
p53-independent upregulation of miR-34a during
oncogene-induced senescence represses MYC
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Aberrant oncogene activation induces cellular senescence, an irreversible growth arrest that acts as a barrier against
tumorigenesis. To identify microRNAs (miRNAs) involved in oncogene-induced senescence, we examined the expression of
miRNAs in primary human TIG3 fibroblasts after constitutive activation of B-RAF. Among the regulated miRNAs, both miR-34a
and miR-146a were strongly induced during senescence. Although members of the miR-34 family are known to be
transcriptionally regulated by p53, we find that miR-34a is regulated independently of p53 during oncogene-induced senescence.
Instead, upregulation of miR-34a is mediated by the ETS family transcription factor, ELK1. During senescence, miR-34a targets
the important proto-oncogene MYC and our data suggest that miR-34a thereby coordinately controls a set of cell cycle
regulators. Hence, in addition to its integration in the p53 pathway, we show that alternative cancer-related pathways regulate
miR-34a, emphasising its significance as a tumour suppressor.
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Senescence is a cellular stress response that results in a
permanent proliferative arrest of the cell. The term cellular
senescence was originally used to describe the limited
proliferative potential of cultured cells, caused by the gradual
shortening of telomeres with each round of replication, leading
to the activation of the DNA double-strand break checkpoint.1–3

During the last decade it has become evident that cellular
senescence can occur in a number of situations that do not
involve telomere dysfunction, including DNA-replicatory
stress, oncogene activation and oxidative stress.

Oncogene-induced senescence was first reported as a
result of constitutive activation of RAS in primary cells.4 After
an initial proliferative burst, cells become growth arrested
and display morphological changes associated with cellular
senescence, accompanied by the upregulation of p14ARF/
p19ARF and p16INK4a.5 The physiological relevance of this
phenomenon has been questioned, but recently, in vivo
induction of senescence has been shown for a number of
oncogenes,6,7 including B-RAF in human benign tumours and
N-RAS, K-RAS, H-RAS, B-RAF and E2F3 in mouse models.
In vivo senescence has also been reported as a consequence
of tumour suppressor inactivation for PTEN and NF1 in human
benign tumours, and it has been shown that restoration of
functional p53 leads to senescence, which prevents tumour
progression in vivo.6,7 From these reports, it is evident that
oncogene-induced senescence constitutes a barrier against
tumorigenesis. Oncogenes that elicit a senescence response
often converge on the activation of p53 and/or RB,7–9 although

RAF-induced senescence independent of both p53 and RB
has been reported in human cells.10 The capacity of different
oncogenes to trigger senescence seems to depend on cell
and tissue type, perhaps reflecting the integrity of tumour
suppressor networks. In human fibroblasts, inactivation of
neither p53 nor RB alone overcomes RAS-induced senes-
cence, whereas simultaneous inactivation of both pathways
does.4 It is therefore important to identify additional molecular
mechanisms involved in senescence.

MicroRNAs (miRNAs) are important regulators of gene
expression and they are involved in virtually all cellular
processes, including proliferation, differentiation, metastasis
and apoptosis.11 Accordingly, it has been shown that some
miRNAs may be categorised as bona fide tumour suppressors
or proto-oncogenes.12 In this study, we investigate the
involvement of miRNAs in oncogene-induced senescence.
To address this issue, we identified differentially regulated
miRNAs in human diploid fibroblasts undergoing oncogene-
induced senescence. We report a strong upregulation of
miR-34a during B-RAF-induced senescence. The miR-34 family
members (a, b and c) have attracted much attention because of
their identification as p53 target genes and their reported
involvement in p53-mediated processes, such as cell cycle
arrest and apoptosis.13–18 We show that miR-34a upregulation
during B-RAF-induced senescence is independent of p53.
Rather, the regulation is mediated by ELK1, a previously
unreported regulator of miR-34a transcription belonging to the
ETS family of transcription factors. Furthermore, we find that
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miR-34a targets the important proto-oncogene MYC during
B-RAF-induced senescence, suggesting that miR-34a through
MYC repression mediates indirect downregulation of an entire
set of mitotic genes during B-RAF-induced senescence.

Results

B-RAF oncogene activation regulates miRNAs. To
identify miRNAs involved in oncogene-induced senescence,
we examined the expression of miRNAs in hTERT-immortalised
TIG3 TERT/DB-RAF:ER cells stably expressing a conditional B-
RAF construct, DB-RAF:ER.19 In human fibroblasts, DRAF-1:ER
induces irreversible cellular senescence through activation of the
MAP-kinase pathway, which is accompanied by increased levels
of p16INK4a but does not depend on p53 and p21.20 In
accordance with a senescent phenotype, TIG3 TERT/DB-
RAF:ER cells become senescent within 3–5 days of B-RAF
activation (through treatment with 500nM 4-hydroxytamoxifen,
4-OHT), as assessed by morphological changes, stalled growth,
increased senescence-associated beta-galactosidase (SA-b-gal)
activity, formation of senescence-associated heterochromatic
foci (data not shown) and gradually increased expression of
p16INK4a (Supplementary Figure S1).

We arrayed miRNA expression in normal versus senescent
TIG3 TERT/DB-RAF:ER cells after 3 days of B-RAF activa-
tion. Eighteen miRNAs were significantly regulated across
four biological replicates (Po0.001, Table 1). The results
were validated for miR-146a and miR-34a that were most
prominently regulated (Figure 1). The absolute levels of miR-
146a were low (Supplementary Figure S2), which prompted
us to focus on miR-34a, which was approximately eightfold
upregulated after 3 days of B-RAF activation (Table 1). The
family members miR-34b and -34c were not detected on the
arrays and their lack of expression was validated by
quantitative PCR (qPCR) (data not shown).

