
A set ofmiRNAs participates in the cellular senescence
program in human diploid fibroblasts
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Here we show that replicative senescence in normal human diploid IMR90 fibroblasts is accompanied by altered expression
of a set of microRNAs (miRNAs) (senescence-associated miRNAs), with 14 and 10 miRNAs being either up or downregulated
(42-fold), respectively, in senescent with respect to young cells. The expression of most of these miRNAs was also deregulated
upon senescence induced by DNA damage (etoposide) or mild oxidative stress (diethylmaleate). Four downregulated miRNAs
were part of miRNA family-17, recently associated to human cell and tissue aging. Moreover, eight upregulated and six
downregulated miRNAs mapped in specific chromosomal clusters, suggesting common transcriptional regulation. Upon
adoptive overexpression, seven upregulated miRNAs induced the formation of senescence-associated heterochromatin foci and
senescence-associated b-galactosidase staining (Po0.05), which was accompanied, in the case of five of them, by reduced cell
proliferation. Finally, miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p induced double-strand DNA breaks and reactive
oxygen species accumulation in transfected cells. In conclusion, we have identified a set of human miRNAs induced during
replicative and chemically induced senescence that are able to foster the senescent phenotype by prompting DNA damage.
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Replicative or cellular senescence, a state of irreversible
arrest of cell division, was first described in cultures of human
fibroblasts.1 Since then, replicative senescence has been
described in various mammalian cells.2 The mechanisms
underlying senescence include telomere shortening, upregu-
lation of the CDKN1A (p21WAF1) and CDKN2A (p16INK4a
and p14ARF) loci, and accumulation of DNA damage.3

Telomeres become progressively shorter at every round
of cell division and this leads to critically short telomere length
sensed as double-strand DNA breaks.4 DNA damage
and DNA-damage response (DDR) could be common events
to cellular senescence programs initiated by telomere
dysfunction and aberrant oncogene activation.5

Senescent cells are marked by lack of DNA replication;
expression of senescence-associated b-galactosidase
(SA-b-gal); accumulation of discrete nuclear foci that are
termed senescence-associated heterochromatin foci
(SAHFs); and senescence-associated DNA-damage foci
(SDFs). SAHFs are detected by preferential binding of DNA
dyes, such as 40,6-diamidino-2-phenylindole (DAPI), and the
presence of certain heterochromatin-associated histone
modifications (trimethyl-Lys9 Histone H3). SDFs are nuclear
foci containing proteins that are associated to DNA damage

(Ser139-phosphorylated histone H2AX -g-H2AX- and p53-
binding protein-1-53BP1).6

Senescent cells show striking changes in gene expression,
including upregulation of cell-cycle inhibitors (p21WAF1 and
p16INK4a) and secreted proteins involved in microenviron-
ment remodeling (IL-6),7 and downregulation of genes that
facilitate cell-cycle progression (c-FOS, cyclin-A, cyclin-B,
PCNA)8 or that are involved in cell-cycle execution (FOXM1,
UBE2C, TYMS).9 Mechanisms underlying the gene express-
ion program that is associated to senescence are still poorly
understood.
MicroRNAs (miRNAs) are short (20–24nt) non-coding

RNAs that are involved in post-transcriptional regulation of
gene expression. miRNAs are transcribed as part of primary
transcripts (pri-miRNAs). The pri-miRNA is cleaved by the
Drosha ribonuclease-III to produce an approximately 70-nt
stem–loop precursor miRNA (pre-miRNA), which is further
cleaved by the cytoplasmic Dicer ribonuclease to generate
maturemiRNA and antisensemiRNA star (miRNA*) products.
The mature miRNA is incorporated into an RNA-induced
silencing complex (RISC), which recognizes target mRNAs
and most commonly results in translational inhibition or
destabilization of the target mRNA.10
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Being potent regulators of gene expression, we hypothe-
sized that miRNAs were involved in the gene expression
program associated to cellular senescence. This hypothesis
was supported by recent results obtained by Hackl et al.11

showing that miRNAs of family 17 were downregulated in
aged tissues and cells. Moreover, senescence in human
lung (WI-38) fibroblasts was accompanied by upregulation
of miR-152, miR-410, miR-431, and miR-493, and down-
regulation of miR-155, miR-20a, miR-25, and miR-15a;
knockdown of miR-155 or miR-20a enhanced IR-induced
senescence.12,13

In this study, we profiled miRNA expression in human
senescent fibroblasts (IMR90). We identified 24 miRNAs that
were either up- or downregulated in senescent cells. Upon
adoptive overexpression, most of the upregulated miRNAs
reduced DNA synthesis rate, and induced SA-b-gal staining
and SAHFs. Five of them induced a robust DNA damage that
likely sustains the senescent phenotype.

