p63–microRNA feedback in keratinocyte senescence
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C

ellular senescence starts as a growth arrest during which cells
remain metabolically active but acquire typical morphologic
features, appearing enlarged, ﬂattened, and vacuolar, accompanied by changes in their gene expression proﬁles (1, 2). Senescence may be induced by multiple cellular stress stimuli,
including oncogene activation, overproduction of reactive oxygen species, or simply by the end of proliferative potential, that
is, replicative senescence (3–6). In tissues with high turnover,
such as the epidermis, replicative senescence plays a crucial role
in the time-dependent changes occurring in the tissue (7). When
normal cells enter a state of replicative senescence, they block
progression from the G1 to the S phase by maintaining the retinoblastoma (Rb) protein in a hypophosphorylated state (8, 9).
Many regulators of the cell cycle participate in the establishment
of replicative senescence, although the most reliable marker to
assess the effective entrance to the senescent state is the expression of senescence-associated (SA) β-galactosidase (10).
Cellular senescence not only provides a mechanism that contributes to the natural aging of an organism, but also is a process
used to arrest the progression of malignant phenomena, thereby
protecting the organism from tumors (4).
The epidermis is a continuously renewing epithelium that
requires tight control of keratinocyte proliferative potential to
direct the subsequent differentiation stages that occur within its
upper layers. In this context, the transcription factor p63 plays
a master role in regulating the turnover of basal keratinocytes in
both developing and adult epidermis (11). TP63 expression is
controlled by two alternative promoters giving rise to the longerwww.pnas.org/cgi/doi/10.1073/pnas.1112257109

transactivating isoform TAp63 and one lacking the N-terminal
transactivation domain ΔNp63. However, ΔNp63 can transactivate a distinct set of target genes due to a C-terminal transactivation domain. Furthermore, alternative splicing at the 3′
end of the p63 transcript generates three more isoforms—α, β,
and γ—that are expressed on both TAp63 and ΔNp63 backbones, resulting in a total of six p63 isoforms (12). p63 KO mice
completely lack skin and skin derivatives and die within a few
hours after birth due to dehydration (13, 14). The most abundant
p63 isoform in the epidermis is ΔNp63, which is highly expressed
only in the basal compartment of proliferating keratinocytes
(13), and its expression is tightly regulated by miR-203 during
keratinocyte differentiation (15, 16). Studies have shown that
p63 is involved in senescence pathways, as its absence in conditional knockout mice induces premature aging (17–19). It has
been reported that the overexpression of TAp63α in both human
and murine ﬁbroblasts induces cellular senescence, whereas
ΔNp63, expressed speciﬁcally in epithelia, is not involved in
ﬁbroblast senescence (18). However, the TAp63-selective KO
mouse model indicates a totally opposite role for this transcription factor in which it prevents premature aging and promotes adult stem cell maintenance (19). Nevertheless, all these
in vitro and in vivo studies do not exclude a possible, and yet
unexplored, role for ΔNp63α in cellular senescence and in the
maintenance of keratinocyte stemness (20).
microRNAs (miRNAs) have been shown to be necessary for
the correct development of the epidermis as demonstrated by the
generation of conditional ablations of Dicer or DGCR8, key
components of miRNA biosynthesis complexes, which are sufﬁcient to induce severe developmental and structural defects in
mouse skin (21–23).
Here, we investigated the involvement of both miRNAs and
ΔNp63α in replicative senescence of primary human keratinocytes. By microarray proﬁling of miRNAs during keratinocyte
replicative senescence, differentiation, and after p63 silencing by
siRNA, we show that miRNA (miR)-138, miR-181a, miR-181b,
and miR-130b levels are up-regulated during keratinocyte replicative senescence and that their direct targets are Sirt1 and
p63 mRNAs. These data are therefore evidence of a complex
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We investigated the expression of microRNAs (miRNAs) associated
with replicative senescence in human primary keratinocytes. A
cohort of miRNAs up-regulated in senescence was identiﬁed by
genome-wide miRNA proﬁling, and their change in expression was
validated in proliferative versus senescent cells. Among these,
miRNA (miR)-138, -181a, -181b, and -130b expression increased
with serial passages. miR-138, -181a, and -181b, but not miR130b, overexpression in proliferating cells was sufﬁcient per se
to induce senescence, as evaluated by inhibition of BrdU incorporation and quantiﬁcation of senescence-activated β-galactosidase
staining. We identiﬁed Sirt1 as a direct target of miR-138, -181a,
and -181b, whereas ΔNp63 expression was inhibited by miR-130b.
We also found that ΔNp63α inhibits miR-138, -181a, -181b, and
-130b expression by binding directly to p63-responsive elements
located in close proximity to the genomic loci of these miRNAs in
primary keratinocytes. These ﬁndings suggest that changes in
miRNA expression, by modulating the levels of regulatory proteins
such as p63 and Sirt1, strongly contribute to induction of senescence in primary human keratinocytes, thus linking these two proteins. Our data also indicate that suppression of miR-138, -181a,
-181b, and -130b expression is part of a growth-promoting strategy of ΔNp63α in epidermal proliferating cells.

