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Abstract

Replicative senescence of cells in culture is associated with highly reproducible DNA
methylation (DNAmM) changes at specific sites in the genome. Thus far, it is largely unclear
if these epigenetic modifications are directly regulated, or if they are randomly evoked by

other chromatin changes during long-term culture.

We have identified CG dinucleotides (CpGs) that become continuously hyper- or hypo-
methylated in the course of culture expansion of mesenchymal stem cells (MSCs) and
other cell types. These modifications provide a biomarker for replicative senescence and
correlate with the number of passages in vitro. During reprogramming into induced
pluripotent stem cells (iPSCs) senescence-associated DNAm is reversed simultaneously
with pluripotency-associated DNAmM changes. Bisulfite barcoded amplicon sequencing
(BBA-seq) demonstrated that upon passaging the DNAm patterns of neighboring CpGs
become more complex without evidence of continuous pattern development. Notably,
BBA-seq of hairpin-linked DNA molecules demonstrated that many CpG dyads are
methylated only on the forward or the reverse strand. This hemimethylation was conserved
over many passages, indicating that it was not due to insufficient maintenance of DNAm
patterns. Circularized chromatin conformation capture (4C) of senescence-associated
CpGs revealed reproducible changes during senescence without evidence for preferential

interaction between CpGs that become either hyper- or hypomethylated.

Taken together, senescence-associated DNAm fluctuates stochastically at specific sites
in the genome. Strand-specific DNAm and reproducible changes in 4C indicate that
epigenetic modifications of these CG dyads are not regulated in a targeted manner but

rather caused by passage-specific higher order chromatin conformation states.
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Introduction

Replicative senescence is a cell intrinsic mechanism that limits the number of cell divisions
(Campisi 1997). It is reflected by highly reproducible DNA methylation (DNAm) changes
at specific sites in the genome (Bork et al. 2010; Cruickshanks et al. 2013). We have
previously demonstrated that DNAmM levels at only six cytosine/guanine dinucleotides
(CpG sites) can be used to estimate passage numbers and cumulative population
doublings (Koch et al. 2012; Franzen et al. 2017). It therefore provides a reliable biomarker
for replicative senescence, similar as telomere attrition (Bernadotte et al. 2016) and
staining of senescence-associated beta galactosidase (Iltahana et al. 2007). However, it
is so far unclear how senescence-associated DNAmM patterns evolve and why they occur

at specific genomic regions.

DNAm patterns on both the forward and the reverse DNA strand (Watson and Crick
strands) are generally thought to be identical (Ushijima et al. 2003). DNAmM maintenance
is particularly mediated by DNA methyltransferase 1 (DNMT1) but also by the de novo
methyltransferases DNMT3A and DNMT3B (Jones and Liang 2009). Using hairpin-
bisulfite PCR (Laird et al. 2004) several studies have demonstrated that, despite the
general preference for concordant DNA methylation on both strands, some particular sites
are specifically methylated on only one strand (Arand et al. 2015; Choi et al. 2017; Patino-
Parrado et al. 2017). More recently, it was shown that such hemimethylation is stably
inherited over several passages and that hemimethylated sites are associated with
CCCTC-binding factor (CTCF)/cohesin binding sites. Thus, hemimethylation does not only
occur transiently after cell division but resembles a stable epigenetic modification related
to higher order chromatin structure (Sharif and Koseki 2018; Xu and Corces 2018).

Senescence is also associated with changes in chromatin conformation (Chandra et al.

3


https://doi.org/10.1101/445114
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/445114; this version posted October 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

2015; Zirkel et al. 2018). It is therefore conceivable that senescence-associated DNAmM
changes differ on the complementary DNA strands. In this study, we aimed at better
understanding how senescence-associated DNAm patterns evolve during MSC culture

expansion.

