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INTRODUCTION 
 

Aging is an inherently complex process, our 

understanding of which is limited. Two phenotypic 

aspects of this complexity are the gender gap in life 

expectancy of on average 4 years (WHO, 2019), as well 

as varying incidences of age-associated diseases, such 

as cardiovascular, neurodegenerative, autoimmune and 

malignant diseases [1], both suggesting differences in 

the aging process between the sexes. 
 

Genomic instability has been defined as one of the 

hallmarks of aging [2], as it is accompanied by an 

accumulation of genetic alterations including point 

mutations, large chromosomal rearrangements and 

attrition of telomeres [3]. Moreover, a higher load of 

DNA damage can be observed in different primitive 

and mature cell types of aged organisms including 

humans [3–5]. 

 

In order to deal with DNA damage, cells have acquired 

various mechanisms, covering diverse DNA repair 

pathways, cell cycle arrest, apoptosis and underlying 

control by signal transduction pathways, collectively 

known as the DNA damage response (DDR) [6]. DSB, 

representing the greatest danger to genome integrity, 

can be induced by exogenous sources such as ionizing 

radiation (IR) or as a consequence of endogenous 

replication stress [7]. The most prevalent pathway for 

the repair of DSB, classical NHEJ, is active throughout 

all cell cycle phases [8]. However, during S- and G2-
phase MMEJ, single-strand annealing (SSA) and 

homologous recombination (HR), which require DNA 

end resection to generate 3’ single-stranded DNA 
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overhangs for the search of homologies, are favored [9]. 

Limited, initial end resection by the MRE11-RAD50-

NBS1-CtIP complex is sufficient for MMEJ [9]. Long 

stretches of ssDNA produced by extended DNA end 

resection by EXO1 or DNA2-BLM/WRN, are required 

for SSA or HR [8]. While HR allows error-free repair 

by copying sequence information from the homologous 

sister chromatid, SSA and MMEJ involve annealing of 

repeats within the two resected DNA strands resulting 

in loss of the sequence in between. 

 

A decline in the overall capacity to repair DNA damage 

with age has been reported in different studies [4, 10, 

11]. Importantly, the existence of premature aging 

syndromes caused by DNA repair gene defects 

supported the theory that the accumulation of DNA 

lesions due to DNA repair defects accelerates aging 

[12]. However, only few studies addressed specific 

pathway usage in human cells [13–15]. To our 

knowledge no data exists on differences in DSB repair 

pathway activities in men versus women during aging. 

In fact, differences between the sexes, have neither been 

adequately addressed in DDR mechanisms nor in the 

aging process so far. 

 

Thus, to investigate whether capacity and/or fidelity of 

DNA repair change during aging and whether such 

changes are distinct in men and women, we analyzed 

DSB repair in primary peripheral blood lymphocytes 

(PBL) from male and female donors of a young and an 

old age group. Monitoring specific DSB repair activities 

revealed diametrically opposed changes in the NHEJ 

activity with age in PBL from men and women. 

Moreover, women showed a decline in end resection-

mediated DSB repair pathways during aging. Protein 

analysis suggests a decline in KU70 and BLM 

expression exclusively in female PBL during aging 

underlying sex-specific changes in age-associated 

genome stability. 

 

RESULTS 
 

The activities of specific DSB repair pathways 

change in PBL with age in a sex-dependent manner 

 

DSB repair pathway usage was analyzed in ex vivo 

cultured, cycling lymphocytes isolated from peripheral 

blood of young voluntary donors aged between >17 and 

26 years and from elderly voluntary donors older than 

60 years (Table 1). Given that replication stress, which 

has been identified as a potent driver of the aging 

process [5, 16], is a key endogenous source of DSB, and 

the full spectrum of repair pathways is used only in 

cycling cells, we induced proliferation in PBL, as it 

occurs e.g. in response to infections, and cultured them 

for 72h.  

To measure total NHEJ, MMEJ, homologous repair 

(HR+SSA) and HR-mediated repair of I-SceI-induced 

DSB we used four differently designed EGFP-based 

reporter plasmids (Figure 1A) [17–19]. I-SceI 

expression was verified in PBL samples for all sub-

groups by Western Blotting (Figure 1B). This well-

established DSB repair assay system engaging standard 

operating procedures with sample-specific correction of 

transfection efficiencies (Supplementary Figure 1) has 

previously been shown to robustly detect even subtle 

differences in DSB repair pathway usage such as in 

cells from heterozygous carriers of DSB repair gene 

mutations or in case-control studies [20–23]. Strikingly, 

DSB repair frequencies differed between age groups, 

but also between sexes with age (Figure 1C–1F). When 

comparing age groups regardless of the sex, we noticed 

a tendency towards reduced relative activities in the old 

age group compared to the young age group for MMEJ 

and homologous repair (HR+SSA), namely by 13% and 

18%, respectively (Supplementary Figure 2A).  

 

Stratification of the age groups into sex-dependent 

subgroups unveiled NHEJ activity changes with age 

that were diametrically opposed between the sexes 

during aging and therefore hidden before stratification. 

While in PBL from female donors NHEJ activity was 

significantly decreased by 50% in the old compared to 

the young age group, the NHEJ activity increased by 

85% in the old age group in PBL from male donors 

(Figure 1C). This surprising finding was supported by 

the fact that also comparisons of the absolute DSB 

repair frequencies (Supplementary Figure 2B, see 

Supplementary Table 1) between the sexes revealed a 

pronounced difference between NHEJ in young women 

(8.03x10-2) compared to young men (3.00x10-2) as well 

as in old women (3.22 x10-2) compared to old men (6.64 

x10-2). Thus, as young women featured a significantly 

higher NHEJ frequency than young men, the age-related 

decline in women results in comparable NHEJ 

frequencies in old women and young men. Moreover, 

the sex-specific stratification revealed an age-related 

decline in MMEJ by 48% (Figure 1D) and indicated a 

trend (p value < 0.1, see Supplementary Table 1) 

towards a decrease in HR+SSA by 27% (Figure 1E) in 

PBL from women. Comparisons of the absolute DSB 

repair frequencies suggest even a significant decrease of 

HR+SSA (Supplementary Figure 2B). No changes in 

the activities of these end resection-dependent pathways 

were observed in men, and HR seemed not to be 

affected by age in both sexes. 