Cellular effects of miR-34a. To characterise the cellular
effects of miR-34a, we transfected TIG3 TERT/DB-RAF:ER
cells with a miR-34a precursor and analysed the effect on
cellular morphology, growth and cell cycle progression. Cells
overexpressing miR-34a exhibited a senescence-like
morphology (Supplementary Figure S3). In accordance with
previous studies in primary cell cultures,17 overexpression of
miR-34a reduced cellular proliferation (Figure 2a), resulting
from an accumulation of cells in the G1 phase of the cell
cycle and concomitant reductions of the cell populations in S
and G2/M phases (Figure 2b).

p53-independent regulation of miR-34a. Members of the
miR-34 family are direct transcriptional targets of p53, and
the miR-34 gene promoters contain p53-binding sites that
are conserved among humans and rodents.13,14,16–18

Several studies have shown p53-dependent upregulation of
miR-34a in human and mouse cells, as well as in mouse
models, as a consequence of DNA damage.13,14,16–18,21 To
assess the importance of p53 for miR-34a regulation during
B-RAF-induced senescence, we depleted p53 in TIG3 TERT/
DB-RAF:ER cells using siRNA. Surprisingly, although p53
depletion resulted in a moderate decrease in the level of
miR-34a in normal cells, it had little effect on the degree of
miR-34a upregulation after B-RAF activation (Figure 3a).
Efficient p53 knockdown was verified by western blotting
(Figure 3b). In addition, p53 knockdown prevented the
induction of p53 and its target gene, p21, after treatment of
the cells with the DNA damage-inducing agent 5-fluorouracil
(5-FU) (Supplementary Figure S4a). To further verify the
p53-independent regulation of miR-34a during B-RAF-
induced senescence, we produced TIG3 TERT/DB-RAF:ER
cells with stable expression of p53DD, a dominant-negative

Table 1 Differentially expressed miRNAs in TIG3 TERT/DB-RAF:ER cells
undergoing senescence (OIS) versus normal cells

Unique ID OIS/normal P-value

1 hsa-miR-146a 11.27 o0.0001
2 hsa-miR-34a 8.85 o0.0001
3 hsa-miR-29b 3.23 o0.0001
4 hsa-miR-31 3.09 o0.0001
5 hsa-miR-154* 3.03 o0.0001
6 hsa-miR-532 2.93 o0.0001
7 hsa-miR-376b 2.91 0.0001
8 hsa-miR-132 2.76 0.0001
9 hsa-miR-376a 2.69 o0.0001

10 hsa-miR-425-5p 2.22 0.0005
11 hsa-miR-495 2.07 0.0008
12 hsa-miR-660 2.05 0.0009
13 hsa-miR-27b 0.33 o0.0001
14 hsa-miR-193b 0.34 0.0001
15 hsa-miR-335 0.45 o0.0001
16 hsa-miR-765 0.56 0.0005
17 hsa-miR-30a-3p 0.59 0.0001
18 hsa-miR-421 0.71 0.0006

*Shown is the mean fold change of four biological replicates and the
corresponding P-value

Figure 1 Validation of miRNA microarray data by qPCR. (a and b) Regulation of
miR-34a and miR-146a in TIG3 TERT/B-RAF:ER cells on days 1–4 (T1–T4) after
inducing senescence by B-RAF activation. Values are normalised to RNU6B levels
and shown relative to T1 in normal cells. Data are shown as the mean±S.D. of
three replicates
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variant of the p53 gene.22 Though the basal level of miR-34a
was reduced in p53DD-expressing cells relative to the control
cells expressing an empty vector, B-RAF induction in p53DD
cells resulted in approximately ninefold upregulation of
miR-34a relative to the level in normal p53DD cells
(Figure 3c). The p53DD cells did not possess functional
wild-type p53 activity, as p53 failed to induce p21 after
treatment with 5-FU (Supplementary Figure S4b). Thus, we
infer that miR-34a induction in this model system is
dependent on mechanisms other than p53.

miR-34a expression is regulated by ELK1. The
observation that regulation of miR-34a does not depend
on p53 prompted us to look for alternative regulators of
miR-34a expression during B-RAF-induced senescence.
Phosphorylated ERK can activate a number of transcription
factors, including ETS, AP-1, MYC and CREB.23 The primary
miR-34a transcript is produced by the splicing of two exons
located 30 kb apart, and the area downstream of the
transcription start site is highly conserved between human,
mouse and rat.16,17 Regulatory Vista (rVista)24 analysis of
this region revealed the presence of multiple conserved
transcription factor-binding sites, including a number of
putative binding sites for members of the ETS family
(Figure 4a). To test their functional significance, we
depleted individual ETS family members from TIG3 TERT/
DB-RAF:ER cells using siRNA and measured miR-34a
regulation after B-RAF activation. Although knockdown of
ETS1, ETS2 and ELF1 had little effect (Supplementary

Figure S5), depletion of ELK1 significantly impaired
B-RAF-mediated induction of miR-34a (Figure 4b)
(Po0.04, Student’s t-test). Efficient knockdown of ELK1
and ELF1 was confirmed at the mRNA and protein level
(Supplementary Figure S6).

To verify the ability of ELK1 to regulate the human miR-34a
promoter, we cloned a 760-bp fragment of the proximal
promoter containing several putative ELK1-binding sites into a
luciferase reporter vector (pProm34a). Co-transfections of
pProm34a with an ELK1 expression construct into HEK293
cells resulted in a significant upregulation of luciferase activity
(Po0.002, Student’s t-test), showing the capacity of ELK1 to
regulate the miR-34a promoter (Figure 4c). To confirm the
binding of ELK1 to the miR-34a promoter at the endogenous
level, we carried out chromatin immunoprecipitation (ChIP) in
TIG3 TERT/DB-RAF:ER cells. We observed a strong enrich-
ment of ELK1 on the miR-34a promoter after B-RAF activation
(Figure 4d), consistent with the notion that ELK1 is an
important regulator of miR-34a during oncogene-induced
senescence in primary human fibroblasts.
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Figure 3 p53-independent increase of miR-34a expression during B-RAF-
induced senescence. (a) miR-34a induction by B-RAF persists despite p53
knockdown. Transfection of TIG3 TERT/B-RAF:ER cells with 50 nM siRNA followed
by B-RAF induction by 4-OHT treatment. Values are normalised to RNU6B, related
to T0 and shown as the mean±S.D. of three replicates. (b) Western blotting for p53
in TIG3 TERT/B-RAF:ER cells transfected with 50 nM siRNA against p53 or a
control siRNA, followed by 3 days of treatment with 4-OHT. (c) miR-34a induction by
B-RAF is intact in TIG3 TERT/B-RAF:ER cells expressing a dominant-negative
variant of p53 (p53DD) on 3 days of treatment with 4-OHT
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experiment is shown
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Identification of miR-34a targets in oncogene-induced
senescence. To understand the role of miR-34a in
oncogene-induced senescence, we tested global mRNA
expression using microarrays of TIG3 TERT/DB-RAF:ER
cells transfected with a miR-34a LNA inhibitor or a scrambled
control LNA in the presence or absence of B-RAF activa-
tion. Affymetrix microarrays (Affymetrix, Santa Clara, CA,
USA) were performed with total RNA from three biological
replicates for each treatment. miR-34a and scrambled
inhibitors were transfected into the cells at day 2 of 4-OHT
treatment (or EtOH as vector control) and the samples were
harvested 24 h after transfection.

