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ABSTRACT

Recent evidence shows the emerging roles of endogenous microRNAs (miRNAs) in
repressing gene transcription. However, the miRNAs inhibiting the transcription of matrix
metalloproteinase 14 (MMP-14), a membrane-anchored MMP crucial for the tumorigenesis
and aggressiveness, still remain largely unknown. In this study, through mining
computational algorithm program and genome-wide Argonaute profiling dataset, we
identified one binding site of mMiRNA-337-3p (miR-337-3p) within the MMP-14 promoter.
We demonstrated that miR-337-3p was under-expressed and inversely correlated with
MMP-14 expression in clinical specimens and cell lines of neuroblastoma (NB), the most
common extracranial solid tumor in childhood. Patients with high miR-337-3p expression
had greater survival probability. miR-337-3p suppressed the promoter activity, nascent
transcription, and expression of MMP-14, resulting in decreased levels of vascular
endothelial growth factor, in cultured NB cell lines. Mechanistically, miR-337-3p recognized
its binding site and recruited Argonaute 2 to facilitate the enrichment of repressive
epigenetic markers and decrease the binding of RNA polymerase II and specificity protein 1
on the MMP-14 promoter. Gain- and loss-of-function studies demonstrated that miR-337-3p
suppressed the growth, invasion, metastasis, and angiogenesis of NB cells in vitro
and in vivo. In addition, restoration of MMP-14 expression rescued the NB cells from
changes in these biological features. Taken together, these data indicate that miR-337-3p
directly binds the MMP-14 promoter to repress its transcription, thus suppressing the
progression of NB.

INTRODUCTION

Neuroblastoma (NB), the most common extracranial
solid tumor derived from neural crest, accounts for
approximately 15% of all pediatric cancer deaths [1].
NB is characterized by heterogeneous clinical behaviors,
ranging from spontaneous regression to rapid progression
or resistance to multimodal treatment, such as surgery,
chemoradiotherapy, stem cell transplantation, and

immunotherapy [1]. Better understanding the mechanisms
underlying the progression and aggressiveness of NB is
needed for improving the therapeutic efficiency. Matrix
metalloproteinase 14 (MMP-14), also known as membrane
type-1 matrix metalloproteinase, is able to degrade various
extracellular matrix (ECM) components and facilitate
the tumor cells to remodel and penetrate the ECM [2].
Previous studies have indicated that MMP-14 promotes
the tumor invasion by functioning as a pericellular
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collagenase and an activator of proMMP-2, and is directly
linked to tumorigenesis and aggressiveness [3]. In
addition, MMP-14 promotes tumor angiogenesis through
facilitating the transcription of vascular endothelial growth
factor (VEGF) via activating the Src-tyrosine kinase
pathway and increasing the cell surface localization of
vascular endothelial growth factor receptor 2 [4—6]. Our
previous studies have shown that MMP-14 is highly
expressed in NB tissues and cell lines, and is correlated
the aggressiveness and poor outcome of NB patients
[7]. However, the regulatory mechanisms of MMP-14
expression in NB still remain largely unknown.

MicroRNAs (miRNAs), a class of small non-
coding RNAs with 22 to 25 nucleotides in length, are able
to inhibit gene expression at the post-transcriptional or
translational levels through forming base pairs with their
targets, usually in the 3'-untranslated region (3'-UTR) [8].
It has been established that miRNAs can participate in the
tumorigenesis and aggressiveness [8]. For example, miR-
203 inhibits the proliferation, migration, and invasion
of glioma cells by disrupting the roundabout homolog 1/
mitogen-activated protein kinase 1/matrix metalloproteinase
9 signaling axis [9]. miR-29b suppresses the growth,
invasion, and metastasis of prostate cancer cells through
repressing anti-apoptotic and pro-metastatic matrix
molecules [10]. Previous studies have identified many
aberrantly expressed miRNAs, which contribute to almost
all aspects of tumor biology of NB, such as proliferation,
apoptosis, differentiation, invasion, metastasis, and
angiogenesis [11], suggesting the important roles of
miRNAs in the progression and aggressiveness of NB.

