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MiR-34s have been characterized as direct p53 targets, which induce apoptosis, cell cycle arrest, and
senescence. MiR-34s were found to associate with tumorigenesis. Thus far, there is no study on the role
of MiR-34s in osteosarcoma. In the current study, we intensively investigated the function of MiR-34s in
two osteosarcoma cell lines: U2OS (p53+/+) and SAOS-2 (p53�/�). We found that MiR-34s affect the
expression of its target genes partially in a p53-dependent manner. And p53 also partially contributes
to the MiR-34s induced cell cycle arrest and apoptosis. Finally, we examined the expression, genetic
and epigenetic alterations of MiR-34 gene in 117 primary osteosarcoma samples. Expression of MiR-
34s was decreased in tumor samples, and MiR-34 genes underwent minimal deletions and epigenetic
inactivation in osteosarcomas.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Micro-RNAs (MiRNAs) are small non-coding RNAs that regulate
gene expression mainly through affecting productive translation
and mRNA stability [1–3]. Nascent MiRNA transcripts (pri-MiR-
NAs) are transcribed by RNA polymerases II or III to yield primary
transcripts (pri-MiRNAs), which are processed by the nuclear
RNase III enzyme Drosha to form hairpin products (pre-MiRNAs).
These pre-MiRNAs are transported to the cytoplasm where the
RNase III enzyme Dicer cleaves off the double-stranded (ds) por-
tion of the hairpin and generates a short-lived dsRNA of about
20–25 nucleotides in size [1–3]. After maturation, these small
RNAs are incorporated into the RNA-induced silencing complex
(RISC). The MiRNA complex binds to the partially complementary
binding sites located in the 30 untranslated region (UTR) of target
mRNAs by imperfect base pairing that depends mainly on the
‘‘seed” sequences comprising bases 2–7 of the mature MiRNA
[2,3]. MiRNAs mediate post-transcriptional gene silencing of spe-
cific mRNA targets by inhibiting translation or destabilizing target
mRNAs [4,5]. However, recent findings indicate that MiRNA-
mediated repression can be reversed, prevented or even act as
translational activators [6].

MiRNAs play important roles in several cellular processes, such
as proliferation, differentiation, apoptosis and development, by
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simultaneously controlling the expression levels of hundreds of
genes [2,7]. Similar to mRNA-encoding genes, several MiRNA-
encoding genes have been meanwhile classified as oncogenic or tu-
mor-suppressive genes according to their function in cellular
transformation and expression in tumors [8–11]. In human cancer,
recent studies have shown that MiRNA expression profiles differ
between normal tissues and derived tumors and between tumor
types [12,13]. MiRNAs can act as oncogenes or tumor suppressors,
exerting a key function in tumorigenesis [10,14]. Furthermore, tu-
mor cells seem to undergo a general loss of MiRNA expression, and
forced reduction of global MiRNA expression promotes transfor-
mation [15]. Interestingly, MiRNAs cluster within fragile sites and
other genomic regions frequently altered in cancers [16,17]. Be-
sides their causal involvement in tumor formation, MiRNAs may
be very useful for the classification, diagnosis, prognosis, and ther-
apy of malignancies [8,9,12].

Recently, reports from several laboratories surfaced that the
MiR-34 family are direct p53 targets, which induce apoptosis, cell
cycle arrest, and senescence [18–24]. In vertebrates, MiR-34 di-
verged into a family of three homologous MiRNAs: MiR-34a,
MiR-34b and MiR-34c. The mature MiR-34a sequence is located
within the second exon of its non-coding host gene which contains
a predicted p53 binding site [18,19,22,23,25]. Both MiR-34b
and MiR-34c are located within a single non-coding precursor
(MiR-34b/c), whose transcriptional start site is adjacent to a
predicted p53 binding site [18,25]. Ectopic expression of MiR-34a
and MiR-34b/c caused a cell cycle arrest in the G1 phase
[18,23,25], and inhibited proliferation and colony formation in soft
agar [20]. Introduction of MiR-34a and MiR-34b/c into primary
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human diploid fibroblasts induced cellular senescence [25]. Inter-
estingly, tumor cells also showed signs of senescence after intro-
duction of ectopic MiR-34a [24]. Furthermore, expression of MiR-
34a induced apoptosis [19,22,23,26].