As expected, B-RAF activation resulted in major changes in
gene expression, as evident from a hierarchical cluster
analysis (Supplementary Figure S7 and Supplementary Table
S3). Importantly, miR-34a inhibition resulted in de-repression
of several transcripts that have previously been reported as
miR-34a targets, including BCL2 and CDK6, and, to a lesser
extent, MET and CCND1 (Supplementary Table S1).

To highlight changes related to miR-34a, we carried out
hierarchical clustering analysis of the top 20% of the genes
that were most influenced by miR-34a inhibition (Figure 5a).
Although we did not detect an enrichment of motifs matching
the miR-34a seed sequence within the 30UTRs of genes in
clusters resulting from this data set (B1800 transcripts),
several clusters displayed an interesting miR-34a depen-
dency. We focused on a cluster of B350 transcripts, which
were repressed upon B-RAF activation. Interestingly, the
inhibition of miR-34a alleviated B-RAF-mediated repression
of this cluster, which we have termed the ‘B-RAF-repressed,
miR-34a-influenced cluster’ (Figure 5a). Functional annota-
tion analysis25 of the cluster revealed a significant enrichment
for genes related to the M phase of the cell cycle
(Po5.7� 10�15), the cell cycle (Po1.9� 10�11) and other
related functions (Supplementary Table S2). Furthermore,
CDK6 and BCL2, two well-known targets of miR-34a,13,26

were included in this cluster. As most of the transcripts in this
cluster did not contain binding sites for miR-34a in their
30UTRs, we speculated that a common transcriptional
regulator, which is a miR-34a target, could be responsible
for the observed expression pattern and mediate a global
miR-34a effect. Interestingly, when subjecting the promoters
of the genes in the ‘B-RAF-repressed, miR-34a-influenced
cluster’ to motif finding (using AMADEUS27), a marked
enrichment for a motif resembling a MYC-binding site was
found (Po3.3� 10�12), suggesting that miR-34a could
influence gene expression through targeting of MYC.

miR-34a targets MYC during oncogene-induced
senescence. Inspection of the 30UTR sequence of MYC
revealed the presence of a perfectly complementary and
evolutionarily conserved 7-nucleotide match to the seed
region of miR-34b and miR-34c, and a 6-nucleotide seed
match to miR-34a (Supplementary Figure S8). miR-34b and
miR-34c were recently reported to regulate MYC,26,27 but
neither miR-34b nor miR-34c was detected above
background in our miRNA microarray experiments on TIG3
TERT/DB-RAF:ER cells.

In the Affymetrix array data, we did not detect changes in
the MYC mRNA level after miR-34a inhibition (Supplementary
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Figure S9a). Furthermore, overexpression of a miR-34a
precursor in TIG3 TERT/DB-RAF:ER cells had little effect on
MYC at the mRNA level (Supplementary Figure S9b),
suggesting post-transcriptional regulation at the level of
translation. To investigate whether miR-34a can translation-
ally regulate MYC, we transfected TIG3 TERT/DB-RAF:ER
cells with a miR-34a precursor and controls and analysed the
effect on MYC protein using western blotting (Figure 5b).
Strikingly, miR-34a overexpression resulted in marked down-
regulation of endogenous MYC protein, indicating that miR-
34a can affect cell proliferation through repression of MYC.
Similar results were found in H1299 cells (Supplementary
Figure S10). To test whether miR-34a represses MYC
downstream of B-RAF activation, we induced B-RAF in
TIG3 TERT/DB-RAF:ER cells and transfected the cells 2
days later with a miR-34a LNA inhibitor or scrambled LNA. As
evident from Figure 5c, inhibition of miR-34a during senes-
cence resulted in de-repression of MYC. This strongly
suggests that miR-34a can affect a large cohort of cell cycle
regulators through translational repression of MYC. As we
have shown that miR-34a is regulated by ELK1 downstream
of B-RAF induction, we tested the ability of an siRNA against
ELK1 to phenocopy the effect of miR-34a inhibition on MYC
protein. As evident from Figure 5d, depletion of ELK1 did
indeed cause de-repression of MYC protein during B-RAF-
induced senescence, underlining the importance of ELK1 in
miR-34a regulation during oncogene-induced senescence.

To test whether miR-34a regulates MYC in a direct manner,
we measured the effect of the miR-34a precursor on a
luciferase reporter construct containing the MYC 30UTR
(pLSV-M30). Although miR-34a significantly repressed lucifer-
ase activity of pLSV-M30 (Po0,03, Student’s t-test), it did not
affect a mutated version (pLSV-M30MUT) in which the miR-
34a seed-binding site had been altered (Figure 5e). To further
show the direct interaction between miR-34a and MYC
mRNA, we carried out miRNA pull-out assays in which
biotinylated miRNA mimics are transfected into cells, allowing
for subsequent streptavidin-based purification of the mature
miR-34a along with associated RNA species.28 The mature
strand furthermore contained photosensitive 4-thiouridine

(4-tU) modified nucleotides, which form RNA–RNA cross-
links upon long-wave UV-irradiation. miR-34a hairpins were
transfected into TIG3 TERT/DB-RAF:ER cells in the presence
and absence of B-RAF activation. The cells were UV treated
to induce RNA cross-linking and after streptavidin pullout of
biotinylated miR-34a, MYC mRNA was highly enriched in the
RNA pool associated with miR-34a compared with a control
mRNA, HPRT (Figure 5f). Thus, our data show that miR-34a
regulates MYC through direct binding to its 30UTR.