Results

Altered expression of a set of miRNAs accompanies
replicative senescence in IMR90 fibroblasts. At PDL58,
more than 70% IMR90 cells stained positively for SA-b-gal,
whereas less than 1% of PDL33 cells stained positively
(Supplementary Figure 1). Moreover, PDL58 cells had an
expression profile consistent with a senescent phenotype,
expressing about three-fold higher levels of p21WAF1 and
p16INK4a proteins; higher levels of IL6 mRNA; and reduced
levels of cell-cycle-related mRNAs such as cyclin-A,
thymidylate synthase (TYMS), cyclin-selective ubiquitin

carrier protein (UBE2C), and forkhead box-M1 (FOXM1)
with respect to PDL33 cells (Supplementary Figure 1). We
profiled miRNA expression in senescent PDL58 with respect
to PDL33 IMR90 cells by qRT-PCR. A total of 148 miRNAs
were detected (Cto39 cycles) in at least one of the two
samples; 18 miRNAs were upregulated and 51 were
downregulated (42-fold) in senescent versus young cells
(Supplementary Table 1).
To validate these results, independent preparations of

PDL58 and PDL33 IMR90 cells were obtained and the
expression of all the highest ranked 18 up- and 14 down-
regulated miRNAs was investigated in triplicate by qRT-PCR.
Results are reported in Table 1. Fourteen (fold changes:
2.7–8.9) and 10 (fold changes: 0.42–0.13) miRNAs were
significantly (Po0.001) up- or downregulated in PDL58
versus PDL33 cells, respectively (Table 1).
These findings indicate that senescence of IMR90 is

associated to altered expression of a set of miRNAs (hereafter
referred to as ‘senescence-associated miRNAs’).

DNA damage and oxidative stress deregulate
the expression of senescence-associated miRNAs.
Treatment with etoposide,15 a topoisomerase inhibitor used
to induce DNA damage, or DEM,9 a glutathione depletor
able to cause a mild oxidative stress, were applied to
chemically induce cellular senescence. When IMR90 cells
were exposed to DEM (100 mM) for 10 days or treated with
etoposide (20mM) for 24 h and further cultured for 11 days,
62 and 80% SA-b-gal-positive IMR90 cells, respectively,
were detected. This was accompanied by gene expression
changes consistent with a senescent phenotype

Table 1 Expression change of senescence-associated miRNAs in IMR90 cells

miRNA
Chromosomal

locationa Familya
Fold changes
(PDL58/PDL33) S.D. P-value

Upregulated
miR-486-5p 8p11.21 486 8.9 0.009 o0.0001
miR-210 11p15.5 210 7.9 0.9 o0.0001
miR-30e-5p 1p34.2 30 6.5 0.9 o0.0001
miR-376a* 14q32.31 368 5.9 0.7 0.0001
miR-126* 9q34.3 126 5.3 1.4 o0.0001
miR-494 14q32.31 154 4.5 1.6 o0.0001
miR-379 14q32.31 379 4.4 1.1 o0.0001
miR-654 14q32.31 654 4.3 1.4 o0.0001
miR-542-5p Xq26.3 542 3.8 1 o0.0001
miR-23b 9q22.32 23 3.7 0.6 0.0022
miR-134 14q32.31 134 3.4 1 o0.0001
miR-369-3p 14q32.31 154 3.3 0.4 o0.0001
miR-656 14q32.31 154 3.3 1 o0.0001
miR-485-5p 14q32.31 485 2.7 0.5 o0.0001

Downregulated
miR-20a 13q31.3 17 0.13 0.01 0.0002
miR-155 21q21.3 155 0.14 0.04 0.0034
miR-17-5p 13q31.3 17 0.15 0.02 0.0060
miR-199b-5p 9q34.11 199 0.21 0.09 0.0002
miR-15b 3q25.33 15 0.23 0.16 0.0008
miR-92b 13q31.3; Xq26.2 25 0.27 0.04 0.0001
miR-296-5p 20q13.32 296 0.27 0.2 0.0061
miR-19bc 13q 31.3; Xq26.2 19 0.28 0.1 0.0016
miR-93 7q22.1 17 0.35 0.04 o0.0001
miR-106b 7q22.1 17 0.42 0.17 0.01

aThe information were obtained from miRBase (http://www.mirbase.org/). bmiR-92 includes two identical sequences (miR-92a-1 and miR-92a-2) encoded by two
different loci. cmiR-19 includes two identical sequences (miR-19b-1 and miR-19b-2) encoded by two different loci.