 

Since homologous DSB repair pathway choice is cell 

cycle regulated [24], we measured cell cycle distribution 
and cell death. In PBL from old women the proportion of 

cells in G2/M-phase was reduced by 18% compared  

to young women (Figure 2A and Supplementary 
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Table 1. Overview of study cohort.  

Group n Age BMI 

Age group Sex  Mean Median Range Mean Median Range 

young  female 53 22.8 22.9 17.4-25.9 22.4 22.0 17.5-29.4 

young  male 35 22.1 22.7 18.1-25.5 23.4 23.0 18.6-30.8 

old  female 44 73.5 71.6 60.1-90.8 27.1 27.1 19.2-38.1 

old  male 36 72.3 70.0 60.1-93.6 27.2 26.7 22.1-35.4 

BMI, Body-Mass-Index; n.d., not defined; patients with malignant diseases during the last 3 years were 
excluded from the study.  

Figure 3A), while in PBL from old men no changes in 

cell cycle distribution were apparent. The proportion of 

dead cells, detected as subG1 fraction, was increased in 

PBL from the old donor group up to 14% in women 

and, though not significantly, up to 21% in men (Figure 

2B and Supplementary Figure 3B). Overall, we detected 

minor fractions of dead cells and changes in cell cycle 

distribution that are unlikely to fully account for the 

age-related and gender-specific changes in DSB repair 

pathway usage. 

 

In conclusion, our analysis revealed sex-dependent 

changes in DSB repair pathway usage with age: a 

diametrically opposed change in the NHEJ activity with 

age in men and women and a female-specific decline in 

MMEJ and to a lesser extent homologous repair, i.e. 

pathways which require DNA end resection. 

 

Kinetics of IR-induced γH2AX and 53BP1 foci 

numbers suggest efficient DSB removal in PBL from 

old donors of both sexes 

 

Besides analyzing specific DSB repair activities, we 

investigated overall DNA damage removal. To this end 

we monitored IR-induced 53BP1 and γH2AX foci in PBL 

engaging quantitative immunofluorescence analysis 

(Figure 3). The kinetics of foci assembly and 

disappearance in PBL from all groups show that 53BP1 as 

well as γH2AX foci numbers significantly increased 1h 

post IR from control levels and then declined indicating 

repair of DNA damage. While 53BP1 foci numbers 

(Figure 3A) returned to the level of unirradiated control 

cells within 24h post IR, basal levels of γH2AX foci 

(Figure 3C) could generally not be reached within this 

time frame, indicating residual damage or repair 

intermediates that are not marked by 53BP1. 

 

Comparison of the age groups revealed on average 

comparable basal and IR-induced 53BP1 foci numbers 

per nucleus in PBL from young and old donors of both 

sexes (Figure 3A, 3B). Likewise, no significant 
differences of basal and IR-induced γH2AX foci could be 

observed in PBL from old compared to young donors 

(Figure 3C, 3D), except that young male donors showed 

elevated γH2AX foci numbers 24h post IR. Since IR-

induced DSB are thought to be mostly repaired by NHEJ 

[25], higher γH2AX foci numbers in young men might at 

least in part be explained by their lower absolute NHEJ 

activity compared to young women and old men 

(Supplementary Figure 2B). Yet, the decline in NHEJ 

activity in old women to the level of young men 

(Supplementary Figure 2B) did not result in a 

corresponding increase in γH2AX foci numbers (Figure 

3C). 

 

Of note, 53BP1 is known to protect DSB from end 

resection and mediates NHEJ, while phosphorylation of 

γH2AX is also present at resected DSB [26] and other 

DNA lesions including sites of replication stress [27]. 

Colocalization of both markers, determined as 

percentage of γH2AX foci overlapping with 53BP1 

foci, was higher in PBL from young male versus female 

donors 6h and 24h post IR (Supplementary Figure 4). 

Thus, colocalizing foci largely followed the kinetics of 

γH2AX foci (Figure 3C) indicating similar differences 

of unrepaired DSB and overall damage between these 

two groups. A higher percentage of γH2AX foci 

colocalizing with 53BP1 was as well seen in PBL from 

old men compared to old women 24h post IR 

(Supplementary Figure 4) despite the concomitant 

decline of γH2AX foci in PBL from both old donor 

groups (Figure 3C). Since NHEJ was higher in PBL 

from old men versus old women (Supplementary Figure 

2B, see Supplementary Table 1), the high percentage of 

colocalizing 53BP1 foci in PBL from old men may 

reflect preferred use of this DSB repair pathway.  

 

Collectively, 53BP1 and γH2AX foci analysis does not 

suggest that the overall capacity to repair DSB post IR 

is compromised in PBL with age, however, supports the 

concept of age-related changes in DSB repair pathway 

usage in men. 

 

Decline in KU70, BLM and ATM expression with 

age in PBL from women 

 

In order to understand the underlying molecular causes 

for the observed changes in NHEJ and end resection-
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mediated DSB repair pathways we analyzed the relative 

protein levels of candidate factors [28] by Western 

Blotting (Figure 4A and Supplementary Figure 5). In 

contrast to previously published results on fibroblasts 

[13], we found no changes in the protein levels of the 

classical NHEJ or MMEJ factors LIG4, XRCC4, LIG3 

and FEN1 in PBL with age. However, KU70 levels 

were reduced in PBL from old female but not male 

donors, compared to PBL from young donors. Since the 

KU70/KU80 heterodimer is a crucial mediator of 

classical NHEJ, reduced KU70 levels can clearly 

explain the NHEJ decrease in old women (Figure 1C). 

Quantification of the proteins mediating initial end 

resection (MRE11, CtIP) indicated a close to significant 

increase of MRE11 in PBL from female donors with 

age, even though end resection activity decreased with 

age. However, among the analyzed factors promoting 

more extended end resection (EXO1, BLM, WRN) 

reduced BLM levels were found in PBL from old versus 

young women. ATM levels also declined in old 

compared to young women, possibly contributing to the 

trend towards a decrease in homologous repair (Figure 

1E). Other regulators of DNA repair (p53, SIRT1, 

SIRT6) or core HR proteins (BRCA1, RAD51) did not 

show significant changes with age, though a trend to 

reduced RAD51 levels was noticed in old versus young 

women.  