Discussion

Oncogene-induced senescence is an important barrier
towards cancer in vivo, but the underlying mechanisms are
still not clear and likely differ between cell types. miRNAs
regulate numerous cellular processes and a current challenge
is to understand their functions and incorporate individual
miRNAs into cellular pathways. Here, we provide evidence
that miR-34a is transcriptionally upregulated by ELK1 down-
stream of B-RAF oncogene activation, which leads to
senescence in human fibroblasts. This is a novel pathway
that is independent of p53, which was previously reported to
transcriptionally activate miR-34a. In addition, we identify
MYC as a miR-34a target. In agreement with the proliferative
role of MYC, we show that MYC is repressed during
oncogene-induced senescence and our data suggest that
this repression is mediated, at least in part, through miR-34a.
The effect of miR-34a extends further to repress a set of
mitotic genes that are transcriptional targets of MYC,
providing a novel link between B-RAF oncogene activation
and the mechanism of senescence.

ELK1 mediates upregulation of miR-34a during B-RAF-
induced senescence independently of p53. It was
previously reported that exogenous expression of miR-34a
induces senescence-like changes in primary cells and cancer
cell lines.17,21 Accordingly, we find that exogenous
expression of a miR-34a precursor induces a partial G1 cell
cycle arrest and a senescence-like cell morphology in TIG3
TERT cells. Thus, our finding that B-RAF activation induces

Figure 5 MYC is directly targeted by miR-34a during senescence. (a) Hierarchical clustering of the top 20% of transcripts most highly affected by miR-34a inhibition. Top
panel: Hierarchical clustering tree. Colours on the tree mark different clusters. Middle panel: Gene fold change (log2 scale) induced by a miR-34a inhibitor in normal cells (cont/
34ko–cont/scrambl) and in senescent cells (B-RAF/34ko – B-RAF/scrambl). Bottom panel: Normalised expression data. For visualisation purposes, data were gene
normalised by subtracting the mean for each gene value and dividing it by the standard deviation. ‘Cont 34ko’: Cells treated with EtOH carrier and transfected with an LNA
inhibitor of miR-34a, ‘Cont Scrambled’: Cells treated with EtOH carrier and transfected with a scrambled LNA control. ‘B-RAF 34ko’: Cells treated with 4-OHT and transfected
with an LNA inhibitor of miR-34a. ‘B-RAF Scrambled’: Cells treated with 4-OHT and transfected with a scrambled control LNA. The ‘B-RAF-repressed, miR-34a-influenced
cluster’ is indicated. (b) miR-34a overexpression represses MYC at the protein level. Western blot of MYC in TIG3 TERT/B-RAF:ER cells transfected with 50 nM miR-34a or a
control miRNA. (c) Inhibition of miR-34a prevents reduction of MYC protein during senescence. Western blot analysis of MYC in TIG3 TERT/B-RAF:ER cells 24 h after
transfection with 50 nM of a miR-34a inhibitor or a scrambled control LNA, in the presence or absence of B-RAF induction (3 days). Numbers indicate quantification of the MYC
band densities relative to Vinculin. (d) Depletion of ELK1 by siRNA prevents reduction of MYC protein during senescence. Western blot analysis of MYC in TIG3 TERT/B-
RAF:ER cells 24 h after transfection with 50 nM of siRNA against ELK1 or a control siRNA, followed by 3 days of B-RAF induction. Numbers indicate quantification of the MYC
band densities relative to Vinculin. (e) miR-34a regulates MYC through binding to the MYC 30UTR. TIG3 TERT/B-RAF:ER cells were co-transfected with miR-34a or a control
miRNA and a wild type or mutated version of the MYC 30UTR cloned into a luciferase vector (pLSVM30 and pLSVM30MUT, respectively). Luciferase values were normalised to
b-galactosidase activity and are shown relative to control as the meanþ /�S.D. of three replicates. The data are representative of three independent experiments. (f) miRNA
pull-out assay demonstrating direct binding of miR-34a to the 30UTR of MYC mRNA in normal and senescent TIG3 TERT/B-RAF:ER cells. After 2 days of treatment with
4-OHT or EtOH carrier, TIG3 TERT/B-RAF:ER cells were transfected with 30 nM of an unmodified miR-34a duplex (miR-34a), a biotinylated miR-34a duplex (miR-34a Biotin)
or a mix of two biotinylated miR-34a duplexes containing UV-reactive 4-thiouridine (4-tU) nucleotides at positions 7 and 11, respectively (miR-34a tU). The transfected cells
were UV irradiated to induce cross-linking of the 4-tU nucleotides to associated mRNAs. On extraction of biotinylated duplexes, the presence of MYC mRNA or a control
(HPRT) mRNA was measured by qPCR
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an upregulation of miR-34a in TIG3 cells suggests that
miR-34a is a mediator of B-RAF-induced senescence.
Dysregulation of miR-34a has been reported for several
types of cancer, suggesting its importance as a tumour
suppressor. miR-34a expression is downregulated in
neuroblastomas29 and frequently reduced in pancreatic
cancers cell lines.14 Furthermore, miR-34a resides in a
locus (1p36), which is frequently lost in cancer30 and is
subject to silencing because of aberrant CpG methylation of
the promoter in prostate cancer and melanoma, as well as a
number of cancer cell lines.31

Transcriptional regulation of miR-34a has so far been
ascribed to p53 and there is substantial evidence that p53
transcriptionally activates miR-34a after DNA damage,
whereas the absence of p53 activity abrogates miR-34a
regulation.16,17 In contrast, we find that depletion of functional
p53 by siRNA or by overexpression of dominant-negative
p53DD does not markedly affect the induction of miR-34a in
normal versus oncogene-induced senescent cells, and thus
we speculate that B-RAF oncogenic stress induces miR-34a
expression through different pathways than those induced by
DNA damage. In support of p53-independent regulation of
miR-34a downstream of B-RAF activation, it has previously
been shown in human IMR-90 fibroblasts that DRAF-1:ER
induces irreversible cellular senescence through activation of
the MAP-kinase pathway independently of p53 and p21.20

Although p53 is not necessary for miR-34a regulation in
senescent TIG3 cells, p53 depletion does decrease the basal
level of miR-34a in normal TIG3 cells, indicating that p53 may
regulate miR-34a in this cell type under different conditions.