miRNAs contribute to cellular senescence
R Faraonio et al

714

Cell Death and Differentiation



(Supplementary Figure 2). RNA was extracted from DEM-
and etoposide-treated IMR90 cells, and the expression of the
24 senescence-associated miRNAs was studied in triplicate
by qRT-PCR. Results are reported in Table 2. About 90% of
the senescence-associated miRNAs were de-regulated
(albeit with smaller fold changes than during replicative
senescence) upon chemically induced senescence
(Po0.05). In detail, DEM-mediated senescence was
associated with the upregulation (range: 1.26–3.25) of 13
of the 14 (with the exception of miR-542-5p) upregulated
senescence-associated miRNAs (Po0.05) (Table 2),
whereas etoposide-mediated senescence was associated
with the upregulation (range: 1.21–3.22) of 12 (with the
exception of miR-654 and miR-494) of them (Po0.05)
(Table 2). Moreover, both DEM-treated (range: 0.84–0.2)
as well as etoposide-treated (range: 0.7–0.29) cells showed
downregulation of all the 10 downregulated senescence-
associated miRNAs (Po0.05) (Table 2).
These findings indicate that DNA damage and oxidative

stress alter the expression of senescence-associated
miRNAs in IMR90 cells, thereby suggesting that DNA damage
and oxidative stress, occurring during replicative senescence,
may contribute to the altered expression of senescence-
associated miRNAs.

A set of miRNAs promotes a senescent phenotype in
IMR90 cells. We sought to establish whether upregulation of
senescence-associated miRNAs was causally related to
senescence. Thus, the nine highest ranked upregulated
miRNAs (Table 1) were adoptively upregulated (in the form of
synthetic pre-miRNAs) by electroporation in young PDL33
IMR90 cells and their capability of inducing senescence-
associated markers was assessed. Negative control was
represented by scrambled pre-miRNA-transfected PDL33
IMR90 cells. Positive control was represented by PDL55

(or 58) IMR90 cells. Seven out of the nine miRNAs induced a
significant (Po0.05) increase of SAHF-positive nuclei
(range: 10–24% of the cells) detected by both DAPI
staining and 3meH3K9 immunofluorescence with respect
to the scrambled control (Figures 1a and b). This was
accompanied by a 4- to 18-fold increase of SA-b-gal-positive
cells (Po0.05) (Figure 1c). miR-654 did not cause any
significant increase of SAHF-positive and SA-b-gal-positive
cells; instead, we noted a robust cytotoxic effect exerted by
this miRNA, assessed as percentage of dead cells upon
transfection (data not shown). miR-654 was not studied
further.
Senescent cells are arrested in the G1 phase of the cell

cycle. Therefore, we tested whether expression of the highest
ranked upregulated miRNAs was also able to reduce BrdU
incorporation into newly synthesized DNA. Electroporation of
five of them (miR-210, miR-376a*, miR-486-5p, miR-494, and
miR-542-5p) in PDL33 IMR90 cells caused a significant
(Po0.001) reduction (2- to 3-fold) of BrdU incorporation
(Figure 2a). Moreover, these five miRNAs also caused a
parallel reduction (approximately 30–60%) in cell number
(P40.05) (Figure 2b). miR-126* did not exert any detectable
effect, and miR-379 and miR-30e-5p caused only negligible
reduction of BrdU incorporation and cell proliferation
(Po0.05) (Figures 2a and b). Negative control was
represented by scrambled miRNA-transfected cells (Figures
2a and b).
Altogether, these findings show that seven senescence-

induced miRNAs are able to induce SAHF/SA-b-gal positivity,
with five of them (miR-210, miR-376a*, miR-486-5p, miR-494,
and miR-542-5p) causing a robust reduction of cell prolifera-
tion and DNA synthesis rate.

miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-
5p enhance DNA damage. DNA damage and DDR are

Table 2 Expression change of senescence-associated miRNAs in IMR90 cells treated with DEM or etoposide