circuitry driving cellular senescence in human epidermal keratinocytes neonatal.
Results
Induction of Replicative Senescence in Human Epidermal Keratinocytes.

To generate a model with which to study the onset of replicative
senescence, proliferating primary HEKn cells were monitored
through serial passaging. The proliferating or senescent state of
the cells was assessed morphologically (Fig. S1). A growth curve
that calculated the population doublings at each passage was
generated (Fig. S1A). After three passages, the proliferation rate
slows down, eventually leading to an almost complete block after
ﬁve passages. Between p1 and p4 we observed a signiﬁcant decrease in BrdU incorporation (from 34 to 11%, Fig. S1B) and in
relative telomerase activity (Fig. S1C). Finally, p4 senescent cells
stained positive for SA β-galactosidase compared with the proliferating p1 population (Fig. S1D). Both promyelocytic leukemia
(PML) and p16, which are senescence markers, are induced upon
serial passages, whereas Rb shows a transition from an inactive
hyperphosphorylated state to an active hypophosphorylated state,
thereby indicating a cell cycle block (Fig. S1E). We excluded the
possibility that the down-regulation of the rate of keratinocyte
proliferation was due to an unwanted differentiation process by
verifying that cytokeratin 10 (K10), an early marker of keratinocyte differentiation, was undetectable throughout the experiment
(Fig. S1E). We also explored the mRNA and protein expression
levels of p53, known to be involved in senescence (24, 25). We
found that p53, in contrast to p16 and PML, does not increase
during serial passaging of neonatal primary keratinocytes (Fig. S1
E and F), suggesting that it is not involved in this speciﬁc type of
senescence. As an added control, we also used real-time RTquantitative PCR (qPCR) to evaluate the expression levels of the
other p53 family members: TAp63, ΔNp63, TAp73, and ΔNp73
(Fig. S1F). None of these proteins (and particularly TAp63 and
TAp73, which have been linked to senescence) exhibited increased expression levels with serial passaging, suggesting that
they are not involved in replicative senescence of keratinocytes.
miRNA Differential Proﬁling Between Proliferating and Senescent
HEKn. To investigate miRNAs involved in replicative senescence,