In recent years, emerging studies show that endogenous
miRNAs participate in the heterochromatin formation and
regulation of gene transcription in human cells [12—15]. In
the current study, through mining computational algorithm
program and genome-wide Argonaute profiling dataset, we
identified one binding site of miRNA-337-3p (miR-337-3p)
within the MMP-14 promoter, implicating its potential roles in
the transcriptional control of MMP-14 in NB. We demonstrate,
for the first time, that miR-337-3p is under-expressed and anti-
correlated with MMP-14 expression in clinical NB specimens,
and directly binds the MMP-14 promoter to suppress its
transcription via inducing chromatin remodeling, thus
inhibiting the growth, invasion, metastasis, and angiogenesis of
NB cells in vitro and in vivo, suggesting the tumor suppressive
roles of miR-337-3p in the progression of NB.

RESULTS

miR-337-3p is under-expressed and inversely
correlated with MMP-14 levels in NB tissues
and cell lines

To investigate the hypothesis that miRNA may
participate in the transcription of MMP-14 in NB, we
searched the microPIR database [16] and genome-wide

Argonaute profiling data (GSE40536). Enrichment of
Argonaute 1 (AGO1) and Argonaute 2 (AGO2) was
noted at bases -148/-68 relative to the transcription start
site (TSS) of MMP-14. Within this region, there were
potential binding sites of miR-1825, miR-942, and miR-
337-3p with high complementarity, locating at bases
—117/-98, —106/—82, and —90/-71 relative to the MMP-14
TSS, respectively (Figure 1A). In addition, the binding
site of specificity protein 1 (Spl) was noted at -100/-95
bp region (Figure 1A). Dual-luciferase assay indicated
that transfection of miRNA mimic and inhibitor of miR-
337-3p, but not of miR-1825 or miR-942, resulted in
altered promoter activity of MMP-14 in cultured NB
cell lines (Figure 1B). Mining the public Oncogenomics
database (https://pob.abcc.ncifcrf.gov/cgi-bin/JK) revealed
that the miR-337-3p host gene locus, locating within an
imprinted region (chr14: 100397006-101488936) [17],
was associated with copy number loss in NB tissues
(Supplementary Figure S1A). RNA sequencing indicated
that the miR-337-3p levels in NB tissues were inversely
correlated with advanced international neuroblastoma
staging system (INSS) stages (P = 0.0196), tumor
progression (P = 0.0245), or MYCN amplification (P =
0.0365, Supplemenatry Figure S1B). In clinical tumor
tissues derived from GEO datasets (http://www.ncbi.nlm.
nih.gov/gds/), altered miR-337-3p levels were noted in
some types of cancer, including up-regulation in breast
cancer, glioblastoma, hepatocellular cancer, ovarian cancer,
prostate cancer, and testicular tumor (Supplementary
Figure S2A), and down-regulation in cervical cancer,
colon cancer, pancreatic cancer, and renal cell carcinoma
(Supplementary Figure S2B), suggesting the potential
roles of miR-337-3p in tumorigenesis. In clinical NB
and neuroblastic tumor specimens derived from the R2:
microarray analysis and visualization platform (http://
r2.amc.nl), the expression of MMP-14 was positively
correlated with that of MYCN (correlation coefficient R
=0.261, P=0.014; R =0.317, P = 0.014), VEGF (R =
0.434, P <0.0001; R = 0.485, P < 0.0001), or Spl (R =
0.405, P <0.0001; R =0.434, P =0.0003, Supplemenatry
Figure S1C). To further investigate the expression of miR-
337-3p, real-time quantitative RT-PCR was applied to
measure the mature miR-337-3p levels in normal dorsal
ganglia, 30 NB specimens, and cultured SK-N-SH, SK-
N-AS, SH-SYS5Y, and SK-N-BE(2) cell lines. As shown
in Figure 1C, miR-337-3p was under-expressed in the
NB tissues and cell lines compared with normal dorsal
ganglia. Lower miR-337-3p expression was observed in
NB tissues with poor differentiation (P = 0.0008, Figure
1D), advanced INSS stage (P = 0.0031, Figure 1E), or
MYCN amplification (P = 0.0169, Figure 1F). There was
an inverse correlation between miR-337-3p expression and
MMP-14 transcript levels in NB tissues (R =—0.727, P <
0.001, Figure 1G and Supplementary Table S1). Patients
with high MMP-14 (P = 0.001) or low miR-337-3p (P =
0.023) expression had lower survival probability than those
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Figure 1: miR-337-3p is under-expressed and inversely correlated with MMP-14 levels in NB tissues and cell lines.
A. scheme of potential binding sites of miR-1825, miR-942, miR-337-3p, and Sp1 within the MMP-14 promoter, locating at bases —117/—
98, —106/—-82, —90/-71, and —100/-95 relative to TSS. B. dual-luciferase assay showing the MMP-14 promoter activity in SH-SY5Y,
SK-N-BE(2), and SK-N-SH cells transfected with control mimic (mock), negative control inhibitor (anti-NC), and mimic or inhibitor
(100 nmol/L) of miR-1825, miR-942, or miR-337-3p. C. real-time quantitative RT-PCR showing the miR-337-3p levels in normal dorsal
ganglia (DG, n = 21), NB tissues (n = 30), and NB cell lines [SH-SY5Y, SK-N-SH, IMR-32, and SK-N-BE(2)]. D. real-time quantitative
RT-PCR revealing the miR-337-3p levels in NB tissues with poor (PD) or well differentiation (WD). E. real-time quantitative RT-PCR
showing the miR-337-3p levels in NB tissues with different INSS stages. F. real-time quantitative RT-PCR indicating the miR-337-
3p levels in MYCN-amplified and MYCN-non-amplified NB tissues. G. the correlation between miR-337-3p expression and MMP-14
transcript levels in NB tissues (n = 30). H. and 1. Kaplan—-Meier survival plots of 30 well-defined NB cases with high or low expression of
MMP-14 or miR-337-3p. *P < 0.01 vs. mock, anti-NC, or DG.
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with low or high expression, respectively (Figure 1H and
Figure 1I). These results indicated the under-expression
of miR-337-3p in NB tissues and cell lines, which was
inversely correlated with the MMP-14 transcript levels.