DEM Etoposide

miRNA Fold variationa S.D. P-value Fold variationa S.D. P-value

miR-486-5p 1.55 0.118 0.0018 3.22 0.07 o0.0001
miR-210 1.69 0.12 o0.0001 1.5 0.2 0.0001
miR-30e-5p 3.25 0.57 0.0008 1.82 0.03 o0.0001
miR-376a* 2.87 0.89 o0.0001 1.7 0.27 0.0023
miR-126* 2.35 0.28 0.0004 2.05 0.15 0.0001
miR-494 2.14 0.2 0.0011 0.93 0.04 0.2652
miR-379 1.52 0.06 0.0001 1.39 0.08 0.0070
miR-654 2.29 0.53 0.0046 1.16 0.8 0.5177
miR-542-5p 1.128 0.14 0.5818 1.22 0.04 0.0224
miR-23b 1.94 0.12 0.0002 1.42 0.18 0.0105
miR-134 1.52 0.12 0.0032 1.67 0.002 o0.0001
miR-369-3p 1.44 0.13 0.0036 1.61 0.03 o0.0001
miR-656 1.26 0.06 0.0181 1.21 0.04 0.0137
miR-485-5p 2.33 0.08 0.0001 1.36 0.11 0.0420
miR-20a 0.419 0.002 o0.0001 0.29 0.03 o0.0001
miR-155 0.2 0.002 o0.0001 0.32 0.014 o0.0001
miR-17-5p 0.51 0.01 o0.0001 0.43 0.04 0.0086
miR-199b-5p 0.55 0.06 0.069 0.37 0.02 o0.0001
miR-15b 0.33 0.016 o0.0001 0.33 0.02 0.0013
miR-92 0.43 0.08 0.0018 0.37 0.01 0.0003
miR-296-5p 0.72 0.005 0.0007 0.7 0.02 0.0059
miR-19b 0.39 0.14 0.0125 0.33 0.04 0.0002
miR-93 0.45 0.02 0.0006 0.46 0.06 0.0009
miR-106b 0.84 0.01 o0.0001 0.65 0.07 0.0396

aWith respect to untreated cells.
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involved in senescence.5 Therefore, we asked whether
the five senescence-associated miRNAs, that were able to
reduce proliferation rate and promote a senescent
phenotype, were able to induce DNA damage. To this aim,
we used neutral COMET assay to monitor double-strand
DNA breaks. Etoposide-treated and scrambled miRNA-
transfected cells were used as positive or negative
controls, respectively. Tail moments were calculated and
percentages of nuclei showing different tail moments were
determined. The results shown in Figure 3 demonstrate that
all the five miRNAs, but not the scrambled control, caused
significant (Po0.05) increase in the percentage of cells with
tail moment 44, consistent with induction of double-strand
DNA breaks (Figure 3).
Finally, we evaluated whether adoptive miRNA expression

induced the formation of gH2AX foci in cell nuclei. Senescent
cells and etoposide-treated cells were used as positive
controls, whereas scrambled miRNA-transfected cells were
used as negative controls. Figure 4 shows that miR-210 and

miR-494, but not the scrambled control, induced the formation
of gH2AX foci in more than 25% of cell nuclei (Po0.01). miR-
376a*, miR-486-5p, and miR-542-5p increased the number of
gH2AX foci-positive nuclei only modestly (Po0.05) (Figure 4).
These findings suggest that senescence-associated

miRNAs facilitate the establishment of a senescent state by
promoting DNA damage and in some cases through increase
of a DDR marker.

Role of oxidative stress and the mTOR-signaling
pathway in miRNA-induced cellular senescence.
Increased intracellular oxygen radicals can elicit DDR
and senescence.5 Therefore, we investigated whether over-
expression of senescence-associated miRNAs was able to
cause intracellular accumulation of superoxide anion, by flow
cytometry upon cell staining using the oxidation-sensitive DHE
fluorescent probe. The results reported in Figure 5 demonstrate
that overexpression of all five miRNAs (miR-210, miR-376a*,
miR-486-5p, miR-494, and miR-542-5p) caused a significant

Figure 1 Senescence-associated miRNAs induce SAHFs and SA-b-gal. The nine highest ranked upregulated pre-miRNAs were electroporated in triplicate in PDL33
IMR90 cells. After 7 days cells were fixed and examined by immunofluorescence for a-trimethyl-Lys9 Histone (SAHF) or counterstained with DAPI (a and b), and stained for
SA-b-gal (c). (a and b) Counts of at least 300 cells were averaged and expressed as percent of cells±S.D. with SAHF foci. Representative pictures are shown in panel b. (c)
Cells were stained for SA-b-gal. Counts of at least 300 cells were averaged and expressed as fold change±S.D. with respect to the scrambled control. Experimental points
with *Po0.05, **Po0.01, or ***Po0.001 respectively
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(Po0.05) increase in DHE-positive cells with respect to the
scrambled control. Of note, miR-210 was previously reported to
induce the generation of ROS.18,19 Furthermore, it appears of
interest that miR-494, which caused the highest levels of ROS
generation, also caused the highest level of DNA damage as
shown by the COMET assay (Figure 3).
The mammalian target of rapamycin (mTOR) pathway

