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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). 

 

 
               



 

 

 

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. 

 

  



 

 

 

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.  

 

 



 

 

 

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. 

 

 
 



 

 

 

Fig. S5 

Growth curves of primary (-hTERT) and immortalized (+hTERT) fibroblast cell lines. 
CON, healthy controls (turquoise symbols: squares N707, triangles 731, circles 778, rhombuses 

811). HGP, Hutchinson-Gilford progeria fibroblasts (magenta symbols: squares HGADFN003, 

triangles HGADFN164, circles HGADFN127, rhombuses HGADFN178). L, low population 

doubling (PD); H, high PD. 

 

 

 

  



 

 

 

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 H2O2 (light gray columns) and in the presence of 

H2O2 (200 µM; 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 vs high PD; # indicates p < 0.05 and ## p ≤ 0.01for –H2O2 vs. +H2O2 (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). 

 

 



 

 

 

 



 

 

 

 
 

 



 

 

 

Fig. S7 

Senescence associated-β-galactosidase as a marker for telomere length- and stress-

dependent senescence. The number of senescence-associated β-galactosidase (SA-β-Gal)-

positive cells (A, C, E-H) and the SA-β-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 H2O2 (200 µM, 2 

h), as described in the Materials and Methods. (E), Representative SA-ß-Gal staining of HGP 

cells (low PD) in the absence of H2O2. (F), Representative SA-β-Gal staining of HGP cells (high 

PD) in the absence of H2O2. (G), Representative SA-β-galactosidase staining of immortalized 

HGP cells (low PD) in the absence of H2O2. (H), Representative SA-β-Gal staining of 

immortalized HGP cells (high PD) in the absence of H2O2. L, low PD; H, high PD, as indicated. 

The percentages of SA -β -Gal-positive cells were ascertained by counting five visual fields 

under a light microscope at 50x magnification by two different individuals independently and 

blinded. 



 

 

 

 



 

 

 

 

Fig. S8 

Telomere length-dependent chromosomal reorganization of pre-senescent and hTERT-

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 µm and >2.26 µm 

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); χ2 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). 

 



 

 

 

 
 



 

 

 

Fig. S9 

Original data for all TEL-PPP2R2C probe distances for healthy controls and HGP cell 

lines. Distances were divided into deciles (0.7258 µm, 1.090 µm, 1.3442 µm, 1.606 µm, 1.93 

µm, 2.28 µm, 2.773 µm, 3.49 µm, 4.451 µm) for graphical presentation. Horizontal lines indicate 

the bounds of deciles. The cut-off value for separation of A and S was 2.26 µm for all cell lines. 

 

 
  



 

 

 

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 µg/ml (gray; n=3 cell lines, 3 technical 

replicates each), 5-AzaC at 1 µg/ml (dark gray; n=3 cell lines, 3 technical replicates each), or 

both inhibitors (black); 2) resveratrol at a concentration of 0.25 μM (gray; n=3 cell lines, 3 

technical replicates each), 1.0 µM (dark gray), or 10.0 µM (black); 3) 50 μM 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. 

 

 

 



 

 

 

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 β-actin. PR, protein ratio. 

 
 



 

 

 

 
  

Fig. S12 

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 hTERT 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 phosphorylation of p70S6K was not 

enhanced but was rather further decreased (red arrow). Thus effects induced by PR55γ 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. 

 

 



 

 

 

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, β-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. 

 

 
  



 

 

 

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 hTERT immortalization (lower right), 

as described in Materials and Methods. G0/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. 

 

 
 



 

 

 

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. β-actin serves as a loading control. For densitometric 

illustration of blots β-actin was used as reference for input control. PR, protein ratio (B) mRNA 

levels of genes whose transcription is likely under control of p70S6K . Cyclophilin 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.  

  

   



 

 

 

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 hTERT 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. 

 

                        



 

 

 

Fig. S17 

Amount of PPP2R2C mRNA in lymphoblastoid cells (LCLs) 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). 

 

 
  



 

 

 

Fig. S18 

mRNA levels of the four PPP TPE-OLD candidates and all confirmed TPE-OLD genes in 

LCLs and HUVECs 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 for a 

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. 

