
E2F1-inducible microRNA 449a/b suppresses cell
proliferation and promotes apoptosis

M Lizé1, S Pilarski2 and M Dobbelstein*,1

E2F1 is a positive regulator of cell cycle progression and also a potent inducer of apoptosis, especially when activated by DNA
damage. We identified E2F1-inducible microRNAs (miRNAs) by microarray hybridization and found that the levels of miRNAs
449a and 449b, as well as their host gene CDC20B, are strongly upregulated by E2F1. High miR-449 levels were found in testes,
lung, and trachea, but not in testicular and other cancer cells. MiR-449a/b structurally resemble the p53-inducible miRNA 34
family. In agreement with a putative tumor-suppressive role, miR-449a as well as miR-34a reduced proliferation and strongly
promoted apoptosis by at least partially p53-independent mechanisms. Both miRNAs reduced the levels of CDK6, implying miR-
449 in a negative feedback mechanism for E2F1. Moreover, miR-449a and miR-34a diminished the deacetylase Sirt1 and
augmented p53 acetylation. We propose that both miRNAs provide a twofold safety mechanism to avoid excessive E2F1-induced
proliferation by cell cycle arrest and by apoptosis. While responding to different transactivators, miRNAs 449 and 34 each
repress E2F1, but promote p53 activity, allowing efficient cross-talk between two major DNA damage-responsive gene
regulators.
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The E2F family of transcription factors is essential for cell
cycle progression, and repressing E2F activity is the key
mechanism by which the retinoblastoma (Rb) family of pocket
proteins exerts its tumor-suppressive function. Cyclin-depen-
dent kinases (cdks) phosphorylate and thereby inactivate
pocket proteins, allowing cell proliferation, but this in turn is
controlled by cdk inhibitors. Thus, E2Fs integrate cell cycle
regulatory signals into a program of gene expression. In
addition to cell cycle regulation, E2F proteins are also capable
of inducing programmed cell death. In particular, E2F1
induces a number of target genes that mediate apoptosis.
This happens mostly in the context of DNA damage, resulting
in E2F1 phosphorylation and activation.1,2

This property of E2F1 is shared by the tumor suppressor
p53. On DNA damage, p53 is phosphorylated and stabilized,
along with enhanced activation of p53 target genes. However,
the analogy in the functions of E2F1 and p53 goes beyond the
mode of activation. E2F1 strongly upregulates the levels of
TAp73,3,4 a p53-homologue that shares many activities of
p53, and induces p14arf,5 a positive regulator of p53. Inde-
pendently of p53, E2F1 also activates the expression of Noxa
and other BH3-only gene products,6 and these proapoptotic
target genes are shared with p53. Thus, both E2F1 and p53
are strong inducers of apoptosis, at least in part by trans-
activating an overlapping but not identical set of target genes.7

On the other hand, p53 activity results in negative regu-
lation of E2F1. Most notably, p53 induces the expression of
the cdk inhibitor p21, thus leading to the accumulation of
hypophosphorylated, active Rb pocket proteins and thus

attenuated E2F1 activity. Hence, although E2F1 activity
enhances p53 activity, p53 synergizes only with the pro-
apoptotic activity of E2F1, while antagonizing E2F1-induced
cell cycle progression.7

An important set of p53 target genes was only recently
discovered. MicroRNAs (miRNAs) represent a novel class of
regulatory gene products. The synthesis of their precursors
closely resembles that of mRNAs, with many miRNA-
encoding regions embedded in regular protein-coding genes.
miRNAs are then processed from such precursors through
specific nucleases. Rather than encoding proteins, they act as
regulators of mRNA stability and/or protein synthesis through
specific hybridization of their seed sequence with mRNA
target sequences, allowing each miRNA species to regulate a
characteristic set of mRNAs.8,9 Multiple links between miRNA
activity and cancer have been established.10,11 Strikingly, p53
was found to induce the expression of some miRNAs.12–14

Most notably, the miR-34 family of miRNAs contributes to
apoptosis on induction by p53.15–20

These findings raise the question whether E2F1 may also
induce miRNAs that contribute to apoptosis. Indeed, E2F1-
responsive miRNAs were previously21,22 identified and at
least partially characterized according to their role in cancer,
butmostly with antiapoptotic functions23–25 or with no reported
influence on apoptosis. To identify a more complete set of
E2F1-inducible miRNAs, we performed array hybridization
and found miR-449a and miR-449b (collectively termed miR-
449 from here on) to be strongly E2F1-responsive, in
agreement with a recent report.22 Strikingly, miR-449 shares
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seed sequences and target genes with the miR-34 family.
miR-449 potently induces apoptosis and also upregulates
p53 activity. However, it also attenuates E2F1 and the same
was found for miR-34a. Thus, miR-449 and miR-34 precisely
reflect the interdependence of E2F1 and p53 activity.
Although E2F1-induced miR-449 and p53-induced miR-34
promote p53 activity and apoptosis, they negatively regulate
E2F1. Hence, the influence of E2F1 and p53 on each other
and on cell fate decisions is sustained by the induction of two
miRNA species from the same family.