miR-337-3p inhibits the MMP-14 expression
through transcriptional repression

To explore the effects of miR-337-3p on MMP-14
expression in NB cell lines, we performed the miRNA over-
expression experiments. Stable transfection of miR-337-3p
precursor into SH-SYS5Y and SK-N-BE(2) cells increased
the cytoplasmic and nuclear miR-337-3p levels (Figure 2A).
Western blot, real-time quantitative RT-PCR, and nuclear run-
on assays demonstrated that stable over-expression of miR-
337-3p decreased the protein and nascent transcript levels
of MMP-14 in NB cells, than those stably transfected with
empty vector (mock) (Figure 2B, Figure 2C, and Figure 2D).
The expression levels of VEGF, the MMP-14 downstream
target gene in NB [7], were significantly decreased in miR-
337-3p over-expressing NB cells, consistent with the MMP-
14 reduction (Figure 2B and Figure 2C). Since the analysis
of microPIR database revealed no potential binding site
of miR-337-3p within the VEGF promoter, we ruled out
the possibility that miR-337-3p may directly suppress the
transcription of VEGF. To further examine the suppressive
roles of miR-337-3p in MMP-14 expression, we performed
the miRNA knockdown experiments by transfection of
anti-miR-337-3p or negative control (anti-NC) inhibitors
into SH-SY5Y and SK-N-SH cells. Transfection of anti-
miR-337-3p inhibitor obviously decreased the cytoplasmic
and nuclear expression of miR-337-3p (Figure 2E), and
increased the MMP-14 and VEGF protein levels than
those of anti-NC-transfected cells (Figure 2F). Real-time
quantitative RT-PCR and nuclear run-on assays indicated
the enhanced transcriptional levels of MMP-14 and VEGF
in NB cells transfected with anti-miR-337-3p inhibitor, than
those transfected with anti-NC (Figure 2G and Figure 2H).
In addition, over-expression or knockdown of miR-337-3p
in NB cells did not change the 3'-UTR luciferase activity
of MMP-14 and VEGF (Supplemenatry Figure S3A and
Supplemenatry Figure S3B), indicating no involvement of
post-transcription regulation by miR-337-3p. Moreover,
knockdown of miR-337-3p resulted in no significant changes
in the promoter activity and expression levels of MMP-14
in hepatocellular cancer HepG2 cells and prostate cancer
PC-3 cells (Supplemenatry Figure S4A, Supplemenatry
Figure S4B, Supplemenatry Figure S4C, and Supplemenatry
Figure S4D). Meanwhile, ectopic expression of miR-337-3p
repressed the promoter activity and transcription of MMP-14
in cervical cancer HeLa cells, but not in renal cell carcinoma
786-O cells (Supplementary Figure S4E, Supplementary
Figure S4F, Supplementary Figure S4G, and Supplementary
Figure S4H). Overall, these results demonstrated that miR-
337-3p considerably inhibited the MMP-14 expression
through transcriptional repression.

