance, by
immunization with low affinity (mutant) MHC I hTERT peptides, to increase the efficacy of vaccination;
(iii) limiting the development of immune-tolerance by parallel immunization with peptides derived
from non-self antigens; and (iv) development of personalized approaches with a focus on patients with
early stage diseases to avoid negative effects of immunosuppressive cancer microenvironments [151].

(4). Telomerase-directed gene therapy. The promoters for telomerase in cancer cells are targets
for a tumor specific gene therapy that selectively kills cancer cells and leaves normal cells unharmed
by expressing high concentrations of a therapeutic protein only in cancer cells. Adenoviruses are
developed that (by use of the hTERT promoter) selectively replicate in cancer cells and, subsequently;,
kill the cancer cells [175]. Both cytotoxic gene therapy and oncolytic virotherapy approaches have been
used to kill cells expressing telomerase and not killing healthy cells [176].
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(5). Phytochemicals. A wide variety of chemical compounds that occur naturally in plants, or
phytochemicals, have been suggested to inhibit telomerase activity in various cancers, summarized
in [177]. The substances include allicin, an organophosphate derived from garlic [178]; curcumin,
a phenol present in turmeric [178-185]; the flavonolignan silbinin; an organosulfur derived from
cruciferous vegetables; epigallocatechin gallate (EGCG), a catechin in green tea [186]. Curcumin [181],
genistein [187], EGCG [188], and sulforaphane [189] were tested in breast cancer cells and the
non-malignant breast cell line. The mode of action is only partially known and encompasses inhibition
of translocation of hTERT to the nucleus [179]; dissociation of Hsp-90 co-chaperone from hTERT [183];
and a decrease of hTERT expression or activity [180-182,190].

Despite extensive studies during prior years on the development of telomerase vaccines, telomerase
inhibitors, and telomerase promoter-driven cell killing in oncology, only one therapeutic vaccine went
all the way to the clinic (GV1001), and only one telomerase antagonist (imetelstat, GRIN163L) is in
late preclinical studies. However, numerous drugs with various other targets have been identified
with additional off-target effects on telomerase activity. These include substances which act via
downregulation of hTERT gene transcription: the tyrosine kinase inhibitors dasatinib, imatinib, gefitinib,
and nilotinib [191-193]; the ubiquitin/proteasome pathway inhibitor bortezomib; the cytotoxic drugs
5-azacytidine [194], arsenic trioxide [195] and temozolomide [196]; the chemosensitizer suramin [197];
the non-steroidal anti-inflammatory drugs aspirin [198], indomethacin [198], and celecoxib [199];
the peroxisome proliferator-activated receptor (PPAR) activator troglitazone [200]; the histone deacetylase
inhibitors romidepsin [201] and vorinostat [202]; and the mTOR pathway inhibitor rapamycin [203].
The DNA topoisomerase I inhibitor beta-lapachone [204] and the DNA crosslinker cisplatin [205] act via
downregulation of hTR gene transcription. The circadian rhythm hormone melatonin downregulates
both hTERT and hTR on transcriptional level [206]. Other substances inhibit telomerase activity
by unknown mechanisms: perifosine [207], nimesulide [208], auranofin [209], pyrimethamine [210],
azidothymidine [211], octreotide [212] and ofloxacin [213]. Quinacrine, bortezomib, etoposide, and
doxorubicin directly target the telomere structure proteins TRF1, POT1, shelterin, and TNKS1 [214-217].

Various drugs proposed for skin cancer therapy, including tyrosine kinase and Wnt/ 3-catenin
signaling inhibitors, also have inhibitory effects on telomerase [218-223]. This is not unexpected
because telomerase enzyme activity can be post-transcriptionally regulated by the kinases c-Abl,
protein kinase C, ERK1/2, and Akt. [224-234].

Blockade of the epidermal growth factor receptor might be effective in inhibiting telomerase
activity of squamous cell carcinomas, which may result in suppression of tumor growth [235].
The recent finding of a germline mutation in the promoter of hTERT in a melanoma-prone family
further suggests the importance of telomerase as an important target in skin cancer therapy [236].
Resveratrol, by contrast is, at least in mouse models, a potent chemopreventive agent against
melanoma [237,238] but rather increases telomerase activity.

