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ABSTRACT

Loss of functionality during aging of cells and organisms is caused and accompanied by altered cell-to-cell
communication and signalling. One factor thereby is the chronic accumulation of senescent cells and the
concomitant senescence-associated secretory phenotype (SASP) that contributes to microenvironment
remodelling and a pro-inflammatory status. While protein based SASP factors have been well characterized,
little is known about small extracellular vesicles (sEVs) and their miRNA cargo. Therefore, we analysed
secretion of sEVs from senescent human dermal fibroblasts and catalogued the therein contained miRNAs. We
observed a four-fold increase of sEVs, with a concomitant increase of >80% of all cargo miRNAs. The most
abundantly secreted miRNAs were predicted to collectively target mRNAs of pro-apoptotic proteins, and
indeed, senescent cell derived sEVs exerted anti-apoptotic activity. In addition, we identified senescence-
specific differences in miRNA composition of sEVs, with an increase of miR-23a-5p and miR-137 and a decrease
of miR-625-3p, miR-766-3p, miR-199b-5p, miR-381-3p, miR-17-3p. By correlating intracellular and sEV-miRNA:s,
we identified miRNAs selectively retained in senescent cells (miR-21-3p and miR-17-3p) or packaged specifically
into senescent cell derived sEVs (miR-15b-5p and miR-30a-3p). Therefore, we suggest sEVs and their miRNA
cargo to be novel, members of the SASP that are selectively secreted or retained in cellular senescence.
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INTRODUCTION

Accumulation of senescent cells with age and at sites of
age-associated diseases has been observed in the
context of cardiovascular diseases, neurodegenerative
disease, skin conditions and others [1]. Importantly,
their removal in transgenic mice [2—4] or by senolytics
[5,6] leads to later onset of several age-associated
diseases [2,7-9].

Cellular senescence is triggered by various stimuli such
as progressive telomere-shortening, hyperoncogenic
signaling, accumulation of DNA damage, oxidative
stress or mitochondrial dysfunctions, leading to an
irreversible growth arrest mediated by the key cell cycle
inhibitors CDKN1A and/or CDKN2A [10]. Most cell
types activate pro-survival pathways and resist
apoptosis when senescent [11]. They lose their cell type
specific functionality and replicative potential required
for tissue regeneration and acquire a senescence-
associated secretory phenotype (SASP) [12].

The SASP is characterized by the secretion of growth
factors, pro-inflammatory cytokines and chemokines, as
well as extracellular matrix (ECM) remodeling enzymes
[12]. These SASP factors are considered to over-
proportionally exert negative effects on tissue
homeostasis and regeneration in vivo if chronically
present by acting in a paracrine manner on the
neighboring cells and ECM. Attenuation of the negative
effects of the SASP have been shown to restore the
formation of functional human skin equivalents [13]
and has been suggested as a putative target in
preventing age-associated diseases and frailty [8,14].

Recently, extracellular vesicles (EVs) and their cargo
have been reported to act in a similar manner as
hormones or cytokines during intercellular communica-
tion [15]. They are secreted by many, if not all cells,
and by encapsulation of their cargo, they transport
proteins, mRNAs, lipids and non-coding RNAs,
specifically miRNAs, over short or long distances [16].
When taken up by recipient cells, the cargo is
considered to be still active and to regulate the behavior
of recipient cells [17,18].

MiRNAs clearly modulate cellular senescence and
organismal aging in vitro and vivo [19,20] and are in
addition packaged into EVs [21], where they are able to
influence osteogenic differentiation as one major age-
associated disease [22]. Thus, although many protein
based SASP factors have been identified, miRNAs
[23,24] and EVs [25] are under suspicion to be part of
the SASP [26,27]. However, a systematic catalogue of
SASP-miRNAs has not yet been established and their

selective secretion during senescence has not been
studied so far.

Here, we confirm that EVs and their miRNA cargo are
indeed part of the SASP (EV-SASP) and identified a set
of selectively retained and secreted miRNAs after the
onset of senescence. In addition, senescent cell derived
EVs might contribute to an anti-apoptotic environment
in tissues where senescent cells have accumulated.

RESULTS

SsEVs are members of the senescent-associated
secretory phenotype (EV-SASP)

In order to test whether EVs and their enclosed
miRNAs are members of the SASP, primary human
dermal fibroblasts (HDF) of three different donors were
driven into premature senescence by exposing them
repeatedly to hydrogen peroxide (H,O,) [28]. Analysis
were then performed one (D7) and 3 weeks (D21) after
the last H,O, treatment (Fig. S1A).

Onset and persistence of cellular senescence was
confirmed in detail day 7 and (Table 1A and B), by
senescence-associated (SA)-B-Gal staining (Fig. 1A),
expression of CDKN1A/p21 (Fig. 1B), induction of an
irreversible growth arrest (Fig. 1C), as well as by the
acquiring of a fibroblast-specific flattened and enlarged
senescent phenotype (Fig. 1D). In order to exclude
contamination of EV preparations by apoptotic bodies,
basal apoptosis rates of quiescent (Q) and senescent
cells (SIPS) were analysed, whereby no significant
difference was detected (Fig. 1E) at time points of EV
purification as outlined in the scheme of Fig. ST1A.

We here focused on small EVs (sEVs), therefore
supernatants of SIPS and Q control cells were filtrated
using 0.22 pm filters and subsequently ultra-
centrifugated. Size distribution as assessed by
nanoparticle tracking analysis (NTA) revealed sEVs
between 15 to 135 nm (Fig. 2A) with a median diameter
of 65 to 80 nm, with no difference between senescent
and quiescent cells at both time points, 7 and 21 days,
after the last stress treatment (Fig. 2B). Transmission
electron microscopy showed typical morphology and
presence of lipid bilayers (Fig. 2C), and Western
blotting confirmed the presence of TSG101, a known
marker for exosome-like vesicles (Fig. 2D).

Finally, we compared the number of sEVs per cell by
NTA and observed a 4-fold increased secretion of
senescent fibroblasts derived sEVs of all three donors
after both time points of cellular senescence (D7 and
D21) (Fig. 2E).
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Table 1A. Detailed characteristics of major hallmarks of cellular senescence of the individual
donors HDF161, HDF76 and HDF85 each senescent and quiescent control after 7 (D7) days post
last H,0, application.
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Abbreviations: Q = quiescent control, S = stress induced premature senescent, + = positive control —
Staurosporin 300nM overnight, Y = proliferating control.

Table 2B. Detailed characteristics of major hallmarks of cellular senescence of the individual donors HDF161,
HDF76 and HDF85 each senescent and quiescent control after 21 days (D21) post last H,0, application.

3 week recovery (D21)

Donor

Total apoptotic cells

(Annexin + PI positive) [%]
BrdU positive cells [%]
Sub-G1 peak (PI staining)
[Yo]
CDKNI1A mRNA
expression norm.FC

SA-BGal positive cells [%]
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40 4.5 1.5 35 0.8 33 1.2 1.3 13 70

HDF85 0.7 5.4 26 3.8 0.4 16 1.2 3.2 1.1 1.5 14 69

HDF76 0.6 5.6 43 3.5 1.1 54 1.3 6.8 0.8 1.4 19 54

Abbreviations: Q = quiescent control, S = stress induced premature senescent, + = positive control — Staurosporin 300nM
overnight, Y = proliferating control.
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Considering the phenomenon of increased senescence-
associated secretion of proteins summarized under the
term SASP, our data strongly support the idea that sEVs
are members of the SASP, for which we propose the
term ‘EV-SASP’.

SEV-miRNAs as part of the SASP are identified in a
preliminary and final qPCR screening