Results

E2F1 regulates miRNA expression. To identify E2F1-
responsive miRNAs, we employed Saos2 cells with
tetracycline/doxycycline-inducible E2F126 (tet-on E2F1),
controlled for E2F1 and E2F1 target gene expression
(Supplementary Figure S1A) and isolated a fraction
enriched in small RNAs before and after doxycycline
treatment. Subsequent fluorescence labeling and array
hybridization identified a number of E2F1-responsive
miRNAs, some of which have been described as such
earlier (Figure 1a, Table 1 and Supplementary Table 1), for
example, members of the miR-17-92 or 106b-25
clusters.21,23,27 The strongest response was observed with
a pair of closely related miRNAs, miR-449a and miR-449b,
recently reported as E2F1-inducible miRNAs,22 and

collectively referred to as miR-449 from here on. These
miRNAs show strong similarities to miRNAs miR-34a–c,
especially within their 50 portion that is generally believed to
act as a ‘seed sequence’ that determines the specificity of
target mRNAs9 (Figure 1b). As miR-449a levels by far
exceed those of miR-449b in all systems analyzed so far
(Figure 1a and see Landgraf et al.28), we focussed our further
analysis on miR-449a.

E2F1 augments miR-449a levels. The enhanced expres-
sion of miR-449a in response to E2F1 was first confirmed by
reverse transcription PCR (RT-PCR) in doxycycline-treated
Saos2 cells with tet-on E2F1, whereas doxycycline did not
enhance miR-449-levels in the parental Saos2 cells
(Figure 2a). Moreover, a transiently transfected expression
plasmid for E2F1 induced miR-449a in H1299 and U2OS
cells, ensuring E2F1 responsiveness as a more general
property of miR-449a. Finally, DNA damage by Camptothecin,
a known trigger of E2F1 activity,7 enhanced miR-449a
expression regardless of the p53 status. In contrast, E2F1
induced miR-34a far less efficiently than miR-449a
(Supplementary Figure S1B). Conversely, p53 activation by
the pharmacological Mdm2 antagonist Nutlin-3a,29 although
capable of inducing miR-34a,12 failed to increase the levels of
miR-449a (Supplementary Figure S1C).

miR-449 expression is coupled to its host gene CDC20B
and reduced in tumor cells. Next, we sought to determine
the pattern of miR-449 expression in various tissues and
tumor cells. The genomic region encoding both miR-449a
and miR-449b is embedded into an intronic sequence of the
mRNA-encoding gene CDC20B, a paralog of CDC20
(Figure 3a). RT-PCR analysis revealed that CDC20B was
induced by E2F1 as well (Supplementary Figure S1A). High
levels of miR-449 were found in lung, trachea and testis, and
still considerable amounts in cervix and oesophagus; the
expression pattern of CDC20B largely reflected the levels of
miR-449 (Figure 3b). Mir-449 thus seems to be regulated
through the activation of its host gene. High levels of miR-
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Figure 1 E2F1-induced microRNAs identified by microRNA hybridization.
Saos-2 cells with an integrated tet-inducible expression cassette to synthesize
E2F126 were treated with doxycycline or were mock treated. At 24 h after infection,
the cells were harvested. (a) MicroRNAs from each sample were fluorescence-
labelled and hybridized to a microarray. The fluorescence intensity corresponding to
each microRNA with or without E2F1 overexpression is shown plotted against each
other. (b) Sequence of miR-449, a and b, aligned with miR-34, a, b and c. The
shared seed sequence is shown in bold

Table 1 Relative increase in miRNA levels on E2F1 expression, as revealed by
microarray analysis

miRNA Fold induction by E2F1

miR-449a 6.3
miR-449b 4.1
miR-492 2.4
let-7b 2.2
let-7c 2.2
miR-663 2.2
miR-19b 2.1
miR-30b 2.0
miR-16 2.0
miR-762 2.0
miR-17 2.0
miR-106a 2.0
miR-23a 1.9
miR-20a 1.9
miR-106b 1.9