MiR-34 was found to associate with tumorigenesis. For exam-
ple, loss of MiR-34a expression was observed in neuroblastoma,
which may be due to the relatively common deletion of a region
on chromosome 1p36, which encompasses MiR-34a [26]. 1p36
deletions frequently encompass very large numbers of genes; how-
ever, primary neuroblastomas and cell lines often showed low
MiR-34a expression [26]. Artificial elevation of MiR-34a in these
cells inhibited proliferation and activated cell death pathways
[26]. Furthermore, expression of MiR-34a was low or undetectable
in 11 of 15 pancreatic cancer cell lines [19]. The expression level of
MiR-34b was decreased by more than 90% in 6 out of 14 non-
small-cell lung cancers (NSCLCs) [18]. Minimal deletions contain-
ing MiR-34b and MiR-34c have also been found in breast and lung
cancer [17]. Epigenetic inactivation of MiR-34b/c was also found to
associate with cancer metastasis [27]. A combination of bioinfor-
matic predictions and experimental analysis led to the notion that
MiR-34s control broad programs of targets involved in cell cycle
control, apoptosis, and DNA repair, among which CDK4/6, Cyclin
E2, E2F3/5, cMET, and Bcl-2 were shown as possible candidates
[18,24,25].

Thus far, there is no study on the role of MiR-34 in osteosar-
coma. In the current study, we intensively investigated the func-
tion of MiR-34 in two osteosarcoma cell lines: U2OS (p53+/+) and
SAOS-2 (p53�/�). We also examined the genetic and epigenetic
alterations of MiR-34 gene in primary osteosarcoma samples, pro-
viding more evidence on understanding MiR-34 in osteosarcoma.
Materials and methods

Cell culture, reagents and tumor samples. Human osteosarcoma
cell lines U2OS and SAOS-2 were cultured in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Invitrogen). Anti-
bodies against CDK6, E2F3, Cyclin E2, Bcl-2 and Actin were from
Santa Cruz. MiR-34 mimics, antagonists and control MiRNA mimic
were obtained from Dharmacon with the following sequences:
hsa-MiR-34a-50-uggcagugucuuagcugguugu-30; hsa-MiR-34b-50-
caaucacuaacuccacugccau-30; hsa-MiR-34c-50-aggcaguguaguuagcu-
gauugc-30. Surgically resected osteosarcoma tumor tissues and
adjacent normal tissues were collected from 117 primary gastric
cancer patients. The study was approved by the ethical committee
of the Shenzhen Second People’s Hospital. The individuals gave
their written informed consent. The investigations were conducted
according to the Declaration of Helsinki principles.

Quantification of MiR-34s with real-time PCR. Total RNA was iso-
lated using the mirVana MiRNA isolation kit (Applied Biosystems).
TaqMan Reverse Transcription Kit (Applied Biosystems) was used
for cDNA synthesis according to the manufacturer’s protocol. Taq-
Man MiRNA assays were used to quantify the level of mature MiR-
NAs as described previously [28]. TaqMan Micro-RNA assay kits for
hsa-MiR-34s (Applied Biosystems) were used for real-time PCR.
Human GAPDH served as an internal control for RNA normaliza-
tion. Random hexamers (Invitrogen) were used for the RT-reaction
for GAPDH. Synthetic MiR-34s were used as the standards for copy
quantification. The primers for GAPDH were: forward-50-TCCACC
ACTGACACGTTGG-30, and reverse-50-AAGGCTGTGGGCAAGGTC-30.
The probe for GAPDH was 50-6FAM-ACACGGAAGGCCATGCCAG
T-BHQ1-30. Data from three independent experiments were ana-
lyzed by student t-test and p < 0.05 was considered statistically
significant.