To identify novel regulators of miR-34a downstream of
B-RAF, we analysed the promoter region of the human
miR-34a gene for relevant transcription factor-binding sites.
Among other transcription factors, B-RAF activates members
of the ETS family, which has previously been implicated in
cellular senescence because of the ability of ETS1 and ETS2
to activate the p16INK4a promoter.32 The human miR-34a
promoter region contains several ETS-binding motifs, includ-
ing that of ETS1, ETS2, ELF1 and ELK1. It can be noted that
several conserved ELK1 motifs occur in a part of the miR-34a
promoter region that is highly conserved between mouse and
human. Knockdown of ELK1, but not ETS1, ETS2 and ELF1,
reduces the induction of miR-34a in senescent cells after
B-RAF activation. Furthermore, an ELK1 expression con-
struct markedly increases activity of a reporter construct
containing part of the human miR-34a promoter. Finally, we
show increased recruitment of ELK1 to the miR-34a promoter
in TIG3 cells 3 days after B-RAF activation relative to control
TIG3 cells. Collectively, these data show that ELK1 can
activate the miR-34a promoter after B-RAF activation in a
p53-independent manner.

miR-34a targets the MYC proto-oncogene during
B-RAF-induced senescence. The data presented by us
and others suggest a functional importance of miR-34a in
senescence.17,21,33 To identify miR-34a target genes
involved in senescence, we used Affymetrix microarray
analysis to measure gene expression in normal and
senescent TIG3 cells treated with a miR-34a-specific
inhibitor. We and others have previously used this strategy

to identify targets for miR-21.34,35 Using this approach,
transcripts that are de-repressed by miR-34a in the level of
mRNA degradation can be identified by their increased
abundance, whereas mRNAs regulated exclusively at the
level of translation cannot be directly detected. Importantly,
as evident from this study, detailed analysis of the promoters
of cohorts of deregulated genes can lead to the identification
of translationally regulated targets. Although B-RAF
activation has a major impact on gene expression, we were
able to detect genes, the expression of which was alleviated
by miR-34a inhibition, as visualised by hierarchical clustering
of the 20% genes that are most highly regulated by the
miR-34a inhibitor in normal and/or senescent TIG3 cells. We
do not observe an overrepresentation of the miR-34a-binding
site in this list of genes. However, consistent with previous
reports, we find that miR-34a inhibition de-represses four
validated miR-34a targets, namely, BCL2, CDK6, CCND1
and MET,13,16,17,36 although de-repression of CCND1 and
MET were modest at the mRNA level and did not belong to
the top 20% genes most highly regulated by miR-34a
inhibition. We therefore suspected translational inhibition to
be a major component of miR-34a function, which prompted
us to search for secondary regulatory effects present in the
data, and to identify the primary regulator upstream to these.

Cluster analysis of the top 20% of genes affected by miR-
34a depletion revealed a set of genes (the ‘B-RAF-repressed,
miR-34a-influenced cluster’), which is functionally enriched
for mitotic genes and for genes harbouring putative MYC-
binding sites in their promoters. We find that a miR-34a
precursor represses MYC protein in TIG3 cells and other cell
types, and importantly, we show that miR-34a inhibition de-
represses MYC protein levels in cells undergoing B-RAF-
induced senescence. Interestingly, we find that ELK1 deple-
tion phenocopies the effect of miR-34a inhibition on MYC,
thereby supporting the notion that ELK1 upregulates miR-34a
during B-RAF-induced senescence and that miR-34a in turn
represses MYC. Our data furthermore show direct interaction
between miR-34a and the MYC 30UTR, in that miR-34a can
repress the activity of a wild type but not a mutated MYC
30UTR reporter and MYC mRNA is highly enriched in the RNA
pool associated with miR-34a in a miRNA pull-out assay.

Members of the miR-34 family have previously been linked
to the MYC family of proto-oncogenes. In neuroblastoma, loss
of the 1p36 locus, which encodes miR-34a as well as other
potential tumour suppressors, correlates with NMYC amplifi-
cation and miR-34a targets NMYC in several human
neuroblastoma cell lines.37 In addition, miR-34b and mir-34c
were recently reported to target MYC38,39 The binding site for
miR-34a in the 30UTRs of MYC is furthermore conserved in
the genomes of humans, mice, rats, dogs and chicken. When
taken together with the published data, our data thus suggest
an evolutionarily conserved regulation of several members
of the MYC family of proto-oncogenes by miR-34 family
members.

Several lines of evidence implicate MYC in oncogene-
induced senescence, and show that its repression is essential
for the senescent phenotype. A recent report showed that
MYC depletion in B-RAF or N-RAS overexpressing melanoma
cells results in senescence-like phenotypes and that MYC
overexpression repressed B-RAF-induced senescence.40
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Likewise, inactivation of MYC in primary tumours induced by
conditional MYC overexpression induces senescence and
tumour regression,41 and reduced MYC levels in normal
diploid human fibroblasts increases the frequency of
telomere-independent senescence in a p16-dependent man-
ner.42 In view of this, we propose that miR-34a functions
downstream of B-RAF to downregulate MYC protein levels in
TIG3 TERT/DB-RAF:ER cells, thereby promoting B-RAF-
induced senescence. However, in this cellular system,
inhibition of miR-34a alone did not prevent the appearance
of phenotypic hallmarks of senescence, such as senescence-
associated heterochromatic foci and increased SA-b-gal
activity (data not shown). Hence, miR-34a is an important
but not a sole player in B-RAF-induced senescence in these
cells, and other mediators have yet to be identified.