was demonstrated to drive senescence in cells treated with
several factors, including oxidative agents.20–22 Thus, initially,
we asked whether miRNA transfection caused any change in
mTOR pathway activation, by measuring the phosphorylation
of the ribosomal S6 protein (S6); S6 is phosphorylated by
p70-S6 kinase (p70S6K), which, in turn, is activated by
mTOR.23 IMR90 cells featured high levels of S6 phosphoryla-
tion, and adoptive overexpression of any of the five miRNAs
(miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-
5p) did not cause detectable change in the levels of phospho-
S6 (Supplementary Figure 3). Then, we tested whether
inhibition of mTOR by the macrolide antibiotic rapamycin
affected cell senescence (SA-b-gal) induced by miRNA
transfection. Treatment with rapamycin caused a detectable
reduction of SA-b-gal-positive cells upon transfection with the
five miRNAs, a reduction that was statistically significant
(Po0.05) in the case of four of them (Table 3). Rapamycin’s
effects on SA-b-gal stain were not accompanied by significant
reduction of g-H2AX foci (Table 3).
Altogether, these findings suggest that the senescent

phenotype induced by miR-210, miR-376a*, miR-494, and
miR-542-5p depends on the activity of the mTOR pathway.

Discussion

Here we have identified a set of 24 miRNAs either up- or
downregulated in senescent human diploid fibroblasts.

Figure 3 Senescence-associated miRNAs induce DNA damage. The indicated pre-miRNAs were electroporated in PDL33 IMR90 cells. After 4 or 7 days cells were
harvested and comet tails were generated by electrophoresis. Slides were stained with SYBER Green and DNA migration was analyzed by fluorescence microscopy. Tail
moment was determined and nuclei were divided in classes based on the value of the tail moment (as shown in the representative images of cells transfected with pre-miR-494
at the bottom). The percentage of damaged cells for each class is indicated within the bar graphs. A minimum of 100 cells per experiment were analyzed. Experimental points
with *Po0.05, **Po0.01, or ***Po0.001 respectively

Figure 2 Senescence-associated miRNAs reduce cell proliferation. The nine
highest ranked upregulated pre-miRNAs were electroporated in triplicate in PDL33
IMR90 cells. (a) After 48 h cells were incubated with BrdU for 24 h and fixed.
Coverslips were incubated with an anti-BrdU and secondary fluorescein-conjugated
antibody, counterstained with Hoechst-33258, and counted by immunofluores-
cence. Counts of at least 300 cells were averaged and expressed as fold
change±S.D. with respect to the scrambled control. (b) After 96 h cell numbers
were counted and expressed as fold change±S.D. with respect to the scrambled
control. Experimental points with *Po0.05, **Po0.01, or ***Po0.001 respectively
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Of note, 8 (chromosome 14q32.31) upregulated and 6
(4 on chromosome 13q31.3 and 2 on chromosome 7q22.1)
downregulated miRNAs mapped in specific chromosomal
clusters, suggesting that their expression might be co-
regulated. We have also shown that the expression of most
of the senescence-associated miRNAs was modified in DEM-

or etoposide-induced senescence, in the same direction
as in replicative senescence. This suggests that oxidative
stress and DNA damage are among the factors that mediate
senescence-associated miRNA expression changes.
However, the effects of DEM and etoposide were smaller
than those measured upon replicative senescence, suggest-

Figure 4 Senescence-associated miRNAs induce gH2AX foci. The indicated
pre-miRNAs were electroporated in triplicate in PDL33 IMR90 cells. After 7 days
cells were fixed and examined by immunofluorescence for a-H2AX phosphorylated
on Ser139 (gH2AX). Coverslips were washed and incubated with an Alexa-488 goat
anti-rabbit antibody and counterstained with DAPI. Counts of at least 300 cells were
averaged and expressed as percent of cells±S.D. with gH2AX foci. Representative
images are shown in panel b. Experimental points in panel (a) are indicated with
with **Po0.01, or ***Po0.001 respectively

Figure 5 Senescence-associated miRNAs lead to oxidative stress. IMR90 cells
(PDL33) were electroporated with the indicated pre-miRNAs. After 72 h cells were
incubated with 0.1mM DHE at 37 1C for 30 min. Intracellular fluorescence was
examined by flow cytometry. Fluorescence intensity of 10 000 cells was analyzed in
triplicate and expressed as percentage of stained cells±S.D. As positive controls,
PDL33 cells treated with the mitochondrial inhibitor rotenone (5 mM for 2 h) and
senescent PDL55 cells were used. Experimental points with *Po0.05, **Po0.01,
or ***Po0.001 respectively