 

Altogether, Western Blot analysis revealed reduced 

expression levels of KU70, ATM and BLM in old

 

 
 

Figure 1. DSB repair pathway activities in PBL from different age groups. (A) DSB repair substrates. To detect NHEJ we used the 

reporter plasmid EJ5SceGFP, containing two tandem I-SceI cutting sequences flanking a spacer separating the transcriptional promoter from 
the EGFP coding sequence. For MMEJ we employed substrate EJ-EGFP harboring a mutated EGFP gene, with an I-SceI site flanked by 5 bp 
sequence repeats. Substrates HR-EGFP/3'EGFP and HR-EGFP/5'EGFP both contain EGFP lacking 4 bp at the position, where the I-SceI site was 
inserted. For detection of homologous repair (HR+SSA) substrate HR-EGFP/3'EGFP additionally contains 3'EGFP mutated at the start codon, 
while HR substrate HR-EGFP/5'EGFP contains 3’ truncated 5’EGFP. I-SceI site, blue triangle; cross, inactivating mutation/truncation; green 
bars, EGFP variants; white bars, spacer sequences; grey bar with kinked arrow, transcriptional promoter. (B) I-SceI protein levels were 
analyzed by Western Blotting. Shown are representative blots of each age group and gender. (C–F) DSB repair activity measurements. DSB 
repair frequencies by NHEJ (C), MMEJ (D), HR+SSA (E) and HR (F) are shown in box plots with mean value (cross), median (line) and 95% Cl 
(whiskers). Data was generated from samples of 7-24 female and 7-15 male donors per age group and normalized to the mean of young 
donors for each sex group on the experimental day (Supplementary Table 1). The absolute mean DSB repair frequencies for young donors set 
to 100% were: (C) NHEJ, 8.00 x 10-2 (female) and 2.80x10-2 (male); (D) MMEJ, 0.12x10-2 (female) and 0.13x10-2 (male); (E) HR+SSA, 0.78x10-2 
(female) and 0.49x10-2 (male); (F) HR, 0.19x10-2 (female) and 0.18x10-2 (male) (Supplementary Table 1). 
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female donors targeting NHEJ and repair of more 

complex DSB, respectively.  

 

In addition, we assessed mRNA levels of factors 

showing significant changes in protein level (KU70, 

BLM and ATM) by RT-qPCR (Figure 4B). While ATM 

mRNA levels were comparable regardless of sex or age, 

KU70 mRNA levels were increased in old compared to 

young females suggesting these two proteins are 

downregulated by posttranscriptional mechanisms. In

 

 
 

Figure 2. Cell cycle distribution and cell death in PBL from different age groups. Cultivated PBL were fixed and DNA content 
analyzed by propidium iodide staining and flow cytometry. Percentage of live cells in G1-, S-, and G2-phase (A) and proportion of dead cells, 
determined by subG1-DNA content (B); female: n=11 (young), n=8 (old); male: n=2 (young), n=6 (old) (Supplementary Table 1). 

 

 
 

Figure 3. Monitoring basal and IR-induced DNA damage in PBL from different age groups. Irradiated PBL were re-cultivated and fixed 

at indicated time points. 53BP1 and γH2AX foci were detected by immunofluorescence microscopy and 50-200 nuclei per donor scored. (A) 
53BP1 foci. Dots, mean values; bars, SEM; female: n=14 (young), n=11 (old); male: n=5 (young), n=7 (old) (Supplementary Table 1). (B) Exemplary 
immunofluorescence images of nuclei with IR-induced 53BP1 foci. (C) γH2AX foci. Dots, mean values; bars, SEM; female: n=8 (young), n=8 (old); 
male: n=8 (young), n=8 (old) (Supplementary Table 1). (D) Exemplary immunofluorescence images of nuclei with IR-induced γH2AX foci.  
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Figure 4. Expression of DDR proteins. (A) Protein levels of DDR factors were determined by Western Blotting (representative blots are 
shown in Supplementary Figure 5). Protein band intensities were quantified and normalized to loading controls. Normalized values for PBL 
derived from young female or male donors respectively were set to 100% for each blot. Columns, means of relative protein levels; bars, SEM 
from 1-11 donors per age group (Supplementary Table 1). (B) mRNA levels of KU70, BLM and ATM determined by RT-qPCR. Columns, mean 2-

ΔCt values; bars, SD; female: n=3 (young), n=5 (old); male: n=3 (young), n=4 (old) (Supplementary Table 1). 



 

www.aging-us.com 21072 AGING 

contrast, BLM mRNA just like BLM protein levels 

showed a decline in old versus young females. 

 

BLM depletion decreases MMEJ-mediated DSB 

repair in PBL from young female donors 

 

As the helicase BLM, interacting with the MRE11-

RAD50-NBS1 complex downstream of ATM, is 

required for the recruitment of NHEJ factors [29] and 

coordinates DNA end processing [30], its reduced 

expression in PBL from old women makes BLM a top 

candidate to impact on both NHEJ and MMEJ, the 

pathways we saw the greatest differences between the 

age groups. In order to link reduced BLM expression to 

the age-related changes in DSB repair, we transiently 

introduced a previously established BLM-specific 

shRNA [31] in PBL from female donors and measured 

NHEJ and MMEJ-mediated repair of I-SceI-induced 

DSB (Figure 5A–5C). BLM knockdown reduced 

expression by about 50% in PBL from young and old 

donors as verified by RT-qPCR (Figure 5C). 

 

Interestingly, reduction of BLM expression seemed to 

have no effect on NHEJ activity in PBL, neither from 

young, nor from old female donors (Figure 5A). In 

contrast, BLM knockdown reduced the MMEJ activity 

in PBL from young women, while it did not affect 

MMEJ in PBL from elderly women (Figure 5B). Thus, 

reduction of BLM expression in PBL from young 

women mimics the phenotype observed in PBL from 

old women, suggesting that declining BLM levels are 

causally linked to reduced MMEJ activity in elderly 

women. To exclude the possibility that reduction of 

BLM level affects cell cycle progression, we analyzed 

the cell cycle distribution in PBL samples from young 

and old women after BLM knockdown (Supplementary 

Figure 6). 

