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Abstract

MicroRNAs (miRNAs) are a class of endogenous molecules that post-transcriptionally regulate target gene
expression and play an important role in many developmental processes. Matrix extracellular phosphogly-
coprotein (MEPE) is related to bone metabolism. We recently reported that MEPE protects cells from DNA
damage-induced killing. The purpose of this study is to investigate whether miRNAs targeting MEPE play an
important role in DNA damage response. We report in this study that miR-376a directly targets MEPE, and
overexpression of miR-376a reduces the G2 arrest of the cells and sensitizes the cells to DNA damage-induced
killing. These results indicate an association of MEPE gene inactivation with decreased survival after DNA
damage and also provide useful information for miRNA-based drug development: a new target for sensitizing
human tumor cells to radiotherapy or chemotherapy.
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Introduction

Matrix extracellular phosphoglycoprotein/Osteoblast
factor 45 (MEPE/OF45) was originally cloned from a

human oncogenetic hypophosphatemia tumor1 and then
identified in rat bone marrow-derived osteoblasts.2 The mu-
rine homologue of MEPE/OF45 was reported the following
year.3 Since the identification of MEPE/OF45, its function re-
lated to bone metabolism has been widely investigated. Al-
though we previously identified that MEPE/OF45, as a
cofactor of CHK1, protects cells from DNA damage-induced
killing in rat embryo fibroblast cells4 and in different types of
human tumor cells,5 it is still unclear how miRNAs targeting
MEPE in DNA damage response play the role.

MicroRNAs (miRNAs) are small noncoding single strand
RNAs ranging from 18 to 25 nt, which play diversified roles
in vertebrates, plants, and even viruses.6–11 They suppress
gene expression at post-transcriptional level by partial
complementary binding to the 3¢-UTR of target mRNAs,
resulting in mRNAs degradation and/or translational
repression.12–14 Since its first discovery in C. elegans in 1993,6

more than 2000 miRNA sequences, either in precursor or
mature form, have been identified in Homo sapiens and

recorded in miRBase database to date.15 Bioinformatics and
cloning studies have estimated that miRNAs may regulate
30% of all human genes, and each miRNA can control hun-
dreds of gene targets.16 These human miRNAs play impor-
tant roles in multiple biological processes, ranging from cell
growth, survival, and differentiation, to embryonic devel-
opment and cancer progression.6–16

Here, we predicted the candidate miRNAs targeting
MEPE by TargetScan. We found that miR-376a directly tar-
gets MEPE, introduction of miR-376a expression in human
cells resulted in decreased G2 phase arrest, and over-
expression of miR-376a sensitizes cells following DNA
damage. These findings could provide a rationale for the
development of miRNA-based strategies for sensitizing tu-
mor cells to radiotherapy or chemotherapy.

Materials and Methods

Cell culture, chemical treatment, and irradiation

The 293T cells, HeLa (human cervical cancer) cells and
HepG2 (human liver cancer) cells were grown to 80% con-
fluence in Dulbecco’s modified Eagle’s medium (DMEM)
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with 10% Calf Serum at 37�C in an atmosphere of 5% CO2

and 95% air. Irradiation of cells was done by exposing cells
to Co60 (215cGy/min). Cells were either treated with camp-
tothecin (CPT; kindly provided by Dr. Ya Wang, Emory
University, Atlanta) or etoposide (Et; China National Medi-
cines Guorui Pharmaceutical Co., Ltd.).