we used a microarray approach, comparing miRNA expression
proﬁles of proliferating HEKn at passage 1 (p1), with those of
senescent HEKn at passage 4 (p4). Several miRNAs were signiﬁcantly up-regulated during the senescing process (Table S1).
After real-time RT-qPCR validation of 20 miRNAs that changed
expression in the array (Fig. S2), we selected four miRNAs
among the most consistently up-regulated miRNAs, taking into
account the ones that have never been associated with cellular
senescence. These miRNAs are miR-138 (fold change 2.76 ±
0.06), miR-181a (fold change 1.3 ± 0.05), miR-181b (fold change
1.38 ± 0.03), and miR-130b (fold change 1.38 ± 0.05); P value <
0.032. To discriminate miRNAs directly involved in the senescence process from general antiproliferative miRNAs, we next
decided to compare miRNA expression proﬁles of senescent
versus differentiated HEKn. Using the same microarray approach, we demonstrated that miR-138, -181a, -181b, and -130b
were up-regulated due to senescence (p4) and not as a result of
in vitro differentiation (day 9 of CaCl2 treatment). This conclusion was conﬁrmed by validation with RT-qPCR (Fig. S3).
Sirt1 Is a Direct Target of miR-138, miR-181a, and miR-181b. To understand the role of the four selected miRNAs, we carried out
a detailed analysis of their molecular targets. In silico prediction
by TargetScan 5.1 software of miR-138, -181a, and -181b targets
showed that the Sirt1 3′-UTR harbors a putative target sequence
for these miRNAs that is highly conserved among vertebrates
(Fig. S4 A and B). Western blot analysis showed a decrease of
Sirt1 protein levels in keratinocytes from p1 to p4 (Fig. S1E),
1134 | www.pnas.org/cgi/doi/10.1073/pnas.1112257109

thereby strengthening the hypothesis of its direct regulation by
miR-138, -181a, and -181b.
Transfection of premiR-138, -181a, and -181b, but not
a scrambled control sequence, reduced the activity of a human
Sirt1 3′-UTR–luciferase reporter (about 60% with miR-138 and
40% with miR-181a and b; Fig. 1A), similar to the effect of miR217, used as a positive control. Site-directed deletion of the
single miRNA target sites in the Sirt1 3′-UTR abolished the
effect of miR-138, miR-181a, and -181b on luciferase activity
under the same conditions (Fig. 1A). As expected, the activity of
miR-217 was unaffected by the deletion.
Overexpression of miR-138, -181a, and -181b by transfection
in proliferating HEKn led to a strong down-regulation of Sirt1
protein levels (Fig. 1B), thus demonstrating that miR-138, -181a,
and -181b were able to repress endogenous Sirt1 expression.
miR-138, -181a, and -181b overexpression had additional effects
in HEKn cells, including Rb hypophosphorylation by Western
blot (Fig. 1B), a decrease of more than 50% in BrdU incorporation in the presence of miR-138 and -181a and about
40% with miR-181b (Fig. 1C), and a signiﬁcant down-regulation
of relative telomerase activity (Fig. 1D). Under identical conditions, we also found an increase in the number of cells positive
for SA β-galactosidase staining as shown by the images and bluecell quantiﬁcation in Fig. 1 E and F. These results suggest that
miR-138, -181a, and -181b overexpression is sufﬁcient per se to
induce cellular senescence by down-regulating Sirt1.
p63 Is a Direct Target of miR-130b. Using TargetScan 5.1 software,
we identiﬁed the 3′-UTR of p63 as a putative conserved target of
miR-130b (Fig. S4 C and D). p63 has already been shown to be
involved in the senescence process, in particular its TA isoforms
(18, 19). In this study, we observed that the ΔNp63α isoform is
down-regulated in HEKn upon serial passaging (Fig. S1E). This
inverse correlation with miR-130b expression is consistent with
the hypothesis that it might regulate p63. To conﬁrm this, we
used the p63 3′-UTR (16) in luciferase assays. Transfection of
this reporter construct in the presence of premiR-130b induced
about a 50% down-regulation of relative luciferase activity, and
this effect was abolished with the mutation of the miR-130 putative target site (Fig. 2A). miR-203 was used as positive control.
miR-130b’s overexpression in proliferating HEKn down-regulated ΔNp63α levels, as shown in the Western blot in Fig. 2B.
The ΔNp63α decrease occurred in parallel with the hypophosphorylation of Rb (Fig. 2B) and the reduction in the percentage of cells incorporating BrdU from 23 to 11% (Fig. 2C),
suggesting growth inhibition. Despite this strong effect on cell
proliferation, miR-130b alone was not sufﬁcient to increase the
number of SA β-galactosidase–positive-staining cells (as shown
by the images and histogram in Fig. 2 D and E) or to induce
senescence in proliferating keratinocytes.
Sirt1 or p63 Silencing by siRNA Induces Senescence in Proliferating
Primary Keratinocytes. To conﬁrm the effect of senescence-asso-