Table 3 Effects of mTOR inhibition by rapamycin on miRNA-induced
senescence and DDR

Pre-miRNA

SA-b-gal
staining
upon

rapamycin
(% change)a P-value

cH2AX
staining
upon

rapamycin
(% change)b P-value

Pre-miR-control �16.2 0.4711 +2.56 0.8520
Pre-miR-210 �43 0.0498 �2.34 0.0808
Pre-miR-376a* �37.6 0.0052 �2.75 0.2354
Pre-miR-486-5p �15.3 0.2526 +7.69 0.5734
Pre-miR-494 �46.2 0.0050 �6.59 40.999
Pre-miR-542-5p �38.9 0.0262 +6.38 0.9360

aStarting 24 h after transfection with the indicated miRNAs, cells were treated
for 3 days with 10 nM rapamycin or vehicle, and then stained for SA-b-gal.
Counts of at least 300 cells were averaged and expressed as percentage of
SA-b-gal-stained cells. Reduction in the percentage of positive cells upon
rapamycin treatment is reported. bStarting 24 h after transfection with the
indicated miRNAs, cells were treated for 3 days with 10 nM rapamycin or
vehicle, and then examined by immunofluorescence for gH2AX. Counts of at
least 300 cells were averaged and expressed as percent of cells with gH2AX
foci. Change in the percentage of positive cells upon rapamycin treatment
is reported.
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ing that either the contribution of other factors or the conditions
of chemical treatments were not sufficient to achieve a robust
change of miRNA expression.
We have also shown that adoptive expression of five

upregulated miRNAs (miR-210, miR-376a*, miR-486-5p,
miR-494, and miR-542-5p) induced a senescent phenotype
(with SAHFs, SA-b-gal staining, and reduced cell proli-
feration). Overexpression of these five miRNAs was also
associated with double-strand DNA breaks in a neutral
COMET assay and, for two of them (miR-210 and miR-494),
appearance of a DDR marker (gH2AX foci). Thus, over-
expression of the five miRNAs favored DNA damage, and not
solely DDR (gH2AX), which can also occur in the absence of
DNA damage (pseudo-DDR).24 Finally, we showed that the
mTOR pathway was an essential driver of senescence
induced by senescence-associated miRNAs as SA-b-gal
staining was significantly reduced by treatment with rapa-
mycin.20–22 Of note, our preliminary observations, by studying
the expression levels of the senescence-inducing miRNAs
in human skin broblasts from young (age 17–25) or old
(age 89–94) donors, show that the highest expression levels
of miR-376a* and miR-494 were found in one old donor cell
line, and expression of miR-486-5p was on average two-fold
higher in old with respect to young cells.
Overall, these findings suggest a model whereby DNA

damage and oxidative stress, which occur during replicative
senescence, stimulate the expression of a set of miRNAs,
which, in turn, feedback positively to DNA damage and
oxidative stress, thereby sustaining the senescent phenotype
(Supplementary Figure 4). The mechanisms through which
the upregulated miRNAs provoke these effects will deserve
further investigation. However, the model is supported by the
observation that overexpression of the senescence-asso-
ciated miRNAs caused an accumulation of superoxide anion
and by the fact that some known targets of senescence-
associated miRNAs are involved in DNA damage, oxidative
stress, cell-cycle control, and apoptosis. For instance,
miR-210 was found to activate the generation of ROS by
targeting subunits of the electron transport chain (ETC)
complexes I and II.18 Other potential targets of miR-210 in
the same pathway included ISCU (iron–sulfur cluster scaffold
homolog) and COX10 (cytochrome-c oxidase assembly
protein), two factors of the mitochondrial electron transport
chain and the tricarboxylic acid cycle.19 In addition,
forced expression of miR-210 decreased endogenous levels
of RAD52, a key factor in homology-dependent DNA repair
(HR).25 Similarly, miRNA-494 was recently found to be
localized to mitochondria, where it may target genes involved
in ATP synthesis-coupled electron transport.26 Of note,
miR-210 also suppresses cell-cycle progression by targeting
E2F327 and fibroblast growth factor receptor-like-1
(FGFRL1).28 miR-376a* was reported to repress phosphor-
ibosyl pyrophosphate synthetase-1 (PRPS1) involved in DNA/
RNA synthesis as well as threonine and tyrosine kinase (TTK)
essential for mitosis checkpoint.29 miR-494 was upregulated
in cells exposed to the DNA-damaging agent benzo[a]pyrene
(B[a]P) and was found to restrain cell cycle through CDK6
downregulation.30 Finally, miR-542-5p was upregulated in
senescent BJ cells31 and downregulated in neuroblastoma
and other solid tumors.32