 

 
  



 

 

 

Fig. S19 

mRNA levels of PPP2R2C in fibroblasts derived from cell donors of different ages. qPCR 

analysis was performed under basal conditions (10% FCS), in cells with long telomeres and in 

cells with short telomeres from donors of different ages. Cyclophilin A 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), 

qPCR 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  

 



 

 

 

 
 

  



 

 

 

Fig. S20 

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, CDKN1C, CDKN2D), stress response genes and 

metabolic regulators (HSF1, MAPK11, FOXI2), regulators of epigenetic silencing (SIRT3, 

HDAC4), DNA damage response genes (HSF2BP, MGMT, CDKN2AIP), defense response genes 

(IL17REL, IlL15RA, IGHG2) but also genes coding for proteins whose expression increases or 

declines during aging for unknown reasons such as some coagulation factors or lamins (LMNB2). 

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-κB (C). 

 

 



 

 

 

  



 

 

 

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. 

 



 

 

 

 



 

 

 

 



 

 

 

Fig. S22 
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. 

 

  



 

 

 

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 

 Myoblasts1 Fibroblasts1,2 LCL HUVEC 

AKAP3 ↑ n/a n/a n/a 

ANO2 ↑ n/a n/a n/a 

C1S ↑ 
 
 

↑ ~ ↑ 
 

CCND2 ↑ ↑ n/a n/a 

CD163L1 ↑ n/a n/a n/a 

CD9 ↓ n/a n/a n/a 

DSP ↑ ↑ ~ ↓ 
 

FOXM1 ↓ n/a n/a n/a 

GALNT8 ↑ n/a n/a n/a 

ISG15 ↑ ↑ ~ 
~ 
 

NDUFA9 ↑ n/a n/a n/a 

SORBS2 (↑) n/a n/a 
↑ 
 

TEAD4 ↓ ↓ n/a n/a 

TERT n/a (↑) ~ 
~ 
 

TIGAR ↑ n/a n/a n/a 

TSPAN9 ↑ n/a n/a n/a 

PPP2R2C n/a ↑ ~ ↑ 

PPP2R2D n/a ~ ~ ↑ 

PPP2R3B n/a ~ ~ ~ 

PPP2R5C n/a ~ ~ ↑ 

n/a, no data available; ↑, higher expression in cells with short 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. 
(SORBS2) (9), Robin et al. (all others) (10); 2, from references Kim et al. (TERT) (12); Lou et al (ISG15) (11).  



 

 

 

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 

 

  



 

 

 

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). 

 

 

 

 

 



 

 

 

 

 
  



 

 

 

 
  



 

 

 

 
  



 

 

 

 
  



 

 

 

 
  



 

 

 

 
  



 

 

 

 
  



 

 

 

Table S4 

 

Functional gene groups 

 

 

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. 

GENE FAMILY              ALL              TPE            TPE               RR FUNCTION INVOLVED IN

       GENES        GENES

ZNF 388 99 1.609 DNA binding proteins transcriptional regulation, development, protein degradation, DNA repair

SNO 293 60 1.291 glutamine amidotransferases pyridoxine biosynthesis, response to nutrient limitation

KCN 97 19 1.235 potassium channels antagonism of  insulin secretion

RAB 89 17 1.205 small G proteins vesicular transport; organelle formation; cell growth and development

PPP 81 16 1.246       serine/threonine phosphatases cell growth and energy metabolism

MRP 79 16 1.277 ATP-binding cassette transmembrane proteins export of organic anions and drugs 

WDR 62 16 1.628 WDR domain proteins DNA damage sensing; DNA repair, protein degradation, epigenetic regulation and immunity

FBX 62 12 1.221 F-box proteins protein degradation and hematopoiesis

ADA 58 14 1.522 adenosine deaminases purine metabolism; immunity

SER 57 17 1.881 serine proteases myeloid and lymphoid immunity, embryological growth and synaptic plasticity

POL 55 13 1.491 DNA polymerases DNA repair

FOX 54 11 1.285 transcription factors cell gowth and development

MAG 48 14 1.840 cancer-associated proteins stress adaptation

ABC 46 9 1.234 ATP binding proteins drug resistance

UBE 43 11 1.613 ubiquitination factors protein degradation 

ZBT 43 10 1.467 DNA binding proteins development

IL1 42 8 1.201 cytokines regulation of immune and inflammatory responses to infections or sterile insults

TBC 40 11 1.734 GAP domain proteins cell growth

GAL 39 11 1.779 galaktose transfer proteins metabolism; innate and adaptive immunity 

CFA 38 8 1.328 poly(ADP-ribose) polymerases ADP riboyslation; tumor suppressor mechanisms