 

Since BLM seemed to be the most promising candidate 

to explain the changes in DSB repair in women, we 

further investigated the assembly of BLM in nuclear 

foci in response to IR by quantitative immuno-

fluorescence analysis of these cells (Figure 5D, 5E). 

BLM foci numbers markedly increased 24h post IR, 

likely indicating BLM recruited to DSB arising during 

replication [32]. Yet, PBL from old women showed 

significantly reduced BLM foci numbers confirming 

impaired BLM function with age. 

 

 
 

Figure 5. Analysis of BLM-dependent DSB repair and BLM foci formation in PBL from female donors. (A–C) DSB repair activity 

measurements. Cultivated PBL were nucleofected with a DNA mixture containing pCMV-I-SceI, repair substrate EJ5SceGFP (NHEJ) (A) or EJ-EGFP 
(MMEJ) (B), pBS or wild-type EGFP expression plasmid and knockdown (kd) plasmids silencing BLM or empty vector controls. Mean values for 
samples nucleofected with control plasmid were set to 100% for each donor. Columns, mean values; bars, SD; n=4-9 donors; *, p<0.05; Wilcoxon 
matched-pairs signed rank test (Supplementary Table 1) (C) quantitative PCR analysis of BLM expression to validate knockdown efficiency. 
Columns, mean relative expression; bars, SD; female: n=4 (young), n=2 (old). (D, E) BLM foci formation. BLM was immunocytochemically detected 
24h post IR. Foci numbers of 50-200 nuclei per donor were scored. (D) Columns, mean values; bars, SEM; female: n=13 (young), n=11 (old) 
(Supplementary Table 1). (E) Representative immunofluorescence images of nuclei with IR-induced BLM foci. 
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DISCUSSION 
 

Until recently, sex differences have largely been 

neglected in the DDR-related aging research. First 

pieces of evidence for sex-specific differences in DNA 

repair have been provided such as a greater mutation 

load in men than in women [33] and sex-differences in 

oncogenic mutational processes [34]. Here we identify 

differences between the sexes in age-related changes in 

DSB repair in cycling human PBL. 

 

Differential regulation of NHEJ activity during 

aging in PBL from men and women 

 

DSB repair by NHEJ showed the most pronounced sex 

differences, as it was inversely regulated during aging 

in men and women. While NHEJ declined in PBL from 

women of the old age group compared to the young age 

group, it strongly increased with age in PBL from men. 

Since IR-induced DSB are mostly repaired by NHEJ, 

these findings are compatible with an earlier study 

reporting a more pronounced age-related decline in re-

joining of DSB, induced by 30 Gy of X-ray, in PBL 

from women than from men [10]. Conversely, Garm et 

al. [11] found no sex differences in age-associated 

changes in the capacity to repair 6 Gy-induced DSB in 

human peripheral blood mononuclear cells. Yet, both 

studies did not analyze specific DSB repair pathways.  
 

Li et al. as well as Anglada et al. [13, 15] described a 

decline in NHEJ using an assay comparable to our 

system, however, in cells from female donors only. 

While these female-specific findings are similar to our 

results, different molecular causes seem to mediate 

changes in NHEJ activity in eyelid fibroblasts [13] and 

PBL (Figure 1). We could not detect a reduction in the 

protein levels of LIG3, LIG4 or XRCC4, but found 

reduced levels of another key NHEJ factor, KU70, in 

old female donors. A decline of KU70 protein levels 

with age has previously been recognized, though in a 

group of donors with unknown sex composition [35]. 

Moreover, depletion of KU70, or other crucial NHEJ 

factors like KU80 and DNA-PKcs in mice, known to 

cause immunodeficiency, also leads to an earlier onset 

of aging-related pathologies and a significantly shorter 

lifespan compared to wild-type animals [36, 37]. In 

human mammary epithelial cells (HMEC) deficient 

recruitment of 53BP1 in G1 phase was suggested as 

cause for the age-associated DSB repair defect, leading 

to binding of BRCA1 and excessive end resection 

without triggering HR [15]. We could however not 

observe reduced levels of 53BP1 foci in PBL from old 

donors.  
 

Notably however, in independent studies we found a 

positive correlation between PARP activity and donor 

age in PBL from men [38], while no such correlation 

was found in women [22]. PARP1 is involved in 

classical and alternative end-joining [6], PARylation 

capacity has been associated with longevity [39] and 

found to be higher in men than women [40]. From this, 

declining KU70 levels might contribute to reduced 

NHEJ activity in PBL from old women, while increased 

PARP activity might promote NHEJ and maintain 

MMEJ activity in old men, collectively generating sex-

specific differences in NHEJ in PBL from old donors. 

 

Decline of end resection-mediated repair pathways 

during aging in PBL from women 

 

According to our DSB repair measurements HR+SSA 

shows a trend (p=0.0657, see Supplementary Table 1) to 

higher absolute frequencies in PBL from young women 

compared to young men, with a decrease in old women 

reaching a level comparable to both young and old men. 

This suggests young women repair DSB more 

frequently by HR+SSA-mediated repair than men and 

old women. Interestingly, in old women we observed an 

inverse relationship between the elevated level of 

MRE11, initiating end resection, and the diminished 

levels of ATM and BLM, controlling and promoting 

scheduled end resection [41, 42]. We propose that in old 

women reduced NHEJ permits access of initial end 

processing factors to DNA ends. However, improper 

end processing in the absence of ATM and BLM will 

lead to reduced reporter-based activities of the 

homology-mediated pathways MMEJ and HR+SSA. Li 

et al. and Anglada et al. [13, 15] described a decline in 

HR activity with age in cells from female donors due  

to hampered recruitment of the essential HR factor 

RAD51 [13]. Though not reaching statistical 

significance, we also calculated lower frequencies in 

PBL from old donors of both sexes and noticed a trend 

(p=0.0879) to a reduced RAD51 protein level in PBL 

from old female donors. 