Results

Tracking replicative senescence by DNA methylation

To identify CpGs that become continuously hyper- or hypomethylated during culture
expansion of different cell types, we utilized available DNAm profiles based on the Illlumina
450k BeadChip. We compiled 63 DNAm profiles of human primary MSCs (n = 45),
fibroblasts (n = 5), and human umbilical vein endothelial cells (n = 13) with precise
information on passage numbers (Supplemental Table S1). 15 hypermethylated and 15
hypomethylated sites were filtered by Pearson correlation with passage numbers (R? >
0.8) and a linear regression slope (m > 0.02; Supplemental Table S2). For site-specific
DNAm analysis we further refined two hyper- and two hypomethylated CpGs that
cooperated best for prediction of passage numbers from the lllumina 450k BeadChip
datasets. These four CpGs were related to the genes Arachidonate 12-Lipoxygenase
(ALOX12, cg03762994), Docking Protein 6 (DOK®6, ¢g25968937), Leukotriene C4
Synthase (LTCA4S, cg26683398) and TNNI3 Interacting Kinase (TNNI3K, cg05264232; Fig
1A). Senescence-associated DNAmM was then tested by pyrosequencing in MSCs,
fibroblasts, and HUVECS at various passages (nh = 44). Based on pyrosequencing results,
we generated a multivariable model for epigenetic predictions of passage number
(R?=0.81; Fig. 1B and Supplemental Fig. S1A). Ten times 10-fold cross-validation of the
training dataset resulted in a R?=0.84 and a root mean squared error (RMSE) of 3.9

passages. Subsequently, our epigenetic senescence clock was validated on an additional
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independent set of samples (n = 42; R?=0.81; Fig. 1C and Supplemental Fig. S1B). Thus,
DNAmM analysis at these four CpGs facilitates relative precise estimation of passage
numbers, as previously described for six other senescence-associated CpGs (Koch et al.

2012).

Resetting the epigenetic senescence clock is an early event during cell

reprogramming into induced pluripotent stem cells

We previously described that senescence-associated DNAmM changes are reversed in fully
reprogrammed induced pluripotent stem cells (iPSCs) (Koch et al. 2013; Frobel et al.
2014), but the kinetics of this epigenetic rejuvenation were not yet addressed. We
therefore utilized DNAm profiles of TRA-1-60 positive cells at various time points after
retroviral reprogramming of fibroblasts with OCT3/4, SOX2, KLF4 and c-MYC (Ohnuki et
al. 2014). Particularly CpGs that are hypomethylated at later passages become re-
methylated between day 15 and day 20 after reprogramming (Fig. 1D). Notably, these
epigenetic changes occur in parallel to the epigenetic modifications at pluripotency-
associated genes (Fig. 1E) (Nazor et al. 2012) or age-related CpGs (Supplemental Fig.
S2) (Weidner et al. 2014). These results indicate that epigenetic rejuvenation of
senescence-associated CpGs might be directly linked to the epigenetic conversion during

reprogramming into the pluripotent state (Li et al. 2017).
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Figure 1: DNA methylation changes during long-term culture and
reprogramming into iPSCs.

A) Four senescence-associated CpGs were selected in DNAm profiles of MSCs,
fibroblasts, and HUVECs (all 450k BeadChip data). B) DNAm at these four CpGs was
then analyzed in a training set (n = 44) by pyrosequencing and the results were used
to train a multivariable model to estimate passage numbers (RMSE = root mean
squared error; MAE = mean average error). C) This predictor was validated on
pyrosequencing results of an independent set of samples (n = 42). D) DNAm changes
were analyzed in 30 senescence associated CpG sites using DNAm profiles of MSCs
of early and late passage (left; Koch et al. (2013)), and in a datasets that analyzed
DNAm changes at various timepoints during reprogramming (right, Ohnuki et al.
(2014)). E) Reprogramming kinetics of 1,432 pluripotency associated CpG sites
(Nazor et al. 2012) in datasets as depicted in D.
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Dynamics of DNA methylation patterns at neighboring CpG sites