In order to determine which miRNAs are detectable in

sEVs from quiescent control and senescent cells, a
preliminary screening using a qPCR-panel of 752
miRNAs was performed and analysed in detail (Fig.
3A-B). From these, we designed a customized (final)
gqPCR panel with 375 miRNAs and spike in-controls
(Supplementary List S1). Within that, 369 miRNAs
were detected at Ct-values < 38 (Fig. 3C) and 285
miRNAs were found in all three HDF cell strains
under both conditions and at both time points (Fig.
3D).
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Figure 1. Stress-induced premature senescent (SIPS) fibroblasts mirror hallmarks of cellular senescence. (A)
Quantification of SA-B-Gal staining shows a significant increase of B-Gal in SIPS HDF compared to young proliferating cells at both
time points post stress treatment. Representative pictures show SA-B-Gal staining of donor HDF161 in SIPS on D21 (bottom)
compared to young proliferating control (top - HDF161 in population doublings PD15). 15 pictures were taken randomly at a
magnification of 100 X and counting was performed in a blinded fashion. Scale bar = 200 um. Percentages of SA-B-Gal positive cells
from all pictures were calculated. (B) Expression of CDKN1A confirms senescence of SIPS HDF at both time points. mRNA expression
levels of CDKN1A (p21) were detected by qPCR. After normalization to GAPDH, fold changes of SIPS HDF relative to quiescent (Q)
control cells from D7 were calculated. (C) SIPS treatment induces permanent cell cycle arrest. Incubation with the nucleoside derivate
BrdU for 24 hours followed by FITC immunolabelling for flow cytometry shows no significant incorporation of BrdU into the DNA of Q
and SIPS samples compared to young dividing HDF at both time points. (D) SIPS cells show flattened and enlarged morphology.
Representative pictures from donor HDF161 Q and SIPS on D21 post H,0, treatment. Scale bar = 200 um. (E) Repeated H,0,
treatment does not induce apoptosis. SIPS and Q control cells do not show a substantial increase in percentage (%) of total apoptotic
cells at both time points compared to a positive-control (+), treated with 300 nM staurosporin for 24 hours. (A-E) Stress-induced
premature senescence (SIPS) of primary human dermal fibroblasts (HDF) derived from three different donors was triggered by
chronic H,0, treatment on nine consecutive days. Hallmarks of cellular senescence were confirmed after seven (D7) and 21 days
(D21) post last stress treatment. Averages from three biological triplicates are shown +/- SEM from raw values (n = 3). Statistical analysis
was performed using 2-way RM ANOVA tested for condition and day following Bonferroni post test. n.s > 0.05; *p < 0.05; **p < 0.01.
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Figure 2. sEVs are members of the senescent-associated secretory phenotype (EV-SASP). (A) NTA reveals a vesicle
population below 220 nm. Size distribution of vesicles determined by NTA shows percentage (%) of total counted particles against
size presented in categories. (B) Media values (X50) from sEVs range from 65 to 80 nm. X50 values from peak analysis of NTA are
indicated +/- SEM. circle: Q, squares: SIPS. Statistical analysis using one-way ANOVA was performed: not significant (n.s) p > 0.05. (C)
Representative transmission electron microscopy image of sEVs isolated from HDF. Vesicles are around 100 nm in size and are
surrounded by a double lipid membrane (arrows). Scale bar = 100 nm. A representative image of sEVs purified from HDF85 at D7 after
the stress treatment is shown. (D) Representative Western blot shows expression of TSG101 (top) and GAPDH (below).
Representative Western blot of total cell lysates (left) and sEVs (right lanes) from Q and SIPS HDF of donor HDF85 are shown. Total
protein content of total cell lysates and purified sEV was analyzed by BCA assay and equal amounts of protein were loaded onto the
gel (20 pg). (E) Senescent cells secrete more sEVs per cell than quiescent controls. Total concentration of tracked particles was
normalized to the total cell number used for secretion into conditioned media. Fold changes of total particles secreted per cell,
relative to Q control cells from D7, +/- relative SEM, are shown. Statistical analysis was performed using 2-way RM ANOVA tested for
condition (p < 0.0001) and day (p = 0.28) following Bonferroni post test. **p < 0.01; ***p < 0.01. (A-B and E) Averages from three bio-
logical triplicates (n = 3) and two different time points each SIPS and Q, were measured in technical triplicates (n = 18) +/- relative SEM.

As quality control, interplate variation and PCR
efficiency was monitored using five synthetic spike-ins
(Unisp2, Unisp4, UnispS, Unisp6, cel-miR39) control-
ling for RNA extraction, cDNA synthesis, and qPCR
efficiency, resulting in ACt-values (range of highest
and lowest Ct-value from all samples each) below 1.
Additionally, each plate included two interplate
calibrators (IPC) and a negative control, showing ACt,-
values below 0.44 suggesting robust signals (Fig. S2A)
and thus allowing to exclude inter-assay variations.

Due to the absence of a robust extracellular house-
keeping miRNA, we used standardized secretion times

and volumes for vesicle preparations and subsequent
RNA isolation and normalized the data to the total
viable cell number of each sample (Table 2).

Multivariate statistics on the 369 sEV-miRNAs clearly
distinguished senescent from quiescent control cells as
depicted by principal component analysis (Fig. 3E) and
hierarchical clustering (Fig. 3F), showing an increase of
almost all SEV-miRNAs. Due to 4-fold more sEVs per
cell it is of no surprise, that almost all miRNAs are
upregulated in the supernatants of senescent cells as
indicated by the heatmap (Fig. 3F). Indeed, statistical
evaluation confirmed 221 miRNAs (59%) with sig-
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nificantly higher secretion levels on D7 (Fig. S2B),
whereby miR-200c-3p and miR-196b-3p were
identified to be the most differentially secreted miRNAs
per cell. 3 weeks after induction of senescence (D21),
321 (85%) miRNAs were confirmed to be differentially
secreted and miR-23a-5p reached the highest level (Fig.
S2C), while none were downregulated significantly at
both time points (Supplementary List S2). Thus, our
findings indicate that SEVs and their miRNA cargo are
bona fide members of the SASP.

Senescent cell derived sEVs confer anti-apoptotic
activity

In order to get insight into a potential function of the
EV-SASP, the top 20 most abundant sEV-miRNAs
were identified (Fig. 4A) and screened for validated
miRNA/mRNA target pairs. Thereby, we found in total
11,588 interactions comprising 5,437 target genes
(Supplementary List S3). To evaluate potential regulat-
ed pathways, enrichment analysis of all annotated
interactions between miRNAs and genes, discovered
125 GO terms with an adjusted p-value below 0.0001,
among those, 54 comprise more than 50% of all
associated genes (Fig. S3A).

Interestingly, the top 20 highly secreted miRNAs (Fig.
4A) were predicted to regulate a dynamic crosstalk of

three prominent meta-pathways by targeting five
common transcription factors (PTEN, P53, APAF-1,
CDKNIB and MYC) (Fig. S3B) that are also well
known pro-apoptotic mediators [11,29-33].

Therefore, acutely stressed recipient fibroblasts were
exposed to the entirety of senescent or quiescent cell
derived sEVs and Annexin-V-PI staining for assessing
apoptosis rates was performed (Scheme Fig. 4B).
Indeed, the presence of senescent cell derived sEVs
reduced the amount of apoptotic cells by approximately
27% (Fig. 4C-D), suggesting an anti-apoptotic activity
of the EV-SASP. Whether and which miRNAs exert
this effect will be subject of further studies.

Changes in miRNA composition of senescent cell
derived sEVs

While in total almost all SEV-miRNAs are increasingly
secreted when compared to cell numbers, we were
interested, if also the miRNA composition of sEVs
would change during senescence. Therefore, we per-
formed global mean normalization [34] of all miRNAs
assuming that the total amount of miRNAs is un-
changed within sEVs irrespective of the condition, since
vesicle size (Fig. 2B) and global means of total miRNA
content from both time points, each SIPS and Q were
similar (Fig. S4A).

Table 2. Summary and evaluation of secreted miRNAs by qPCR panels.

Preliminary screening Final screening
conditions Q SIPS Q SIPS
biological replicates (HDF) N=1 N=1 N=3 N=3
Time points (days post treatment) D21 D21 D7; D21 D7; D21
number of cells used for SEV-RNA (average) 1.27E+07 9.13E+05 [1,50E+07 +33% 1,65E+06 + 30%
screened miRNAs (Exiqon) 752 375
detected miRNAs in 2 conditions (average) 386 371
detected miRNAs in 1 condition (average) 156 0
not detected (average) 210 4

raw Ct-values normalized to number of cells used for sEV-RNA
detected miRNAS Ct(average) < 31 101 187 112 220
detected miRNAs Ctiaverage) 31 - 35 197 142 138 132
detected miRNAS Ct(average) 35 - 38 459 313 121 19
detected miRNAS Ct(average) > 38 366 235 0 0

Dataset of miRNAs for statistic quantification (Ct(erage) < 38) 353

miRNAs with complete dataset for 3 Donor D7/D21 280/290
miRNAs with complete dataset for 2 Donor D7/D21 36/38
miRNAs with complete dataset for 1 Donor D7/D21 36/24

