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Background: How SET8 is regulated is not fully understood.
Results:MicroRNA-7 down-regulates SET8 and inhibitsH4K20monomethylation, suppressesmetastasis of breast cancer cells,
and sensitizes cells to DNA damages.
Conclusion:MicroRNA-7 is a negative regulator of SET8.
Significance: This work aids our understanding of the biological function of microRNA-7, supporting the pursuit of
microRNA-7 as a potential target for breast cancer intervention.

SET8 (SET domain containing 8) is a histone H4 lysine 20
(H4K20)-specific monomethyltransferase in higher eukaryotes
that exerts diverse functions in transcription regulation, DNA
repair, tumor metastasis, and genome integrity. The activity of
SET8 is tightly controlled during cell cycle through post-trans-
lational modifications, including ubiquitination, phosphoryla-
tion, and sumoylation. However, how the expression of SET8 is
regulated is not fully understood. Here, we report that
microRNA-7 is a negative regulator of SET8. We demonstrated
that microRNA-7 inhibits H4K20 monomethylation and sup-
presses epithelial-mesenchymal transition and the invasive poten-
tial of breast cancer cells. We showed that microRNA-7 promotes
spontaneous DNA damages and sensitizes cells to induced DNA
damages.Ourexperimentsprovideamolecularmechanismfor the
regulation of SET8 and extend the biological function of
microRNA-7 to DNA damage response, supporting the pursuit of
microRNA-7 as a potential target for breast cancer intervention.

MicroRNAs (miRNAs)2 are a cluster of evolutionarily con-
served, non-encoding single-stranded RNA molecules of
20–24 nucleotides. These molecules function to silence gene
expression by binding to partially complementary recognition
sequences of the 3�-UTRs of target mRNAs, leading to either
mRNA degradation or translation inhibition (1, 2). More than
30% of human genes appear to have been under selective pres-
sure tomaintain their pairing tomiRNAseeds, suggesting a role

of miRNAs in posttranscriptional repression of these genes.
With a growing number of oncogenes and tumor suppressor
genes that have been found to be under the control of miRNAs,
the importance of miRNAs in cell cycle progression, cell prolif-
eration, genome stability, and malignant transformation is
becoming increasingly recognized (3).
MicroRNA-7 (miR-7) is an intronic miRNA that resides in

three different gene loci in the human genome and is conserved
among all species (4). Aberrant expression of miR-7 was
observed in variousmalignancies, including breast cancer (5, 6),
glioblastomas (7), and gastric and colorectal cancers (8). Func-
tionally, miR-7 has been characterized as a putative tumor sup-
pressor through its suppression of the expression of multiple
EGF receptor signaling-related genes, including EGF receptor
as well as its downstream kinase RAF1 (9), p21-activated kinase
1, and insulin receptor substrate-2 (10). Moreover, a range of
functionally important genes, including Kruppel-like factor 4
(5), Yin Yang 1 (YY1) (11), focal adhesion kinase (6), and insu-
lin-like growth factor 1 receptor (12), have also been reported to
be miR-7 targets, suggesting its profound role in malignant
transformation and metastasis.
SET8 (also known as PR-Set7/9, SETD8, KMT5A), amember

of the SET domain-containing methyltransferase family that
specifically targets H4K20 for monomethylation, has been
implicated in a diverse array of biological processes, including
controlling gene transcription (13, 14), maintaining genome
integrity (15, 16), regulating cell cycle progression (17, 18), and
mediating DNA damage and repair (19, 20). In addition to
H4K20, SET8 was also reported to methylate p53 at lysine res-
idue 382 (p53K382me1) and to repress p53-mediated tran-
scriptional activation of target genes (21). Previously, we
reported that SET8 is functionally linked to TWIST and acts,
via its H4K20 monomethylation activity, as a dual epigenetic
modifier on the promoters of the TWIST target genes E-cad-
herin and N-cadherin (22).
Although the importance of SET8 in cell proliferation and

homeostasis is well recognized and its activity is believed to be
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tightly controlled during cell cycle through post-translational
modifications, including ubiquitination, phosphorylation, and
sumoylation, how the expression of SET8 is regulated is poorly
understood. In this report, we identified miR-7 as a negative
regulator of SET8. We showed that miR-7 inhibits H4K20
monomethylation through targeting the 3�-UTR of SET8
mRNA. We demonstrated that miR-7 suppresses epithelial-
mesenchymal transition (EMT) and invasion of breast cancer
cells. We found that miR-7 promotes spontaneous DNA dam-
ages and sensitizes cells to induced DNA damages.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The source of antibodies against
following proteins was as follows. Tubulin and p53 were from
B&MBIOTECHCO., Ltd.; SET8, RAD51, and 53BP1were from
Cell Signaling Technology; E-cadherin, �-catenin, �-catenin,
N-cadherin, and�-cateninwere fromBDBiosciences; fibronectin,
H4, H3K4me3, H3K9me3, H3K27me3, H4K36me3, and
H4K20me1 were fromAbcam; �H2AXwas fromMillipore. Con-
trol siRNA, SET8 siRNA, and miR-7 mimics were synthesized by
Shanghai GeneChem, Inc. (Shanghai, China). MiR-7 inhibitors
were obtained fromDharmacon.
Cell Culture and Cell Transfection—MCF-7 and MDA-MB-