ciated miRNAs in HEKn cells, we performed “phenocopy” silencing by siRNA of their direct targets Sirt1 and p63. Sirt1silenced keratinocytes (Fig. 3A) showed a signiﬁcant reduction of
BrdU incorporation compared with scramble transfected cells
(Fig. 3B), an increased staining in SA β-galactosidase activity
(Fig. 3 C and D), and a 40% reduction in telomerase activity (Fig.
3E), indicating that silenced cells undergo senescence. This behavior of Sirt1-silenced HEKn is quite similar to Sirt1-targeting
miRNA overexpression in the same cells, as can be seen in Fig. 1.
Under the same conditions, we also silenced p63 by siRNA
(Fig. 3F) and observed a marked decrease in BrdU incorporation
(5-fold reduction, Fig. 3G) followed by increased staining for
SA β-galactosidase activity (4.5-fold increase, Fig. 3H). On the
contrary, miR-130b overexpression in proliferating HEKn was
not able to signiﬁcantly augment SA β-galactosidase staining, but
Cervo et al.

did reduce BrdU incorporation (Fig. 2). These partially overlapping results were probably due to the incomplete silencing of
p63 in transfected miR-130b cells compared with the silencing of
p63 by siRNA (see the Western blots in Fig. 2 and Fig. 3E).
ΔNp63 Controls miR-138, -181a/b, and -130b Expression. To better
investigate the role of ΔNp63 in senescence, we performed
a third genome-wide screening comparing the miRNA expression proﬁle of HEKn cells transfected with a scrambled sequence
versus those in which p63 has been silenced. Table S2 shows the
miRNAs that exhibited the highest up- or down-regulated fold
changes upon p63 silencing and their qRT-PCR validation (Fig.
S5). The four miRNAs whose expression is increased during
senescence are all up-regulated in p63-silenced keratinocytes
(Fig. 4B), indicating that p63 inhibits their expression.
miR-138 is an intergenic miRNA present in two copies in the
human genome: one on chromosome 3 (miR-138–1) and a second on chromosome 16 (miR-138–2). miR-181a and miR-181b
are two intronic clustered miRNAs existing in double copies on
chromosome 1 (miR-181a/b-1) and on chromosome 9 (miR181a/b-2). miR-130b is an exonic miRNA located on chromosome 22. To investigate whether the expression of these miRNAs
could be directly controlled by p63, we analyzed miR-138–2,
miR-181a/b-1, and miR-130b genomic regions to identify p63responsive elements using a genome-wide p63 DNA-binding
proﬁle previously generated in human skin keratinocytes (26,
27). In close proximity (within 25 kb) to these miRNA genes, we
found highly reliable p63-binding sites (BS) (Fig. S6). Binding of

p63 to these genomic sites was conﬁrmed by independent chromatin immunoprecipitation (ChIP) followed by quantitative
PCR (ChIP-qPCR) (Fig. 4C). Furthermore, these p63 BS colocalized with histone H3 lysine 4 monomethylation and histone
H4 lysine 3 di-methylation (Fig. S6), which are considered as
markers for distal regulatory elements (28, 29). To demonstrate
a direct repressive role of ΔNp63α in controlling the identiﬁed
BS upstream of these miRNAs, the 200-bp p63-responsive genomic fragments were cloned in reporter constructs as enhancers
and used for luciferase assays in the presence of ΔNp63α. Expression of ΔNp63α led to a statistically signiﬁcant reduction in
luciferase activity regulated by miR-130b and the two miR-181a/
b-1 p63 BS (more than 30% reduction). The miR-138–2-responsive element was not affected by ΔNp63α within the limits of
this speciﬁc experiment. These data, together with the observation that p63 silencing affects the down-regulation of Sirt1 protein levels in proliferating keratinocytes (Fig. 4A), indicate that
ΔNp63α itself can control Sirt1 expression via the transcriptional
regulation of Sirt1-repressing miRNAs.
Sirt1, p63, and Senescence-Associated miRNA Expression Levels
Change During Skin Aging in Vivo. We analyzed senescence-asso-