Preliminary screening of secreted miRNAs to determine detectable miRNAs in small EVs derived from HDFs, was
performed using one HDF strain in both conditions, stress-induced premature senescent (SIPS) and quiescent control (Q),
from one time point (D21). 375 miRNAs out of 752 screened were selected for the final screening with three different HDF
cell strains (n = 3), in 2 conditions (SIPS and Q) and from two time points at 7 (D7) and 21 days (D21) after treatment.
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Figure 3. sEV-miRNAs as part of the SASP were identified in a preliminary and final gPCR screening. (A) miRNA profiling of
the preliminary screening detects in total 542 (72%) secreted miRNAs. Categorization of Ct-values shows 368 miRNAs with an average
signal < 38 in one or both conditions (Q, SIPS) tested. (B) The preliminary screening detects in total 386 miRNAs in both conditions
tested. (C) The final qPCR screening detects 369 miRNAs with Ct-values below 38. 375 miRNAs were tested in all conditions and time
points. % and number of total miRNAs detected in the screening experiment are shown. Categorization according to Ct-values. MiRNAs
with an average Ct-value < 31, between 31 and 35, between 35 and 38, > 38 and not detectable are displayed. (D) The final gPCR
screening detects 81% of all screened miRNAs in three donors. Averages from D7 and D21 are presented. 81% (285) of miRNAs were
detected in all three donors SIPS and Q. 10% (37) of miRNAs were detected in at least two donors and 9% (30) of miRNAs were detected
in one donor. (E) Principal Component analysis of sEV-miRNAs from SIPS and Q control cells from day 7 (D7) and day 21 (D21) after the
treatment. The expression matrix shows the clustering of 12 samples and 369 miRNAs. Ellipses indicate a confidence level of 95% that a
new observation will fall into it. Illlustrated 2D-biplot explains a variance of 73.3% in principal component 1 and 7.9% in principal
component 2, respectively. Exploratory analysis was done with ClustVis. Green: Q; Purple: SIPS; light colors and rectangular D7; dark
colors and circle D21. (F) sEV-miRNAs are higher secreted from SIPS cells compared to Q controls. Heatmap and hierarchical clustering of
369 sEV-miRNAs after D7 and D21 (n = 12). Unit variance scaling was applied and rows are centered. MiRNAs were clustered according to
correlation distance and Ward linkage method. Samples in columns are clustered using Euclidean distance and Ward linkage method.
Green: Q; Purple: SIPS; light colors and blue D7; dark colors and red D21. Colors in matrix: red = upregulated, blue = downregulated. (A-B)
Magnitude of secreted sEV-miRNAs was assessed in a preliminary screening using Q control and SIPS HDF of one cell strain (HDF76) and from
one time point (D21). 752 miRNAs were screened using the gPCR ready to use panels supplied by Exiqon. (C-F) Final screening was performed
with customized gPCR panels using three different HDF cell strains (n = 3) each Q and SIPS from two different time points (D7 and D21).
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Figure 4. Senescent cell derived sEVs confer anti-apoptotic activity. (A) Barchart of the top 20 most highly secreted sEV-miRNAs.
To cell count normalized Ct-values from Q and SIPS from two time points were averaged and are plotted +/- SEM derived from all 12
samples. (B) Experimental setup to test the biological effect of the EV-SASP. Recipient fibroblasts were pre-exposed to sEVs for 24 hours
followed by an acute stress treatment for 2 hours with 200 uM H,0, and fresh sEVS were added On the next day a second stress
treatment with 400 uM for 2 hours was performed followed by a recovery time of 3 hours. Annexin-V-PI staining and flow cytometric
measurement was used to determine % total number of apoptotic cells. (C) The EV-SASP reduces the amount of apoptotic cells of
oxidatively stressed recipient cells. sEVs of SIPS and Q control cells of three different donors between 2 to 4 weeks of recovery post SIPS
treatment were freshly harvested and applied before and after acute stress treatments. Human primary dermal (n = 3) and foreskin
fibroblasts (n = 3) were used as recipient cells. Averages from 6 independent experiments +/- SEM are shown. Statistical analysis (n = 6)
using 2-way RM ANOVA identified the factor 'EV/no EV' as a significant subject (p = 0.014) and the factor 'no stress/stress' as a significant
factor (p = 0.00014). Groups were compared by Bonferroni post test, n.s > 0.05; **p < 0.01, ***p < 0.01. (D) Representative pictures of
recipient fibroblasts of all conditions tested prior Annexin-V-PI staining. Representative flow cytometric data are shown. Scale bar = 200 um.
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Indeed, statistical analysis identified 31 miRNAs
differentially present per sEV at day 7 after induction of
cellular senescence (Fig. 5SA), and 32 miRNAs at day 21
(Fig. 5B).

Surprisingly, out of these, only two miRNAs (miR-23a-
5p, miR-137) were more abundant in SEVs at both time
points (Fig. 5C), while five miRNAs (miR-17-3p, miR-
625-3p, miR-766-3p, miR-199b-5p, miR-381-3p) were
less abundant in sEVs of senescent cells (Fig. 5D).

Taken together, these results indicate that senescent
cells do not only secrete more miRNA containing sEVs

as part of the SASP, but that in addition the miRNA
composition of single sEVs changes with senescence.

Intracellular miRNA analysis by next generation
sequencing (NGS) identifies early and deep
senescence specific miRNAs

Since differential secretion of sSEV-miRNAs might be
caused either by differential transcription, processing or
packaging into sEVs, we decided to quantify also the
intracellular miRNA composition of all three fibroblast
cell strains at both time points (D7 and D21) by small
RNA-NGS.
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Figure 5. Changes in miRNA composition of senescent cell derived sEVs. (A) Volcano plot shows 31 significantly differently
present senescence-associated (SA) sEV-miRNAs after normalization to the global means at D7 and (B) 32 SA sEV-miRNAs at D21 after the
last H,0, treatment. (C) Venn diagram shows miRNAs more abundantly present in sEVs of SIPS cells. (D) Venn diagram shows miRNAs less
abundant in sEVs of SIPS cells. (A-B) Raw Ct-values from each sample were normalized to the respective global mean. Log2FC of SIPS
relative to Q control cells were calculated. Values from D7 (panel A) and D21 (panel B) recovery are plotted on x-axis against their
individual -log10(p-value) on y-axis. Horizontal dotted lines indicate a separation between miRNAs passing a p-value higher or lower than
0.05. Vertical dotted lines separate secreted miRNAs with log2FC > 1 or log2FC < 1. MiRNAs reaching a p-value < 0.05 are illustrated with
green and blue dots and miRNAs with a p-value > 0.05 are shown in black. None reached the 0.05 cut-off value for the FDR of an adjusted
p-values. Analysis was performed using three different HDF cell strains (n = 3) each Q and SIPS from two different time points (D7 and
D21). (C-D) Log2FC was calculated and significantly regulated (p-value < 0.05) miRNAs from D7 and D21 were compared in a Venn diagram.

WwWw.aging-us.com

1111

AGING



Table 3. Summary of miRNA next generation sequencing (NGS) and data

quality control.

Experimental Design

Instrument NextSeq 500
Average number of reads (1 flowcell) 4.00E+08
Number of sequencing cycles 50 bp single-end read
Annotation reference miRBase 20

Quality control
Base call accuracy (Q-Score) >30
Averaged Total reads 1.26E+07 +29.38%
miRNAs (44.2%) 5.64E+06 + 38.39%
smallRNA (7.8%) 9.78E+05 + 30.48

Genome-mapped (11.2%)

1.42E+06 + 35.37%

outmapped (28.5%)

3.56E+06 + 29.01%

unaligned reads (8.1%)

1.02E+06 + 28.93%

Grouping Quantity (Number of Identified RNAs)

< 10 rawcounts on average 2124

10 - 50 rawcounts on average 146

> 50 rawcounts on average 308
Number of analyzed miRNAs

5-500 TPM 158

> 500 TPM 274

Quality control and results of cDNA library preparation
and NGS were assessed (Fig. SSA-F). On average 17.6
million reads per sample were obtained (Fig. S5G) and
miRNAs were identified according to miRBase 20.0.
The dataset was evaluated (Table 3), normalized to the
total number of reads and 432 miRNAs that reached at
least five tags per million (TPM) in at least one donor
were included into the analysis.

Principal component analysis clearly separates senescent
versus quiescent control cells independently from the
time points (Fig. 6A), which was further confirmed by
unsupervised hierarchical clustering (Fig. 6B).

Differentially transcribed miRNAs were identified
(Supplementary List S5) and visualized by Volcano plot
(Fig. 6C-D). Comparison of up- (Fig. 6E) and down-
regulated miRNAs (Fig. 6F) from early (D7) and deep
senescent (D21) fibroblasts revealed senescence-
associated miRNAs identified earlier, either in senes-
cent fibroblast [35,36] or in the dermis of elderly [37],
and thus point to a very robust miRNA signature of
senescent fibroblasts. Surprisingly, a higher percentage
of intracellular miRNAs (46% up and 36% down) are
both regulated in early as well as in deep senescence
(Fig. 6E-F), while in contrast to secreted ones per
vesicle, only 2% and 5% are jointly increased or
decreased (compare to Fig. 5C-D). That means that
senescence-associated changes over time are more
pronounced in secretory miRNAs (21 sEV-miRNAs of

senescent cells change composition, Fig. S4B) as
compared to intracellular ones (3 miRNAs differentially
trans-cribed in senescent cells, Fig. S4C), so that these
secreted miRNAs might be indicators of deep
senescence.

We concluded that once senescence-signaling induces a
specific intracellular miRNA pattern, it does not change
significantly over time (Fig. S4C). Surprisingly
however, the miRNA composition of secreted vesicles
does change markedly with deepening of senescence
(Fig. S4B), which might be attributable to the dynamic
characteristics of the SASP [38—40].

Correlation of intracellular and sSEV-miRNAs
identifies specifically secreted versus retained
miRNAs in cellular senescence