231 cells were from the American Type Culture Collection
(Manassas, VA). MCF-7 cells were maintained in DMEM
(Hyclone) supplemented with 10% FBS. MDA-MB-231 cells
were cultured in Leibovitz’s L-15 medium with 10% FBS at
37 °Cwithout CO2. Plasmids transfection was carried out using
Megatran (version 1.0, Origene) according to the manufactur-
er’s recommendations.
Plasmid Construction and Luciferase Assays—The wild-type

andmutant SET8 3�-UTRwere amplified by PCR and cloned in
pMIR-REPORT (Ambion) with firefly luciferase. These PCR
products were digested and ligated into the SpeI-Hind III sites
of pMIR-REPORT vectors to generate a series of reporter con-
structs. The luciferase assays were performed inMCF-7 cells as
described previously (23). MCF-7 cells treated with control,
miR-7 mimics, or miR-7 inhibitors were transfected with wild-
type or mutants of SET8 3�-UTR luciferase reporters together
with Renilla plasmid. 48 h after transfection, the firefly and
Renilla luciferases were assayed according to the manufactur-
er’s instructions (Promega), and the firefly luciferase activity
was normalized to that of Renilla luciferase. Each experiment
was repeated in triplicate. SET8 3�-UTRwt-1 (forward primer),
5�-CTTCTTCAAAGGACAAAGTGCC-3�; SET8 3�-UTR
wt-1 (reverse primer), 5�-TACAAAGCTAAACCACAAACA-
GG-3�; SET8 3�-UTR wt-2 (forward primer), 5�-GGACTAGT-
CTTCAAAGGACAAAGTGC-3�, SET8 3�-UTR wt-2 (reverse
primer), 5�-GGGCCGGCACGTTAGGGGAACAAGAG-3�;
SET8 3�-UTR wt-3 (forward primer), 5�-GGACTAGTACTC-
AGCACAGGTTTTAGA-3�; SET8 3�-UTR wt-3 (reverse
primer), 5�-GGGCCGGCATTTCTGGTCCCACTACA-3�;
SET8 3�-UTR wt-4 (forward primer), 5�-ATGCAGTCAAAG-
ACTCAGCACAG-3�; SET8 3�-UTR wt-4 (reverse primer), 5�-
GACAGCAGGTCTGGAACTTTCAA-3�; SET8 3�-UTR
mut-1 (forward primer), 5�-GCCGAACGTTTGTGCCCTCC-
GTGTGCATGCAGTCAAAGAC-3�; SET8 3�-UTRmut-1 (re-
verse primer), 5�-GTCTTTGACTGCATGCACACGGAGGG-

CACAAACGTTCGGC-3�; SET8 3�-UTR mut-2 (forward
primer), 5�-GTTTTTGCAGTAGCTAGACCTTCCCTCTG-
CTTTCTCGAA-3�, SET8 3�-UTR mut-2 (reverse primer), 5�-
TTCGAGAAAGCAGAGGGAAGGTCTAGCTTACTGCA-
AAAAC-3�; SET8 3�-UTR mut-3 (forward primer), 5�-CCGG-
GCATAGATTTCCACGTACACAAGCTGCCGCTTTTCT-
3�, SET8 3�-UTRmut-3 (reverse primer), 5�-AGAAAAGCGG-
CAGCTTGTGTACGTGGAAATCTATGCCCGG-3�; and
SET8 3�-UTR mut-4 (forward primer), 5�-ATGCAGTCAAA-
GACTCAGCACAG-3�; SET8 3�-UTR mut-4 (reverse primer),
5�-GACAGCAGGTCTGGAACTTTCAA-3�.
RNA Isolation and Real-time Quantitative PCR—Total cel-