 

Influence of sex hormones on DSB repair 
 

The level of sex hormones, which is subject to age-

related fluctuations, could contribute to sex-specific 

changes in DSB repair pathway activities. Among the 

sex hormones, particularly estrogens and metabolites 

are known to induce DNA damage and replication 

stress, ultimately resulting in stalled replication forks 

and DSB [43, 44]. As a consequence, young women 

may adapt to estrogen-induced DNA damage by 

activating NHEJ as well as homology-mediated DSB 

repair. Higher absolute DSB repair frequencies of 

NHEJ and HR+SSA in PBL from young women 
compared to young men may reflect such adaptation 

to persisting stress during the reproductive phase. 

Interestingly, the age-associated decline in estrogen 
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levels might also impact on DSB repair by regulating 

BLM level, given that BLM gene expression is up-

regulated by estrogen in a concentration-dependent 

manner [45]. 

 

In contrast to estrogen levels that drastically drop during 

menopause [46], testosterone levels continuously 

decrease in aging men [47], which might be one reason 

why no such decline in NHEJ and HR activity was 

detectable in men. Another reason may be related to the 

sex-differences in PARP activity, which have also been 

linked to sex hormones [40]. Of interest for this work, 

androgen receptor-mediated transcription was reported 

to promote various DNA repair mechanisms thereby 

preventing DNA damage accumulation [44, 48]. Since 

PARP1 is a key sensor of DNA damage [49], reduced 

androgen receptor signaling may explain increased 

PARylation with age in men [38], stimulating NHEJ as 

we observed here. 

 

Reduced BLM protein levels influencing DSB repair 

pathway choice might contribute to aging 

 

Bloom’s syndrome, caused by null or missense 

mutations in the BLM gene, is characterized by genomic 

instability, increased occurrence of sister-chromatid 

exchanges, increased cancer susceptibility, insulin 

resistance and immunodeficiency [50], features that are 

also associated with normal aging. Moreover, BLM 
expression was found to be decreased in aged mouse 

hematopoietic stem cells [51]. Thus, it seems plausible 

that decreased BLM expression and impaired 

recruitment to damage sites, indicated by reduced 

assembly of BLM foci in PBL from old female donors, 

contributes to the aging process.  

 

BLM functions in the DDR by multiple mechanisms, 

promoting as well as inhibiting different repair 

pathways depending on the cell cycle and repair phase 

[29]. Thereby BLM ensures timely and accurate repair 

to maintain genome integrity. Besides its role in 

extended end resection [52] BLM recruits multiple 

HR and NHEJ factors to DSB [29, 30]. Moreover, 

BLM stimulates DNA strand exchange activity of 

RAD51 [53], branch migration of recombination 

intermediates [54] and dissolves double Holliday 

junctions [30]. However, BLM can also inhibit HR by 

counteracting RAD51 loading [55] and disrupting D-

loop structures after strand invasion [56]. In reporter-

based assays for NHEJ, BLM was either found to 

exert a stimulatory [57], inhibitory [29, 58] or no 

effect [59, 60]. However, regardless of the NHEJ 

pathway analyzed, BLM was unequivocally found to 
suppress long-range (>200 bp) deletions that were 

explained by alternative end joining due to 

unscheduled end resection by CtIP and MRE11 [29, 

41, 58, 59, 61]. Altogether, DSB repair dysfunction 

associated with BLM defects underlying the progeria 

Bloom's syndrome mark a prototypic link between 

DNA repair changes and aging [12]. 

 

Due to its multifaceted role it was unclear how the 

reduced level of BLM and impaired recruitment to 

damage sites seen in PBL from old women would affect 

different repair pathways. Starting from the observation 

that both NHEJ and MMEJ were significantly 

downregulated in old women (Figure 1), we focused on 

these pathways. Interestingly, our DSB repair measure-

ments suggest BLM promotes MMEJ in PBL from 

young female donors, since knockdown led to a reduced 

frequency, mimicking the phenotype in old. In contrast 

no effect was observed with the NHEJ reporter that 

detects both classical as well as alternative NHEJ 

events. 

 

In line with our observations are the findings by 

Langland et al. [61] on increased deleterious plasmid 

rejoining events in nuclear extracts from Bloom’s 

syndrome cells. These deletions were associated with 

reduced use of microhomologies, suggesting that BLM 

may be required for the precise alignment of the 

microhomology elements. Supporting this notion, 

Mendez-Dorantes and colleagues [62] demonstrated 

that BLM counteracts MMEJ with divergent sequences 

and promotes annealing of identical microhomologies, 

though in their repair substrates separated from the DSB 

by a long distance. Accordingly, we propose that PBL 

from old women, suffering from reduced BLM levels, 

disfavor repair processes involving such precise 

annealing events, as detectable by our MMEJ reporter, 

in favor of deleterious processes that may even destroy 

the reporter. As ATM directly interacts with, phos-

phorylates and recruits BLM to DSB [29, 63] and 

controls end resection common to MMEJ, SSA and HR 

[9, 29, 41, 42, 62], reduced ATM levels likely 

contribute to dysfunction in old women. While loss of 

controlled resection and precise annealing can explain 

DSB repair defects seen for MMEJ and for HR+SSA in 

PBL from old women, concomitant loss of the anti-

recombinogenic effects of BLM may have blurred the 

picture seen for HR.  

 

As the genomic instability induced by BLM loss in the 

germ line has a high impact on carcinogenesis, reduced 

somatic levels in PBL from healthy aged women very 

likely contribute to the increasing incidence of cancer 

with age. On the other hand, cancer -especially 

leukemia- more frequently affects men than women 

[64]. Yet also NHEJ, which is partially error-prone and 
increased in old men, might predispose to leukemia, as 

leukemia-associated chromosome translocations feature 

NHEJ-specific repair signatures [65]. 
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High overall DSB repair capacity at old age 

 

While many studies describe increased basal and/or IR-

induced γH2AX signal intensities with aging in mice 

and men [4, 16, 66–68], others observed a reduced 

γH2AX response in human beings [11]. Somewhat 

contradictory as well, decelerated [66] and accelerated 

[22] removal of γH2AX-labeled DSB with age were 

reported for HMEC from healthy female donors and 

breast cancer patients, respectively. In our work dual 

analysis of γH2AX and 53BP1 suggested that basal and 

IR-induced foci numbers are comparable between the 

age groups of both sexes and the overall capacity to 

repair IR-induced DSB seemed to be intact in PBL from 

old donors of both sexes. Surprisingly, PBL from young 

rather than old men retained residual γH2AX foci 24h 

post IR. Yet, supporting our findings, a decline of 

residual total γH2AX fluorescence signal per nucleus 

24h post IR has also been observed in lymphocytes 

from 94 healthy volunteers with age, whereby old 

women had even lower residual levels than men [68]. 