Next, we addressed whether all miRNAs with high
intracellular abundance are also highly abundant in
sEVs and if this depends on senescence. Thus, after
restrictive cut-off criteria (see Material and Methods for
details), all miRNAs detected intracellularly and in
vesicles (228 miRNAs) were ranked according to their
abundance to build the intersection of the top 20
miRNAs each by Venn diagrams (Fig. S6A-B, Sup-
plementary List S6). Thereby, we identified 26.5%
matching miRNAs and it became clear that particular
miRNAs must be selectively secreted or retained in the
two conditions (Fig. S6C).
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In order to identify those miRNAs that are differentially List S6, S7 Fig. 7A-B). Then the AArank(Aranksps —

packaged or retained in cells, we calculated the Arankq) were calculated, as a measure to indicate, if a
differences of ranks of the intracellular and the sEV miRNA would change its rank in dependence of the cell
contained miRNAs (Arank = rankig, — rankeg.) for condition. That means, the higher the AArank-value is,
quiescent and senescent cells separately (Supplementary the higher is also the selective secretion, and vice versa,
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Figure 6. Intracellular miRNA analysis by NGS identifies early and deep senescence specific miRNAs. (A) Principal
component analysis of SIPS versus Q HDF. Principal components were calculated using singular value decomposition (SVD) for
imputation. Rows were scaled by applying unit variance scaling. Confidence level of 95% is indicated by ellipses assuming that a new
observation from the same group will fall into it. Expression matrix of principal component 1 shows a variance of 34.8% and 24.6% in
principal component 2. (B) Heatmap and hierarchical clustering of samples and miRNAs of SIPS versus Q human dermal fibroblasts.
Clustering was done according to Euclidian distance and Ward linkage method. Samples in columns were clustered using correlation
distance and Ward linkage method. (colors in matrix: red = highly transcribed = upregulated, blue = low transcribed = downregulated).
(€) Volcano plot of differentially transcribed miRNAs in SIPS cells after seven (left D7) and (D) 21 days (right D21) post stress treatment.
Log2FC are plotted on x-axis against their individual -log10 (p-value) on y-axis. Horizontal dotted lines indicate a separation between
miRNA differences of a p-value higher or lower than 0.05. Vertical dotted lines separate transcribed miRNAs with log2FC > 1 or log2FC <
1. MiRNAs reaching a p-value < 0.05 are illustrated with white dots and miRNAs with a p-value > 0.05 are shown in black. (E) Venn
diagram shows upregulated miRNAs of senescent cells on D7 and on D21. 46 miRNAs are commonly upregulated at both time points of
senescence. (F) Venn diagram shows downregulated miRNAs of senescent cells on D7 and on D21. 36 miRNAs are commonly
downregulated at both time points of senescence. (A-D) Analysis was performed using three different HDF cell strains (n = 3) each Q
and SIPS from two different time points (D7 and D21). Differential expression analysis and statistics, calculated with Edge, was done
with 432 miRNAs with normalized TPM signals > 5 in all conditions in at least 1 donor. (A-B) Each color and symbol represents another
annotation defined by data input file. Green: Q; Purple: SIPS; light colors and rectangular D7; dark colors and circle D21.
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the lower the value, the higher the specific retention
within the cell (Supplementary List S6, Fig. S6D).
Thereby, we identified specifically secreted senescence-

A
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associated SEV-miRNAs, such as miR-15b-5p (Fig.
7A), while miR-30a-3p was found to be retained during
quiescence (Fig. 7B).
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Figure 7. Correlation of intracellular and sEV-miRNAs identifies specifically secreted versus retained miRNAs in cellular
senescence. (A) Venn diagram of top 20 secreted miRNAs (positive values) from HDF, calculated by Arank = rankini., — rankey., from Q and
SIPS separately. (B) Venn diagram of top 20 retained (negative values) miRNAs in HDF, calculated by Arank = rankii, — rankey, from Q and
SIPS separately. (C) Selectively senescence-associated secreted (high values) or retained (low values) miRNAs are identified. AArank and
AAratio were correlated and specifically secreted (high values of AArank and AAratio) or retained (low values of AArank and AAratio)
senescence-associated miRNAs were identified. Spearman correlation R = 0.81 with a 95% confidence interval 0.76 to 0.85 P value (two-
tailed) < 0.0001. Bubble size corresponds to quartiles calculated from transformed average Ct-values, whereby the larger the bubble size, the
higher the expression value. Dotted lines represent the 25% and 75% percentiles, which define the specifically secreted and retained miRNAs
in senescence. AArank: 25%: 8.0; Median: -0.5; 75%: 9.0; AAratio: 25%: 0.7099; Median: 0.927; 75%: 1.186. (D) Venn diagram of the top 20
specifically secreted senescence-associated sEV-miRNAs. MiRNAs are identified by comparing the top 20 of AArank and AAratio method. (E)
Venn diagram of top 20 specifically retained senescence-associated miRNAs. MiRNAs are identified by comparing the top 20 of AArank and
AAratio method. (F) (A-E) Correlation was performed with 228 miRNAs identified intracellularly (small RNA-NGS) as well as in sEVs (QPCR
panels) in samples derived from three different HDF cell strains (n = 3) each Q and SIPS from two different time points (D7 and D21).
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In order to confirm the AArank correlation by a
different method to assess specific secretion, we
additionally used the quantitative content of our
intracellular and vesicular miRNA data. Therefore, we
calculated ratios between vesicular and intracellular
miRNA levels, and used these values to calculate ratios
from quiescent (Aratiog) and senescent cells
(Aratiogips). Therefore, we transformed Ct-values to
arbitrary units (AU), by defining a Ct-value of 40 to 10
AU. We then calculated AAratios (Aratiosips/Aratioq)
and normalized obtained values to the global means,
resulting again in a list of specifically secreted or
retained miRNAs (Supplementary List S6, S7 Fig.
S6E).

To compare these two methods (‘rank vs. ratio’), the
results were plotted in an xy-diagram revealing ~80% of
correlation as determined by Spearman correlation (Fig.
7C) and comparison of the top 20 selectively secreted
and retained miRNAs each confirmed a similar set of
the top 20 selectively secreted (Fig. 7D) or retained
miRNAs after entry into cellular senescence (Fig. 7E),
while some miRNAs were only detected with one of the
two methods. Thereby, miR-15b-5p was again identifi-
ed to be selectively secreted from senescent cells.
Finally, by defining a cut-off of the 25% and 75%
percentiles from both approaches, we identified ~24%
of all analyzed miRNAs to be selectively secreted (blue)
or retained (orange) in response to senescence, while
the remaining ones seem to be evenly distributed
between cells and sEVs (white). Interestingly, although
miR-21-5p is the top abundant miRNA intracellularly as
well as in vesicles, independent of the conditions, and
therefore equally distributed between inside and outside
(Supplementary List S6, S7 and Fig.S6A-B), its 3p-
isoform was catalogued as a selectively retained miRNA
during senescence.

To sum up, the ‘ratio-‘ and ‘rank-" approaches allow the
correlation of vesicular versus intracellular miRNA
abundance, independently from each other and identified
a set of specific senescence-associated miRNAs selected
for secretion (blue) or retention (orange) in response to
senescence.

DISCUSSION

Accumulation of senescent cells is considered to drive
several age-associated diseases. One of the charac-
teristic of senescent cells that is considered to contribute
to this phenomenon, is the cumulative secretion of
several proteins involved in inflammation, growth
promoting signaling and extracellular matrix remodel-
ing, which is generally summarized under the term
SASP [12]. With increasing numbers of reports on
secretory miRNAs describing their almost ‘hormonal’

action on recipient cells [15] and their potential as
biomarkers or therapeutic targets for age-associated
diseases [20], the question arises whether secreted
miRNAs, especially those enclosed in EVs, might also
be part of the SASP.

Indeed, we found a 4-fold higher secretion of sEVs
from senescent as compared to quiescent human dermal
fibroblasts with a concomitant increase of > 80% of all
miRNAs per cell, whereby the stress-responsive miR-
200c-3p [41,42] was found to be among the top
differentially secreted miRNAs at an early time point of
senescence. An increase of EVs in replicative
senescence, as well as in irradiation-induced senescent
prostate cancer cells [43] has already been observed.
Even in human age-associated diseases, as in human
atherosclerotic aortas [44], or in cerebrospinal fluid of
Alzheimer’s disease patients [45] where senescent cells
have been found to accumulate in vivo, such an
increases of EVs was evident. However, decreasing
amounts of EVs with age have also been observed in the
plasma of matched individuals [46]. It will thus be
exciting to see, where and if EVs are differentially
distributed between lesional sites of age-associated
diseases versus the aged systemic environment..

As a consequence of elevated sEV and miRNA
secretion per senescent cell, we performed pathway
analysis of the most highly secreted miRNAs enclosed
in the sEVs. Surprisingly, they were predicted to
collectively silence five well known pro-apoptotic
factors [11,29-33] at the crossroad of longevity, cancer
and signalling pathways. Indeed sEVs from senescent
fibroblasts reduced the amount of apoptotic cells in
acutely stressed recipient fibroblasts. Even though the
single factors of the sEVs are yet not identified, we
postulate that the secretion of anti-apoptotic sEVs into
the microenvironment of senescent cells might counter-
act the apoptotic removal of damaged neighbouring
cells, thereby potentially contributing to a pro-tumori-
genic microenvironment as known to be conferred by
senescent cells and their EVs [47,48]. EVs per se have
already been suggested to exert anti-apoptotic functions
on the surrounding tissue and cells [49], however, this is
to our knowledge the first report that experimentally
proves that the SASP, and specifically the EV-SASP
exerts anti-apoptotic activity. This is in line with a
bioinformatic driven study of the protein factors
comprising the SASP that postulates a potential anti-
apoptotic activity of SASP proteins [50]. However, it is
still to be determined, which miRNAs or if the entire
cocktail of secreted miRNAs are indeed conferring this
activity.

In addition, we identified differences in miRNA
composition per single vesicle from senescent versus
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control cells. In accordance to being upregulated
intracellularly in senescent fibroblasts [51,52] we found
miR-23a-5p and miR-137 to be more abundant per
vesicle. Among the less abundantly present miRNAs in
senescent SEV we found miR-17-3p and miR-199b-5p,
both were already published to be downregulated
intracellularly in skin of elderly [53] and in senescence
of mesenchymal stem cells [54].

Similarly, intracellular miRNA transcription of
senescent versus quiescent fibroblasts, revealed similar
miRNAs that have been previously reported in
fibroblasts [55-58], as well as miRNAs differentially
found in the dermis of elderly [37], where estimates
suggest 60% of fibroblasts to be senescent [59]. In
addition, several miRNAs were identified so far not yet
described in fibroblast senescence, such as miR-1197
and miR-450-2-3p.