In summary, we have shown that human primary cells
undergoing B-RAF-induced senescence strongly upregulate
miR-34a in a p53-independent manner. Instead, the regula-
tion is mediated, at least partly, by the ETS family transcription
factor, ELK1. In addition, during senescence miR-34a affects
the expression of a cluster of mitotic genes through transla-
tional repression of MYC. This places miR-34a at a key node,
responding to several independent cancer-associated path-
ways, and emphasises the importance of miR-34a as a
tumour suppressor.

Materials and Methods
Cell culture. TIG3 TERT/B-RAF:ER cells are primary human diploid fibroblasts
immortalised by hTERT. B-RAF is constitutively active because of truncation of the
regulatory N-terminal domain and is fused to the hormone-binding domain of the
oestrogen receptor, which was modified to respond to 4-OHT but not b-estradiol.43

TIG3 and HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% FBS (Biochrom AG, Berlin, Germany), 100 U/ml penicillin and
100mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) and incubated at 371C in
5% CO2. For conditional activation of B-RAF, TIG3 TERT/B-RAF:ER cells were
treated for 3 days with 500 nM 4-OHT or equal volumes of EtOH carrier. For 5-FU
treatment, cells were incubated for 16 h with 50 mg/ml 5-FU or equal volumes of
DMSO carrier.

TIG3 TERT/B-RAF:ER p53DD cells were produced by infection of TIG3 TERT/B-
RAF:ER with p53DD virus followed by puromycin selection.

miRNA precursors, anti-miRNA oligonucleotides and siRNA. The
miRNA precursors were purchased from Ambion (Austin, TX, USA) and LNA-modified
oligonucleotide miRNA inhibitors from Exiqon (Vedbaek, Denmark). SMARTpool
siRNAs were purchased from Dharmacon (Lafayette, CO, USA), except the siRNA
against p53, which was an annealed duplex of the following oligonucleotides purchased
from Biosynthesis (Lewiseville, TX, USA):

hsa p53i S 50-CTACATGTGTAACAGTTCCUU-30 and
hsa p53i AS 50-(P)-GGAACTGTTACACATGTAGUU-30.

The AllStars-negative control siRNA (Qiagen, Valencia, CA, USA) was used as
control for transfections with miRNA precursors and siRNAs.

Vector constructs. pProm34a: A 760-bp fragment of the human miR-34a
promoter was PCR amplified from human genomic DNA and cloned into the pGL3
Basic vector (Invitrogen) using XhoI and HindIII restriction enzymes. The primer
sequences were (restriction sites are underlined):

FW 50-CTCGAGCGAGCAGGAAGGAGGACCCG-30 and
RV 50-AAGCCTGGGCTCCAGCCAGCAGGG-30.

The ELK1 expression construct was kindly provided by Dr. Robert A Hipskind. The
MYC luciferase constructs pLSV-M30 and pLSV-M30MUT were kindly provided by
Dr. Martin Bushell.

Reporter assays. For promoter luciferase assays, HEK293 cells were seeded
at 10 000 per 96 well and transfected (Lipofectamine 2000, Invitrogen) on the next

day with 150 ng pProm34a, 25 ng pRL-TK, and 100 ng of an ELK1 expression
vector or an empty pcDNA3.1þ vector. At 48 h after transfection, luciferase activity
was measured using the Dual-Glo luciferase assay (Promega, Stockholm,
Sweden).

For MYC 30UTR luciferase assays, 80 000 TIG3 TERT/B-RAF:ER cells per 24
well were reverse transfected (Lipofectamine 2000) with 1.75mg pLSV-M30 or
pLSV-M30MUT, 50 nM miR-34a or AllStars control, and 0.25mg lacZ expression
vector (pCMV-b-gal, Clontech, Palo Alto, CA, USA). At 20 h after transfection, cells
were washed once in PBS, lysed in 100ml Passive Lysis Buffer (Promega) and
incubated for 20 min at RT. In all, 10ml of lysate was mixed with 90ml of complete
luciferase buffer (25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA, 100 mM
KH2PO4 buffer, 1 M DTT, 0.2 M ATP (Sigma) and 10 mM Luciferin (Sigma)) and
Luciferase activity was measured immediately. b-galactosidase activity was
measured by mixing 25ml lysate, 175ml Z-buffer (100 mM Na2PO4 pH 7, 10 mM
KCl, 1 mM Mg2SO4 and 5 mM DTT) and 40ml ortho-nitrophenyl-b-galactoside
(ONPG) reaction mix (4 mg/ml ONPG, 100 mM Na2PO4 pH 7), and incubating at
371C. Production of ortho-nitrophenol was measured at 410 nm.

qPCRanalysis. For qPCR of mRNA, TIG3 TERT/B-RAF:ER cells were seeded
at 250 000 per six well, transfected twice on two successive days with 50 nM siRNA
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol, and
treated with 500 nM 4-OHT or equal volumes of ethanol the next day. Total RNA
was prepared using TRIzol reagent (Invitrogen), treated with DNase and reverse
transcribed using TaqMan Reverse Transcription kit (Applied Biosystems, CA, USA)
with random hexamer primers. qPCR detection of human p53, ELF1, ELK1, MYC
and GAPDH was performed with TaqMan gene expression assays (Applied
Biosystems) according to the manufacturer’s protocol. For miRNA qPCR, total RNA
was prepared using TRIzol reagent. Reverse transcription and qPCR analyses
were carried out with TaqMan miRNA assays (Applied Biosystems) for hsa-
miR-34a, hsa-miR-146a and RNU6B.