lular RNAs were isolated with the TRIzol (Invitrogen) and the
first strand cDNA synthesis was performed with the reverse
transcription system (Promega). Quantization of all gene tran-
scripts was done by real-time quantitative PCR using Power
SYBR Green PCR Master Mix and an ABIPRISM 7300
sequence detection system (Applied Biosystems, Foster City,
CA) with the expression of GAPDH or U6 as the internal con-
trol. The primer pairs used were as follows: GAPDH (forward
primer), 5�-CCCACTCCTCCACCTTTGAC-3� and GAPDH
(reverse primer), 5�-CATACCAGGAAATGAGCTTGACAA-3�;
SET8 (forward primer), 5�-ACTTACGGATTTCTACCCTGT-
C-3� and SET8 (reverse primer), 5�-CGATGAGGTCAATCTTC-
ATTCC-3�;miR-7 (reverse transcription primer), 5�-CTCAACT-
GGTGTCGTGGAGTCGGCAATTCAGTTGAGACAACAAAA-
T-3�; miR-7 (forward primer), 5�-ACACTCCAGCTGGGTGGA-
AGACTAGTGAT-3� and miR-7 (reverse primer), 5�-TGGTGT-
CGTGGAGTCG-3�;U6 (reverse transcription primer), 5�-AAA-
ATATGGAACGCTTCACGAATTTGC-3�; U6 (forward
primer), 5�-CCTGCTTCGGCAGCACA-3� and U6 (reverse
primer), 5�-TGGAACGCTTCACGAA-3�.
Fluorescence Confocal Microscopy—MCF-7 cells were plated

into six-well chamber slides and were transfected with control,
miR-7 mimics, or miR-7 inhibitors with/without SET8 cDNA
lacking 3�-UTR for 36 h. Cells were washed with PBS, fixed in
4% (w/v) paraformaldehyde, permeabilized with 0.1% (v/v) Tri-
ton X-100 in PBS, blocked with 0.8% BSA, and incubated with
appropriate primary antibodies followed by staining with FITC
or RITC-conjugated secondary antibodies. Cells were washed
four times and a final concentration of 0.1 �g/ml DAPI (Sigma)
was included in the last washing to stain nuclei. Images were
visualized and recorded with an Olympus FV1000S confocal
microscope.
Transwell Invasion Assay—The Transwell invasion assays

were performed using the Transwell chamber (Chemicon, Inc.)
with a Matrigel-coated filter. MDA-MB-231 cells were trans-
fected with control, miR-7 mimics, or miR-7 inhibitors with/
without SET8 cDNA lacking 3�-UTR. 48 h later, cells were
deprived in serum-free Leibovitz’s L-15 medium. After 18 h of
deprivation, cells were harvested, washed three times in PBS,
and resuspended in serum-free culture medium. Afterward,
1 � 106 of these cells in 300 �l of serum-free medium were
plated onto the upper chamber of the transwell. The upper
chamber was then transferred to a well containing 500 �l of
medium supplemented with 10% FBS and incubated for 24 h.
Cells may actively migrate from the upper to the lower side of
the filter due to FBS as attractant. Cells on the upside were
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removed using cotton swabs, and the invasive cells on the lower
side were fixed, stained with 0.1% crystal violet solution, and
counted using light microscope. The experiments were
repeated three times.
Homologous Recombination (HR) and Nonhomologous End-

Joining (NHEJ) Assays—DR-GFP-U2OS and EJ5-GFP-HEK293
stable cell lines (kindly provided by Dr. Xingzhi Xu, The Capital
Normal University) were transfected with control or miR-7mim-
ics with/without SET8 cDNA lacking 3�-UTR for 6 h prior to
transfection with PCBASce or pCAGGS-Ds-red (transfection
indicator).After 48hof transfection,HRorNHEJ repair efficiency
was measured with the percentage of GFP-positive by FACScan.
Clonogenic Assay—MCF-7 cells were transfected with con-

trol or miR-7 mimics with/without SET8 cDNA lacking
3�-UTR. After 48 h of transfection, cells were challenged with
different concentrations of VP16 or camptothecin, and then
were plated in triple wells at 1000 cells/60-mm2 dish. After 14
days, the colonies were stainedwith 0.1% crystal violet solution,
and counted using light microscope. Colonies were defined as
groups of 30 or more cells and survival potential was calculated
as a percentage of colonies relative to untreated controls. The
experiment was repeated three times.

RESULTS

Histone Methyltransferase SET8 Is a Downstream Target of
miR-7—MiR-7 is implicated in cell proliferation and apoptosis,
and its expression is dysregulated in many types of tumors,
including breast cancer (10). To further explore the functional
role of miR-7 in pathophysiological settings, we sought to iden-
tify additional targets formiR-7. Analyses based on three public
algorithms (TargetScan, PicTar, and miRanda) and of the data
about miR-7-downregulated genes in three cell lines (HN5,
A549, and FaDu) from microarrays (9, 24) yielded several
potential targets formiR-7 with high confident scores (Fig. 1A),
including SET8, PSME3, POLE4, CKAP4, and CNN3, as well as
RAF1, a known target of miR-7. In light of our previous obser-
vation that SET8 is implicated in the development and progres-
sion of breast cancer (22), we focused our study on SET8.West-
ern blotting analysis showed a marked reduced level of SET8
protein in miR-7 mimic-transfected MCF-7 cells (Fig. 1B), and
further bioinformatics analysis of miRanda indicated that the
SET8 3�-UTR harbors four potential miR-7 target sites (A, B, C,
and D) (Fig. 1C). These sites are either completely (B and D) or
partially (A and C) complementary to a heptamer motif
5�-GGAAGAC-3� that is found in the seed region of human
miR-7 (Fig. 1C).
To verify the proposition that SET8 is a downstream target of