ciated miRNAs, Sirt1 and ΔNp63 expression levels in total RNA,
and protein extracts from primary keratinocytes cultured from
skin biopsies of young (<10 y old, n = 6) and aged (>60 y old, n =
6) healthy subjects. We observed that miR-138 expression is signiﬁcantly increased in keratinocytes of aged skin (P value < 0.01)
and that there is a positive trend for miR-130b, miR-181a, and
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Fig. 1. miR-138, miR-181a, and miR-181b target Sirt1 mRNA at its 3′-UTR and induce cellular senescence in HEKn cells. (A) Insertion of Sirt1’s 3′-UTR in
a luciferase reporter vector leads to diminished luciferase activity in the presence of miR-138, miR-181a, and miR-181b in HEK293 cells 24 h after cotransfection (black bars). Deletions of miR-138 (light gray bars) and miR-181a and miR-181b (dark gray bars) target sequences in the Sirt1 3′-UTR abolish the
miRNA-mediated effect on luciferase activity. Transfection of all reporter vectors in the presence of miR-217 was performed as a positive control. Histograms
show the values resulting as averages ± SD from three independent cotransfections. (B) Western blot analysis of protein extracts from HEKn cells transfected
with miR-138, -181a, and -181b versus a scrambled control sequence (Ctr). miR-138, miR-181a, and miR-181b overexpression decreases Sirt1 protein levels and
inﬂuences the Rb phosphorylation state. β-Actin was used as loading control. (C) Forty-eight hours after transfection of HEKn cells with a scrambled control
(Ctr) or miR-138, miR-181a, or miR-181b sequences, cells were subjected to a 4h BrdU pulse, collected, propidium iodide (PI)-stained, and analyzed by ﬂow
cytometry. BrdU-positive cells are indicated as S-phase ﬂuorescent populations (red dots) and are assessed by PI staining of DNA content of 2n or 4n (ﬁxed to
values of 200 and 400 in the plots). Values reported are averages ± SD of three independent transfections. (D) Relative telomerase activity (RTA) of HEKn 48 h
after transfection with a scrambled control or miR-138, miR-181a, or miR-181b sequences. Values reported are averages ± SD of three independent transfections. (E and F) SA β-galactosidase staining and quantiﬁcation by blue-cell counts/ﬁeld. Values reported are averages ± SD of three independent stains.
*P value <0.01 and **P value <0.005 by Student’s t test.
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Fig. 2. miR-130a targets p63 mRNA at its 3′-UTR and decreases HEKn proliferation. (A) Insertion of p63 3′-UTR in a luciferase reporter vector leads to
diminished luciferase activity in the presence of miR-130b in HEK293 cells
24 h after cotransfection (gray bars). Deletion of the miR-130b (black bars)
target sequence in the p63 3′-UTR abolishes the decrease in miRNA-mediated
luciferase activity. Transfection of a reporter vector in the presence of miR203 was performed as a positive control. Histograms show the values
resulting as averages ± SD from three independent cotransfections. (B)
Western blot analysis of protein extracts of HEKn transfected with miR-130b
versus a scrambled control sequence (Ctr). miR-130b overexpression decreases p63 protein levels and inﬂuences Rb phosphorylation. β-Actin was used as
a loading control. (C) Forty-eight hours after transfection of HEKn cells with
either a scrambled control (Ctr) or pre-miR-130b, cells were subjected to a 4-h
BrdU pulse, collected, PI-stained, and analyzed by ﬂow cytometry as described in Fig. 1. Values reported are averages ± SD of three independent
transfections. (D and E) SA β-galactosidase staining and quantiﬁcation by
blue-cell counts/ﬁeld. Values reported are averages ± SD of three independent stains. **P value <0.005 by Student’s t test.