MicroRNA levels were compared by microarray hybridization before and after
induction of E2F1, as outlined in the legend to Figure 1a. The microRNAs most
strongly upregulated by E2F1 are shown in the Table. A complete data set is
provided in Supplementary Table S1.
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M Lizé et al

453

Cell Death and Differentiation



449a in testis, lung and trachea were again found in murine
tissues (Figure 3c). In contrast to testicular tissue, all tumor-
derived cell lines under study, including testicular cancer
cells (GH and 833KE) and a lung adenocarcinoma
cell line (H1299), contained far lower amounts of
miR-449 (Figure 3d), at least compatible with the idea that
miR-449 may display tumor-suppressive activities. Along this
line, we found that trichostatin A, a pharmacological inhibitor
of histone deacetylases, strongly increased miR-449 levels in
cell lines from testicular cancer, although less efficiently in
other cell lines (Supplementary Figure S2). This argues that
epigenetic silencing may lead to miR-449 downregulation
in the corresponding tumor cells.

miR-449 induces apoptosis. E2F1 is a potent inducer of
apoptosis, especially in the context of DNA damage. The
E2F1-responsive miR-449 closely resembles miR-34, a p53-
responsive and proapoptotic miRNA family. Hence, we
tested whether miR-449 may act in parallel to miR-34 in
growth suppression and apoptosis, as suggested by its
activity in prostate cancer cells.30 First, we transfected
plasmids encoding each miRNA into HCT116 cells with or
without p53, followed by antibiotic selection of stable

transfectants. Both miR-34a and miR-449a/b suppressed
clonogenic survival in this system, in a partially p53-
independent fashion (Figure 4a and b). To further elucidate
the mechanistic reason behind this suppressive effect, we
analyzed the DNA content of transiently miRNA-transfected
cells by flow cytometry and found that miR-34a and miR-
449a each led to cell accumulation in a sub-G1 shoulder
(Figure 4c and Supplementary Figure S3, A and B), arguing
that both miRNAs induce apoptosis. Under the same
conditions, cleaved poly-ADP-ribose polymerase (PARP)
and cleaved caspase 3 were detected by immunoblot
analysis (Figure 4d), further supporting this notion.
Although apoptosis induction seemed somewhat weaker in
cells lacking p53, it was still observed in HCT116 p53�/� cells
and also in H1299 cells that do not contain p53 (Supple-
mentary Figure S3C).

miR-449a and miR-34a are each capable of reducing
CDK6 and Sirt1 levels, while inducing p53 acetylation. To
identify possible mechanisms for miR-449-induced cell death,
we analyzed putative target genes for miR-449a, taking into
account the shared seed sequence with miR-34a. Although a
complex pattern of gene regulation has previously been
reported for miR-34a,15–20 we assumed that a few profoundly
regulated target mRNAs may still serve as key targets to
mediate the biological functions of miR-34a and possibly also
miR-449. Accordingly, both miR-449a and miR-34a were
found capable of downregulating the histone deacetylase Sirt1
in HCT116 cells with or without p53 (Figure 5a and b) and in
H1299 cells (Supplementary Figure S3C). Negative regulation
was also observed for Sirt1 mRNA (Supplementary Figure
S4); this suggests that regulation might occur through
mRNA destabilization, but it does not exclude translational
inhibition as an additional mechanism. The suppression of
Sirt1 levels by miR-449a is in agreement with software-based
predictions (Targetscan, Cambridge, MA, USA and Miranda,
New York, NY, USA) and previous reports on miR-34a.31 As
Sirt1 is known to affect the acetylation of p53 at residue Lys
38231,32 we further analyzed the levels of acetylated p53
and also of the p53 target gene product p21. Both p21 and
acetyl-p53 were upregulated, despite unchanged levels of
global p53 and phospho-Ser15-p53 (Figure 5a). In addition to
this, however, phosphorylated Histone 2AX was detected at
increased levels under such circumstances, arguing that
miR-449a and miR-34a are perhaps capable of increasing
the susceptibility of cells to DNA damage. Phospho-H2AX
accumulation in response to miR-449a was also observed
in U2OS cells (data not shown) and only weakly in H1299
cells (Supplementary Figure S3C). Although not fully
explained at present, this would be in line with the known
ability of E2F1 to induce a DNA damage response and
with similar responses to oncogenic stress during early
cancerogenesis.33