miR-7, reporter assays were performed inMCF-7 cells with the
luciferase gene driven by either wild-type or mutated SET8
3�-UTR sequences (Fig. 1D), including the full-length and three
deletions of the wild-type SET8 3�-UTR (wt-1, 2, 3, 4) as well as
4mutants of SET8 3�-UTR (mut-1, 2, 3, 4), with each containing
three point mutations (Fig. 1E). The results showed a 60%
reduction in luciferase activity with wt-1 (the full-length wild-
type SET8 3�-UTR) in MCF-7 cells transfected with miR-7
mimics. Consistent with our prediction, the sites B andD play a
more important role in the binding of miR-7 to SET8 3�-UTR,
as there were more evident decreases in luciferase activity with

wt-3, wt-4 and mut-3, compared with that with wt-2 (Fig. 1F).
Moreover, the binding of miR-7 to sites B and D of SET8
3�-UTR was specific, as the point mutation of corresponding
sites (mut-2 and mut-4) disrupted miR-7 repressive activity on
reporter gene expression, whereas mutation of sites A (mut-1)
did not change luciferase activity (Fig. 1F). Consistently, treat-
ment with miR-7 inhibitors led to a reverse trend of luciferase
activity with wt-1, 3, 4, and mut-3 (Fig. 1G). Taken together,
these results suggest thatmiR-7 binds to SET8 3�-UTR and that
SET8 is a downstream target of miR-7.
miR-7 Promotes SET8 mRNA Degradation and Inhibits

H4K20 Monomethylation—In view of the fact that miRNAs
silence genes by translational inhibition and mRNA destabili-
zation (25), we next investigated the effect of miR-7 on the
expression of SET8 mRNA and protein. For this purpose,
MDA-MB-231 and MCF-7 cells were transfected with control
ormiR-7mimics, followed by themeasurement of SET8mRNA
and protein expression by real-time quantitative PCR (qPCR)
and Western blotting, respectively. The results showed that
miR-7 overexpression led to �40 and 60% decrease in SET8
mRNA in MDA-MB-231 and MCF-7 cells, respectively (Fig.
2A), and Western blotting analysis also showed a marked
reduction of SET8 protein expression in cells transfected with
miR-7 mimics (Fig. 2A). Consistently, treatment of the cells
with miR-7 inhibitors resulted in an �2-fold increase in SET8
mRNA (Fig. 2B) and a pronounced elevation in SET8 protein
expression (Fig. 2B). To determine the impact of miR-7 on
SET8 mRNA stability, MCF-7 cells and MDA-MB-231 cells
were transfected with miR-7 mimics or miR-7 inhibitors fol-
lowed by treatmentwith transcription inhibitor actinomycinD.
Real-time qPCR measurement showed that miR-7 depletion
was associated with an increased SET8 mRNA half-time,
whereas miR-7 overexpression led to a reduced SET8 mRNA
half-time (from8 to 4 h) (Fig. 2C), further supporting the notion
that miR-7 represses SET8 expression through destabilization
of SET8 mRNA.
As stated above, SET8 is a member of SET domain-contain-

ing methyltransferase family that specifically catalyzes mono-
methylation of histone H4 Lys-20 (H4K20me1). The observa-
tion that miR-7 influences the mRNA level of SET8 prompted
us to investigate whether miR-7 could impact on monomethy-
lation of H4K20. Consistent with decreased expression of SET8
protein, reduction of H4K20me1 was observed in miR-7 mimic-
transfected MCF-7 cells and MDA-MB-231 cells, whereas no
significant difference in H3K4me3, H3K9me3, H3K27me3,
H3K36me3, and total histone H4 were detected in these cells
(Fig. 2D). In contrast, cells that were treated with miR-7 inhib-
itors exhibited increased levels of H4K20me1 (Fig. 2D), sup-
porting the argument that miR-7 inhibits H4K20 monomethy-
lation by promoting SET8 mRNA degradation.
It was reported that SET8 could also methylate p53 at lysine

382 (p53K382) and suppress p53-mediated transcription acti-
vation of target genes such as p21 protein (21). Therefore, we
tested whether miR-7 could regulate the activity of p53 and the
expression of its downstream genes in breast cancer cells.
Western blotting analysis showed an elevation of p21 expres-
sion in miR-7 mimic-treated cells, whereas miR-7 inhibitor
treatment led to a reverse trend of p21 protein but not p53 itself
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(Fig. 2D). Collectively, these data indicate that miR-7 inhibits
H4K20 monomethylation and promotes p53 transcriptional
activity by targeting SET8.