Though not investigated in our study, it is tempting
to speculate that also senescence-downregulated miRNAs
contribute to the execution of the senescence program
(Supplementary Figure 4). In our study, several miRNAs
of the miR-17 family (miR-17-5p, miR-20a, miR-106b, and
miR-93) and miR-155 were downregulated both in replicative
and chemically induced senescence. Noteworthy, the miR-17
family33 and miR-15512 have already been involved in cellular
senescence. Hackl et al.11 reported that miRNAs of the miR-
17 family were downregulated in replicative senescence and
in organismal aging models, their decrease correlating with
increased levels of p21WAF1. miRNAs of the miR-17 family
(miR-17-92 cluster) were also upregulated in cancer34–37 and,
by targeting p21WAF1, they were able to confer resistance to
RAS-induced senescence.38 On the other hand, miR-155 was
downregulated in senescent WI-38 cells, causing increased
levels of TP53INP1, a protein acting in the TP53 growth arrest
pathway.12 Another link between miR-155 and cell prolifera-
tion comes from recent data showing that WEE1 (WEE1
homolog—Schizosaccharomyces pombe), a kinase that
blocks cell-cycle progression, is a target of this miRNA.39

In conclusion, we have identified a set of miRNAs, which,
being modulated by senescence-mediating conditions, and
being able to either facilitate DNA damage or regulate the
expression of several senescence mediators, may represent
critical components of the cellular senescence program.

Materials and Methods
Cell cultures. Normal primary human fibroblasts IMR90 were obtained
from American Type Culture Collection (Manassas, VA, USA). IMR90 were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Groningen,
The Netherlands) supplemented with 10% (v/v) fetal bovine serum and 1%
penicillin/streptomycin (Invitrogen). Cultures were maintained at 37 1C in a 5% CO2-
humidified atmosphere. The population doubling level (PDL) was calculated by
using the formula DPDL¼ log(nh/ni)/log2, where ni is the initial number of cells and
nh is the final number of cells at each passage. The cells were used at 33 PDL or 58
PDL. More than 70% of PDL58 cells were positive for SA-b-gal. SA-b-gal was
assayed according to Dimri et al.14 Briefly, cells were washed twice with PBS, fixed
with 2% formaldehyde and 0.2% glutaraldehyde in PBS, and washed twice in PBS.
Then, cells were stained overnight in X-gal staining solution (1 mg/ml X-gal, 40 mM
citric acid/sodium phosphate (pH 6.0), 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, 150 mM NaCl, 2 mM MgCl2).

Diethylmaleate (DEM) was purchased from Sigma Chemical Co. (St. Louis, MO,
USA) and used at a final concentration of 100mM in complete medium.9 Etoposide
(VP-16; Calbiochem, La Jolla, CA, USA) was used at 20 mM.15 Rapamycin was
obtained from Merck Chemicals Ltd (Nottingham, UK) and used at 10 nM. Rotenone
(Sigma Chemical Co.) was used at 5mM.

miRNA profiling. Total RNA was isolated using the mirVana MiRNA isolation
kit (Ambion, Austin, TX, USA) according to the manufacturer’s instructions.
The RNA was quantified by Nanodrop (Thermo Scientific, Wilmington, DE, USA)
and RNA integrity was analyzed by using the 2100 Bioanalyzer (Agilent
Technologies, Waldbronn, Germany). Global miRNA expression analysis was
performed by using TaqMan Low Density Arrays (TLDA)/Human microRNA Panel
v1.0 (Applied Biosystems, Foster City, CA, USA). This technology detects mature
miRNAs from the Sanger miRBase database. Each card/panel contains a primer–
probe set for 365 human miRNAs. Briefly, for each sample, 100 ng of total RNA was
converted into cDNA by multiplex reverse transcription (RT) using a primer pool
from the Taqman array kit (Applied Biosystems), according to the manufacturer’s
instructions. Then, miRNA levels were measured by quantitative real-time PCR
(qRT-PCR) using the 7900HT Sequence Detection System (Applied Biosystems).
Ct values were determined by using the automatic threshold in RQ manager v1.1
analysis software (Applied Biosystems). Data were analyzed by using the Sequence
Detection System software (v. 2.3) (Applied Biosystems). The endogenous control
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RNU48 was used to normalize the relative expression of each miRNA using the
DDCt method (Applied Biosystems User Bulletin No. 2—P/N 4303859).