In addition to these regulatory events, we also tested the
effects of miR-449a and miR-34a on CDK6, another predicted
target gene product.22,34 CDK6 was strongly downregulated
under such circumstances (Figure 5a and b and Supplemen-
tary Figure S4). This argues that miR-449a provides a
negative feedback loop that attenuates E2F1 activity even in
situations in which cell death can be avoided. A reduction of
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Figure 2 E2F1 overexpression and DNA damage induce miR-449. (a) RNA
was extracted from Saos2-tet-E2F1 cells with or without earlier doxycycline
treatment, or from H1299 or U2OS cells transfected with empty vector or an E2F1
expression plasmid. The levels of miR-449a were determined by RT-PCR analysis
and normalized relative to a constitutively expressed small RNA, RNU6b. The ratio
of miR-449a levels with versus without E2F1 overexpression was calculated from
three independent experiments along with the standard error in each case. (b) MiR-
449a induction by DNA damage. Cells of the indicated lines (H1299, lung
adenocarcinoma, p53�/�, U2OS, osteosarcoma, p53 wild type; 833KE, testicular
cancer and p53 mutant) were treated with camptothecin (CPT) followed by RT-PCR
analysis of miR-449a levels as in a
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CDK6 is in line with the observed decrease of cells in S-phase
(Figure 4b), presumably through hypophosphorylation and
consecutive activation of Rb family pocket proteins. miR-449
may thus prevent the accumulation of cells with excessive
E2F1 activity in two ways: providing a direct negative
feedback on E2F1 activity and eliminating cells with
uncontrollable E2F1.

Discussion

The results reported here strongly suggest a dual role for miR-
449. It provides a negative feedback to E2F1 activity, in part
through targeting CDK6. However, the most obvious activity
of miR-449 that we observed consists in the induction of
apoptosis, in analogy to miR-34.
These findings are summarized in the model presented in

Figure 6. Both p53 and E2F1 are activated in response to DNA
damage and they subsequently induce proapoptotic genes.
However, the mutual regulation of E2F1 and p53 is
asymmetric. E2F1 induces the expression of p14arf and
TAp73, each leading to enhanced induction of p53 target
genes. On the other hand, p53 transactivates the gene
encoding p21, a cdk inhibitor that negatively regulates E2F1

(Figure 6a). The activities of miRNAs reported here are in
analogy to this model. First, miR-34 and miR-449 are each
capable of promoting apoptosis, presumably by antagonizing
an overlapping set of prosurvival genes. In addition to this,
bothmiRNAs activate p53 while attenuating E2F1 (Figure 6b).
This strongly argues that miRNAs of the 34/449 group fortify
both the proapoptotic activities of p53 and E2F1, and also the
asymmetric mutual regulation of these two factors.
As miR-34a and miR-449a can each reduce the expression

levels of CDK6, it seems plausible how they limit cell cycle
progression. In cells that contain wild-type p53, this effect
seems enhanced through the upregulation of p21 (Figure 6a).
However, it is less obvious how both miRNAs can induce
apoptosis. Both miRNAs upregulate p53 acetylation
(Figure 5a) and activity (Figure 5a and see Yamakuchi
et al.31). But as both miRNAs promote cell death in p53�/�

cells, they must also trigger proapoptotic mechanisms
independently of p53. We speculate that the negative
regulation of the deacetylase Sirt1 (Figure 5) at least
contributes to cell death, perhaps in concert with HDAC1
reduction;30 this may at least in part occur through the
accumulation of DNA damage, as described earlier as a result
of Sirt1 downregulation.35 It should be noted, however, that
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the knockdown of Sirt1 alone did not phenocopy the
proapoptotic effects of miR-34 or miR-449 under the condi-
tions used in our study, although it did suppress clonogenic
survival (our unpublished results). Nonetheless, this does not
exclude a contribution of Sirt1 downregulation to the observed
cell death when combined with broader gene regulation.
Extensive studies on miR-34 target genes have revealed
a multitude of potential survival genes as being miR-34
regulated.15,17 We assume that miR-449 has a similarly broad
spectrum of target mRNAs, largely excluding a monocausal
model to explain its proapoptotic effects.
Both miR-449a and miR-449b are encoded by an intron of

the CDC20B gene. Although little is known about the function
of this gene, its paralog CDC20 is an essential component of
the cellular machinery that enables the anaphase-promoting

complex to destruct its targets in a timely manner, allowing
progression through mitosis.36 It is to be noted that several
mitosis-promoting genes, for example, Polo-like kinase and
others, have previously been identified as E2F1 targets,
implying E2F1 in mitotic progression.37 It is tempting to
speculate that E2F1 may further promote mitosis through
CDC20B, whereas uncontrolled E2F1 activity is avoided by
building a negative feedback into the same gene.
Tumor cells generally appear to contain low levels of miR-