miR-7 Suppresses EMT and Invasion of Breast Cancer Cells
by Down-regulating SET8—Wenext investigated the biological
significance of miR-7-downregulated SET8 expression. To this
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deletions of the wild-type SET8 3�-UTR (wt-1, 2, 3, 4) as well as four mutants of SET8 3�-UTR (mut-1, 2, 3, 4). The normalized luciferase activity in the control group
was set as relative luciferase activity. Each bar represents the mean � S.D. for triplicate experiments. p values were determined by Student’s t test. *, p � 0.05.
G, luciferase reporter assays were performed in MCF-7 cells that co-transfected with negative control (In-NC) or miR-7 inhibitors (In-miR-7) together with the
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bar represents the mean � S.D. for triplicate experiments. p values were determined by Student’s t test. *, p � 0.05.
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end, we first examined the expression of endogenous SET8 pro-
tein and miR-7 expression in breast cancer cells. As shown in
Fig. 3A, higher expression of SET8 and lower miR-7 levels were
observed inmetastaticMDA-MB-231 cells compared with that

in non-metastatic MCF-7 cells. Based on our previous report
that SET8 promotes EMT and metastasis of breast cancer (22),
it is reasonable to postulate that miR-7 also play a role in EMT
andmetastasis of breast cancer cells. To test this hypothesis, we
examined cell morphology and expression of epithelial/mesen-
chymal markers in miR-7 mimic- or miR-7 inhibitor-trans-
fected MDA-MB-231 cells by microscopy and Western blot-
ting, respectively. Although control MDA-MB-231 cells
maintained a spindle-like, fibroblastic morphology represent-
ing mesenchymal cell morphology, miR-7 mimic-transfected
cells displayed a scattering and cobble stone-like appearance
(Fig. 3B). Meanwhile, miR-7 inhibitor-treated cells still kept
mesenchymal cell morphology and even became longer and
thinner (Fig. 3B). Consistent with this, immunofluorescent
microscopy showed an elevation of E-cadherin and �-catenin
staining in miR-7-overexpressing MDA-MB-231 cells com-
pared with that in control cells, whereas vimentin, a mesenchy-
mal marker, exhibited a reverse trend (Fig. 3C). In agreement
with the results, we found that overexpression of miR-7
resulted in increases in the expression levels of epithelial mark-
ers (E-cadherin, �-catenin, �-catenin, and �-catenin) and
decreases in that of mesenchymal markers (N-cadherin,
fibronectin, and vimentin), as shown by immunoblotting (Fig.
3D). Conversely, repression of miR-7 with specific inhibitors in
MDA-MB-231 cells was associated with an evident derepres-
sion of themesenchymalmarkers and a significant deactivation
of the epithelial markers, as shown by immunoblotting (Fig.
3D).Moreover,miR-7 expressingMDA-MB-231 cells thatwere
co-transfected with the SET8 expression construct containing
SET8 coding sequence but lacking the SET8 3�-UTR, which is
resistant to miR-7, attenuated the morphological alterations
and epithelial/mesenchymalmarker changes induced bymiR-7
(Fig. 3, B–D). The restoration of SET8 expression was con-
firmed by immunoblotting (Fig. 3D), supporting a notion that
the impact of miR-7 on EMT and expression of epithelial/mes-
enchymal markers in breast cancer cells is mediated by SET8.
To substantiate the role of miR-7 in tumor migration and

invasion, the effect of gain-of-function or loss-of-function of
miR-7 on the invasive potential in MDA-MB-231 cells was
investigated by wound-healing assays. The results showed that
miR-7 inhibitor-treated cells were more efficient in wound
healing, whereas miR-7 mimic-treated cells were somewhat
resistant to wound healing (Fig. 3E). In addition, transwell inva-
sion assays showed that miR-7 overexpression inhibited the
invasion of MDA-MB-231 cells by 4.5-fold, whereas miR-7
knockdown promoted the invasion by 3-fold (Fig. 3F). More-
over, miR-7-suppressed EMT of breast cancer cells was proba-
blymediated by SET8, as ectopic expression of SET8was able to
rescue the effect of miR-7 on tumor migration and invasion
(Fig. 3, E and F). Together, these results support an argument
that miR-7 suppresses EMT and invasion of breast cancer cells
and that this activity is, at least partially, mediated by targeting
SET8.
miR-7 Promotes Spontaneous DNA Damages and Sensitizes

Cells to Induced DNA Damages—It was reported that loss of
function of SET8 was associated with decreases in H4K20me1
and increases in DNA double-strand breaks (15). In light of our
observation that SET8 is subjected to negative regulation by