miR-337-3p recognizes the binding site and
recruits AGO2 on MMP-14 promoter

To determine whether or not miR-337-3p could
repress the MMP-14 expression by recognizing its
binding site, the MMP-14 promoter-luciferase reporter
and a mutant of miRNA recognition site (Figure 3A)
were transfected into NB cells stably transfected with
empty vector (mock) or miR-337-3p precursor. The
firefly luciferase activity normalized to that of Renilla
was significantly reduced in the tumor cells stably
transfected with miR-337-3p precursor (Figure 3B), and
the effects were abolished by mutation of miR-337-3p
binding site within the MMP-14 promoter (Figure 3B).
In addition, transfection of anti-miR-337-3p inhibitor
increased the luciferase activity in SH-SYS5Y and SK-
N-SH cells (Figure 3C), while mutation of miR-337-3p
recognition site abolished these effects (Figure 3C). Since
previous studies have revealed the potential involvement
of AGO1 and AGO2 in miRNA-induced transcriptional
repression [12, 14, 18], the MMP-14 promoter regions
were assayed for enrichment of AGO1 and AGO2 by
chromatin immunoprecipitation (ChIP) and real-time
quantitative PCR (qPCR). In cultured SH-SY5Y and SK-
N-BE(2) cells, enrichment of AGO2, but not of AGO]1,
was observed around the binding site (—122/+69) of miR-
337-3p (Figure 3D). As controls, no MMP-14 promoter
regions were immunoprecipitated with unspecific antibody
(isotype IgG) or detected by qPCR with primer set (—326/-
157) distal to the binding site of miR-337-3p (Figure 3D).
In addition, over-expression or knockdown of miR-337-
3p increased and decreased the enrichment of AGO2 on
MMP-14 promoter, respectively (Figure 3D). These results
indicated that miR-337-3p recognized the binding site and
recruited AGO2 on the MMP-14 promoter in NB cells.

Involvement of AGO2 in miR-337-3p-induced
epigenetic repression of MMP-14 in NB cells

To further investigate the potential roles of AGO1
and AGO2 in miR-337-3p-induced transcriptional
repression of MMP-14, small interfering RNAs (siRNAs)
against AGO1 and AGO2 were transfected into SH-SYS5Y
and SK-N-BE(2) cells stably transfected with empty
vector (mock) or miR-337-3p precursor, respectively.
Western blot, real-time quantitative RT-PCR, and
nuclear run-on assays demonstrated that knockdown of
AGO2, but not of AGOI1, abolished the miR-337-3p-
induced transcriptional repression of MMP-14 in NB
cells (Figure 4A, Figure 4B, and Figure 4C). In addition,
administration of DNA methyltransferase inhibitor 5-aza-
2'-deoxycytidine (5-Aza-CdR) resulted in no significant
changes in miR-337-3p-induced repression of MMP-
14 in NB cells (Supplemenatry Figure S3C). Instead,
stable transfection of miR-337-3p precursor into NB
cells resulted in increased binding of epigenetic markers
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Figure 2: miR-337-3p inhibits the MMP-14 expression through transcriptional repression. A. real-time quantitative RT-PCR
showing the miR-337-3p levels in SH-SY5Y and SK-N-BE(2) cells stably transfected with empty vector (mock) or miR-337-3p precursor.
B. and C. western blot and real-time quantitative RT-PCR showing the expression of MMP-14 and VEGF in SH-SY5Y and SK-N-BE(2) cells
stably transfected with mock or miR-337-3p precursor. D. nuclear run-on assay indicating the nascent MMP-14 transcript levels in NB cells
stably transfected with mock or miR-337-3p precursor. E. real-time quantitative RT-PCR showing the miR-337-3p levels in SH-SYSY and
SK-N-SH cells transfected with negative control inhibitor (anti-N. 100 nmol/L) or anti-miR-337-3p inhibitor (100 nmol/L). F. and G. western
blot and real-time quantitative RT-PCR showing the MMP-14 and VEGF levels in SH-SY5Y and SK-N-SH cells transfected with anti-NC
(100 nmol/L) or anti-miR-337-3p inhibitor (100 nmol/L). H. nuclear run-on assay indicating the nascent MMP-14 transcript levels in NB cells
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Figure 4: AGO2 is involved in miR-337-3p-induced epigenetic repression of MMP-14 in NB cells. A. and B. western blot
and real-time quantitative RT-PCR assays showing the expression of AGO1, AGO2, and MMP-14 in SH-SY5Y and SK-N-BE(2) cells
transfected with empty vector (mock), miR-337-3p precursor, scramble siRNA (si-Scb), si-AGO1 (100 nmol/L), or si-AGO2 (100 nmol/L).
C. nuclear run-on assay indicating the nascent MMP-14 transcription in NB cells transfected with mock, miR-337-3p precursor, si-Scb, si-
AGOL (100 nmol/L), or si-AGO2 (100 nmol/L). D. ChIP and qPCR assay showing the binding of EZH2, H3K27me3, H3K9me2, RNA Pol
11, and Sp1 on MMP-14 promoter in NB cells stably transfected with mock or miR-337-3p precursor, and those co-transfected with si-Scb
or si-AGO2 (100 nmol/L). E. ChIP and qPCR assay showing the enrichment of AGO2, EZH2, H3K27me3, H3K9me2, RNA Pol II, and
Spl on MMP-14 promoter in SH-SYSY and SK-N-BE(2) stably transfected with mock or miR-337-3p, and those treated with RNase H or
RNase A. ¥*P <0.01 vs. mock + si-Scb or mock.
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enhancer of zeste homolog 2 (EZH2), histone H3 lysine
27 trimethylation (H3K27me3), and histone H3 lysine
9 dimethylation (H3K9me2), and decreased binding of
RNA polymerase II (RNA Pol II) on MMP-14 promoter
(Figure 4D), which was abolished by knockdown of
AGO?2 (Figure 4D). The binding of Spl, a transcription
factor essential for basal transcriptional activity of
MMP-14 promoter [19] (Supplemenatry Figure S5), was
also abolished by ectopic expression of miR-337-3p into
NB cells (Figure 4D). To explore whether miR-337-3p
directly binds the MMP-14 promoter, lysates from miR-
337-3p over-expressing NB cells were pretreated with
RNase H or RNase A. As shown in Figure 4E, RNase
H treatment, but not RNase A treatment, prevented the
NB cells from increased enrichment of AGO2, EZH2,
H3K27me3, and H3K9me2, and decreased binding of
RNA Pol II and Sp1 on the MMP-14 promoter induced by
miR-337-3p, indicating the direct binding of miR-337-3p
on MMP-14 promoter. Collectively, these results indicated
the involvement of AGO2 in miR-337-3p-induced
epigenetic repression of MMP-14 in NB cells.