Plasmid construction and transfection

The 3¢UTR of MEPE was PCR-amplified from human ge-
nomic DNA, DNA fragments from 3¢UTR of MEPE that
host the predicted complementary sites of miR-376a or the
mutated sites were cloned downstream of Firefly luciferase
reporter gene in pGL3-control plasmid (Promega). The fol-
lowing sets of primers were used to generate specific frag-
ments: Mepe-3¢UTR-forward, 5¢-CCG CTC GAG CTG AAG
ACC TCG TCA CCT-3¢; Mepe-3¢UTR-reverse, 5¢-CG ACG
CGT CAT AGA AGG CAT TTG TGA-3¢; Mepe-3¢UTR 376a
mut-reverse, 5¢-CG ACG CGT CTA CTC AAA TGT TAC
CTA TTCCGTCGCT CTG TAA TGA TT-3¢. The DNA se-
quences encoding the indicated miRNAs together with sur-
rounding miRNAs precursor sequences (approximately
300 bp in total) were kindly provided by Dr. Xiao Yang
(Beijing Institute of Biotechnology) and Dr. Xiaofei Zheng
(Beijing Institute of Radiation Medicine). These miRNA se-
quences are subcloned into pcDNA3.1 vector (Invitrogen)
with the digestion of Hind III and Xho I; the modified plasmids
are used for miRNAs expression in future. The 293T cells were
transfected with the plasmids by Lipofectamine 2000 (In-
vitrogen), according to the manufacturer’s instructions.

Luciferase reporter assay for targeting MEPE 3 ¢UTR

Luciferase reporter experiments were performed as de-
scribed previously,17 a MEPE 3¢UTR segment of 344 bp was
inserted into the pGL3-control vector with simian virus 40
promoter by using the Bgl II and Mul I sites immediately
downstream from the stop codon of luciferase. The 293T cells
were seeded in 24-well plates and co-transfected by using
Lipofectamine 2000 reagent (Invitrogen) according to the
protocol of the manufacturer, with 50 ng of the Firefly luci-
ferase report vectors including wild-type or mutant, 2 ng of
the control vector containing Renilla luciferase pRL-TK vec-
tor (Promega), and 200 ng of miRNAs expression plasmids or
control vector. The cells were lysed and Firefly and Renilla
luciferase activities were consecutively measured by using
dual-luciferase assays (Vigorous Biotechnology) 24 hours
after the transfection. All experiments were performed in
triplicate and data were normalized to the activity of the
Firefly luciferase expressed from the same pGL3-control
vector as an internal control.

Antibodies and western blot

The HeLa cells were seeded in 35 mm dishes and trans-
fected with plasmids containing miR-129, miR-376a, miR-
376b, miR-412, miR-425, miR-758, and control vector, and the
cells were collected and counted after 24 hours. A total of
1 · 106 cells were lysed in 50 lL of RIPA lysis buffer (150 mM
NaCl, 40 mM morpholinepropanesulfonic acid (MOPS,
pH7.2), 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate,
0.1%SDS, and 0.2 mM PMSF) for 30 minutes. The cell lyses
were centrifuged at 12000 rpm for 10 minutes at 4�C, the
supernatants were transferred to a new tube, and then the

protein concentration was tested, 50 lg of proteins were
loaded into 12% polyacrylamide gel (PAGE). Western blot
analysis was performed using enhanced chemiluminescence.
The MEPE/OF45 antibody was made by our laboratory,18

the PCNA, CHK1, and GAPDH antibodies were purchased
from Santa Cruz Biotechnology, Inc.

Flow cytometry assay

The G2 checkpoint is detected by flow cytometry mea-
surement.17 1 · 105 cells were plated in 35-mm dishes with
2 mL of growth medium. The cells were transfected with the
plasmids containing miR-376a and control vector for 24
hours and then exposed to 6 Gy and returned to 37�C. At
different times thereafter (0, 6, 12, 18, and 24 hours), cells
were trypsinized and fixed in 70% ethanol. Cells were
stained in the solution (62 lg/mL RNase A, 40 lg/mL pro-
pidium iodide, and 0.1% Triton X-100 in phosphate-buffered
saline buffer) at room temperature for 1 hour. The distribu-
tion of cells in the cell cycle was measured in a flow cyt-
ometer (Cytomics FC500; Beckman Coulter).