miR-181b, albeit not statistically signiﬁcant (Fig. 5A). Sirt1 and
ΔNp63α protein levels are consistently reduced during aging as
shown by Western blot analysis (Fig. 5B). As a positive control,
we included the typical senescence markers p16 and PML. We
also showed, by Western blotting, that expression of p53 does not
change in the keratinocytes of young and old subjects (Fig. 5B).
Discussion
Our data indicate that miR-138, miR-181a, miR-181b, and miR130b levels are up-regulated during keratinocyte senescence,
leading to growth inhibition and induction of SA β-galactosidase
activity. We demonstrate that Sirt1 and p63 mRNAs are directly
regulated by these miRNAs, linking these two factors to replicative senescence in keratinocytes. Furthermore, ΔNp63 inhibits
miR-138, miR-181a, and miR-181b expression and consequently
permits Sirt1 expression, thus counteracting replicative cellular
senescence (Fig. 5C). We also showed that, in human healthy
subjects, miR-138 is signiﬁcantly up-regulated in aged skin,
whereas miR-181a, miR-181b, and miR-130b show a positive
trend in our patient cohort, although this failed to reach sig1136 | www.pnas.org/cgi/doi/10.1073/pnas.1112257109

Fig. 3. Sirt1 and p63 silencing by siRNA induces cellular senescence. (A and F)
Western blots of protein extracts of HEKn. Cells were transfected with siSirt1
or sip63 versus a scrambled control sequence (Ctr). β-Actin was used as loading
control. (B and G) Forty-eight hours after transfection of HEKn cells with
a scrambled control (Ctr), si-Sirt1, or si-p63, cells were subjected to a 4h BrdU
pulse, collected, PI-stained, and analyzed by ﬂow cytometry as described in
Fig. 1. Values reported are averages ± SD of three independent transfections.
(C and D and H and I) SA β-galactosidase staining and quantiﬁcation by bluecell counts/ﬁeld. Values reported are averages ± SD of three independent
stains. (E) Relative telomerase activity (RTA) of HEKn 48 h after transfection
with a scrambled control or miR-130b sequences. The presented data are
averages ± SD. *P value <0.01 and **P value <0.005 by Student’s t test.

niﬁcance, possibly because of the small numbers of samples analyzed. In parallel, we showed that their identiﬁed targets, p63
and Sirt1, were down-regulated in the skin of aged subjects
whereas p16 and PML increased consistently in all of the
patients analyzed.
miR-138 and miR-181 are strongly associated with senescence
because their expression is sufﬁcient per se to induce premature
senescence in proliferating keratinocytes, whereas overexpression of miR-130b acts mainly on proliferation. Sirt1 is a
member of the NAD+-dependent deacetylase family, which has
both histone and nonhistone substrates (30, 31). It can protect
against age-related diseases by deacetylating proteins that regulate different cellular processes, including stress responses, replicative senescence, inﬂammation, and metabolism (31). Sirt1 has
already been linked to senescence but not in the context of skin
where it has been reported to protect keratinocytes from different cellular stresses (32) and to modulate differentiation (33).
Our previous studies showed that Sirt1 levels are modulated by
miR-217 in replicative endothelial cell senescence (34), and
Cervo et al.
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Fig. 4. p63 regulates miR-130b, miR-138, miR-181a, and miR-181b. (A)
Western blot of protein extracts of HEKn transfected with si-p63 versus
a scrambled control sequence (Ctr). β-Actin was used as loading control. (B)
Real-time RT-qPCR showing the up-regulation of selected miRNAs upon p63
silencing in HEKn. Values reported are the average ± SD of three independent transfections. (C) ChIP followed by qPCR analysis was performed in
the proliferating human skin keratinocyte HK1 cell line. Binding of p63 at all
four binding sites located close to miR-138-2, miR-181a/b-1, and miR-130b
were tested and conﬁrmed. The region of myoglobin exon 2 (myo) was used
as a non-p63–binding control region. (D) Luciferase assays were performed
24 h after HEK293 cells were cotransfected with pGl3-promoter constructs
containing ChIP-positive p63-binding sites as enhancers and an expression
vector for ΔNp63α or an empty vector as negative control. Values reported
are the average ± SD of three independent cotransfections. *P value <0.05
and **P value <0.01 by Student’s t test. BS, binding site.