miR-337-3p suppresses the growth, invasion,
metastasis, and angiogenesis of NB cells through
repressing MMP-14 in vitro

Since previous studies indicate that MMP-14
promotes the growth, migration, invasion, and angiogenesis
of tumor cells [7], we further investigated the effects of
miR-337-3p over-expression and MMP-14 restoration on
cultured NB cells. Western blot indicated that transfection
of MMP-14 rescued the miR-337-3p-repressed MMP-
14 expression (Figure 5A). In MTT colorimetric assay,
tumor cells stably transfected with miR-337-3p precursor
possessed the decreased cell viability capability, when
compared with those stably transfected with empty vector
(mock; Supplemenatry Figure S6A). In scratch migration
assay, miR-337-3p over-expression attenuated the migration
capability of SH-SY5Y and SK-N-BE(2) cells (Figure 5B
and Supplemenatry Figure S6B). Matrigel invasion assay
revealed that NB cells stably transfected with miR-337-
3p precursor presented an impaired invasion capacity than
mock cells (Figure 5C). The tube formation of endothelial
cells was suppressed by treatment with the medium
preconditioned by stable transfection of NB cells with miR-
337-3p precursor (Figure 5D). In addition, transfection of
MMP-14 into SH-SYSY and SK-N-BE(2) cells restored the
decrease in growth, migration, invasion, and angiogenesis
induced by stable over-expression of miR-337-3p (Figure
5B, Figure 5C, Figure 5D, Supplementary Figure S6A,
and Supplementary Figure S6B). Interestingly, ectopic
expression of miR-337-3p also attenuated the growth,
invasion, and angiogenesis of cervical cancer HeLa cells,
which was rescued by restoration of MMP-14 expression
(Supplementary Figure S6C, Supplementary Figure S6D,
Supplemenatry Figure S6E, and Supplementary Figure S6F).

On the other hand, we examined the effects of miR-337-
3p knockdown on NB cells. Introduction of anti-miR-337-
3p inhibitor into SH-SY5Y and SK-N-SH cells resulted in
enhanced MMP-14 expression (Figure 5E), and increased
abilities in cell viability (Supplementary Figure S6G),
migration (Figure 5F and Supplementary Figure S6H),
invasion (Figure 5G), and angiogenesis (Figure SH). In
addition, restoration of MMP-14 expression via transfection
of si-MMP-14 rescued the SH-SYSY and SK-N-SH cells
from their changes in these biological features induced by
knockdown of miR-337-3p (Figure 5F, Figure 5G, Figure
SH, Supplementary Figure S6G, and Supplementary Figure
S6H). These results indicated that miR-337-3p remarkably
decreased the growth, migration, invasion, and angiogenesis
of NB cells through repressing MMP-14 in vitro.