We previously demonstrated that individual subclones derived from MSC preparations
exhibit distinct DNAmM patterns at neighboring CpGs (Franzen et al. 2017). Hence, we
anticipated that tracking of such patterns over several passages might provide insights
into the changing composition of subclones within MSC preparations. To address this
question, we used samples from a previously published study (Selich et al. 2016):
Umbilical cord derived MSCs from two donors were transduced with lentiviral vectors
containing random barcodes and three different fluorescent proteins. Flow cytometry and
deep sequencing demonstrated that the diversity of cellular subsets declines and
senescent passages became oligoclonal (Fig. 2A and Supplemental Fig. S3A). Genomic
DNA was subsequently analyzed via barcoded bisulfite amplicon sequencing (BBA-Seq)
to investigate DNAm patterns at the four senescence-associated CpGs mentioned above,
as well as the six CpGs of our previous predictor for replicative senescence (associated
with the genes CASR, CASP14, GRM7, KRTAP13.3, PRAMEF2 and SELP) (Koch et al.
2012). Overall, BBA-Seq facilitated robust measurements of DNAm levels and combined
prediction results correlated with the number of passages of umbilical cord derived MSCs
(R? = 0.87, Fig. 2B). In contrast to pyrosequencing, BBA-Seq facilitates analysis of the
sequence of methylated and non-methylated CpGs within individual reads. To this end,
we focused on those amplicons that comprised several neighboring CpGs on the BBA-
Seq reads (GRM7, CASR, LTC4S, DOK6 and ALOX12). The DNAm patterns fluctuated
over subsequent passages and there was no evidence for continuous development of
senescence-associated modifications at these genomic regions. In fact, the modifications
seemed to be acquired independently of clonal composition (Fig. 2C). Furthermore, DNAm
patterns became more diverse during culture expansion (Fig. 2D and Supplemental Fig

S3B), providing additional evidence that development of DNAm patterns in senescence-
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associated genomic regions is not related to the oligoclonal composition of MSCs at later

passages.
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Figure 2: DNA methylation patterns of neighboring CpG sites.

A) Mesenchymal stem cells from umbilical cord were labelled with barcoded-RGB-
vectors to correlate DNAm patterns with the composition of cellular subsets (Selich
et al. 2016). Deep sequencing analysis of the random barcodes demonstrates that
the MSCs at passage 10 are oligoclonal. B) These samples were subsequently used
for DNAm analysis by barcoded bisulfite amplicon sequencing (BBA-Seq) at ten
senescence-associated CpGs. The predicted passage numbers based on these
DNAm levels correlated with real passage numbers. C) Individual DNAm patterns are
exemplarily depicted for 22 neighboring CpGs of GRM7. The frequency of DNAm
patterns resembles the percentage of corresponding reads in deep sequencing
analysis. D) Changes in the frequency of different DNAm patterns over the passages
are depicted for the neighboring CpGs within the amplicons of GRM7 (22 CpGs),
CASR (7 CpGs), LTC4S (4 CpGs), DOK®6 (7 CpGs), and ALOX12 (9 CpGs).
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Senescence-associated DNA methylation is often strand-specific

So far, it was unknown if senescence-associated DNAm patterns are identical and stable
on the two complementary strands of the DNA. To address this question, we ligated hairpin
oligonucleotides to connect the forward and reverse strands of individual DNA molecules
(Fig. 3A) (Laird et al. 2004). These hairpins also comprised a unique molecular identifier
(UMI) in the loop region to adjust for potential PCR bias (Supplemental Fig. S4A). Eight
out of the ten senescence-associated regions encompassed suitable endonuclease
restriction sites for targeted hairpin-ligation and could be further analyzed by BBA-Seq
with primers specific for these hairpins (CASR, GRM7, KRTAP13.3, PRAMEF2, SELP,
DOK®6, LTCA4S, TNNI3K). As a control we considered an additional genomic region that
was generally methylated (associated with the genes C120rf12) and an imprinting control
region in the gene guanine nucleotide binding protein alpha subunit (GNAS). Overall, this
hairpin BBA-Seq approach revealed similar senescence-associated DNAm levels as
conventional BBA-Seq. The accuracy of epigenetic predictions of passage numbers was
also similar when reads with the same UMI were only considered once (Supplemental Fig.
S4B), indicating that potential PCR bias during amplification does not have major impact

on the mean DNAm levels.