Cell survival assay

Cell proliferation was measured by 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenylte-trazolium bromide (MTT) assay.19,20

The cells were seeded in 96-well plates at a density of 2 · 103

cells per well with 0.1 mL of growth medium. Twenty-four
hours later, the cells were transfected with the plasmids
containing pri-miR-376a and control vector for 24 hours and
then exposed to 6 Gy and returned to 37�C, or treated with
drugs (5 lM CPT or 100 lM Et) for 16 hours. At various time
points (0, 12, 24, 36, and 48 hours), 20 lL of MTT solution
(5 mg/mL) was added into the culture medium for 4 hours
incubation. Then 150 lL dimethyl sulfoxide was added to
each well to dissolve the crystals. After 10 minutes dissolu-
tion, the absorbance of each sample was recorded by a mi-
croplate reader (Model 680 with Microplate Manager
Software; Bio-rad) at 490 nm. The experiment was performed
in triplicate.

Statistical analysis

All the data were presented as mean – standard deviation
(SD). Statistical significance was determined using Student’s
t-test. p < 0.05 was considered as statistically significant dif-
ference.

Results and Discussion

Candidate miRNAs targeting MEPE

To investigate the role of miRNAs targeting MEPE in
DNA damage response, first, TargetScan was used to predict
the candidate miRNAs targeting MEPE, 36 miRNAs target-
ing MEPE were predicted (data not shown), only 6 of them
were selected (Fig. 1A). To test whether these miRNAs target
MEPE, the fragment of 3¢UTR of human MEPE was cloned
into pGL3-control dual luciferase reporter plasmid (Fig. 1B).
miRNAs were cloned into pcDNA3.1. The 293T cells were
co-transfected with MEPE 3¢UTR Luciferase reporters, along
with expression plasmids of miRNAs, respectively. Lucifer-
ase analysis revealed that only four miRNAs (hsa-miR-129,
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hsa-miR-376a, hsa-miR-376b, and has-miR-412) could sig-
nificantly suppress the activity of wild-type 3¢UTR reporter
(Fig. 1C), hsa-miR-425 and hsa-miR-758 could not (Fig. 1C),
so hsa-miR-129, hsa-miR-376a, hsa-miR-376b, and has-miR-
412 may be the miRNAs targeting MEPE.

miRNA-376a directly targets MEPE gene

By western blot, the results show a significant reduction
(about five-fold) of MEPE protein in HeLa cells with over-
expression of miR-376a, and about four-fold reduction when
miR-758 was overexpressed (Fig. 2A), other miRNAs could
not suppress MEPE protein level. Because miR-758 could not
significantly suppress the activity of wild-type 3¢UTR re-
porter (Fig. 1C), our data strongly suggest that miR-376a
targets MEPE. However, our RT-PCR analysis showed no
difference in the mRNA levels of MEPE between the cells of
miR-376a overexpressing and transfected with control vector
(data not shown). This raised the possibility that miR-376a
suppresses MEPE protein synthesis by a post-transcriptional
repression mechanism, via its 3¢UTR complementary sites.

To test this possibility, the fragment of 3¢UTR of human
MEPE containing wild-type or mutated (4 of 7 bases were
mutated, CCGTCGC) miR-376a complementary sites (Fig.
1A) were cloned into pGL3-control dual luciferase reporter

plasmid. Luciferase reporters were co-transfected with miR-
376a and control vector, respectively. Luciferase analysis
showed that the activity of wild-type 3¢UTR reporter was
significantly suppressed by miR-376a. Suppression by miR-
376a depends on the wild-type miR-376a complementary
sites, and was not longer observed in the reporter in which
miR-376a complementary sites were mutated (Fig. 2B), miR-
122 as irrelative control. Our data strongly suggested that
MEPE is a direct target of miR-376a.