With intracellular and extracellular miRNA quantitative
data in hand, we next tested, if (i) specific miRNAs are
selectively packaged into sEVs or retained within
fibroblasts as it has been reported for other cell types
[60] and (ii) if this is dependent on senescence, which
has so far never been tested. Therefore, we ranked the
abundance of miRNAs in- and outside of the cells and
compared the resulting ranks. Most of the miRNAs,
such as miR-21-5p are similar in rank, suggesting that
most of the sEV cargo is mirroring the cytoplasmic
content of the respective cell, while some miRNAs are
indeed overrepresented intracellularly or in the sEVs.
However, these specifically retained or secreted
miRNAs were only partially overlapping when compar-
ing the senescent and quiescent cells, suggesting that
upon induction of senescence, also specific packaging
or retaining does change, which was indeed the case for
~24% of all analyzed miRNAs.

It is still a matter of debate, if packaging of selected
miRNAs into EVs is an active process for conveying
messages or a passive form of garbage disposal
[discussed in 42] e.g for the secretion of damaged RNA
fragments [62] or for the release of tumor-suppressive
miRNAs to maintain tumor progression [63]. However,
our findings, together with the few reports that show
specific retaining or packaging in response to external
stimuli [64] and changes in EV-miRNA composition of
PBMCs [65] would suggest controlled and active
packaging, in line with several reports showing an
active mechanism of miRNA packaging into exosomes
[60,66]. Finally, as miRNAs in EVs have been widely
shown to alter recipient cell behavior [17,18] a mere
garbage disposal seems unlikely, while it could be
envisaged that ‘garbage’ gotten rid of by one cell might
be an alarm - or any other type of signal for recipient
cells.

Which miRNAs are now selectively secreted by
senescent cells and what effect on the microenvironment
might such specifically packaged miRNAs have?

One of these is miR-15b-5p, which we found to be
selectively secreted and downregulated in senescence as
it was reported before in senescent fibroblasts as well as
in photoaged skin biopsies [67]. The fact that it is
preferentially packaged and secreted in senescence
might be an additional mechanism to keep miR-15b-5p
levels low in senescence cells. Interestingly, it is also
low abundant in the dermis of elderly, while it appears
highly enriched in the epidermis [67]. Thus, it is
tempting to speculate that EV mediated cross talk
between fibroblasts and keratinocytes contributes to low
dermal levels versus high epidermal levels.
Functionally, low intracellular miR-15-5p levels might
be involved in de-repressing SIRT4, which has a
regulatory role in stress-induced senescence-associated
mitochondrial dysfunc-tion [67] and in driving a NF-xB
mediated induction of the SASP [68]. On the other
hand, it might exert pro-proliferative activity on
recipient keratinocytes as it does on several epithelial
cell types [69], a function that in situation of transient
appearance of senescent cells during wound healing
might be favorable [70], while in situations of chronic
accumulation of senescent cells, as in the skin of
elderly, it might be detrimental.

Interestingly, several miRNAs mainly selectively
retained in senescence including miR-122-5p [71], miR-
21-3p [72] and miR-17-3p [73] are implicated with
keratinocyte  differentiation and/or  proliferation,
suggesting that senescent fibroblasts might impact on
epidermal differentiation and function.

Taken together, we conclude that miRNAs are
specifically secreted depending on cellular conditions
and/or external stimuli. The specific molecular mecha-
nism of selective release and retention of senescence-
associated SEV-miRNAs and the EV-SASP cross-talk
between different cell types and its consequences in the
context of aging and age-associated diseases, however,
remains to be elucidated. Still, the here presented
detailed catalogue based on human dermal fibroblast
strains derived from three different donors builds the
basis for such studies. Finally, we introduce sEVs and
SsEV-miRNAs as novel, bona fide members of the SASP
to be crucially involved to maintain the anti-apoptotic
activity of senescent cells and suggest to use the term
‘EV-SASP’.

METHODS

Detailed experimental procedures are provided in the
supplementary information.
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Cell culture

Human dermal fibroblasts (HDF) from adult skin of
three healthy donors and human foreskin fibroblasts of
one healthy donor were provided by Evercyte GmbH.
Cells were grown in DMEM/Ham’s F-12 (1:1 mixture)
(BIOCHROME, Germany) supplemented with 10 %
fetal calf serum (FCS) and 4 mM L-Glutamine (Sigma
Aldrich GmbH St Louis, MO, USA) at 95% air
humidity, 7% CO; and 37°C.

Stress-induced premature senescence (SIPS)

For induction of SIPS, the Hayflick limit of each of the
here used donors was assessed and cells in the middle of
their replicate life span were used. Two donors
(HDF161 and HDF85) reached the end of their
replicative lifespan very early. HDF161 at a PD of ~ 37,
HDFS85 at a PD ~ 28, while HDF76 entered replicative
senescence at a PD ~ 53. Therefore, HDF161 and
HDEF85 in PD ~ 12 — 15 and HDF76 in PD ~ 24 — 26
were seeded with 3500 cells/cm? one day (d) prior stress
treatment using 9 (4 d stress — 2 d recovery — 5 d stress)
consecutive doses of 100 uM H,O, for one hour per day
followed by a media change. Non-stressed control cells
reached quiescence (Q) by contact inhibition.

SIPS was confirmed with bromodeoxyuridine (BrdU)
incorporation, senescence-associated (SA)-B-Gal stain-
ing, CDKNI1A (p21) expression and Annexin-V-PI
staining after 7 (D7) and 21 days (D21) post stress
treatment. See supplementary Information for detailed
experimental procedures.

Isolation of small extracellular vesicles (SEVs)

Small EV Isolation was performed according to
standards recommended from the international society
for extracellular vesicles (ISEV) [74]. DMEM/Ham’s +
FCS was depleted of EVs by ultracentrifugation at
100,000 x g overnight and filtrated using 0.22 pm filter
cups (MILLIPORE, Germany). Conditioned media
(after 48 hours secretion) was centrifuged for 15 min at
500 x g (Eppendorf, 5804R) to remove cellular debris at
14,000 x g (Beckmann, Coulter, Brea, CA, USA, Avanti
JXN-26) for 15 min, large EVs were excluded by
filtration using 0.22 um filter cups. On average 92 ml
supernatant from SIPS and 75 ml supernatant from Q
cells were filled into Quick-Seal, Polyallomer, 39 ml,
25x89 mm tubes (BECKMANN, Brea, CA, USA).
SEVs were enriched using a 70Ti Rotor Beckman
coulter at 100,000 x g for 90 min (BECKMANN, Brea,
CA, USA) and pellets in different tubes but from the
same samples were pooled. Dependent on the subse-
quent analysis, the pellet was either resuspended in
QIAzol reagent (Qiagen) or in filtered 1 x PBS. For

TEM freezing and thawing was avoided. SEVs were
isolated on D7 and D21.

Biological assay — exposure to SEVs and stress
treatment

To test the biological effect of the EV-SASP, we
selected early passage human dermal and foreskin
fibroblasts as recipient cells. After 48 hours secretion
into EV depleted media, the sEVs from SIPS and Q
donor cells were freshly harvested from all three
different fibroblast cell strains between two to four
weeks of cellular senescence. The experiment was
performed as followed (Fig. 4B):

D -1 EV depleted media was added to donor cells of
SIPS and Q fibroblasts for 48 hours before sEV
harvesting.

D 0 recipient dermal or foreskin fibroblasts were seeded
into 6 well plates with 70,000 cells/well.

D 1 sEVs of SIPS and Q donor cells were harvested and
recipient fibroblasts were pre-treated with sEVs in a
ratio of 1:1 (meaning same amount of secreting cells to
receiving cells).

D 2 sEVs were removed and recipient cells were treated
with 200 uM H,0, for 2 hours. Afterwards fresh sEVs
were added again.

D 3 sEVs were removed and recipient cells were treated
with 400 uM H,0, for 2 hours followed by a recovery
of 3 hours. Finally, the cells were stained for Annexin-
V and with PI and were measured by flow cytometry
(Gallios Beckman coulter, Brea, CA, USA). As a
positive control, fibroblasts were treated with 300 nM
Staurosporin for 24 hours. Total amount of apoptotic
cells correspond to: Annexin positive + double positive
(Annexin-V-PI) + PI positive cells and were quantified
using Kaluza software (Beckman Coulter, Brea, CA,
USA, Version 1.2).

RNA Isolation

Cell pellets and sEVs were lysed in QIAzol Reagent
(QIAGEN) and RNA was automatically extracted by
miRNeasy Mini kit (QIAGEN) based on QIAcube
technology. To monitor isolation efficiency of sEV-
RNA, a spike-in mix containing UniSp2, UniSp4,
UniSp5 (EXIQON, Denmark,) was added before RNA
isolation. As total SEV-RNA amounts were too low for
quantification by Bioanalyzer (Agilent) or with compa-
rable, more sensitive techniques such as Ribogreen
assay, we normalized the data (i) to total viable cell
number and (ii) to the global means of each, which is an
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accepted method, not only in EV-research [34,74]. No
significant differences in the global means of different
samples were observed (Fig. S4A).