Subsequently we compared the DNAm patterns of the two complementary DNA strands.
To our surprise most senescence-associated regions revealed preferential
hemimethylation at individual CpGs either on the Watson or on the Crick strand. For
example, the CpG site next to the hairpin insert of DOK6 was consistently more methylated
on the Crick strand across three different donors in early and late passages (Fig. 3B). We
then focused specifically on CpGs that were senescence-associated in the initial lllumina
450k BeadChip analysis. Hemimethylation was consistently observed for the CpGs in

SELP and PRAMEF2, and in early passages for KRTAP13.3 (Fig. 3C). In addition,
9
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hemimethylation was observed at neighboring CpG sites of GRM7 and LTC4S in late
passages (Supplemental Fig. S4C). Notably, the imprinting region of GNAS also exhibited
hemimethylation, which is in line with recent studies on imprinting regions (Guntrum et al.
2017; Patino-Parrado et al. 2017). The stable hemimethylation at individual CpGs of
senescence-associated regions and on specific DNA strands argues against the
possibility that this effect is caused by loss of DNAm during cell division — it might rather

be evoked by altered states of higher order chromatin conformation (Xu and Corces 2018).
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Figure 3: Senescence-associated DNAm is frequently hemimethylated.

A) Schematic presentation of DNAm analysis on complementary DNA strands using
hairpin ligation and BBA-Seq (UMI = unique molecular identifier). B) DNAm patterns
of four neighboring CpGs in DOK®6 are depicted on complementary strands (MSC of
three different donors in early and late passages). The CpG site included in the
Epigenetic-Senescence-Signature is CpG #1, depicted in bold. Each row represents
patterns for an UMI in the hairpin. C) Frequency of homo- and hemimethylation at
senescence-associated CpG sites that were used for predictions of passage
numbers, in an imprinted region (GNAS), and at a highly methylated region
(Cl2o0rf12).
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Chromatin interactions at senescence-associated genomic regions

Replicative senescence was previously shown to evoke reproducible changes in
chromatin organization (Chandra et al. 2015; Zirkel et al. 2018). We explored chromatin
interactions and focused specifically on four genomic regions with senescence-associated
CpGs (ALOX12, LTC4S, CASR and KRTAP13.3) using circular chromatin conformation
capture (4C). Two independent MSC preparations at early (P2 and P3) and late (P7 and
P9) passages revealed overall reproducible interaction profiles (Fig. 4A). For downstream
analyses we only considered highly interacting regions that were categorized as “nearbait”
(10 MB around the “bait” locus of interest) or as “cis” (all cis-contacts on the same
chromosome). Although trans-chromosomal analysis showed a high number of
reproducible interactions (Fig. 4B) we excluded trans-interacting sites from further analysis
due to their high background signal, as commonly observed in such studies. The number
of interacting sites in nearbait and cis remained similar between early and late passages
(Fig. 4C and D). Many of these showed reproducible and significant differences from early
to late passages (p value < 0.05), indicating that chromatin interactions at senescence-

associated CpGs are modified in conjunction with culture expansion (Fig. 4E and F).

To gain insight into how chromatin interactions are reflected on DNAmM we used datasets
of MSCs at early passage (n = 5; P2 - P3) and pre-senescent passage (n = 5; P7 - P13;
GSE37067) (Koch et al. 2013). The mean DNAm levels at interacting regions was overall
similar to the average DNAm of the corresponding chromosome. However, nearbait
interactions of KRTAP13.3, which becomes hypomethylated upon long-term culture,
preferably formed with non-methylated regions both in early and late passages (Fig. 4G).
Notably, none of the four senescence-associated genomic regions revealed significant

enrichment of interaction with other senescence-associated CpGs (Fig. 4H). Furthermore,
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gains and losses in chromatin interactions were not enriched in regions with senescence-

associated DNAm changes (Fig. 41 and J).

Hemimethylation was shown to be enriched in CTCF binding sites (Xu and Corces 2018).
In fact, nearbait and cis-interacting regions of two senescence-associated sites (ALOX12
and LTC4S) exhibited significant enrichment of binding motifs for CTCF and CCCTC-
binding factor like (CTCFL; Supplemental Fig. S5A and B). Similar results were observed
using CTCF ChipSeq data of MSCs (Dixon et al. 2015) (Fig. 4K). We and others previously
demonstrated that hypomethylation during replicative senescence occurs preferentially at
lamina-associated domains (LADs) (Cruickshanks et al. 2013; Shah et al. 2013;
Hanzelmann et al. 2015) This is supported by the observation that the hypomethylated
region of KRTAP13.3 was enriched in interactions with LADsS, whereas such interactions
were depleted for hypermethylated regions (ALOX12, CASR and LTCA4S; Fig. 4L). Taken
together, senescence-associated DNAmM occurs at genomic regions that reveal significant
and reproducible changes in chromatin conformation, but it is not synchronously regulated

at the interaction sites of different chromatin loops.
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Figure 4: Circular chromatin conformation capture (4C) of senescence-
associated CpGs.