a recent report indicated that miRNAs can also regulate Sirt1
expression during mouse embryonic stem cell differentiation and
in adult mouse tissues (35). p63 deﬁciency causes cellular senescence in proliferating keratinocytes, leading to accelerated
aging in vivo, as shown in p63 heterozygous mice (17). However,
the contribution of the different isoforms (TAp63 and ΔNp63)
has yet to be fully investigated. Because senescence is considered
a tumor-suppressive mechanism, the role of p63 has been studied
mainly in oncogene-induced senescence. In this context, TAp63γ
is up-regulated in mouse embryonic ﬁbroblasts (MEFs) during
Ras-induced oncogene senescence (18), and, in general, TAp63
isoforms are considered mediators of senescence (18, 19). In
skin-derived progenitor cells of the hair follicle, which are distinct from both keratinocytes and MEFs, the selective loss of
TAp63 isoform expression induces hyperproliferation that culminates in senescence. The sarcomas developed in TAp63Cervo et al.

selective KO mice express high levels of senescence markers
(19). These ﬁndings suggest that both p63 isoforms are involved
in cellular senescence even though it is not clear what their
speciﬁc contributions are to the different types of senescence
in different cellular systems. The results presented here clearly
indicate that ΔNp63 counteracts replicative senescence in human keratinocytes by inhibiting miR138, miR-181a, miR181b,
and miR-130b.
miR-138, miR-181a, miR-181b, and miR-130b have been
proposed as tumor-suppressor miRNAs that are down-regulated
in different malignancies (36–40). Among the miRNAs up-regulated in keratinocytes during replicative-induced senescence,
miR-130b is of particular interest because it was found to be a
direct transcriptional target of TAp63 in metastasis suppression
(39, 41). In keratinocytes, we implicate an auto-regulatory loop
between ΔNp63 and miR-130b, and we detect only weak expression of the TAp63 isoform at the mRNA level and conclude
that it is not involved in replicative-induced senescence. Our data
also indicate that p53 is not involved in keratinocyte replicative
senescence because p53 expression, both at RNA and protein
levels, does not change during keratinocyte serial passaging (Fig.
S1 E and F). Our ﬁnding that miR-130b per se is not sufﬁcient to
trigger senescence suggests the existence of several parallel
regulatory pathways, including miR-138, miR-181a, and miR181b, and possibly other miRNAs (24), that need to be activated
simultaneously to achieve senescence induction in keratinocytes.
In summary, we have evaluated the molecular pathways of
replicative senescence in human keratinocytes, and our results
strongly indicate that miRNAs play an important role in this
process together with ΔNp63 and Sirt1, targets of the identiﬁed
miRNAs. These ﬁndings may be relevant for young patients
with genetic defects leading to precocious senescence, such as
xeroderma pigmentosum and progeria, and as an in vitro model
for physiological aging of the skin.
PNAS | January 24, 2012 | vol. 109 | no. 4 | 1137

CELL BIOLOGY

Fig. 5. miR-138, miR-181a, and miR-181b are up-regulated in aged skin. (A)
Relative quantiﬁcation by RT-qPCR of miR-138, miR-181a, miR-181b, and
miR-130b expression levels in primary keratinocytes cultured from young
(<10 y) and aged (>60 y) healthy skin biopsies. *P value <0.01 by Student’s
t test. (B) Western blot of primary keratinocyte protein extracts cultured as
in A showing Sirt1, p63, p53, p16, and PML levels. β-Actin was used as
a loading control. (C) Model of the feedback circuitry during HEKn replicative senescence involving ΔNp63α, Sirt1, and miRNAs.