Intracellular total RNA concentration and quality was
controlled using Nanodrop spectrometer (ND-1000) and
2100 Bioanalyzer (Agilent) using the RNA-6000 Nano
Kit. Average RNA concentration as determined by
Nanodrop and Bioanalyzer revealed average concentra-
tions as followed: For Q = 955 ng/ul and for SIPS =234
ng/pl purified in a volume of 20 ul NFW. RIN of intra-
cellular RNAs was determined by 2100 Bioanalyzer,
revealing for Q = 7.3 and for SIPS = 7.5. For cDNA
library preparation 1 pg of total RNA was used.

c¢DNA synthesis

Equal volumes of sEV-RNA were used for cDNA
synthesis using Universal cDNA Synthesis Kit II
(EXIQON, Denmark). UniSp6 and cel-miR-39
(EXIQON, Denmark) were used to control for enzyme
activity. cDNA was synthesized by 42°C for 60 min
followed by heat inactivation for 5 min at 95°C.

For mRNA quantification, cDNA was synthesized from
500 ng of total RNA with the High-Capacity cDNA
Reverse Transcription Kit including RNAse inhibitor,
(APPLIED BIOSYSTEMS, USA) for 10 min at 25°C -
120 min 37°C - 5 min 85°C.

Quantitative Real Time PCR (qPCR)

MiRNA qPCR analyses were performed using
ExiLENT SYBR® Green master mix and LNA-
enhanced miRNA primer (EXIQON, Denmark) on a LC
480 Real Time PCR system (ROCHE, Germany).
Activation: Cycles 1, Analysis Mode: None, 95°C,
10min, Ramp 4.4°C/s. Cycles: Cycles 45, Analysis
Mode: Quantification 95°C, 10s, Ramp 4.4°C/s, 60°C,
60s, Acquisition Mode: Single, Ramp 1.6°C/s. Melting
Curve: Cycles 1, Analysis Mode: Melting Curves, 95°C,
10s, Ramp 4.4°C/s; 55°C, 60s, Ramp 2.2°C/s; 99°C,
Acquisition Mode: Continuous, Ramp 0.11°C/s,
Acquisition per °C: 5. Cooling: Cycles 1, Analysis
Mode: None. The second derivative method was used to
calculate the cycle of quantification values (Ct-values).

Table 4. Primer used for qPCR.

The microRNA, Ready-to-Use PCR, Human panel I+11,
V3.R, EXIQON, Denmark, were used for a preliminary
screening. Based on that, a customized qPCR panel was
designed comprising 375 miRNAs and internal and
negative controls.

QPCR for mRNA was performed with 5x HOT
FIREPol® EvaGreen® qPCR Mix Plus with ROX
(MEDIBENA, Austria) using a Rotor-GeneQcycler.
Determination of CDKN1A and GAPDH was quanti-
fied using Standard curves for determination of copy
numbers in duplicates. Average expression values from
quadruplicates were normalized to GAPDH as a
reference gene and fold changes were calculated.

Negative controls tested as NFW only, and no template
control derived from cDNA synthesis, were below
detection limit of qPCR (> 40). Primer used for qPCR is
presented in Table 4.

All analyses were performed in biological triplicates in
two conditions (Q and SIPS) and two time points (D7
and D21). In total, 12 qPCR panels were set up on three
consecutive days. MiRNA analysis was performed
according to the ddCT method.

qPCR panel, analysis of sEVs-miRNAs

Spike-ins were detected in all 384-well plates to monitor
purification efficiency of RNA Isolation (UniSp2,
UniSp4, UniSp5), the presence of enzyme inhibitors
during cDNA synthesis (Unisp6 and cel-miR-39-3p) and
equal processing of RT-qPCR amplification (interplate
calibrator IPC - UniSp3). NFW was used to determine
background levels of each miRNA. Constant expression
of all spike-ins was evaluated with a range calculated by
the difference of the highest and lowest value of all
samples/plates. ACt, values below 1 define the experi-
ment to be robust and thus allow the exclusion of inter-
assay variations (for details, see manual from EXIQON,
QC PCR panel #203887-203892, September 2014).

Illumina small RNA library preparation

Intracellular small RNA cDNA library for Illumina
Sequencing was synthesized according to the manual

Gene name Sense primer Anti-sense primer
GAPDH CGACCACTTTGTCAAGCTCA TGTGAGGAGGGGAGATTCAG
CDKNI1A (p21) GGCGGCAGACCAGCATGACAGATT GCAGGGGGCGGCCAGGGTAT
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provided by NEBNext® Small RNA Library Prep Set
for Illumina® (Multiplex Compatible) (NEB, E7330S).
From initially 1 pg of total RNA, small RNA fragments
from approximately 18 — 36 nucleotides were gel purifi-
ed on a 10% TBE Gel (Invitrogen/ Thermo Scientific,
EC62752), quantified by 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA) and equimolar amounts were
pooled and sent to Exiqon (Denmark) for Illumina
RNA-Seq.

RNA isolation and cDNA library preparation were
quality controlled prior to NGS (Fig. S5A-C). After
adapter trimming and mapping, on average 17.6 million
reads per sample were obtained (Fig. S5G-H). The
entire dataset was evaluated (Table 3 and Fig. S5D-F),
normalized to the number of total reads and 432
miRNAs that reached at least five tags per million
(TPM) in one donor were included into the analysis.

Illumina, miRNA next generation sequencing (NGS)

The cDNA library pool was used to generate the
clusters on the surface of a flowcell and NGS was
performed using NextSeq 500 (EXIQON, Denmark).
The collected reads were quality controlled, aligned and
identified miRNAs were annotated to miRBase20 by
Exiqon.

Differential expression analysis of NGS data

Differential expression analysis was done using the R
(version 3.2.2)/Bioconductor software package DESeq
[75]. Low expressed miRNAs were first excluded from
the analysis (TPM < 5 for all the samples). Then, the
raw read counts were normalized using the DESeq
normalization and a model based on negative binomial
distribution and local regression was fitted for each
miRNA. In the model. ‘fibroblast cell strains (n = 3)’,
were defined as a block ‘effect’ and ‘day’ and ‘condi-
tion” as factor of 2 levels. The Benjamini and Hochberg
(BH) procedure [76] was applied to adjust the raw p-
values into false discovery rate (FDR). A FDR < 0.05
was chosen as the cut-off value.

Differential expression analysis of qPCR panels of
SEV-miRNAS

Ct-values were either normalized to total number of
cells used for secretion or by the mean-centering
restricted (MCR) normalization [34,77], also known as
the global mean normalization. Thereby, the mean Ct-
value across all detected miRNAs of a single sample
was subtracted from each individual miRNA. Differen-
ces in global means are presented in Fig. S4A.

Both datasets were subjected to differential expression
analysis with the R (version 3.2.2)/Bioconductor
software package Limma [78]. A linear model was
applied for each miRNA and moderated t-tests were
computed. In the model, ‘fibroblast cell strains (n = 3)’,
were defined as a ‘block effect’ and ‘day’ and ‘condi-
tion’ as factor of 2 levels. The raw p-values were
corrected using BH method to control FDR.

Statistical analysis

Routine statistics

Were either calculated with Excel or Graph Pad Prism,
and respective tests are indicated below figures in result
sections. Averages +/- standard error (SEM) or
deviation (STDEV) were derived from at least 3 inde-
pendent experiments. Two tailed tests were performed
using an error probability of 0.05.

Data were tested for Gaussian distribution if possible. If
normally distributed, two groups were compared using
unpaired or paired student T-test using the raw values.
One sample students T-test was used to compare ratios
to a hypothetical value of 1, respectively. In order to
analyze the impact of two independent factors (for
example ‘treatment’ and ‘day’) a two-way repeated
measures (RM) ANOVA was performed followed by
Bonferroni post test if asked.

Descriptive statistics

ClustVis a web tool for the preparation of principal
component 2D-biplots and heatmap analysis based on
multivariate datasets using different R packages was
used [79]. For all exploratory analyses, normalized Ct-
values and TPM values were used. Principal component
analysis (PCA) of 371 extracellular miRNAs (out of
375) was calculated by iteration of missing values with
Nipals PCA and unit variance scaling was applied to
rows. Heatmap preparation and unsupervised hierar-
chical clustering of secreted miRNAs was performed by
applying correlation distance and Ward linkage.
Samples in columns are clustered using Euclidean
distance and Ward linkage method.

PCA for intracellular miRNAs was done for 432
miRNAs with TPM > 5 in at least one donor. We used
Singular Value Decomposition (SVD) for imputation
and unit variance scaling was applied on TPM values.
Expression matrix and unsupervised hierarchical
clustering of 432 intracellularly transcribed miRNAs
was done by applying unit variance scaling and rows
were clustered using Euclidean distance and Ward
linkage. Columns are clustered using correlation
distance and Ward linkage.
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Correlation of intracellular and vesicular miRNAs

Only miRNAs, included in the customized qPCR panels
for determination of vesicular miRNA abundance (375)
and corresponding intracellular miRNA expression
obtained by NGS were selected. Prior correlation of
intracellular and vesciular miRNAs restrictive cut-off
criteria were applied.

Quartiles from Ct-values and TPM values were
calculated and miRNAs being low expressed (quartile 1
corresponds to the lowest 25% of data) in NGS and
gPCR were excluded from analysis (330 miRNAs).
Then miRNAs giving no signal in NGS experiment
(TPM = 0) were excluded (291 miRNAs), and finally all
miRNAs not present in all three donors and conditions
were excluded. Therefore, correlation was done on 228
miRNAs.