A

B

D

M C F -7M D A -M B -231

S E T8

Tu bu lin

M D A -M B -231 M C F -7

Tu bu lin

S E T8

0

0 .4

0 .8

1 .2

*

R
el

at
iv

e 
le

ve
ls

 o
f 

S
E

T8
m

R
N

A 

M D A -M B -231 M C F -7

*

N C     m iR -7    

M D A -M B -231 M C F -7
0

1

2

3

R
el

at
iv

e 
le

ve
ls

 o
f 

S
E

T8
m

R
N

A

In -m iR -7    In -NC     

* *

H 4K 20m e1

H 4

Tu bu lin

S E T8

p53

p21

H 3K 4m e3

H 3K 9m e3

H 3K 27m e3

H 3K 36m e3

M D A -M B -231 M C F -7 M D A -M B -231 M C F -7

0

30

60

90

120

NC
miR-7
In-NC
In-miR-7

0  2 4 6  8  h rs

%
 R

em
ai

ni
ng

 o
f 

S
E

T8
m

R
N

A

M D A -M B -231

0

30

60

90

120

NC
miR-7
In-NC
In-miR-7

M C F -7C

0  2 4 6  8  h rs

FIGURE 2. miR-7 promotes SET8 mRNA degradation and inhibits H4K20
monomethylation. A and B, MiR-7 represses SET8 mRNA and protein expres-
sion. The endogenous SET8 mRNA (left panel) and protein expression (right
panel) were measured by real-time qPCR and Western blotting, respectively.
MDA-MB-231 and MCF-7 cells were transfected with control, miR-7 mimics, or
miR-7 inhibitors for 48 h. The relative level of SET8 mRNA was normalized to
GAPDH. Each bar represents the mean � S.D. for triplicate experiments. p
values were determined by Student’s t test. *, p � 0.05. C, miR-7 destabilizes
SET8 mRNA. MDA-MB-231 and MCF-7 cells were transfected with control,
miR-7 mimics, or miR-7 inhibitors for 36 h and then treated with actinomycin
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sured by qPCR, and the relative level of SET8 mRNA was normalized to GAPDH.
Each bar represents the mean � S.D. for triplicate experiments. D, miR-7
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miR-7, we asked the question what role, if any, miR-7 plays in
DNA damage response. For this purpose, MCF-7 cells were
treated with control or miR-7 mimics for 36 h and challenged
with DNA-damaging agents, etoposide (VP-16), or camptoth-
ecin for 4 h. Western blotting analysis indicated the levels of
phosphorylated H2A.X (�H2AX) increased in miR-7 mimic-
treated cells both in the presence and absence of VP-16 or
camptothecin (Fig. 4A). Consistently, immunofluorescent
microscopy showed that, compared with control, miR-7 mim-
ic-treated cells were enriched with nuclear foci of �H2AX, sug-
gesting that miR-7 promotes the accumulation of spontaneous
DNA damages (Fig. 4B). Treatment with VP-16 or camptoth-
ecin led to intensified enrichments of �H2AX foci, suggesting
that miR-7 sensitizes cells to induced DNA damages (Fig. 4B).

To further consolidate miR-7-induced cellular sensitivity to
DNA damage, we tested the effect of miR-7 on cell survival and
apoptosis under the exposure of DNA damaging agents. For
this purpose,MCF-7 cells treatedwith control ormiR-7mimics
were challenged with VP-16 or camptothecin. Clonogenic
assays showed that a more pronounced decrease in the cell
viability was detected upon exposure of miR-7-overexpressing
MCF-7 cells to DNA damaging agents of increased concentra-
tions (Fig. 4C), which could be partially reversed by reconstitu-
tion of SET8. Consistently, transfection of miR-7 mimics in
MCF-7 cells resulted in an increased number of cells that
underwent apoptosis, which was further exacerbated when
cells were exposed to VP-16 or camptothecin (Fig. 4D). More-
over, flow cytometry showed miR-7 overexpression caused a
delay of cell cycle progression, revealing that miR-7-induced
DNA damage could potentially cause the activation of check-
point and cell cycle arrest (Fig. 4E). Collectively, these observa-
tions suggest that miR-7 promotes cellular susceptibility to
genotoxic agents, and the effect is, at least partially, through its
targeting of SET8.
miR-7 Impedes both HR and NHEJ of DNA Repair—Given

the importance of H4K20 methylation in DNA damage
response (26, 27), we next explored howmiR-7 influences DNA
repair. Immunofluorescent staining showed that miR-7 sup-
pressed the formation of nuclear foci of 53BP1 and RAD51, two
key proteins that are recruited at damage sites of chromosomes
duringDNA repair (28–30), inMCF-7 cells under the exposure
of VP-16 or camptothecin (Fig. 5A).
To understand further the role of miR-7 in DNA repair, we

investigated the pathway where miR-7 impacts DNA repair,
HR, or NHEJ. For this purpose, we utilized two stable cell lines,
DR-GFP-U2OS and EJ5-GFP-HEK293, whichwere designed to
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mimics or miR-7 inhibitors with/without SET8 cDNA lacking the 3�-UTR. The
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the effect of miR-7 on expression of epithelial/mesenchymal markers in MDA-
MB-231 cells. Cells were transfected with control or miR-7 mimics and/or SET8
cDNA lacking the 3�-UTR. The immunofluorescence staining of epithelial
(E-cadherin and �-catenin) and mesenchymal (vimentin) markers (green)
were visualized by confocal microscopy, and DAPI staining (blue) was
included to visualize the cell nucleus. D, cells were transfected with miR-7
mimics or miR-7 inhibitors with/without SET8 cDNA lacking the 3�-UTR.