A) Integrative Genomics Viewer (IGV) overview of the bait region of ALOX12 in MSCs
of two donors at early (light blue) and late (dark blue) passage. Sequencing peaks
are presented as normalized counts. High interacting regions called by 4Cker tool
are indicated by horizontal bars beneath the peaks. Mean methylation levels of CpGs
on the Illumina 450k BeadChip are depicted for MSCs at early and late passages
(GSE37067; red) (Koch et al. 2013). B) Circos-plot of highly interacting regions
across different chromosomes (trans) is exemplarily depicted for ALOX12

(interactions are reproducible in two MSC preparations at early passage). C)
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Numbers of highly interacting regions within the nearbait regions of the four
senescence-associated CpGs were similar at early and late passages. D) Numbers
of cis-interacting regions (within the same chromosome). E, F) Number of differential
contacts (p-value < 0.05) between early and late passages of all four CpG sites in
nearbait and cis locations. G) DNAm levels of all CpG sites within high interacting
regions in early and late passages. Red lines indicate mean DNAm levels of all CpG
sites within interacting regions, black lines depict mean DNAm of all CpG sites on
the 450k BeadChip within the nearbait region. H) The association of DNAm with
passage numbers (Pearson correlation) is presented for all CpG sites within high
interacting regions. Mean correlations are depicted for CpG sites at highly interacting
regions (red) and all CpGs within the nearbait regions (black). I, J) Association of
DNAmM with passage numbers (Pearson correlation) is presented for all CpG sites at
differential contact regions within nearbait and cis (red and black lines in analogy to
H). K, Enrichment of CTCF ChipSeq peaks (Dixon et al. 2015) and L) lamina-
associated domains (LADs) within high interacting sites of the four baits compared
to random background regions. Significance was tested by Fisher’s exact test (* p <
0.05; ** p < 0.01; *** p< 0.001; # p < 0.0001).

Discussion

Senescence is not just a process observed in cell culture. There is growing evidence that
this phenomenon is also relevant in organismal aging and tumorigenesis (Childs et al.
2015). Depletion of senescent cells might prolong healthy aging, and this raises high
hopes for development of senolytic drugs (Jeon et al. 2017; Kirkland et al. 2017; Grezella
et al. 2018). In fact, replicative senescence — in analogy to aging — is associated with highly
reproducible DNAm changes at specific sites in the genome (Cruickshanks et al. 2013;
Lowe et al. 2015). Yet, epigenetic modifications upon aging and upon senescence are
distinct (Lowe et al. 2016) and therefore epigenetic senescence predictions are applicable

to cells from young and elderly donors.
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The highly reproducible nature of senescence-associated DNAmM suggests that this
process is tightly controlled (Xie et al. 2018). Nevertheless, our results indicate that it is
possibly not directly mediated by regulatory protein complexes for the following reasons:
1) resetting of senescence-associated DNAmM during reprogramming into iPSCs occurs
synchronously with the epigenetic changes in pluripotency genes, which is directly linked
to the epigenetic transition itself; 2) BBA-seq analysis demonstrated that senescence-
associated DNAm patterns do not develop in an additive manner at neighboring CpGs, as
would be expected if it was governed by a protein complex (Lévkvist et al. 2016); and 3)
senescence-associated DNAmM occurs in regions with highly reproducible changes in
chromatin interactions. However, there was no evidence that senescence-associated
DNAm is co-regulated at the interaction sites of different chromatin loops, as anticipated

for regulation via epigenetic modifying protein complexes.