MiR-34 mimics transfection. Osteosarcoma cells were transfected
24 h after being seeded in 6-well plates. MiRNA mimics (100 pmol)
or antagonists in 200 ll of serum-free, antibiotic-free, medium
were mixed with 5 ll of Lipofectamine 2000 transfection reagent
(Invitrogen) dissolved in 200 ll of the same medium and allowed
to stand at room temperature for 20 min. The resulting 400 ll
transfection solutions were then added to each well containing
1.6 ml of medium. Six hours later, the cultures were replaced with
2 ml fresh medium supplemented with 10% FBS and antibiotics.

30UTR luciferase reporter assay. Osteosarcoma cells were trans-
fected in 6-well plates with 2 lg of E2F3 or Bcl-2 30UTR luciferase
reporter plasmid per well, using Lipofectamine 2000 (Invitrogen).
Cells in each well were also co-transfected with 100 pmol of each
MiR-34 mimics or control mimic as indicated. Luciferase assays
were performed 24 h after transfection using Bright-Glo Luciferase
Assay System (Promega). Luciferase activity was normalized rela-
tive to control.

FACS analysis. For cell cycle analysis by flow cytometry, osteo-
sarcoma cells were transfected with MiR-34 mimics or control mi-
mic in 6-well plates, trypsinized 24 h later, washed with PBS, and
fixed in 70% ethanol on ice. After centrifugation, cells were stained
with 50 lg/ml propidium iodide and 0.1 lg/ml RNase A, and ana-
lyzed by FACS (BD).

Apoptosis analysis. Osteosarcoma cells were transfected with
MiR-34 mimics or control mimic. After an additional incubation
of 72 h, the cells were harvested, stained with propidium iodide
and anti-annexin-V antibody, and visualized by fluorescence
microscope.

DNA methylation analysis. Genomic DNA was isolated from the
tissues, and was subjected to bisulfite conversion with the EZ
DNA methylation kit (Zymo research, USA). The eluted DNA
(40 ll volume) was used for the HRM analysis. PCR amplification
and HRM were performed on the ABI7500 (Applied Biosystems)
as adapted from the published protocol [29]. CpGenome Universal
Methylated and unmethylated DNA (Chemicon, Millipore Billerica,
MA, USA) were used as 100% and 0% methylated control DNA,
respectively. See Supplementary information for detailed methods.
Results and discussion

Expression and induction of MiR-34s in osteosarcoma cells

Since Mir-34s are direct p53 targets, we took advantage of two
osteosarcoma cell lines, U2OS (p53+/+) and SAOS-2 (p53�/�), to
investigate the function of MiR-34s in osteosarcoma cells. We
examined the expression of MiR-34s in these cells and found that
both cell lines express MiR-34s at similar levels (Fig. 1A), suggest-
ing that basal Mir-34s levels in these cells are p53-independent.

The transcriptional activity of p53 can be readily induced in
cells by exposure to genotoxic stress, such as irradiation and the
chemotherapeutic agent adriamycin. So, next we treated the cells
with adriamycin and measured the expression of MiR-34s by quan-
titative PCR. There was an obvious increase of the MiR-34 expres-
sion in U2OS cells, while this increase was nearly completely
abolished in SAOS-2 cells (Fig. 1B). A marked increase in MiR-34a
levels was also seen when U2OS cells, but not SAOS-2 cells, were
treated with gamma-irradiation (Fig. 1C). This confirms that MiR-
34s are the downstream targets of p53, which is consistent with
pervious reports [18–24].