Immunoblotting examination of the epithelial/mesenchymal markers in
MDA-MB-231 cells using antibodies against the indicated proteins. E, MDA-
MB-231 cells were transfected with miR-7 mimics or miR-7 inhibitors with/
without SET8 cDNA lacking the 3�-UTR. Wound healing assays were deter-
mined by phase-contrast microscopy at the indicated time points. Each bar
represents the mean � S.D. for triplicate experiments. p values were deter-
mined by Student’s t test. *, p � 0.05. F, MDA-MB-231 cells were transfected
with miR-7 mimics or miR-7 inhibitors with/without SET8 cDNA lacking the
3�-UTR for 48 h. Cells were starved for 18 h before transwell invasion assay
were performed using Matrigel transwell filters. The invaded cells were
stained and counted. The images represent one field under microscopy in
each group. Each bar represents the mean � S.D. for triplicate experiments. p
values were determined by Student’s t test. *, p � 0.05. NC, negative control;
In-miR-7, miR-7 inhibitors.
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measure HR and NHEJ, respectively (26, 27). The systems uti-
lize GFP as a recombination reporter and I-SceI endonuclease
for introduction of double-strand breaks. The repair by HR or
NHEJ restores functional GFP expression, and a fluorescent
signal can be detected by flow cytometry (31). As shown in Fig.
5, B and C, the efficiency of both HR and NHEJ decreased by
�2-fold in miR-7 mimic-treated cells. Ectopic expression of
SET8 partially restored repair potential of the cells. It appears
that miR-7 impedes both homologous recombination and non-
homologous end joining ofDNArepair, and the effect is, at least
partially, through its targeting of SET8. Significantly, increased
miR-7 levels were also detected in MCF-7 cells exposed to
VP-16, camptothecin, or UV (Fig. 5D), as measured by qPCR,
suggesting that miR-7 could be induced in DNA damage
responses.

DISCUSSION

Epigenetic regulation, by means of DNA methylation, his-
tone modification, chromatin remodeling, and miRNAs, play
important roles in a wide range of biological processes, such as
X-chromosome inactivation (32), imprinting (33), reprogram-
ming (34), and gene silencing (35). Each of the epigeneticmech-
anisms does not work alone but forms an essential and intricate
networkwith each other. For example, it has been reported that
the promoters in about half ofmiRNAs are associatedwithCpG
islands that may be repressed by DNAmethylation (36). More-
over, a series of histone-modifying enzymes are subject to
miRNA modulation. For example, the expression of enhancer
of Zeste 2 (EZH2) is inhibited by miR-101 (37), miR-26a (38)
andmiR-214 (39) in cancer cell lines;miR-137 targets LSD1 and
forms a feedback regulatory loop to participate in neural stem
cell proliferation and differentiation during neural develop-
ment (40, 41).We report here thatmiR-7 is a negative regulator
of histone methyltransferase SET8 that inhibits H4K20
monomethylation, aiding the understanding of the complexity
of the epigenetic regulatory network.
Thus far, more than 1500 human miRNAs are annotated,

which regulate �30% of the total genomic mRNAs, many of
which are associated with a carcinogenic potential (42). It has
been reported thatmiR-7 targets, in addition to BCL-2 (43) and
YY1 (11), gene transcripts whose protein products are linked to
EGF receptor signaling, including EGF receptor itself (9),
RAF-1 (9), p21-activated kinase 1 (44), IRS-1 (45), and insulin
receptor substrate-2 (10), to regulate cell proliferation and apo-
ptosis. A recent report showed that miR-7 functions as an anti-
metastaticmicroRNA in gastric cancer by targeting IGFR1 (12).
Our current study demonstrated that SET8 is an additional
target of miR-7. Significantly, we showed that miR-7 sup-
pressed EMT and invasion of MDA-MB-231 cells, consistent
with our previous observation that SET8 and TWIST are func-
tionally interdependent in promoting EMT and the invasive
potential of breast cancer cells (22).
We demonstrated that miR-7 promoted spontaneous DNA

damages and impedes DNA repair, extending its role in DNA
damage response. Recent studies indicate that miR-421 and
miR-182 are also implicated in DNA damage response and
affect cellular sensitivity to DNA damaging agents by targeting
ATM (46) or BRCA1 (47), respectively. It is reasonable to