It has been suggested that at least senescence-associated hypomethylation can be
attributed to insufficient maintenance function of DNMT1 (Nadejda et al. 2002;
Cruickshanks et al. 2013). In fact, we often observed methylation at only one of the
complementary DNA strands — but this hemimethylation was consistently observed on
specific strands and during culture expansion. Thus, hemimethylation at senescence-
associated regions is not due to insufficient maintenance of DNA methylation. Our results
provide additional evidence that hemimethylation is a stable epigenetic modification state,
as recently proposed (Sharif and Koseki 2018; Xu and Corces 2018). It is still unclear how
strand-specific hemimethylation is established and maintained. We speculate, that it is not
directly regulated by specific protein complexes. Hemimethylation might be randomly
acquired due to some favorable chromatin conformation, such as bending of DNA or
interaction with histone complexes — and then stabilize the later vice versa. Alternatively,
interaction with DNA binding proteins might restrict access to methyltransferases on
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individual DNA strands. This hypothesis might be supported by enrichment of CTCF and

CTCFL binding motifs, which mediate chromatin looping (Xu and Corces 2018).

Replicative senescence is evidently associated with major changes in chromatin structure.
The nucleus becomes much larger, while chromatin volume decreases due to extensive
reorganization of hetero- and euchromatin conformation (Chandra et al. 2015; Criscione
et al. 2016). Nuclear depletion of HMGB2 and its induction of CTCF clustering are early
events on the path to senescence, which disturb the chromosomal 3D organization (Zirkel
et al. 2018). Our 4C analysis supports the notion that the 3D chromatin structure
undergoes highly reproducible changes during culture expansion. Senescence-
associated DNAmM may therefore be indirectly mediated by the histone code, insulators,

chromatin loops and the overarching nuclear structure.

It is generally anticipated that maintenance of the DNAm pattern and de novo methylation
are tightly controlled by specific epigenetic modifiers. Our results indicate that at least
senescence-associated DNAmM changes may rather be indirectly controlled by changes in
chromatin conformation that impact on the probability of methylation and demethylation
events. In analogy, age-associated DNAm changes might be similar modified, but this
warrants further analysis. The functional relevance of DNAm changes is yet unclear. It has
been demonstrated that senescence-associated DNAm is only partly associated with gene
expression changes of corresponding genes (Koch et al. 2013; Sidler et al. 2014; Sakaki
et al. 2017). Yet, it appears to be an oversimplification to consider only transcriptional
regulation as functionally relevant. Chromatin conformation, loop structures, histone
modifications, and lamina-associated domains may favor modulation and generation of
specific DNAm patterns —and on the other hand DNAmM and hemimethylation may stabilize

such chromatin structures. To understand the underlying mechanism that drive molecular
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changes in replicative senescence it may therefore be relevant to take different levels of

chromatin organization into account.

Methods

Identification of senescence-associated CpGs

We compiled 64 available DNAm datasets of untreated primary cells with reliable
information on passage numbers (all lllumina 450k Methylation BeadChip; Supplemental
Table S1). For further analysis we excluded CpGs from X and Y chromosomes and
performed k-nearest neighbor imputation and quantile normalization using the R packages
impute and lumi (Du et al. 2008), respectively. An outlier test using the R package car was
performed resulting in exclusion of one sample (GSM1004625). Subsequently, 15 hyper-
and 15 hypomethylated CpG sites were selected based on Pearson correlation of DNAmM
levels (beta values) and passage numbers (R? > 0.8) and slope of regression (m > 0.02;
Supplemental Table S2). Using the R package leaps we calculated the best multivariable

linear regression model including two hypo- and two hypermethylated CpG sites.

Analysis of DNAmM changes during reprogramming into iPSCs

The kinetics of senescence-associated DNAmM changes during reprogramming into iPSCs
were investigated using the dataset of Ohnuki et al. (GSE45848; 450k BeadChip) (Ohnuki
et al. 2014). For comparison we used DNAm profiles of MSCs at early and late passage
(GSE37067) (Koch et al. 2013). We either focused on the above mentioned 15 hypo- and
15 hypermethylated CpGs or on 2,116 (hypo) and 1,702 (hyper) senescence-associated
CpGs as identified in our previous work (results not demonstrated) (Koch et al. 2013).