Antibodies andwestern blot analysis. TIG3 TERT/B-RAF:ER cells were
seeded at 250 000 per six well, transfected with 50 nM miRNA precursor using
Lipofectamine 2000 and treated with 500 nM 4-OHT or equal volumes of ethanol the
next day. Cells were harvested, washed once in PBS and lysed in RIPA buffer
(150 nM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris–HCl pH 8, 2 mM
EDTA) containing 1 mM DTT and 1 mM Pefabloc (Roche, Indianapolis, IN, USA). In
all, 20mg protein/lane was separated on a 4–20% NuPAGE Bis–Tris gel (Invitrogen)
and transferred to a nitrocellulose membrane. The antibodies used were as follows
– ELF1: sc-631, Santa Cruz Biotechnology (Santa Cruz, CA, USA); ELK1: #9182,
Cell Signaling (Denvers, MA, USA); MYC: #9402, Cell Signaling; p16: monoclonal
Ab DCS50; p53: sc-126, Santa Cruz Biotechnology; Vinculin: V9131, Sigma. The
antibodies for ChIP were ELK1: sc-355X, Santa Cruz Biotechnology; Rabbit IgG
(Sigma I 8140).

Cell cycle analysis. To analyse the effect of miR-34a overexpression on the
cell cycle, TIG3 TERT/B-RAF:ER cells were transfected with 50 nM of miR-34a or
AllStars control, stained for DNA content using propidium iodide and analysed on a
FACSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). Briefly,
the cells were harvested by trypsinisation and washed once in PBS before fixing o/n
in 70% EtOH. To stain the DNA, the cells were pelleted, resuspended in 100 ml
EtOH and stained for 1 h with 300ml PI staining solution (0.05 mg/ml propidium
iodide, 20mg/ml RNase A in 0.1% BSA).

ChIP. TIG3 TERT/B-RAF:ER cells were treated with 500 nM 4-OHT or equal
volumes of ethanol the day after seeding at 2.5� 106 per 15-cm plate and cultured
for 3 days. To induce protein–protein cross-links, cells were first fixed for 30 min on
ice with 5 mM dimethyl 30-dithiobispropionimidate (DTBP, Pierce Biotechnology,
Rockford, IL, USA) in cold PBS (pH 8).44 After two washes in cold PBS (pH 8),
remaining DTBP activity was stopped by incubation in DTBP quenching buffer
(100 mM Tris–HCl, pH 8, 150 mM NaCl) for 10 min on ice. Next, cells were fixed by
addition of 1% formaldehyde in cell culture medium and 10-min incubation at RT.
Fixation was stopped by addition of 0.125 M glycine and 5-min incubation at RT.
After washing twice in PBS, cells from four to six plates were harvested with a cell
scraper in 10 ml SDS buffer (0.1 M NaCl, 50 mM Tris–HCl pH 8, 5 mM EDTA pH 8,
0.2% NaN3, 0.5% SDS) containing Pefabloc and 1� Complete Mini protease
inhibitor cocktail (Roche). Cells were pelleted at 1200 r.p.m. and resuspended in
2 ml IP buffer (1 volume SDS buffer:0.5 volume Triton dilution buffer (0.1 M Tris–HCl
pH 8.6, 0.1 M NaCl, 5 mM EDTA pH 8, 0.2% NaN3, 5% Triton-X-100)). Cells were
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sonicated for 6� 30 s with a Branson Sonifier (Sonifier, Danbury, CT, USA) to
obtain DNA fragments of 500–1000 bp. The lysates were precleared for 2 h with 4
Fast Flow protein A beads (GE Healthcare, Princeton, NJ, USA) that were blocked
o/n (0.2 mg/ml salmon sperm DNA, 0.5 mg/ml lipid-free BSA) and washed in IP
buffer. After removal of beads, lysates were diluted in IP buffer corresponding to
B5� 106 cells/ml and 1-ml aliquots were incubated rotating o/n at 41C with primary
antibody against ELK1 (Santa Cruz sc-355 X) or rabbit IgG (Sigma I 8140). In
addition, 10ml aliquots were saved as total control samples (1%). Immune
complexes were recovered by incubation with blocked protein A beads for 4 h at 41C
and precipitated at 1800� g at 41C. Beads were then washed in cold buffers as
follows: thrice in 1 ml mixed micelle wash buffer (150 mM NaCl, 10 mM Tris–HCl pH
8, 5 mM EDTA pH 8, 5% w/v sucrose, 0.02% NaN3, 1% Triton-X-100, 0.2% SDS),
twice in 1 ml buffer 500 (50 mM HEPES, pH 7.5, 1 mM EDTA, 500 mM NaCl, 0.2%
NaN3, 1% (v/v) Triton X-100, 0.1% (w/v) deoxycholic acid), twice in 1 ml LiCl/
detergent solution (10 mM Tris–HCl pH 8, 1 mM EDTA, 250 mM LiCl, 0.5% (w/v)
deoxycholic acid (sodium salt), 0.5% (v/v) IGEPAL, 0.2% NaN3) and once in 1 ml TE
buffer. Samples were inverted 10 times during each wash. Immune complexes were
eluted from beads by o/n shaking incubation at 651C in 1% SDS, 0.1 M NaHCO3

(both IP and input samples) and protein was removed by proteinase K treatment of
the supernatant. DNA was extracted with 1 volume phenol:chloroform:isoamylic
alcohol (25 : 24 : 1) and ethanol precipitated. qPCR was carried out with SybrGreen
qPCR master mix (Applied Biosystems) using the following primers:

miR-34a locus 1 (L1): 34a ChIP F1 50-TGGCACGAGCAGGAAGGAGG-30 and
34a ChIP R1 50-GCAGGACTCCCGCAAAATCTCC-30.
miR-34a locus 2 (L2): 34a ChIP F2 50-AATTGTGTAGCCTCCGTAAGGGGA-30

and
34a ChIP R2 50-GAAAGAACTAGCCGAGCAAAACCC-30.
miR-34a 30 locus: 34a ChIP 30 F 50-GGACTTCGGAAGCTCTTCTGCG-30 and
34a ChIP 30 R 50-CACCAAGCCCCTGTGCCTTTT-30.