Materials and Methods
Cell Culture and Transfection. HEKn (Cascade, Invitrogen) were cultured and
transfected as described in SI Materials and Methods.
microRNA Proﬁling. Five micrograms of RNA from each sample was labeled
with biotin by reverse transcription using random octamers. Hybridization
was carried out on the second version of miRNA-chip (MDACC miRNA Expression Bioarray 19k v5). Details about data analysis are in SI Materials
and Methods.
RNA Extraction and Real-Time PCR Analysis. Total RNA isolation and miRNA
quantiﬁcation by RT-qPCR are described in SI Materials and Methods.
Senescence-Associated β-Galactosidase Staining. Cells were grown in 12-well
culture plates, washed with PBS, and ﬁxed and stained for 24 h at 37° using
a standard protocol. The reaction was stopped by replacing the staining
solution with 70% glycerol.
Cell Proliferation and Cell Cycle Analysis. Incorporation of BrdU during DNA
synthesis was evaluated with the Click-iT EdU ﬂow cytometry assay kit, following the manufacturer’s protocol (Molecular Probes). Cell cycle was analyzed using a FACS Calibur ﬂow cytometer (BD Biosciences). Fifteen
thousand events were evaluated using the Cell Quest (BD) software.

p63-binding sites, luciferase assays were performed in HEK293 cells as described before (42).
Western Blotting. Total cell extracts were resolved on an SDS polyacrylamide
gel and blotted onto a Hybond P PVDF membrane (G&E Healthcare). The
following antibodies were used: anti-p63 (Ab4, Neomarkers; dilution 1:500),
anti–β-actin (Sigma; dilution 1:5,000), anti-p16 (Santa Cruz Biotechnology;
dilution 1:1,000), anti-Rb (BD Biosciences; dilution 1:1,000), anti-Sirt1
(Abcam; dilution 1:500), anti-p53 (Santa Cruz Biotechnology; dilution 1:300),
anti-PML (Santa Cruz Biotechnology; dilution 1:400), and anti-K10 (Covance;
dilution 1:1,000).
Relative Telomerase Activity Assay. Telomerase activity in HEKn was assayed
by the TeloTAGGG Telomerase PCR ELISAplus kit (Roche Molecular Biochemicals) following the manufacturer’s protocol.
Chromatin Immunoprecipitation Assay. ChIP-qPCR was performed according
to a previously published procedure (26) where 4 μg/sample of the anti-p63
H129 (Santa Cruz Biotechnology) was used. qPCR primers are available
on request.
Bioinformatics. Analysis of microRNA target sites were performed using the
TargetScan 5.1 software available at http://www.targetscan.org.

Luciferase Assay and Constructs. The pGL3Control-p63 3′-UTR construct has
been described in Lena et al. (16). The miR-130 predicted target site (7 bp,
UUGCACU) was deleted by PCR. pGL3Control-Sirt1 3′-UTR has also been
described (34). miR-138 (7 bp, CACCAGCA) and miR-181 (7 bp, UGAAUGU)
predicted target sites were also deleted by PCR. PCR primers used to obtain
them are available on request. Luciferase assays were performed as described in Lena et al. (16). Cells were transfected with 100 ng of pGL3 vectors, 12 pmol of pre-miRNA or a scrambled sequence (Ambion), and 10 ng of
Renilla luciferase pRL-CMV vector (Promega). To demonstrate a ΔNp63αmediated repression on miR-138-2, miR-181a/b-1, and miR130b ChIP-positive
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