Real-time PCR. Total RNA was isolated by using the mirVana MiRNA isolation
kit (Ambion) according to the manufacturer’s instructions. The RNA was quantified
by Nanodrop (Thermo Scientific) and RNA integrity was analyzed by the 2100
Bioanalyzer (Agilent Technologies). The TaqMan MiRNA Assay kit (Applied
Biosystems) was used to detect the expression of mature miRNAs. Briefly, 100 ng of
total RNA was reverse-transcribed (RT) at 16 1C for 30 min, 42 1C for 30 min, and
85 1C for 5 min in a 15-ml reaction volume. 2-ml volume of the RT product was used
for PCR in a final volume of 20ml. The PCR started with an initial denaturation step at
90 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min. Small
nucleolar RNA RNU6 (Applied Biosystems) was used for normalization. PCRs were
performed in triplicate and fold changes were calculated by the following formula:
2�(sample-1DCt�sample-2DCt), where DCt is the difference between the amplification
fluorescent thresholds of the miRNA of interest and the RNA of RNU6.

Cell electroporation. PDL33 IMR90 cells were electroporated by using
Microporator MP100 (EuroClone, Milano, Italy) following the manufacturer’s
instructions. Briefly, 1� 106cells were electroporated in 100ml of suspension buffer
(Neon transfection kit; Invitrogen) using 100 nM pre-miRNA (Ambion) according to
the manufacturer’s protocol adapted to IMR90 cells (pulse voltage: 1400 V for
10 ms, three pulses). Electroporation efficiency was tested by using the Cy3-labeled
negative control (Ambion) according to the manufacturer’s protocol and was
approximately of 75%. After electroporation, cells were seeded and viable cells were
counted at 96 h.

BrdU assay. For BrdU (5-bromo-2-deoxyuridine) incorporation assay,
electroporated cells were seeded on glass coverslips. Forty-eight hours after
transfection, cells were incubated for 24 h with BrdU (10 mM) and fixed. Coverslips
were incubated with an anti-BrdU and secondary fluorescein-conjugated antibody.
Coverslips were counterstained with Hoechst-33258, rinsed, and mounted in Moviol
on glass slides. The fluorescent signal was visualized with an epifluorescent
microscope (Axiovert 2; Zeiss, Gottingen, Germany), interfaced with the image
analyzer software KS300.

Immunofluorescence. For indirect immunofluorescence, cells were fixed in
4% paraformaldehyde and permeabilized with 0.2% Triton X-100 (5 min on ice), and
then incubated with a-H2AX phosphorylated on Ser139 (gH2AX) (R&D Systems,
Minneapolis, MN, USA) or a-trimethyl-Lys9 Histone H3 (Lake Placid Biologicals,
Lake Placid, NY, USA) for 1 h at room temperature. Coverslips were washed and
incubated with an Alexa-488 goat anti-rabbit antibody (Invitrogen) for 30 min at room
temperature. After 5 min of DAPI counterstaining, coverslips were mounted and
observed with a Zeiss LSM 510 META confocal microscope (Carl Zeiss,
Thornwood, NY, USA). At least 300 cells were counted in triplicate experiments.

COMET assay. The neutral comet assay was performed according to the
manufacturer’s recommendations (Trevigen, Gaithersburg, MD, USA).16 Slides
were incubated for 30 min in lysis buffer and for 40 min in alkaline solution (pH413),
and comet tails were generated by 15-min electrophoresis in TBE buffer at 20 V, at
4 1C. The slides were stained with SYBER Green and DNA migration was analyzed
by fluorescence microscopy (Leica DMS 4000B). Tail moment (TM), defined as the
product of the tail length and the fraction of total DNA in the tail (TM¼ tail
length�% of DNA in the tail), was determined by using the software ‘Comet
Assay II’ (Perceptive Instruments, Suffolk, UK). A minimum of 100 cells per
experiment were analyzed. All experiments were performed in triplicate.

ROSmeasurement. Reactive oxygen species (ROS) were measured by using
the oxidation-sensitive fluorescent probe dihydroethidium (DHE; Sigma Chemical),
according to a published procedure.17 Briefly, 72 h after miRNA transfection, cells
were incubated for 30 min at 37 1C with 0.1mM DHE, harvested, and resuspended
in PBS. To determine fluorescence due to formation of superoxide anion, the cell
suspension was subjected to flow-cytometric analysis using a Becton Dickinson
FACSCalibur instrument (Becton Dickinson, San Josè, CA, USA), after excitation at
488 nm (FL-2 channel). Results from at least 10 000 cells from each sample were
analyzed in triplicate using the CellQuest 3.2.1 software (Becton Dickinson).

Statistical analysis. Statistical analyses were performed by using
the GraphPad InStat software program (version 3.06.3, San Diego, CA, USA).
All P-values were two-sided and differences were significant when Po0.05.
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