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Summary

Replicative senescence has fundamental implications on cell mor-
phology, proliferation, and differentiation potential. Here, we
describe a simple method to track long-term culture based on con-
tinuous DNA-methylation changes at six specific CpG sites. This
epigenetic senescence signature can be used as biomarker for var-
ious cell types to predict the state of cellular senescence with
regard to the number of passages, population doublings, or days
of in vitro culture.
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Cellular senescence in the course of culture expansion has functional rele-
vance: The proliferation rate and in vitro differentiation potential of vari-
ous cell types such as mesenchymal stem cells (MSC) declines with higher
passages. Furthermore, cells may acquire genetic aberrations (Meza-
Zepeda et al., 2008), and there is evidence for epigenetic modifications
upon long-term culture (Bork et al., 2010). Therefore, replicative senes-
cence needs to be considered for quality control of cell preparations—
especially in cellular therapy (Tarte et al., 2010).

Commonly used parameters for cellular senescence are (i) passage
number, (i) cumulative population doublings (cPD), and (iii) the time of
in vitro culture. These parameters need to be carefully documented
throughout culture expansion—otherwise, it was so far impossible to ret-
rospectively determine the state of senescence. Expression of senes-
cence-associated beta galactosidase (SA-b-gal) can discern cells at the
senescent stage but hardly provides a quantitative measure throughout
culture expansion (Dimri et al., 1995). Cellular senescence is associated
with a loss of telomere integrity. However, telomere length and telomer-
ase expression vary in different cell types and have not proven as reliable
quantitative measure for replicative senescence (Prowse & Greider,
1995). Long-term culture was also associated with highly consistent gene
expression changes but this method requires comparative samples of
early passage and differential gene expression did not facilitate absolute
quantification of cellular senescence (Schallmoser et al., 2010). Recently,
it has been demonstrated that long-term culture is associated with spe-
cific epigenetic modifications in DNA-methylation profiles (Bork et al.,
2010; Noer et al., 2007; Schellenberg et al., 2011; Koch et al., 2011).
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Therefore, we hypothesized that methylation at specific cytosine residues
might provide an epigenetic signature to track the state of cellular
senescence.

We have used various human cell preparations to identify a generally
applicable senescence signature: Fibroblasts from different dermal
regions, MSC from bone marrow (BM; iliac crest or caput femoris) or from
adipose tissue (AT); culture medium was supplemented with either fetal
calf serum (FCS; 2% or 10%) or human platelet lysate. Long-term growth
curves demonstrated that the maximal number of cPD depends on cell
type, tissue of origin, and culture medium (Fig. 1A). Senescent cells
acquired typical morphological changes, stained positive for SA-b gal, dis-
played more lysosomes and MSC lost the capability of adipogenic and
osteogenic differentiation (Fig. S1).

DNA-methylation profiles of 51 samples at different passages were
analyzed with lllumina Bead Chip technology that represents 27,578 CpG
sites (Table S1). Unsupervised principal components analysis (PCA) of
quantil normalized raw-data demonstrated that cells from the same tis-
sues are closely related. The second component of this analysis clearly
separated samples of early and late passages. Interestingly, even the dis-
tance corresponded to the number of passages between early and late
passage (Fig. 1B). This indicates that long-term culture-associated epige-
netic modifications are highly reproducible and continuously acquired
during expansion.

Pavlidis Template Matching (PTM) was used to identify those CpG
sites with either linear increase or decrease in the methylation level
according to (i) passage number, (ii) cPD, or (iii) days of in vitro cul-
ture. This method revealed CpG sites that become continuously
hyper- or hypo-methylated in long-term culture (P < 107""; Fig. 1C—
E). To compile a simple biomarker panel based on senescence-associ-
ated DNA-methylation changes, we have restricted further analysis to
the six best suited CpG sites (Fig. 2A). These CpG sites gave the
most significant results in PTM analysis and DNA-methylation levels
varied more than 40% between early and late passages. Hyper-
methylated CpG sites were associated with the genes glutamate
receptor metabotropic 7 (GRM7) and calcium-sensing receptor
(CASR); hypo-methylated CpG sites corresponded to PRAME family
member 2 (PRAMEF2), selectin P (SELP), caspase 14 (CASP14), and
keratin-associated protein 13-3 (KRTAP13-3). It has to be noted that
these CpG sites were chosen without respect to the functional rele-
vance of corresponding genes but only by their predictive value as
epigenetic biomarker. In fact, these genes were hardly expressed in
any of the cell preparations as determined by quantitative RT-PCR
(data not shown). Methylation level of the six CpG sites was plotted
against the number of passages (Fig. 2B), cPD or days in culture
(Fig. S2). These data were used for linear regression analysis for each
of the six CpG sites. Slopes and y-axis intercepts were then combined
for simple models that enable predictions based on the beta-values
of the six specific CpG sites. Furthermore, we compiled an online cal-
culator that is based on these linear regressions to further simplify
application of the method (http:/Avww.molcell.rwth-aachen.de/dms/).