Our aged probands were all healthy and not surprisingly 

their PBL dealt with IR-induced DSB still quite well. 

We believe that in contrast to severe repair defects 

caused by mutations in DNA repair genes leading to 

accelerated aging and increased cancer susceptibility 

[6], aging-related alterations of the DDR mechanisms 

might be rather small, however continuously leading to 

damage accrual driving the aging process. 

 

In this context it is important to consider the general 

limitations of immunofluorescence-based approaches 

compared to reporter-based measurements. Detection of 

IR-induced foci only indirectly quantifies DSB repair 

by tracking the overall cellular response to DNA 

damage, while reporter-based assays monitor specific 

DSB repair pathways. Thus, it has been questioned 

whether γH2AX and 53BP1 foci disappearance 

completely coincides with DSB repair [69]. In addition, 

γH2AX foci do not only form at DSB but also at 

ssDNA occurring during replication, at telomeres, in 

nucleoli marking transcriptional silencing of rDNA 

genes and have been connected with senescence [16, 

70–72]. Therefore, increased γH2AX foci might be 

associated with aging but not necessarily relate to 

unrepaired DSB und thus have to be interpreted with 

caution in this context.  

 

Repair of primary and secondary IR-induced DSB 

arising during replication 

 

Given that primary IR-induced DSB are mostly repaired 

by NHEJ [25], PBL from young women as well as old 
men will rapidly repair DSB due to their highly active 

classical NHEJ activity, quickly reducing γH2AX as 

well as 53BP1 foci. In PBL from old women as well as 

young men with lower NHEJ activity, compensatory 

end resection will lead to a decline in 53BP1 foci. This 

can explain, why we could observe equivalent 53BP1 

foci numbers in all groups irrespective of changes in 

pathway usage. Yet, clearance of γH2AX foci was 

delayed in young men, although old women showed 

comparable DSB repair activities. Thus, the question 

remains why young men show increased γH2AX foci 

numbers at later time points. Considering that IR does 

not only cause DSB but also other lesions including 

oxidative base damage, single strand breaks, fragmented 

sugar derivatives and loss of terminal base residues 

culminating in clustered damage or single stranded gaps 

[27], we speculate that the γH2AX foci observed at later 

time points in young men might represent secondary 

DSB that arise after fork stalling at these IR-induced 

lesions. Intriguingly, 53BP1 recruitment to DSB is 

suppressed in replicating chromatin [73], which could 

explain why only an accumulation of γH2AX but not 

53BP1 foci could be observed. Therefore, unresolved 

γH2AX foci in young men might reflect DNA lesions 

and replication intermediates rather than clean DSB 

such as generated by I-SceI in reporter-based assays, 

which warrants in-depth analysis in future studies. 
 

CONCLUSIONS 
 

Altogether, our findings suggest distinct sex-specific 

alterations in DSB repair pathway usage during aging that 

might contribute to the decline of genomic stability with 

age. While in women the activity of NHEJ declined upon 

aging, it became upregulated in men. Moreover, the 

activities of homology-mediated repair pathways 

decreased upon aging in women, while no such change 

was detectable in men. In PBL from old women, we 

found reduced expression of KU70 as well as ATM and 

BLM, which may contribute to the decrease in NHEJ and 

end resection-dependent pathways, respectively. 

However, changes in DDR during aging in men and 

women likely result from multiple subtle changes in the 

level, activity and recruitment of various repair factors, 

and are influenced by differential hormonal regulation and 

life-style. Collectively these changes contribute to the 

gender gap in life expectancy as well as in the incidences 

of age-associated diseases. Our work provides first pieces 

of knowledge for the development of individualized, 

gender- and age-specific therapeutic approaches, to 

protect genome stability during life enabling healthy 

aging. 
 

MATERIALS AND METHODS 
 

Collection, isolation and culture of primary PBL 
 

Peripheral blood was collected with informed consent 

from young voluntary donors aged between >17 and 26 
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years and from elderly voluntary donors older than 60 

years (Table 1). Part of the old donor cohort (14 donors) 

was recruited in the Agaplesion Bethesda Clinic Ulm 

within the framework of the ActiFE III study. Blood 

sample collections were approved by the local advisory 

board (approvals #105/2003; #157/10; # 393/16). 

Primary PBL cultures were generated as described [17], 

resuspended in PB-MAX™ Karyotyping Medium 

(Gibco) 2% Phytohemagglutinin (Gibco), at a cell 

density of 2×106 cells/ml, and cultivated for 72h prior to 

all experiments.  

 

EGFP-based DSB repair assay 

 

DSB repair pathway analysis was performed as 

described [17, 18]. PBL were transfected using the 

Amaxa B Cell Nucleofector Kit (Lonza). 106 cells in 

100 µl Amaxa B Cell nucleofection solution were 

nucleofected with 10 µg plasmid DNA per cuvette using 

program U-15. After nucleofection cells were 

immediately transferred into RPMI media (Gibco), 

containing 1% Penicillin/Streptomycin (Gibco), and 

20% FBS (Biochrom). 2% Phytohemagglutinin (Gibco) 

was added only 4h post transfection. Plasmid mixes 

contained the I-SceI expression plasmid pCMV-I-SceI, 

one of the DSB repair substrates EJ5SceGFP (NHEJ), 

EJ-EGFP (MMEJ), HR-EGFP/3’EGFP (HR + SSA) or 

HR-EGFP/5’EGFP (HR) (Figure 1A) and additionally 

pBlueScriptII plasmid (KS Stratagen) for DSB repair 

measurement, or wtEGFP expression plasmid for 

determination of transfection efficiency respectively 

(average transfection efficiencies: 11%). After re-

cultivation for 24h PBL were harvested and analyzed 

via flow cytometry using a FACSCalibur™ (BD 

Biosciences). The fraction of green fluorescent cells 

within the whole live cell population (SSC/FSC gate) 

was measured by a diagonal gating method in the FL-

1/FL-2 dot plot. Representative FACS plots are shown 

in Supplementary Figure 1. Each measurement in repair 

assays was individually normalized by the transfection 

efficiency corresponding to the specific sample to 

calculate the DSB repair frequency. Conditions chosen 

were previously established to ensure detection of 

EGFP signal changes in the linear range [18]. To silence 

BLM expression during DSB repair measurements, 2.5 

µg of a pre-established shRNA expression plasmid 

(Origene) [31] were included into the nucleofection 

mixture. 