449. The cells may well be selected for miR-449 silencing, as
they may otherwise undergo cell cycle arrest or apoptosis.
The fact that E2F1 activity is frequently deregulated, for
example, through deleting the pRb gene, may further increase
the need for miR-449 silencing to allow tumor cell survival.
HDAC inhibition seems to upregulate miR-449, and this may
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be further enhanced by the reversal of DNA methylation.22

This may represent one of the (numerous) mechanisms that
explain cell death on HDAC inhibitor treatment. Tumor cells
are generally prone to a constitutive DNA damage response33

and apoptosis by oncogenic stress. Thus, they can be
expected to undergo apoptosis in response to miR-449 or
miR-34 at an enhanced rate, rather than merely arresting
proliferation. Residual expression levels of miR-449 and
miR-34a, and their inducibility by E2F1 and p53, may thus
represent a determinant for cancer cell death in response to
irradiation or chemotherapy.
The E2F family is essential for cell proliferation. However,

its uncontrolled activity is one of the most widely acknowl-
edged reasons for malignant growth. MiR-449 contributes to
the due control in two ways, by antagonizing E2F1 and also by
eliminating the cell when necessary. As bothmechanisms can
occur independently of p53, miR-449 may represent an
essential barrier to cancer progression in cells that have
already lost p53 function through mutations.

Materials and Methods
Cell culture and drug treatment. HCT116 cells with and without p53
(obtained from B Vogelstein38) were grown in McCoy’s 5A, H1299 (from A Levine),
U2OS (LGC/ATCC, Wesel, Germany), GH and 833KE (from R Löwer) and Saos-2
cells without (ATCC) or with tet-inducible E2F1 (from K Vousden26) were cultivated
in Dulbecco’s modified Eagle’s medium, each supplemented with 10% fetal bovine
serum. Camptothecin was used at 2.9mM. Plasmid transfections were carried out
using Lipofectamine 2000.

miRNA microarray analysis to identify E2F1-responsive
miRNAs. Saos2 cells with an integrated, inducible (‘tet-on’) E2F1 expression
construct26 were treated or not with doxycycline at a concentration of 2mg/ml for

24 h. RNA samples enriched for small RNA molecules were isolated by using the
miRVana RNA Isolation kit (Ambion/Applied Biosystems, Darmstadt, Germany).
Array hybridization was carried out using the Exiqon system of arrayed locked
nucleic acids (Vedbaek, Denmark), as recommended by the manufacturer.

RNA extraction and quantitative RT-PCR (qRT-PCR) analysis. For
mRNA and miRNA-analyses, total RNA was isolated using the mirVana RNA
Isolation kit (Ambion). For mRNA analysis alone, total RNA was isolated by using
TRIzol (Invitrogen, Paisley, UK). To detect mRNA expression, the isolated RNA was
reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, Munich,
Germany). IQ SYBR Green Supermix (Bio-Rad) was used for real-time PCR appli-
cations. The qRT-PCR primer set for CDC20B was 50-GGAGATGCTGTGGGA
AAGTA-30 and 50-CGCAAAGTTGCTCTTAAAGTC-30; for CDK6, 50-AGACCCAA
GAAGCAGTGTGG-30 and 50-AAGGAGCAAGAGCATTCAGC-30; for E2F1, 50-CG
GTGTCGTCGACCTGAACT-30 and 50-AGGACGTTGGTGATGTCATAGATG-30, for
SIRT1, 50-GAGATAACCTTCTGTTCGGTG-30 and 50-CGGCAATAAATCTTTAAGA
AT-30; and for TAp73 50-CACCACGTTTGAGCACCTCTG-30 and 50-GATGTAGTCA
TGCCCTCCAGG-30.

qRT-PCR data were normalized to mtRNR2a (primer set: 50-CATAAGCC
TGCGTCAGATCA-30 and 50-CCTGTGTTGGGTTGGACA-30) or 36B4 (primer set:
50-GATTGGCTACCCAACTGTTG-30 and 50-CAGGGGCAGCAGCCACAAA-30),
as shown in Supplementary Figure S4. Stem-loop qRT-PCR for mature miRNAs
was carried out using the TaqMan miRNA assays (Applied Biosystems), as
described.12,39 miRNA expression levels were normalized to RNU6B or to U6 when
analyzing murine tissue. The standard curve method was used for the relative
quantification of gene expression.