In order to reduce sequence specific bias obtained with
NGS and qPCR, we calculated the differences in
retaining versus specific secretion by 2 different
approaches; (i) by ranking the miRNAs and calculating
the change in rank within the NGS and the qQPCR
datasets; (ii) by calculating the abundances via ratios.
The overlap of both methods is presented as result and
considered to be a strict way of analysis which rather
takes the risk to miss some miRNAs than to provide
false positives.

In detail: ranks from averages were calculated from
SIPS and Q separately. Rank order was done according
to intracellular TPM values to identify most abundant
miRNAs transcribed intracellularly, or according to
vesicular Ct-values, to discover most abundantly
present miRNAs in sEVs. By calculating Arank
(rankipya — rankey,) from Q and SIPS separately,
retained (negative value of Arank) and secreted
miRNAs (positive value of Arank) were identified. By
further calculating AArank(Arankgps — Arankq) and the
25% and 75% percentiles, selectively higher secreted
(high value of AArank) or retained (low value of
AArank) miRNAs in SIPS were discovered.

Next, we analyzed the same dataset with a different
method to review our data, using the ‘ratio-approach’.
For a better visualization, Ct-values were transformed to
arbitrary units, defining a Ct-value of 40 to ‘10’
arbitrary units — assuming around 10 miRNA copies.
Aratios were calculated from values intragps/extragps
and intrag/extrag separately. Then AAratios from
Aratiogps/Aratiog were calculated and normalized to the
global mean of those ratios. Again, the 25% and 75%
percentiles were calculated, and selectively higher
secreted (high value of AAratio) or retained (low value of

AAratio) miRNAs in SIPS were discovered. For Fig.
S6D miRNAs were sorted according to AArank values
from smallest to largest values and they were plotted
on y-axis, AAratio values were then plotted in another
diagram (Fig. S6E) in the same order as it was sorted
before.

Pathway analysis of secretory miRNAs

MiRWalk ‘microRNA- gene target’ tool [80] was used
to find all validated targets for each of the 20 most
highly secreted miRNAs. To evaluate the putative
network on pathway level, enrichment analysis of
pathway-based sets of the common regulated genes
(targets) was performed using ConsensusPathDB [81],
with the overrepresentation analysis tool. As input,
HGNC symbol identifiers of our dataset were used and
search was done against pathways with a minimal
overlap of a p-value cutoff of 0.0001. Cytoscape [82]
and the BisoGenet plug-in [83] was then used to
generate a potential miRNA-regulated network using
the list of validated targets and the modules obtained in
the previous step. Crosstalk maps were created, linking
curated pathways to metapathways [84-86] where
several pathways modules share a common set of genes.

Accession Number

miRNA NGS data from differentially transcribed
miRNAs in stress-induced premature senescence (SIPS)
have been deposited to the GEO repository under the
accession number GSE95354 https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?token=ytojsgmknpgbtix&acc=G
SE95354.

Abbrevations

BH: Benjamini and Hochberg (BH) procedure; BrdU:
bromodeoxyuridine; CDKN2A: cyclin-dependent in-
hibitor 2A, p21CIP1; D7/21: day 7/21 after stress
treatment/recovery; (s)EV: (small) extracellular vesicle;
EV-miRNAs: miRNAs enclosed in extracellular
vesicle; FC: fold change; FCS: fetal calf serum;
FDR:false discovery rate; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; HDF: human dermal fibro-
blast; ISEV: international society for extracellular
vesicles; MCR: mean-centering restricted normalize-
tion; NTA: nanoparticle tracking analysis, RM: repeated
measurements; SA sEV-miRNA: Senescence-associated
miRNAs enclosed in small extracellular vesicles; SASP:
Senescence-associated secretory phenotype; SA-B-gal:
Senescence-associated [-galactosidase; SIPS: stress
induced premature senescence; SVD: singular value
decomposition; TPM: tags per million; TSG10: tumour-
susceptibility protein.
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SUPPLEMENTARY MATERIAL A 3 donors HDF
2 conditions Q vs SIPS
2 timepoints D7 and D21

/N

Supplementary Figures

Intracellular Extracellular

Figure S1. Scheme of experimental workflow. (A) SIPS was
triggered in three donors of primary human dermal fibroblasts’ conditoned
(HDF) by chronic low doses of H,0,. Seven days (D7) and 21 days media
(D21) after the last H,0, pulse, intracellular RNA was harvested Differential
and cDNA library for small RNA NGS was synthesized. centrifugation
Correspondingly, sncRNA from small extracellular vesicles (sEVs)
was isolated from conditioned supernatants by differential RNA SEV NA
centrifugation. SEV-RNA was prepared for qPCR panels to cDNA libary, QC Pilot array (752 miRNAs
identify senescence-associated sEV-miRNAs. miRNA NGS miRNA gPCR array (375 miRNAs)
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Figure S2. Data quality control and analysis of miRNAs enclosed in small extracellular vesicles. (A) Quality control using
synthetic RNA-spike-in confirms technical coverage (ACt, values below 1) of screening comprising 12 samples of vesicular RNA from three
different donors and two different time points (D7 and D21). Each gPCR plate contained primer for synthetic spike in RNAs that were added
during RNA isolation (Unisp2, Unisp4, Unisp5) and cDNA synthesis (Unisp6, cel-miR-39). Additionally, each panel included two interplate
calibrator (IPC) and an empty negative control. (B) Bar chart of significantly higher secreted miRNAs of SIPS HDF on D7 after the treatment.
Log2FC values from three biological triplicates were calculated and plotted on y-axis. Bars plotted on y-axis show all miRNAs reaching an
adjusted p-value < 0.05 after applying the BH method for FDR. On D7, 221 EV-miRNAs passed the adjusted p-value. Dotted lines represent
log2FC = 1. (C) Bar chart of significantly higher secreted sEV-miRNAs of SIPS HDF on D21 after the treatment. Log2FC values from three
biological triplicates were calculated and plotted on y-axis. Bars plotted on y-axis show all miRNAs reaching an adjusted p-value < 0.05 after
applying the Benjamini Hochberg method for FDR. On D21, 321 EV-miRNAs passed the adjusted p-value. Dotted lines represent log2FC = 1.
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Figure S3. Pathway analysis of the EV-SASP. (A) Bachart shows 54 network modules with more than 50% of all associated genes
targeted by the 20 most abundantly secreted miRNAs with an adjusted p-value < 0.0001. GO terms are plotted against their -log10(adj.p-
value). Red line indicates the number of associated target genes identified within all interactions (5,437 validated targets were identified).
Color of barcharts (blue, red, yellow, olive, avocado green, gold) correspond to one GO group that contain more GO-Terms. Grey bars
correspond to different GO groups that contain only one GO term. Abbreviation HP: Helicobacter pylori infection. (B) Top20 secreted
miRNAs regulate a dynamic crosstalk of three prominent metapathways and five common transcription factors (PTEN, P53, APAF-1,
CDKN1B and MYC). Several gene modules were detected to participate repeatedly in several pathways, indicating a crosstalk of
pleiotropic genes and various gene modules involved in series of cellular activities. Based on that finding, large metapathways identified a
complex network that pinpoints towards an interplay between signaling, longevity and cancer pathways, which are supposed to be
orchestrated by the secreted miRNAs and their target genes suggesting a potential anti-apoptotic activity of the EV-SASP on target cells.
Longevity pathways, signaling pathways and pathways in cancer are shown. Green edges represent miRNA regulation over their targets
across different pathways. Grey edges represent protein-protein interactions and transcriptional regulation. Graphic illustrates the top 20
highly secreted miRNAs commonly targeting five transcription factors.
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Figure S4. Calculation of Global means and changes in miRNA abundances over time in vesicles
and intracellularly. (A) Global mean used for normalization. Averages of three different HDF strains +/-
STDEV is shown. 2-way ANOVA was used to test for condition (p = 0.73) and day (p = 0.11); (n.s) p > 0.05. (B)
21 seV-miRNAs of SIPS cells change their composition over time. Global mean-normalized Ct-values from
biological triplicates were averaged and log2FC relative to day 7 recovery were calculated (p-value < 0.05).
(C) 3 miRNAs are differentially transcribed in SIPS cells over time. Intracellular miRNA transcription relative
to day 7 was calculated from NGS data. miRNAs with an adj. p-value < 0.05 were taken into account.
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Figure S5. Data quality control of cDNA library preparation and NGS carried out by Exiqon. (A) Representative picture of
cDNA library after adapter ligation and PCR amplification measured with Agilent Bioanalyzer2100. Bound and free adapter dimers are
visible. Peak for sncRNAs is indicated. (B) Representative pictures of cDNA library separated on a 10% TBE Gel. Fragments corresponding
to sncRNAs from approx. 18 to 36bp were cut (left: before cutting. Right: after cutting). (C) Representative picture of cDNA library after
gel purification analyzed with Agilent Bioanalyzer2100 shows the sncRNA peak but no adapter fragments. (D) Representative pictures of
average read Q-scores from data quality control after NGS. All data have a Q-score > 30 (red line), indicating more than 99.9% accuracy of
base calling. (E) Blue bars show percentage of reads with the indicated score. (F) Read length distribution after adapter trimming reveals
a prominent miRNA peak with 18-22 nt and few longer sequences of 30 — 50 nt belonging to other ncRNAs such as tRNAs, rRNAs, ect. (G)
Total mapped reads of sequencing. Reads were annotated to miRBase20 and classified according to the following categories: ‘not
aligned’, ‘outmapped’, ‘genome-mapped’,smallRNA’ and ‘miRNA’. (H) % of total mapped reads. Reads were annotated to miRBase20 and
classified according to the following categories: ‘not aligned’, ‘outmapped’, ‘genome-mapped’, ‘smallRNA’ and ‘miRNA’.
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Figure S6. (A) Venn diagram of the top 20 abundantly transcribed miRNAs in cells from Q and SIPS cells, sorted by ranks, used to identify
commonly transcribed miRNAs in HDF. (B) Venn diagram of the top 20 abundant sEV-miRNAs secreted from Q and SIPS cells, sorted by
ranks, used to identify commonly secreted sEV-miRNAs of HDF. (C) Positively (‘mirroring effect’ of inside and outside) and negatively
matching miRNAs are identified by building the intersection from A + B. 26.5% matching miRNAs were found. (D) Specifically senescence-
associated secreted (high values) or retained (low values) miRNAs are identified by the rank method. AArank values were calculate from
Arank values derived from Q and SIPS separately. High AAranks indicate ‘secreted’ and low AAranks indicate ‘retained’. Bubble size
corresponds to the average expression value from the transformed Ct-values. Dotted lines represent the 25% and 75% percentiles, which
defines the cut-off for specifically secreted and retained miRNAs in SIPS .AArank: 25%: 8.0; Median: -0.5; 75%: 9.0; (E) Specifically
senescence-associated secreted (high value) or retained (low value) miRNAs are identified by the ratio method. Ratios between
intracellular and vesicular values are calculated. By further calculating and normalizing AAratios, specifically senescence-associated
secreted (high values) or retained (low values) miRNAs are identified. Due to differences in units, it is not possible to set the threshold to
1. Results are sorted from smallest to largest. They are plotted in the same manner as it resulted after sorting of AAratios and appear in a
similar shape as in (D), indicating that we identified a similar set of miRNAs. High AAranks indicate ‘secreted’, and low AAranks indicate
‘retained’. Bubble size corresponds to average expression value from transformed Ct-values. Dotted lines represent the 25% and 75%
percentiles, which define the specifically secreted and retained miRNAs in SIPS AAratio: 25%: 0.7099; Median: 0.927; 75%: 1.186.
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Supplementary Methods
Annexin-V-PI staining