miRNA pull-out assay. TIG3 TERT/B-RAF:ER cells were treated for 48 h
with 500 nM 4-OHT or equal volumes of EtOH carrier. Cells were then transfected
with 30 nM miR-34a duplex, 30 biotin-tagged miR-34a duplex or a mix of two 30

biotin-tagged miR-34a duplexes containing a UV-reactive 4-tU nucleotide at
positions 7 and 11, respectively. At 24 h after transfection, the cells were irradiated
with long UV light (365 nm) for 5 min to induce cross-linking of 4-tU nucleotides to
RNA, and immediately after this, total RNA was extracted by TRIzol (Invitrogen).
After DNase treatment, 10 mg RNA was incubated for 2 h with streptavidin-
conjugated beads (GE Healthcare) and washed with DEPC water. RNA was then
purified by TRIzol and analysed using qPCR. To measure enrichment of MYC
transcript, a standard curve was prepared, and HPRT enrichment was used as a
negative control. For quantification, 500 ng RNA was reverse transcribed using
TaqMan Reverse Transcription Reagents (Applied Biosystems) according to the
manufacturer’s instructions. qPCR was carried out using SybrGreen PCR
mastermix (Applied Biosystems) and the following primers:

HPRT FW: 50-AGCCAGACTTTGTTGGATTTG-30

HPRT REV: 50-TTTACTGGCGATGTCAATAAG-30

MYC FW: 50-CCTCGGATTCTCTGCTCTC-30

MYC REV: 50-TTCTTGTTCCTCCTCAGAGTC-30.

Microarray analyses. For miRNA microarrays, TIG3 TERT/B-RAF:ER cells
were treated with 500 nM 4-OHT or equal volumes of ethanol on the day after
seeding at 1� 106 per 10-cm plate, in four biological replicates. Total RNA was
harvested 72 h later using TRIzol reagent. miRNA microarray analysis (NCode
Multi-Species miRNA Microarray V2, Invitrogen) was carried out at the Microarray
Center, Rigshospitalet, Copenhagen University Hospital. Briefly, small RNAs
(o200 nucleotides) were isolated from total RNA with the PureLink miRNA Isolation
kit (Invitrogen). Purified small RNA concentration was measured with a NanoDrop
1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), and 1200 ng of
purified small RNA was labelled using the NCode miRNA Labelling System
(Invitrogen). Briefly, small RNAs were poly(A)-tailed and ligated to a capture
sequence. The tagged and tailed miRNAs were subsequently hybridised to the
array following the manufactures instructions. Bound miRNAs were detected by
another round of hybridisation of branched DNA structures containing Alexa Fluor 3
or Alexa Fluor 5 dye molecules (Invitrogen). All hybridisations were carried out in a
MAUI Hybridization System (BioMicro Systems, Salt Lake City, UT, USA). The
arrays were scanned in Agilent DNA Microarray Scanner (Agilent Technologies,

Santa Clara, CA, USA) and image files were analysed with Genepixe Pro 6.0
software (Molecular Devices, Sunnyvale, CA, USA) (E-MEXP-2038).

For Affymetrix microarrays, TIG3 TERT/B-RAF:ER cells were treated
with 500 nM 4-OHT or equal volumes of ethanol on the day after seeding at 1E6
per 10-cm plate, in three biological replicates. After 2 days of 4-OHT treatment, cells
were transfected with LNA-miR-34a or a control LNA-scramble using Lipofectamine
2000 (Invitrogen). Total RNA was harvested 24 h after transfection (3 days of 4-OHT
treatment in total) using TRIzol reagent. Affymetrix microarray analysis (HG-U133
Plus 2.0 human) was carried out at the Microarray Center, Rigshospitalet,
Copenhagen University Hospital. Briefly, double-stranded cDNA was synthesised
from 2 mg total RNA using Superscript Choice System (Invitrogen) with an oligo-(dT)
primer containing a T7 RNA polymerase promoter. Biotin-labelled antisense cRNA
was subsequently in vitro transcribed from cDNA (BioArray High Yield RNA
Transcript Labelling kit; Enzo Diagnostics, Farmingdale, NY, USA). After
fragmentation at 941C for 35 min (40 mM Tris, 30 mM MgOAc, 10 mM KOAc),
samples were hybridised to arrays for 16 h. Upon washing and staining with
phycoerytrin-conjugated streptavidin, the arrays were scanned in an Affymetrix
GeneArray 2500 scanner as described in the Affymetrix GeneChip protocol. Data
have been deposited at ArrayExpress (E-MEXP-2241).

Bioinformatics analyses. The data from miRNA microarrays were analysed
with the BRB-ArrayTools V3.7.0 developed by Dr. Richard Simon and BRB-
ArrayTools Development Team (http://linus.nci.nih.gov/BRB-ArrayTools.html).
Triplicate probe sets were averaged and global normalisation was used to derive
the median of the centre of the log-ratios on each array to adjust for the differences in
labelling intensities of the Alexa Fluor 3 and Alexa Fluor 5 dyes. We identified miRNAs
that were differentially expressed among the two classes using a random-variance
t-test. Genes were considered statistically significant if their P-value was p0.001.

The data from the Affymetrix array analyses were filtered to contain only probe
sets present in at least one sample, in at least two out of three biological replicates.
Replicate probe set intensities were averaged and the data were log2 transformed.
Probe set annotation from Affymetrix (HG-U133_Plus_2.na25.annot.csv) was
mapped to RefSeq IDs. Probe sets with ambiguous mapping (matching more that a
single NM) were discarded and probe sets representing the same NM were
averaged, resulting in 10184 RefSeq genes. For clustering analysis, we computed
the effect of miR-34a inhibition in regular and senescent TIG3 cells, and selected the
top 5% most upregulated and 5% most downregulated genes in each pair of
samples (the 4-OHT/LNA-miR-34 versus 4-OHT/LNA-scr samples, and the EtOH/
LNA-miR-34a versus EtOH/LNA-scr samples), and unified the four lists, resulting in
1730 genes (this set was o20% of the genes because the four lists had some
overlap). Hierarchical clustering was performed using MATLAB, resulting in 15
clusters. List of differential genes and their assignment to clusters are in
Supplementary Table S3. Functional enrichment analysis was carried out using the
DAVID website.25 Promoter analysis was carried out using AMADEUS.27
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