 

Immunofluorescence microscopy 

 

To induce DNA damage PBL were exposed to a dose of 

2 Gy γ-radiation. At the indicated times post irradiation 
cells were cytospinned on poly-L-Lysine (Sigma) 

covered glass slides and fixed in 3.7% formaldehyde 

(Th.Geyer) for 10 min. Fixed slides from all time points 

were collected after fixation. For immunofluorescence 

analysis of BLM and RPA foci cells were additionally 

pre-extracted in cold pre-extraction buffer (20 mM 

HEPES, pH 7.4; 50 mM NaCl; 1 mM EDTA; 3 mM 

MgCl2; 300 mM Sucrose; 0.5 % Triton X-100) for 1 

min prior to fixation. For immunofluorescence staining 

slides were washed 3 times for 5 min in PBS and 

permeabilized with 0.5 % triton for 10 min. To avoid 

unspecific binding slides were blocked in 5% goat 

serum for 1h at room temperature, followed by 

immunostaining with primary antibodies, anti-53BP1 

(rabbit, polyclonal, NB100-304, Novus Biologicals), 

anti-phospho-histone H2A.X (Ser139, mouse, mono-

clonal, JBW301, Millipore) or anti-BLM (rabbit, 

polyclonal, ab476, Abcam) diluted in 5% goat serum, at 

37° C for 1h or at 4° C overnight. After another washing 

step (3 × 5 min in PBS) slides were incubated with 

secondary antibody Alexa Fluor555-anti-mouse, Alexa 

Fluor488-anti-mouse or Alexa Fluor555-anti-rabbit 

(Invitrogen) 1h at 37° C. Final washing (3 × 5 min in 

cold 0.1 % triton) was performed, before slides were 

mounted in Vectashield containing DAPI and sealed 

under cover slips. Nuclear immunofluorescence signals 

were imaged with a BZ-9000 microscope (Keyence) 

using a 100x objective. Automated identification and 

quantification of foci was carried out either using BZ-II 

Analyzer (Keyence) or Cell Profiler software [74].  

 

Cell cycle and cell death analysis 

 

For cell cycle analysis PBL were collected, washed once 

with PBS and resuspended in 1 ml PBS. Cells were then 

fixed by drop-wise adding 9 ml fixing solution (1:1-

mixture of acetone and 80% ethanol; stored at -20° C) 

while samples were gently mixed. Subsequently samples 

were kept on ice for 15 min and then at -20° C for at 

least 1h. PBL were then step-wise rehydrated and 

resuspended in 50 μg/ml propidium iodide solution with 

freshly added 50 μg/ml RNase A (Sigma-Aldrich). After 

incubation for 30 min at 37° C, the cells were analyzed 

by flow cytometry. Representative FACS plots are 

shown in Supplementary Figure 3. 

 

Western blot analysis 

 

Cellular lysates were prepared and analyzed by Western 

Blotting as previously described [75]. Protein extracts 

were prepared by incubating the cells in lysis buffer 

(50 mM Tris, pH 7.4; 150 mM NaCl; 2 mM EGTA; 

2 mM EDTA; 25 mM NaF; 25 mM β-glycerophosphate; 

0.1 mM NaV; 0.2% Triton X-100; 0.3% Nonidet P40; 

proteinase inhibitor, Roche). Following centrifugation, 

protein concentrations of supernatants were determined 
by the BCA™ Protein Assay Kit (Thermo Scientific). 

60 μg of protein per sample was separated 

electrophoretically using 8–15% SDS–PAGE gels and 
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blotted onto Hybond™-C-Extra Nitrocellulose (GE 

Healthcare) or Immobilon-P Membrane (PVDF) (Merck 

Millipore) membranes. Proteins of interest were 

detected using the following antibodies: anti-α-Tubulin 

(mouse, monoclonal, DM1A, Abcam), anit-ATM 

(mouse, monoclonal, 5C2, Abcam), anti-BLM (rabbit, 

polyclonal, ab476, Abcam), anti-BRCA1 (mouse, 

monoclonal, MS110, Calbiochem), anti-CtIP (goat, 

polyclonal, T-16, Santa Cruz), anti-EXO1 (rabbit, 

polyclonal antibody GTX109891, GeneTex), anti-FEN1 

(mouse, monoclonal, 21, BD BioSience), anti-GAPDH 

(mouse, monoclonal, ab9484, Abcam), anti-KU70 

(mouse, monoclonal S5C11, Abcam), anti-LIG3 (rabbit, 

polyclonal, A1887, Abclonal), anti-LIG4 (rabbit, 

polyclonal, A1743, Abclonal), anti-MRE11 (rabbit, 

polyclonal, M-2, Novus), anti-p53 (mouse, monoclonal, 

DO-1, BD BioScience), anti-Rad51 (rabbit, polyclonal, 

H-92, Santa Cruz), anti-SIRT1 (rabbit, polyclonal, 

ab7343-100, Santa Cruz), anti-SIRT6 (rabbit, 

polyclonal, ab88494, Abcam), anti-WRN (rabbit, 

polyclonal, H-300, Santa Cruz), anti-XRCC4 (rabbit, 

polyclonal, A7539, Abclonal). Chemiluminescence 

signals were visualized using Clarity™ Western ECL 

Substrate (BioRad) and detected on a ChemiDocMP 

System (BioRad). Band intensities were quantified 

using ImageLab or ImageJ software. Intensity values of 

the protein of interest were corrected with the values of 

the corresponding loading control.  