Transient transfection of cells with pre-miRNAs. Cells were reverse
transfected with synthetic pre-miRNAs (Ambion/Applied Biosystems). miRNA was
diluted in 250ml medium without serum at 10 nM concentration. Lipofectamine 2000
(5 ml; Invitrogen) was incubated with 250ml medium for 5 min. The combination of
both mixtures was incubated for 20 min at room temperature and added to a
suspension of freshly trypsinized cell followed by seeding in six-well dishes.

Clonogenic assays. HCT116 cells were transfected with MiR vectors, a
generous gift from R. Agami,40 in six-well plates. Cultures were maintained for
2 weeks with Blasticidin (10 mg/ml), followed by fixation and staining, as described
previously.12

Flow cytometry. The attached cells combined with floating cells were
harvested and fixed in 70% ethanol at 41C. The cells were then resuspended
and incubated for 30 min in PBS containing 1 mg/ml RNase A and stained with
15mg/ml propidium iodide (end concentration). Samples were analyzed by the
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Figure 5 miR-449 reduces CDK6 and Sirt1 levels and augments the acetylation
of p53. HCT116 p53 wild type (wt) or HCT116 p53�/� cells were transfected with
the indicated microRNAs, followed by immunoblot analysis to detect the indicated
gene products and modifications with specific antibodies. P53 staining was
only performed in HCT116 p53 wt cells (but lack of p53 was confirmed in HCT116
p53�/� cells in additional experiments, data not shown)
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TAp73
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Figure 6 Model for mutual regulation of p53 and E2F1. (a) Mutual regulation
through protein-coding target genes. DNA damage activates p53 and E2F1, and
both induce an overlapping set of proapoptotic target genes. Although E2F1 further
enhances p53 activity through p14arf and TAp73, p53 inhibits E2F1 through the
CDK inhibitor p21. (b) This asymmetric mutual regulation is recapitulated and
presumably fortified by microRNAs. On DNA damage, p53 induces miR-34 and
E2F1 increases the levels of miR449 family members. Both microRNAs induce
apoptosis by antagonizing the expression of prosurvival genes. In addition to this,
both microRNAs support p53 activity (for example, through enhanced acetylation),
but negatively regulate E2F1 (for example, by downregulating CDK6). Arrowheads
symbolize activation and bars inhibition.
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Guava/Millipore (Billerica, MA, USA) Easycyte Plus System using the Guava
ExpressPro or ModFit Software (Champaign, IL, USA).

Immunoblot analysis. After SDS-polyacrylamide gel electrophoresis and wet
transfer to nitrocellulose, the membranes were blocked and incubated with
antibodies in PBS containing 5% non-fat milk powder or 5% bovine albumin fraction
V. Primary antibodies used for detection were anti-acetyl-Lys382 p53, anti-CDK6
(DCS83), anti-cleaved caspase-3 (Asp175) (5A1) and anti-phospho-Ser15 p53
(16G8) (Cell Signaling Technology, Danvers, MA, USA); anti-p21 (EA10) and anti-
Parp-1 (Ab-2) (all from Calbiochem/Merck, Darmstadt, Germany); anti-p53 (DO1)
and anti-SIRT1 (B-7) (each from Santa Cruz Biotechnology, Santa Cruz, CA, USA);
anti-phospho-histone H2A.X (Ser139) (JBW301, Upstate, Billerica, MA, USA); and
anti-b-actin (Abcam, Cambridge, MA, USA). Detection was performed by HPR-
conjugated antibodies (Jackson Immuno Research Laboratories, West Grove, PA,
USA) and chemiluminescence (Millipore) on Super RX films (Fujifilm, Europe/
Fujifilm Deutschland, Düsseldorf, Germany).

Murine tissue analysis. Male B6N mice (n¼ 4) were used for tissue
analysis. At the age of 10 weeks, the mice were killed and organs were isolated. The
tissue was homogenized in 1 ml of TRIzol (Invitrogen) and frozen in liquid nitrogen.
After thawing, the lysate was chloroform-extracted and ethanol-precipitated. The
pellet was dissolved in pre-heated miRVana (Ambion) elution buffer.
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