4. Advantages, Pitfalls, and Outlook

There are many advantages for using telomerase as an anti-cancer target. First, it is an essential
and specific component for most cancer cells [129,138] and more widely expressed than any other
tumor marker. Approximately 90% of all human cancers have elevated telomerase levels relative to
normal cells. Second, telomerase is the most efficient mechanism for replicative immortality with only
one (less robust) compensatory mechanism (ALT), which limits the risk for development of resistance
to telomerase-based therapies. Third, the very low expression of telomerase in normal tissues, together
with the longer telomeres in normal stem cells versus cancer cells, provides at least some degree of
specificity with low risk of toxicity in normal cells [239], and limited risk in stem cells, provided that
telomerase inhibition is limited in time.
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There are also various pitfalls for a use of telomerase as a therapeutic target in cancer treatment.

First, the anti-proliferative effects of telomerase inhibition are induced in cells with short telomeres
only, which requires some time of tumor growth until the drug can be effective. Second, telomerase
inhibition may elicit negative effects in highly proliferative cells which need telomerase for survival,
namely, stem cells, etc. [240]. Despite shorter telomeres in cancer cells, these two points may restrict
the therapeutic option for a narrow telomere length window. Moreover, it has been shown that stress
induces a shift of telomerase from the nucleus to mitochondria, suggesting a telomere-independent
physiological function and possible risks in long term inhibition of telomerase [16]. There are also
caveats to the therapeutic strategy of senescence induction, per se. On one hand, both telomere-driven
replicative senescence and stress-inducible senescence are tumor-suppressive [241-247]. On the other
hand, senescence can be reversed by a process called crisis and then has pro-tumorigenic paracrine
effects. By induction of telomere dysfunction and attrition chromosomal instability occurs and may
result in activation of oncogenes and/or silencing of tumor suppressor genes, which may counteract
the original therapeutic intention and cooperate to promote malignant transformation and drug,
resistance [248-252]. Finally, the currently available drugs and substances are often unspecific and
have a wide variety of actions and different cellular targets that may counteract replicative immortality
but may also exacerbate other cancer hallmarks such as chromosomal instability. Some studies
are promising but also suggest that for complete eradication of all subpopulations of cancer cells a
simultaneous targeting of several mechanisms will be needed. It is unlikely that a single target will
provide lasting remission.

Approximately 5%—10% of cancer cells maintain their telomeres by ALT [28]. This process is only
partially understood but may offer new therapeutic options by modulating the involved factors such
as the shelterin complex or the telomere sequences themselves to induce telomere deprotection.

There are also a number of pitfalls in the treatment with telomerase-activating procedures or
substances. Immortality is not intrinsically essential for malignancy [253]. However, an extended
lifespan may accumulate rare genetic and epigenetic aberrations that can contribute to malignant
transformation. Constitutive telomerase expression in mice increased tissue fitness and delay of
aging at the expense of slightly increased cancer incidence [254-256]. In mice with cancer resistant
backgrounds (by increased expression of tumor suppressors p16, Arf, and p53) transgenic telomerase
expression extends lifespan by 43% [254]. Interestingly, the cancer-promoting activity in transgenic
mouse models is not observed when telomerase is re-activated later in life.

In this context, a recently described methodological advance is of interest. Bernardes de Jesus
et al. have designed a potential therapeutic approach in which telomerase is induced temporarily
and selectively in old cells without promoting cancer growth. The special feature of recombinant
adeno-associated virus (rAAV) vector is its ‘mild’ integration into the host genome. By use of rAAV
vectors, which expressed the catalytic subunit of mouse telomerase (mTERT) it was integrated into the
host genome at very low rates but, in mice, did not induce cancer growth. A possible explanation is
the loss of the vector in rapidly proliferating cells such as cancer cells. Thus, this method might be
used to treat age-related diseases, such as atherosclerosis or diabetes [257]. In short-lived organisms,
such as mice, this strategy seems to be an excellent approach for a telomerase-based gene therapy. For
long-lived organisms it is currently unknown if cancer can be promoted by rare integration events of
constitutively-overexpressed hTERT [257].
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Abbreviations

The following abbreviations are used in this manuscript:

ALT alternative lengthening of telomeres
CRP C-reactive protein

hTERT human telomerase reverse transcriptase
hTR human telomerase RNA

IL-6 interleukine-6

LTL leucocyte telomere length

mTERT mouse telomerase reverse transcriptase
rAAV recombinant adeno-associated virus
ROS reactive oxygen species

TERC telomerase RNA component

TERT telomerase reverse transcriptase

VEGF vascular endothelial growth
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