We tested the senescence signature with an independent set of
22 fibroblast and MSC preparations at different passages (Table S2,
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Fig. 1 Culture expansion induces DNA-methylation changes that correlate with passage numbers. (A) Long-term growth curves of dermal fibroblasts and mesenchymal stem
cells, which were expanded with fetal calf serum or human platelet lysate with or without additional growth factors (GF). (B) Principal components analysis of quantil
normalized DNA-methylation profiles. Corresponding samples of early and later passage are connected and the difference in passage number is indicated. (C—E) Pavlidis
Template Matching identifies CpG sites with DNA-methylation level changes according to passage numbers (C; 4 CpGs hyper- and 56 CpGs hypo-methylated), cumulative
population doublings (D; cPD; 3 CpGs hyper- and 17 CpGs hypo-methylated) or days of in vitro culture (E; 2 CpGs hyper- and 51 CpGs hypo-methylated).

Fig. S3A). In these samples, DNA-methylation level was only analyzed
at the six CpG sites by pyrosequencing after bisulfite conversion.
Percentages of DNA-methylation were inserted into the linear regres-
sion models for passage numbers derived from the training set of
lllumina Bead Chip data. For each CpG site, the predictions corre-
lated with the real passage numbers (Fig. S3B). Combination of the
six CpG sites enabled reliable estimations of passage numbers in fi-
broblasts and MSC (R* = 0.90; Fig. 2C). The average difference
between real and predicted passage number was three passages
(with a standard deviation of four). In analogy, cPD and days in cul-
ture could be estimated by using the corresponding linear regression
analyses (Fig. S3C,D). Thus, the DNA-methylation level at the six spe-
cific CpG sites can be used to monitor the state of cellular senes-
cence of independent fibroblast and MSC samples.

Subsequently, we tested whether the epigenetic senescence signa-
ture is also applicable for very different cell types and tissues. There-
fore, we have retrieved datasets with the same lllumina Bead Chip
platform from public data repositories. Most of these provide little
information on passage numbers. Thus, we have considered data
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from either freshly isolated cells or from established cell lines. Predic-
tions of cellular senescence were solely based on the six beta-values
as described previously (Figs 2D and S4). Despite the wide range of
cell types, our method could clearly separate primary cells and cul-
tured cell lines. Notably, our method did not detect cellular senes-
cence in datasets of ESC and iPS (Nishino etal., 2011)-which do
not undergo senescence in long-term culture. Thus, the state of
senescence can be reversed upon reprogramming.

Long-term culture has tremendous impact on proliferation, cellular
morphology, differentiation potential, and immune modulatory func-
tion. This necessitates the establishment of reliable biomarkers for
cellular senescence, which are universally applicable. Our epigenetic
senescence signature meets these requirements and can be used for
quality control of therapeutic cell preparations. Further research will
demonstrate how the predictions of passage number are affected by
seeding density. The method might even be used to detect cross-
contaminations of cell lines or mixing up of samples. DNA is rela-
tively stable and can easily be shipped for cost-effective analysis by
pyrosequencing. The continuous changes in DNA-methylation at
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Fig. 2 Six CpG sites reflect the number of passages. (A) Genomic sequences of six CpG sites, which were used for the epigenetic senescence signature. (B) Methylation level
of the CpG sites were plotted against the passage numbers for linear regression analysis. (C) Independent cell preparations were used for validation of the senescence
signature by pyrosequencing of the six CpG sites. The beta-values were used for the above-mentioned linear regression models. (D) DNA-methylation datasets were retrieved
from public data repositories. DNA-methylation level at the six CpG sites can clearly separate freshly isolated cells and culture expanded cell lines.

specific CpG sites facilitate reliable predictions of the state of cellular
senescence.
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Fig. S1 Characterization of culture-expanded stromal cells.

Fig. S2 Methylation changes with regard to cumulative population dou-
blings (cPD) and days in culture.

Fig. S3 Cell preparations for validation by pyrosequencing.

Fig. S4 DNA-methylation level at the six CpG sites in different tissues and
cell lines.

Table S1 Cell preparations used for DNA-methylation profiling.
Table S2 Cell preparations used for validation by pyrosequencing.
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