Furthermore, we focused on 1,432 pluripotency-associated CpGs (Nazor et al. 2012) and
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99 age-associated CpGs (Weidner et al. 2014). Heatmaps were produced with R package

gplots.

Cell culture

Mesenchymal stem cells were isolated from the bone marrow of donors undergoing
orthopedic surgery (n = 11; BM-MSC RWTH Aachen) (Fernandez-Rebollo et al. 2017),
from bone marrow aspirates of allogeneic hematopoietic stem cell donors (n = 8; BM-MSC
University of Heidelberg) (Horn et al. 2008), from subcutaneous adipose tissue
lipoaspirates (n = 3, AT-MSC RWTH Aachen) (Cholewa et al. 2011) and from umbilical
cord pieces (n = 2; UCP-MSC; University of Hannover) (Selich et al. 2016). Fibroblasts
were isolated from dermis (n = 4; RWTH Aachen) (Koch et al. 2012). Human umbilical
vein endothelial cells were isolated from umbilical cords of healthy donors after cesarean
sections (HUVECS; n = 4; RWTH Aachen) (Baudin et al. 2007) or obtained from Lonza (n
= 3, Basel, Switzerland) (Franzen et al. 2017). All samples were taken after informed and
written consent and the study was specifically approved by the ethics committees of the
corresponding Universities. All cell preparations were thoroughly characterized (including
morphology, immunophenotype, and three lineage in vitro differentiation potential) and
culture conditions were used as described in detail in our previous work (Horn et al. 2008;
Cholewa et al. 2011; Koch et al. 2012; Selich et al. 2016; Fernandez-Rebollo et al. 2017;
Franzen et al. 2017). In addition, HUVECS were cultured on 0.1% gelatin in M199 medium
(Thermo Fisher, Waltham, USA) supplemented with 20% fetal calf serum (FCS) (Gibco
Thermo Fisher), 1 % penicillin/streptomycin (PAA), 0.1 % heparin (5000 1U/ml,
Ratiopharm) and 50 pg/ml endothelial cell growth supplement (ECGS) (Sigma-Aldrich, St.
Louis, USA). For long-term culture all cells were passaged at approximately 90%

confluency and reseeded at 10,000 cells/cm?.
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Pyrosequencing

Genomic DNA was isolated with the NucleoSpin Tissue kit (Macherey&Nagel, Diren,
Germany) and bisulfite converted using the EZ DNA Methylation kit (Zymo Research,
Irvine, CA, USA). Pyrosequencing was performed on a PyroMark ID System (Biotage,
Uppsala, Sweden). Primers for pyrosequencing were designed with the PSQ assay design
software (Biotage; Supplemental Table S3). DNAm levels were determined with the Pyro-
Q-CpG Software (Biotage). To train the Epigenetic-Senescence-Signature on
pyrosequencing data we divided the pyrosequencing samples into a training and validation
set (Supplemental Tables S8 and S9). The multivariable linear regression model based
on DNAm levels (B-values) at the four CpGs in a = ALOX12 (cg03762994), 3 = DOK6

(cg25968937), y = LTC4S (cg26683398) and & = TNNI3K (cg05264232) was as follows:

Predicted passage = 39.0341 — 10.9266 a - 0.4219 3 + 5.8979 y - 38.889 &

Finally, we used the R package caret (Kuhn 2008) to perform a 10-fold cross-validation

on the training dataset.

Lentiviral Barcode-RGB marking

Primary MSCs in umbilical cord tissue were transduced with three different lentiviral
vectors containing the fluorescent proteins mCherry (red), Venus (green) or Cerulean
(blue) and a barcode of 16 random and 15 vector-backbone-specific nucleotides, as
previously published (Selich et al. 2016). Clonal dynamics were assessed at each passage
by flow cytometry using a BD LSR Il flow cytometer (BD Biosciences, Heidelberg,
Germany) and by deep sequencing of PCR amplified barcodes using ion torrent

sequencing. Area plots were produced with the R package ggplot2.
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Barcoded-bisulfite-amplicon sequencing

Bisulfite converted DNA was used for a nested PCR using the PyroMark PCR kit (Qiagen;
primers are provided in Supplemental Table S4). The second PCR added barcoded
lllumina adapters that allowed to distinguish donors and passages, as described before
(Franzen et al. 2017). Amplicons were pooled and sequenced on an lllumina MiSeq lane
with the v2 nano reagents (lllumina) in 250 PE mode. Bisulfite converted sequencing data
was analyzed using TrimGalore, Bismark (Krueger and Andrews 2011) and bowtie2
(Langmead and Salzberg 2012). Further pattern analysis and visualization was performed

with custom perl and R scripts or with R package ggplot2 for area plots.