For staining of apoptotic cells, the Pacific Blue™
Annexin-V Kit (Biolegend, San Diego, CA, USA,
640918) was used. Cells and supernatants were
harvested, pooled, centrifuged at 200 x g for 10 minutes
(min) and pellets were washed twice with Annexin-V
binding buffer (10 mM Hepes/NaOH pH 7.4, 140 mM
NaCl, 5 mM CaCl,). After centrifugation at 500 x g, the
pellet was resuspended and incubated for 15 min in
Annexin-V/PI staining solution (250 ng/mL propidium
iodide PI, Sigma Aldrich GmbH, St Louis, MO, USA
P4864, 200 ng/mL Pacific Blue, diluted in Annexin-V
binding buffer). The analysis was performed on a
Gallios flow cytometer (Beckman coulter, Brea, CA,
USA) using an excitation wavelength of 488 nm and a
600 nm emission filter for detection of PI (FL-3) and an
excitation of 405 nm and a 450/50nm emission filter for
Pacific-Blue-Annexin (FL-9). Cells treated with 300
nM Staurosporin for 24 hours were used as a positive
control. Flow cytometry data were analyzed with
Kaluza software (Beckman Coulter, Brea, CA, USA,
Version 1.2).

BrdU incorporation

In order to verify growth arrest, cells were incubated for
24 hours with 10 uM BrdU (Sigma Aldrich GmbH, St
Louis, MO, USA, B5002). The cells were harvested by
trypsinization, centrifuged at 170 x g for 5 min and the
pellet was fixed with ice cold 70% ethanol for at least
one hour at 4°C. Cells were permeabilized for 30 min
with 2 M HCI and 1% Triton X-100 (Sigma Aldrich
GmbH, St Louis, MO, USA, X100), followed by
neutralization with 0.1 M Na-Borat, pH 8.5. Pellets
were resuspended in TBS (0.5% Tween20, 1% BSA in
1 x PBS) containing anti-BrdU antibody 1:50 (BD
Biosciences, USA, 347580) and incubated for 30 min.
After washing with TBS and counterstaining with anti-
mouse FITC-conjugated antibody 1:100 (Sigma
Aldrich GmbH, St Louis, MO, USA F8264) for 30
minutes, the pellet was washed with TBS and
resuspended inl x PBS with 2.5 pg/ml PI (Sigma
Aldrich GmbH, St Louis, MO, USA, P4864). For
compensation, cells were stained with either PI or BrdU
alone. The analysis was performed by flow cytometry
(Gallios Beckman coulter, Brea, CA, USA), using an
excitation wavelength of 488 nm and a 600 nm
emission filter for detection of PI (FL-3) and a 535 nm
filter for BrdU-FITC (FL-1). Proliferating cells were
used as positive controls. Flow cytometry data were
analyzed with Kaluza software (Beckman Coulter, Brea,
CA, USA, Version 1.2).

Senescence associated (SA) B-Gal staining

SIPS HDF and sub-confluent HDF at the middle of their
replicative lifespan were stained according to the
standard protocol described by Dimri et al. 1995 [1]. 15
pictures per well were taken at 100 x magnification and
after randomization and blinding, SA-B-Gal positive
and negative cells were counted.

Nanoparticle tracking analysis

Experiments related to SEV Isolation were performed
according to standards recommended from the
inter-national society for extracellular vesicles
(ISEV) [2].

For determination of size and concentration of vesicles,
the ZetaView® system (Particle Metrix, Meerbusch,
Germany) was used. After calibrating the system with
110 nm polystyrene standard beads (Particle Metrix,
Meerbusch, Germany), vesicles resuspended in 1000 pl
after ultracentrifugation were diluted 1:200 in filtered 1 x
PBS and 3 consecutive measurements were perform-ed.
Camera sensitivity was adjusted to fit the highest and
lowest concentrated sample into the dynamic range and
all samples were measured with the same dilution and
settings. Settings: Gain 904, 98; Offset 0. Measurements
were taken at two different camera positions and a total
of ~1x10"? particles/cm? were tracked, which corresponds
to 150 — 400 counted particles per measurement. Particles
secreted per cell were calculated using the cell number
measured with an automated cell counter, Vi-CELL XR
(Beckman Coulter, Brea, CA, USA). Categories of
particle size determination was defined by the device.
Categories below 15 nm, 15 nm, 45 nm, 105 nm, 135 nm,
165 nm, 195 nm and bigger than 225 nm are shown.

Electron microscopy

SEVs for Transmission Electron microscopy (TEM)
were freshly prepared. Solutions used for the staining
procedure were pre-filtered using 0.22 pum filter units
(Millipore, Germany, SCGPUOSRE). SEVs were
adhered on Athene Old 300 mesh copper grids (Agar
Scientific, Stansted, Essex, UK) and fixed with 1%
glutaraldehyde. After washing three times with nuclease
free water, vesicles were stained for 5 min with 2%
phosphotungstic acid hydrate (Carl Roth, Karlsruhe,
Germany). The grids were left to dry and the specimens
were visualized using TEM (FEI Tecnai T20, FEI
Eindhoven, Netherlands) operated at 160 kV.

Protein quantification, western blot and antibodies

Vesicles and corresponding cells were lysed in 1 x TNE
buffer (2 x TNE: 100 mM Tris/HCI, pH 8.0, 300 mM
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NaCl, 1 mM EDTA, 2 % Triton X-100) to quantify
membrane markers of SEVs. Protein content of lysates
was quantified with the Pierce® BCA Protein Assay Kit
(Thermo Scientific, USA, 23227) according to
manufacturer’s recommendations and equal amounts of
protein were loaded onto the gel (20 pg). For SDS page
and subsequent western blotting, samples were
resuspended in SDS loading dye (4 x SDS loading dye:
240 mM Tris/HCl, pH 6.8, 8% SDS, 40% glycerol,
0.05% bromophenolblue, 5% B-Mercaptoethanol),
sonicated and heated to 95°C. Then, samples were
separated on a NuPAGE 4-12% Bis/Tris polyacryla-
mide gel (Invitrogen/Thermo Scientific, USA,
10472322) at 200V and proteins were transferred to a
PVDF membrane (Biorad, Hercules, CA, USA, 170-
4156) in a BioRad SemiDry Blotting System at 1.3A
25V for 7 minutes. Membranes were incubated with
antibodies  targeting TSG101 1:2000 (Abcam,
ab125011) and GAPDH 1:1000 (pierce, MAS5-15738).
Proteins were detected using secondary antibodies for
IRDye® 800CW Donkey anti-Rabbit IgG, 0.5 mg (LI-
COR Biosciences, USA, 926-32213) and IRDye®
680RD Donkey anti-Mouse IgG, 0.5 mg (LI-COR
Biosciences, USA, 926-68072) with a 1:10000 dilution
using the Odysee (LI-COR Biosciences, USA) infrared
image system. All antibodies were diluted in 3% milk-
powder dissolved in 1 x PBS with 0.1% Tween-20
(Sigma Aldrich GmbH, St Louis, MO, USA, P2287).
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