GOL 36 21 3.680 Golgi proteins vesicular transport and Golgi architecture

SCA 36 11 1.927 transcription factors neuroprotection

PRK 35 7 1.261 serine/threonine kinases regulation of meiosis and mitosis

MET 34 8 1.484 receptor tyrosine kinases cell growth

CAC 31 9 1.831 calcium channels cell-to-cell communication, neurotransmission and neuroprotection

FGF 31 7 1.424 growth factors cell growth

PRS 28 11 2.478 phosphoribosylpyrophosphate synthetases ATP dependent cellular metabolism, cell growth and DNA repair

CHR 26 7 1.698 CHR domain proteins transcriptional regulation of the cell cycle

SH3 26 7 1.698 SH3 domain proteins signaling pathways regulating the cytoskeleton and cell growth (Ras, Src)

ZFP 25 7 1.766 DNA binding proteins regulation of transcriptional and translational processes

IGH 23 19 5.211 immunoglobulin heavy locus proteins adaptive immunity

KLK 19 10 3.320 serine proteases innate immunity and tissue specific functions (neural plasticity, amyloid hydrolysis)

LCN 9 9 6.308 transcriptional regulators cell growth, DNA repair, ubiquitination and tumor suppression



 

 

 

Table S5.  

Control and patient fibroblast cell lines 

 

* Mean telomere length in brackets next to the PD (population doubling number).Telomere length was measured using a monochrome multiplex qPCR. The PD 

was calculated as follows: ((current cell number / previous cell number)log)/0.3, # These cell lines were only analyzed in high passage. 

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] 

Young1# 2 years, male no  42   

Young5# 9 years, female no  38   

Midage1# 34 years, male no  43   

Midage3# 48 years, female no  40   

Old1# 78 years, male no  37   

Old2# 82 years, female no  40   



 

 

 

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. 

 

# Distances AB (shortest probe distance) and CD (longest probe distance) nested within cells and cells nested within cell lines.

Parameter Distance AB Distance CD Combined distance AB and CD# 

 
ß (95%-confidence 

interval) 
p-value 

ß (95%-confidence 

interval) 
p-value 

ß (95%-confidence 

interval) 
p-value 

Progeria cells versus control 

cells 
-0.03 (-0.22 to 0.16) 0.76 -0.04 (-0.25 to 0.17) 0.72 -0.03 (-0.22 to 0.15) 0.72 

Immortalisation versus no 

immortalisation 
-0.38 (-0.52 to -0.25) < 0.0001 -0.29 (-0.41 to -0.17) < 0.0001 -0.34 (-0.43 to -0.25) < 0.0001 

Immortalisation in Progeria 

cells versus immortalisation 

in control cells 

0.04 (-0.15 to 0.23) 0.67 0.004 (-0.17 to 0.17) 0.97 0.02 (-0.11 to 0.15) 0.76 



 

 

 

Table S7. 

List of primers used for qPCR 
 

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

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

C1S 4-5 671 85 Hs00156159_m1 

CACNA1A 41-42 6195 87 Hs01579431_m1 

CDKN1A (p21) 2-3 566 66 Hs00355782_m1 

DSP 8-9 1385 59 Hs00950591_m1 

HTT 64-65 9046 69 Hs00918174_m1 

ISG15 2-2 # 482 140 Hs01921425_s1 

PPP2CA 6-7 1259 77 Hs00427260_m1 

PPP2CB 1-2 513 125 Hs00602137_m1 

PPP2R1A 3-4 566 111 Hs01026388_m1 

PPP2R1B 11-12 1505 146 Hs00988483_m1 

PPP2R2C 9-10 1126 59 Hs00902099_m1 

PPP2R2D * 1904 91 Hs00908762_g1 

PPP2R3B 7-8 1302 61 Hs00203045_m1 

PPP2R5C 12-13 1338 65 Hs00604899_g1 

SCAMP4 5-6 502 91 Hs00365263_m1 

SORBS2 10-11 1598 87 Hs01125197_m1 

TBC1D3 11-12 938 83 Hs04191701_gH 

TERT 3-4 1826 57 Hs00972650_m1 

WFS1 2-3 404 81 Hs00903605_m1 

ZNF286 6-6 # 3621 142 Hs00612325_s1 

Human PPI (Cyclophilin A)  435 98 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’- ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT -3’ 

telc 5’- TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA -3’ 

albu 5’- cggcggcgggcggcgcgggctgggcggAAATGCTGCACAGAATCCTTG -3’ 

albd 5’- gcccggcccgccgcgcccgtcccgccgGAAAAGCATGGTCGCCTGTT -3’ 
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