Analysis of hemimethylation

Hemimethylation analysis was modified from a protocol by Laird et al. (Laird et al. 2004).
Genomic DNA (4 ug, three donors in passages 2 and 13) was digested with restriction
enzymes that cut close to our CpG of interest: Accl (CASR, TNNI3K, C120rf12), Ddel
(KRTAP13.3, LTC4S) and CviQl (DOK6, GRM7, PRAMEF2, SELP, GNAS). Hairpin
linkers (Supplemental Table S5) were denatured at 95°C and subsequently folded by slow
cooling to room temperature. Ligation was performed with 4,000 U ligase and 3.3 uM
hairpin linker DNA over night at 16° C. The ligated DNA was denatured with 0.3 M NaOH
at 42°C for 15 min and 99°C for 2 min before a 0.4 g/ml sodium bisulfite and 1 mg/ml
hydroquinone solution was added. Bisulfite conversion was performed at 55°C overnight
with 10 intervening denaturation steps at 99°C to prevent renaturation of hairpin
structures. The regions of interest were subsequently amplified by PCR using the
PyroMark PCR kit (Qiagen; primers listed in Supplemental Table S6). lllumina adapters
were ligated using the GeneRead DNA Library | Core Kit (Qiagen) and GeneRead DNA |
Amp Kit (Qiagen). Final library cleaning was performed with the Select-a-size DNA Clean

& Concentrator kit (Zymo Research). MiSeq v2 nano reagents (lllumina) were used for
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library dilution to 4 nM and 20% PhiX were spiked in to increase sequencing diversity.
Sequencing was performed on an Illumina MiSeq in 250 PE mode and analyzed as

described above.

Circular Chromatin Conformation Capture (4C)

Ten million cells from two MSC preparations at early (P2 and 3) and late (P7 and 9)
passages were cross-linked with 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) for 10 min., harvested into ice cold PBS with 0.125 M glycine, and
frozen under a protease inhibitor cocktail (Roche, Basel, Suisse). 4C-seq was performed
as described before (Stadhouders et al. 2013) using Apol as the primary and Dpnll as the
secondary restriction enzyme. Bait-specific primers for the circularized inverse PCR are
listed in Supplemental Table S7. Amplicons were sequenced on a HiSeq2500 platform
(llumina), mapped to the reference genome (hg19) and analyzed with the Hidden-Markov-
Model-based tool 4Cker (Raviram et al. 2016). This tool corrects for increasing signal
noise in trans chromosomal interactions and far-cis chromosomal interactions by adaptive
window sizes. We used the k™-next-neighbor adaptive window sizes of k=5 for nearbait
(10 MB around the “bait” region of interest) and cis interaction analysis and k=20 for trans
chromosomal interactions. We focused particularly on the high-interacting reads that were
called in both replicates. Circos-plots were generated with the R package RCircos (Zhang
et al. 2013). For comparison we used DNAm profiles of MSCs at early (nh = 5) and late
passages (n = 5; GSE37067) (Koch et al. 2013). CTCF and CTCFL enrichment in
interacting regions was tested with the RGT motif enrichment tool (http://www.regulatory-
genomics.org/motif-analysis/introduction). CTCF ChipSeq data of MSCs (Dixon et al.
2015) was analyzed using TrimGalore, bowtie2 (Langmead and Salzberg 2012) and

MACS?2 (Zhang et al. 2008). CTCF ChipSeq peaks and enrichment of interactions with
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lamina-associated domains (LADs) (Guelen et al. 2008) were analyzed in comparison to

randomly chosen regions by Fisher’s exact test using R stats.
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