V P -16
N C  

A

H 4K 20m e1

H 4

Tu bu lin

S E T8

γ−H 2A X
N C  m iR -7  

C P T

B

γ−H 2A X

D A P I

m iR -7N CN C m iR -7  m iR -7N C
V P -16 C P T

m iR -7  N C  m iR -7  

C

0

25

50

75

100

NC
miR-7
NC+SET8
miR-7+SET8

C P T                    

Su
rv

iv
al

 co
lo

ni
es

 (%
) 

*

*
*
µM   0 21 4n M0 8020 320

0

25

50

75

100

NC
miR-7
NC+SET8
miR-7+SET8

Su
rv

iv
al

 co
lo

ni
es

 (%
) 

V P -16

*
*

*

3  h

9  h

13  h

6  h

0  h

11  h

N C m iR -7

D N A  con ten t
2N   4N 2N   4N

E

Veh ic le

Veh ic le

D

50.88%

6.08%

12.63%

3.69%

10.09%

2.74%

N C
13.19%

2.09%

m iR -7  

Vehicle
VP

-16

6 .24%

2.45%

51.69%

5.38%

CPT

FIGURE 4. miR-7 promotes spontaneous DNA damages and sensitizes
cells to induced DNA damages. A, MCF-7 cells were treated with control or
miR-7 mimics for 36 h and challenged with 80 nM etoposide (VP-16) or 2 �M
camptothecin (CPT) for 4 h. Cellular lysates were analyzed by Western blotting
using antibodies against the indicated proteins. B, MCF-7 cells were treated
with control or miR-7 mimics for 36 h and challenged with 80 nM VP-16 or 2 �M
camptothecin for 4 h. Immunofluorescence staining of �-H2AX foci (red) was
visualized by confocal microscopy and DAPI staining (blue) was included to
visualize the cell nucleus. C, the effect of miR-7 on cell survival under the
exposure of genotoxic agents. MCF-7 cells were transfected with control or
miR-7 mimics, and/or SET8 cDNA lacking the 3�-UTR, challenged with the
indicated concentrations of VP-16 or camptothecin, and subjected to colo-
genic survival assays. Cells were stained with crystal violet and air-dried after
14 days. Numbers of colonies (�30 per colony) were scored by light micro-
scope. Each bar represents the mean � S.D. for triplicate experiments. p val-
ues were determined by Student’s t test. *, p � 0.05. D, the effect of miR-7 on
cell apoptosis under the exposure of genotoxic agents. MCF-7 cells were
treated with control or miR-7 mimics for 24 h, challenged with 40 nM etopo-
side (VP-16) or 1 �M camptothecin for 36 h, and stained with annexin V/pro-
pidium iodide before flow cytometry. E, the effect of miR-7 on cell cycle pro-
gression. MCF-7 cells treated with control or miR-7 mimics were synchronized
by double thymidine block and released into the cell cycle for the indicated
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believe that miRNAs, through regulation of the enrichment of
various DNA repair factors at the post-transcriptional level,
add another layer to the sophisticated regulatory network of
DNA repair system, ensuring the efficiency and accuracy of
DNA repair.
H4K20 monomethylation has been associated with nucleo-

some decondensation and DNA damage foci accessible for
recruitment of DNA repair proteins following DNA damage
(15). Although other as-yet-unidentified substrates cannot be
excluded, H4K20 monomethylation appears to be the major
effector of SET8 and a crucial mediator of its impact on DNA
repair. In support of this argument, it is noteworthy that embry-
onic stem cells lacking SET8 display massive DNA damage and
�H2AX foci (16). In addition, SET8 is somewhat unique among
histone methyltransferases in that its protein level oscillates
during cell cycle progression. It is highly expressed during
G2/M and early G1 and is absent during S phase (48, 49). Thus,
tight regulation of SET8 appears to be essential for proper cell
cycle progression. Recent studies showed that SET8 is also reg-
ulated at the transcriptional level (50, 51). Our observation that
SET8 is targeted by miR-7 revealed a mechanism by which
SET8 is regulated post-transcriptionally, underscoring the
importance of SET8 regulation.
Finally, despite the progresses made in miRNA research, a

comprehensive understanding of the interplay/cross-talk
among theirmultiple targets is urgently needed.With the iden-
tification of a broad spectrum of target genes for miRNAs, it is
difficult and improper to divide the miRNAs into oncogenes
and tumor suppressors due to the diverse activities of target
genes and various cellular contexts for a particular miRNA.
This is probably also true for miR-7. Nevertheless, our experi-
ments provide a molecular mechanism underlying the regula-
tion of SET8 and extend the biological function of miR-7 to
DNA damage response, supporting the pursuit of miR-7 as a
potential target for breast cancer intervention.
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