 

Quantitative PCR 

 

Total RNA was extracted from up to 106 primary 

cultured PBL using the RNeasy plus mini kit (Qiagen) 

following the manufacturer’s instructions. Reverse 

transcription was performed applying the QuantiTect 

Reverse Transcription Kit (Qiagen). BLM, ATM  

and KU70 expression was measured by RT-qPCR 

using SensiFast Probes Lo-Rox Kit von Bioline  

(#BIO 84020) for BLM (#qHsaCEP0058401, Biorad), 

ATM (#qHsaCEP0052709, Biorad), KU70 (#qHsa 

CEP0055342, Biorad), PPIA (#qHsaCEP0041342, 

Biorad), HPRT1 (#Hs02800695_m1, Thermo), beta-2 

(#4325797, Thermo), YWHAZ (#qHsaCIP0029093, 

Biorad),RPS17 (#qHsaCEP0041840, Biorad) and TBP 

(#qHsaCIP0036255, Biorad). PPIA, HPRT1, beta-2, 

YWHAZ, RPS17 and TBP served as housekeeping 

genes for normalization. Amplification and fluorescence 

signal detection was performed using the ViiA7  

Real-Time PCR-System (Applied Biosystems, life 

technologies). Relative expression levels were 

calculated by the 2-ΔΔCT method [76]. 

 

Statistics 

 

Statistical analyses were performed using 

GraphPadPrism5.04 or GraphPadPrism8.0 software. PBL 

samples derived from different individuals were 

considered to be independent. To avoid mixing of 

independent (individual donors) and dependent (replicates 

within donors) values, mean values per individual were 

used for statistical analysis. The Mann-Whitney two-

tailed test was applied for pairwise comparisons between 

PBL groups, defined by age and sex of the donors. For 

pairwise comparisons such as of controls versus irradiated 

PBL samples or knockdown versus control, Wilcoxon 

signed-rank test for matched pairs was used. Significance 

levels were not adjusted for multiple comparisons. 

Differences were considered as significant for p values < 

0.05. For more detailed information on statistical results 

not preserved in the main text and including sample 

numbers for each experiment, see Supplementary Table 1. 

If not stated otherwise, significances calculated by Mann-

Whitney two-tailed test are indicated by asterisks in the 

figures. n.s., p>0.1; trend, p<0.1; *, p<0.05; **, p<0.01; 

***, p<0.001. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. EGFP based DSB repair assay. (A–C) Exemplary FACS plots of PBL nucleofected with I-Scel meganuclease 
expression plasmid, pCMV-I-Sce-I and pBS (A, B) (determination of repair frequency) or wtEGFP expression plasmid (C, D) (determination of 
transfection efficiency) and NHEJ substrate (plasmid EJ5SceGFP). The frequencies of EGFP-positive cells were detected by flow cytometry 24h 
post transfection. (A, C) The live cell population was gated in a forward scatter (FSC-H)/ side scatter (SSC-H) dot plot. (B, D) The DSB repair 
frequency was determined as the fraction of green fluorescent cells within the whole live cell population using a diagonal gating method in 
the FL1-H/FL2-H dot plot and corrected for the transfection efficiency in the split sample. (E) Formula for DSB repair frequency calculation. 
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Supplementary Figure 2. Additional analyses on DSB repair pathway activities in PBL from different age groups. DSB repair 

activity measurements by NHEJ, MMEJ, HR+SSA and HR are shown in box plots with mean value (cross), median (line) and 95% CI (whiskers). 
(A) DSB repair frequencies in PBL from young and old donors of both sexes were normalized to the mean of young donors for each 
experimental day. n.s., p>0.1; Mann Whitney test. (B) Absolute DSB repair frequencies. **, p>0.01; ***. p>0.001; n.s., p>0.1; Mann Whitney 
test. 
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Supplementary Figure 3. Cell cycle and cell death analysis. Exemplary histograms of PBL cultured for 72h followed by PI staining and 

flow cytometry analysis. Cells were detected in FL2-H histogram using a linear scale for cell cycle distribution analysis (A) and using a 
logarithmic scale for evaluation of the subG1 fraction (B). 
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Supplementary Figure 4. Colocalisation of γH2AX with 53BP1 foci. Irradiated PBL were re-cultivated and fixed at indicated time 

points. γH2AX and 53BP1 were immunocytochemically detected and the numbers of γH2AX foci colocalizing (col.) with 53BP1 foci were 
scored in 50-200 nuclei from 8 donors per group. (A) The mean percentages of γH2AX foci colocalizing with 53BP1 are show in columns with 
SEM. (B) Exemplary immunofluorescence images of nuclei with IR-induced 53BP1 and γH2AX foci 1h post IR. 
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Supplementary Figure 5. Detection of DDR factors by western blotting. Protein lysates were prepared from primary PBL cultures 
and distributed to 12 sets, each containing samples from both age groups. Western blot analysis was performed to determine protein levels 
of NHEJ factors (KU70, LIG3, LIG4, XRCC4), end resection factors (MRE11, CtIP), MMEJ factors (FEN1, LIG3), HR factors (BRCA1, RAD51), RECQ 
helicases (BLM, WRN), repair regulators and aging associated factors (ATM, p53, SIRT1, SIRT6), GAPDH or α-Tubulin (α-Tub.) served as loading 
controls. Shown are representative Western Blots. To save scarce sample material several proteins were detected on the same membrane 
and thus the same loading controls are shown several times. 
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Supplementary Figure 6. Cell cycle distribution and cell death in PBL after BLM knockdown. Cultivated PBL were nucleofected 

with a DNA mixture containing pCMV-I-Scel, repair substrate EJ-EGFP (MMEJ), PBS or wild-type EGFP expression plasmid and knockdown 
(kd) plasmids silencing BLM or empty vector controls. 24h post nucleofection PBL were fixed and DNA content analyzed by propidium 
iodide staining and flow cytometry. Percentage of live cells in G1-, S-, and G2-phase (A) and proportion of dead cells, determined by 
subG1-DNA content (B). Columns, mean values; bars, SD; female: n=4 (young), n=4 (old); Wilcoxon matched-pairs signed rank test 
(Supplementary Table 1). 
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Supplementary Table 
 

Please browse Full Text version to see the data of Supplementary Table 1. 

 

Supplementary Table 1. SI Statistics.  