Mir-34s affect target genes expression partially in a p53-dependent
manner

The well characterized target genes of MiR-34s include CDK4/6,
Cyclin E2, E2F3/5, cMET, and Bcl-2 [18,24,25]. First, we evaluated
the effect of MiR-34s restoration on the expression of these genes.
Basal levels of CDK6, E2F3 and Cyclin E2 were similar in U2OS and



Fo
ld

 e
xp

re
ss

io
n

U2OS SAOS-2

MiR-34a MiR-34b

Fo
ld

 e
xp

re
ss

io
n

U2OS SAOS-2

MiR-34c

Fo
ld

 e
xp

re
ss

io
n

U2OS SAOS-2

Control

Adriamycin

MiR-34a

U2OS SAOS-2

*
MiR-34b

Fo
ld

 in
du

ct
io

n

U2OS SAOS-2

* Control

Adriamycin

MiR-34c

Fo
ld

 in
du

ct
io

n

U2OS SAOS-2

* Control

Adriamycin

γ-irradiation

Control

MiR-34a

Fo
ld

 in
du

ct
io

n
Fo

ld
 in

du
ct

io
n

Fo
ld

 in
du

ct
io

n

Fo
ld

 in
du

ct
io

n

U2OS SAOS-2

*
MiR-34b

U2OS SAOS-2

*
γ-irradiation

Control

MiR-34c

U2OS SAOS-2

*
γ-irradiation

Control

Fig. 1. Expression and induction of MiR-34s in osteosarcoma cells. RNA was extracted from U2OS (p53+/+) and SAOS-2 (p53�/�) cells. Expression of MiR-34s was measured by
TaqMan based real-time PCR. Relative expression levels of MiR-34s in untreated U2OS cells were set as 1. (A) No treatment. (B) Cells were treated with 200 nM adriamycin for
24 h. (C) Cells were treated with with 8 Gy c-irradiation and harvested 12 h later.
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SAOS-2 cells. In contrast, basal expression of Bcl-2 was lower in the
p53�/� cells, SAOS-2 (Fig. 2A and B). As expected, transfection of
MiR-34a mimic into U2OS cells inhibited the expression of CDK6,
E2F3, Cyclin E2 and Bcl-2, while transfection of MiR-34a antagonist
upregulated their protein levels (Fig. 2A and B). As MiR-34s act
downstream of p53, effect of MiR-34 on these genes should be
independent of p53. To our surprise, MiR-34a mimic inhibited
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tent with previous results, transfection of MiR-34a mimic or antag-
onist effectively modulated the luciferase reporter gene expression
(Fig. 2C and D). And the effect of MiR-34a in SAOS-2 cells was not
as potent as that in U2OS cells. Similar results were obtained when
MiR-34b/c mimics or antagonists were applied to these cells (data
not shown).

This suggests that some p53-dependent factors may participate
in the MiR-34s mediated gene modulation. One possibility is the
existence of a positive feedback loop in which p53 serves as a
key component (Fig. 2E, red lines). This has been proved by
Yamakuchi et al. who showed that Silent Information Regulator 1
(SIRT1), a target of MiR-34a, increases p53 activity [30,31]. Another
possibility is that genes such as E2F3 and Cyclin E2 may be indi-
rectly regulated by some unknown MiR-34s target genes, which
are p53-dependent (Fig. 2E, red dash line).1 Decreased levels of
these genes in p53�/� cells may attenuate the effect of MiR-34s. Fur-
ther evidence is needed to prove this hypothesis, and this also pro-
vides a direction for our future study.

Mir-34s induce cell cycle arrest and apoptosis in osteosarcoma cells

To study the effect of MiR-34s on cell cycle in osteosarcoma
cells, we transfected MiR-34 mimics to U2OS and SAOS-2 cells
and collected the cells after 24 h for FACS analysis. MiR-34s in-
duced G1 arrest in both cell lines, although the effect of MiR-34s
in SAOS-2 cells was not as obvious as that in U2OS cells (Fig. 3A).
Next, by annexin-V labeling assay, we found that MiR-34s induced
apoptosis in both U2OS and, with a lesser extent, SAOS-2 cells
(Fig. 3B). This again suggests that a complex connection between
p53 and MiR-34s may exist, as proposed in our model (Fig. 2E).