Overexpression of miR-376a in human cells
reduces the G2 arrest

We previously reported that A1–5 and B4 were one pair of
transformed rat embryo fibroblasts,21 the expression of
MEPE was higher in A1–5 cells than in B4 cells,4 and A1–5
cells showed much stronger G2 checkpoint responses than its
counterpart B4 cells.21 We also reported that wild-type
hMEPE could increase the G2/M accumulation of cells after
ionizing radiation (IR).5

We were interested in determining whether IR-induced
G2 accumulation was reduced in human cells after knocking
down hMEPE. For this purpose, the impact of miR-376a in
cell cycle in human cells was investigated. The construct of
expressing miR376a was made and transfected into human

FIG. 1. Candidate
miRNAs targeting MEPE.
(A) Predicted miRNAs tar-
geting MEPE by TargetScan.
(B) MEPE 3¢UTR luciferase
reporters. 3¢ WT, wild-type
3¢UTR. Mutant UTR (4 mu-
tant sites in 3¢UTR of MEPE).
(C) 293T cells were co-trans-
fected with MEPE 3¢UTR lu-
ciferase reporters, along with
expression plasmids of miR-
NAs and control vector. Re-
nilla luciferase activity from
the same construct were used
to normalize and to generate
relative activity of Firefly lu-
ciferase that was subject to
the regulation of cloned Mepe
3¢UTR. Relative luciferase
level = (Sluc/Srenilla)/(Cluc/
Crenilla). Luc, raw Firefly lu-
ciferase activity; Renilla, in-
ternal transfection control
renilla activity; S, sample; C,
control. The error bar repre-
sents the standard deviation
(SD) from three independent
experiments.
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FIG. 2. Downregulation
of MEPE by miR-376a is me-
diated by 3¢UTR comple-
mentary sites. (A) MEPE
protein levels in HeLa cells
are significantly suppressed
by miR-376a. PCNA was
used as protein loading con-
trol. Protein was quantified
by Image J. (B) 293T cells
were co-transfected with
Mepe 3¢UTR or mutant 3¢UTR
(4 of 8 bases were mutated in
complementary sites) lucifer-
ase reporters, along with ex-
pression plasmids of miR-
376a and control vector. Stu-
dent’s t-test compared two
data sets marked by stars in
the panel. *p < 0.05, **p < 0.01.

FIG. 3. Overexpression of miR-376a in human cells reduces G2 arrest. HeLa cells were transfected with the plasmids
containing miR-376a and control vector for 24 hours, and then exposed to 6 Gy and fixed in 70% ethanol. Cells were washed
with PBS and stained with propidium iodide (PI). The distribution of cells through the cell cycle was measured by flow
cytometry (A). The fraction of cells in the G2/M phase is plotted as a function of time after irradiation (B). The significant G2
phase reduction was observed in HeLa cells at 12 and 18 hours after irradiation. The data are processed with the ModFit LT
program. Student’s t-test compared two data sets marked by stars in the panel. *p < 0.05, **p < 0.01. (C) CHK1 protein levels in
HeLa cells are suppressed by overexpressed miR-376a. GAPDH was used as protein loading control. Protein was quantified
by Image J.
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HeLa cells using transient transfection for increasing miR-
376a expression, pcDNA3.1 as control vector. After IR with
dose of 6 Gy, G2 accumulation in these irradiated human
cells was examined. Cell cycle analysis showed that G2 ac-
cumulation occurs at 6 hours after IR (Fig. 3), and 5%, 13%,
20%, and 6% increase in the G2 population of control cells
relative to irradiated miR-376a-expressing cells at 6, 12 18,
and 24 hours after IR (Fig. 3), indicating a decreased G2
checkpoint in irradiated miR-376a-expressing cells. These
data suggest that irradiated miR-376a-expressing cells show
a reduced G2 accumulation.

We previously reported that MEPE sensitized mammalian
cells to radiation-induced killing by modulating the CHK1
pathway, and this kind of checkpoint response, G2-phase cell
accumulation is CHK1 dependent.22 We need to know
whether the CHK1 levels changed after upregulating
miR376a. The results showed that the CHK1 levels decreased

after overexpressing miR376a (Fig. 3C) by western blot, and
that is why the cells showed a reduced G2 accumulation.