The partial abolishment of MiR-34a-induced apoptosis was sup-
ported by a previous study in which WT and p53�/� human colon
cancer (HCT116) cell lines were used as model [19], further
addressing the possibility of both p53-dependent and p53-inde-
pendent mechanisms of MiR-34a induced cell death.
1 For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.
Expression, genetic and epigenetic alterations of Mir-34 genes in
primary osteosarcoma samples

It is known that MiR-34s were correlated with tumor, and de-
crease of the MiR-34s expression was observed in multiple cancer
types [18,19,26]. In order to further explore the function of MiR-
34s in tumorigenesis, we collected 117 pairs of primary osteosar-
coma tumor samples and adjacent normal tissues. Expression of
MiR-34s in these samples was measured by quantitative TaqMan
assay. Logarithmic transformation (Log2 [1 + X]) was used to trans-
form primary data to normal distribution before statistical analy-
sis. We found that expression of MiR-34s was lower in tumor
samples than that in normal tissues (Fig. 4A).

Since MiR-34 genes are located in the fragile site (FRA) [17],
next we want to find out whether minimal deletions happen in
these tumor samples. For MiR-34a, loss of heterozygosity (LOH)
was found in 7/117 tumor sampes, while no homologous deletion
(HD) was observed (Fig. 4B). Interestingly, minimal deletions hap-
pen at a much higher frequency in MiR-34b/c gene, and LOH and
HD were 21/117 and 1/117, respectively (Fig. 4B). In both cases,
no LOH or HD was detected in normal tissues.

Epigenetic inactivation of MiRs in cancers has been reported by
many groups. And promoter methylation of MiR-34b/c was also
found to associate with cancer metastasis [27]. Thus, we used a re-
cently developed method, high-resolution melting analysis (HRM),
to semi-quantitatively detect the methylation levels MiR-34b/c in
osteosarcoma samples. We used different combinations of methyl-
ated and unmethylated DNA as templates to generate standard
curves (Fig. 4C). Methylation levels between 1% and 10% were ob-
served in 47/117 tumors, while 17/117 tumors have high methyl-
ation levels (>10%) (Fig. 4D).

Many groups have reported the association of MiR-34s with
tumorigenesis. Decreased expression of MiR-34s was found in neu-
roblastoma, non-small-cell lung cancer (NSCLC) and pancreatic
cancer [18,19,26]. Minimal deletions and epigenetic inactivations
of MiR-34s were found in breast, colon and lung cancers as well
as melanoma [17,27]. Our study showed that expression of MiR-
34s was decreased in osteosarcoma samples. And both genetic
and epigenetic modulations may contribute the altered expression
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of MiR-34s in osteosarcoma. We noticed that the frequencies of
LOH and HD for MiR-34a were lower than that for MiR-34b/c
(Fig. 4B). This may be due to the different location of MiR-34a
(1p36) and MiR-34b/c (11q23). On the other hand, the frequency
of minimal deletions for both MiR-34a and MiR-34b/c was not
high, suggesting that epigenetic alterations may play an important
role in modulating MiR-34s expression. Furthermore, many other
transcriptional factors besides p53 may also contribute to the
expression of MiR-34s, adding more complexity to the network.
In the future, it would be interesting to explore such factors.

Conclusion

Our study showed that: (a) both U2OS (p53+/+) and SAOS-2
(p53�/�) cells express MiR-34s at similar levels; (b) irradiation
and adriamycin induce MiR-34s expression in U2OS cells but not
in SAOS-2 cells; (c) MiR-34s affect the expression of CDK6, E2F3,
Cyclin E2 and Bcl-2 partially in a p53-dependent manner; (d)
MiR-34s induce G1 arrest and apoptosis partially in a p53-depen-
dent manner; (e) expression of MiR-34s in osteosarcoma samples
was decreased; and (f) MiR-34s undergo genetic and epigenetic
alterations in osteosarcoma samples.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2009.07.101.
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