Overexpression of miR-376a sensitizes cells
to DNA damage-induced killing

G2 checkpoint facilitates homologous recombination re-
pair and therefore affects the radioresistance of cells.23–26 We
previously reported that MEPE/OF45 protects mammalian
cells from DNA damage-induced killing,4,5 suggesting that
miR-376a-expressing human cells may be more radiosensi-
tive than the cells transfected with control vector. To verify
this hypothesis, the cell survivals of miR-376a-expressing
cells (HeLa and HepG2) and the cells transfected with con-
trol vector were measured following DNA damage inducer
treatment. As expected, miR-376a-expressing cells were
sensitive to multiple DNA damage inducer including IR,

FIG. 4. Effects of miR-376a
on the survival of HeLa and
HepG2 cells. 2 · 103 cells were
plated in 96-well plates for 24
hours, HeLa cells (A–D) and
HepG2 cells (E–F) were
transfected with the plasmids
containing miR-376a
(squares) and control vector
(diamonds) for 24 hours, and
then exposed to 6 Gy (B) or
treated with 5 lM Camp-
tothecin (C and F) or 100 lM
Etoposide (D) for 16 hours, A
and E depict untreated cells.
The cell survival was deter-
mined using MTT assay as
described under ‘‘Experi-
mental Procedures.’’ Data
shown are the averages from
three independent experi-
ments.
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CPT, and Et than the cells transfected with control vector
(Fig. 4). These data suggest that overexpression of miR-376a
sensitizes cells from DNA damage-induced killing.

We previously reported that higher the level of MEPE/
OF45 was in the cell line, more resistant the cell line was to IR
or CPT.4 There were 293 cells with the lowest level of MEPE,
and they were most sensitive to IR or CPT.5 In addition, we
reported that knocking down MEPE could sensitize HeLa
cells to DNA damage inducers.4 Because miR-376a can target
MEPE and suppress MEPE protein level in human cells, we
used HeLa to test the G2 checkpoint responses and the cell
survivals, but not 293 cells.

Human chromosome 14 and syntenic regions of the distal
end of mouse chromosome 12 harbor the miR-376 cluster of
miRNA genes.27 Expression of miR-376 is detected in the
placenta, developing embryos, and adult tissues.27,28 Re-
search results show that in certain tissues the miR-376 cluster
transcripts are subject to RNA editing of converting adenosine-
to-inosine. Compared with normal miR-376, the edited miR-
376 RNA silences specifically a different set of genes; in these
targets, phosphoribosyl pyrophosphate synthetase 1, an en-
zyme involved in the uric-acid synthesis pathway, is re-
pressed by the edited miR-376; this process contributes to
tight and tissue-specific regulation of uric-acid levels.29

Enforced expression of miR-376a blocked erythroid dif-
ferentiation by targeting Argonaute 2(Ago2) and Cyclin-
Dependent Kinase 2(CDK2). The lentiviral vector-mediated
transduction of miR-376a into CD34 + stem/progenitor cells
(HPCs) delayed erythrocyte maturation in erythroid cultures
and prevented erythroid colony formation in a semisolid
medium.30 The re-expression of miR-376a and miR-376c lead
to attenuation of melanoma proliferation and migration.
These two miRNAs target IGF1R, a tyrosine kinase receptor
implicated in melanoma tumorigenesis and metastasis.31

MEPE protecting human cells from IR- or CPT-induced
killing mainly depends on its interaction with CHK1.4,5 The
specific molecular mechanism for this protective role of
MEPE could be linked to MEPE stabilizing CHK1 by re-
ducing CHK1 degradation. Because CHK1 is an essential
gene32,33 and MEPE is not,34 these results indicate that MEPE
is a new cofactor of CHK1, which could be a new target with
less side effects for sensitizing tumor cells to DNA damage
inducers and could benefit cancer treatment. Here, we first
report a new role of miR-376a that sensitized cells from DNA
damage-induced killing by downregulation of MEPE, it
provides that the miR-376a could be a new target for sensi-
tizing tumor cells to radiotherapy or chemotherapy.

Conclusions

In summary, we have characterized the role of miR-376a
in DNA damage response in human cervical cancer cells and
human adenocarcinoma cells. We show that overexpressing
miR-376a results in significant G2 phase reducing and sen-
sitive cells from DNA damage-induced killing by down-
regulation of MEPE, and also provides useful information for
miRNA-based drug development.
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