Over-expression of miR-337-3p attenuates the
growth, metastasis, and angiogenesis of NB cells
in vivo

We next investigated the efficacy of miR-337-
3p against tumor growth and metastasis in vivo. Stable
transfection of miR-337-3p precursor into SH-SY5Y
cells resulted in decreased growth and tumor weight of
subcutaneous xenograft tumors in athymic nude mice, when
compared to those stably transfected with empty vector
(mock) (Figure 6A and Figure 6B). In addition, the miR-337-
3p levels within tumors were increased, and the intratumoral
expression of MMP-14 and VEGF was also reduced by
stable transfection of miR-337-3p precursor (Figure 6C).
Moreover, stable transfection of miR-337-3p precursor
resulted in decrease in CD31-positive microvessels and mean
vessel density within tumors (Figure 6C). In the experimental
metastasis studies, SH-SYSY cells stably transfected with
miR-337-3p precursor established statistically fewer lung
metastatic colonies than mock group (Figure 6D). These
results suggested that miR-337-3p could inhibit the growth,
metastasis, and angiogenesis of NB cells in vivo.

DISCUSSION

Canonically, miRNAs inhibit gene expression at the
post-transcriptional levels, and this process is executed
through recognition of miRNA-mRNA pairing by RNA-
induced silencing complex machinery, with AGO proteins
as the main effectors [11]. Recent evidence shows that
a subset of miRNAs predominantly localizing in the
nucleus of human cells can recognize complementary
genomic sites within gene promoters, and participate in
the regulation of gene expression [12, 14]. At promoter
complementary sites, miRNAs can function as an
interface between chromatin remodeling complexes and
genome [20, 21]. For example, endogenous miR-709 is
able to repress the transcription of early growth response
2 through forming epigenetic silencing complexes with
H3K27me3 and AGOI1 on its promoter [18]. miR-320
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Figure 5: miR-337-3p suppresses the migration, invasion, and angiogenesis of NB cells in vitro. A. and E. western blot
showing the MMP-14 expression in NB cells transfected with empty vector (mock), miR-337-3p precursor, negative control inhibitor
(anti-NC, 100 nmol/L), or anti-miR-337-3p inhibitor (100 nmol/L), and those co-transfected with MMP-14 or si-MMP-14 (100 nmol/L).
B. and F. quantification of scratch migration assay showing the migration of NB cells transfected with mock, miR-337-3p precursor, anti-
NC (100 nmol/L), or anti-miR-337-3p inhibitor (100 nmol/L), and those co-transfected with MMP-14 or si-MMP-14 (100 nmol/L). C. and
G. representation (top) and quantification (bottom) of matrigel invasion assay showing the invasion capability of NB cells transfected with
mock, miR-337-3p precursor, anti-NC (100 nmol/L), or anti-miR-337-3p inhibitor (100 nmol/L), and those co-transfected with MMP-14
or si-MMP-14 (100 nmol/L). D. and H. representation (top) and quantification (bottom) of tube formation assay showing the angiogenic
capability of NB cells transfected with mock, miR-337-3p precursor, anti-NC (100 nmol/L), or anti-miR-337-3p inhibitor (100 nmol/L),
and those co-transfected with MMP-14 or si-MMP-14 (100 nmol/L). *P < 0.01 vs. mock or anti-NC.

www.impactjournals.com/oncotarget 22460 Oncotarget



” 4D 6 i @ vox
® @ & B & mrarp

— 41 P =0.001
&6 - =
£ ——Mock 3
L 51 e mir337:3p e 37
Q4 2
£ Q 24
= 3
o -
> o
= € 14
) 5
e =
3 i
S Q
© D
(o) ’
W P
&
2 7 o g 10 owwp-ta 5 100 -
256 © g . ®WVEGF S g0 .
% o5~ S o<
~ »n n o
§E4 ggs()’ 5)8 60
Eg3 5540 58 04 "
282 2 e 5
=1 - % 20 | % sk & 20 |
¢ o M M 2 ) E o
* R * R ¥ aR
N o3
(s) ” ”
s «° Q:,gs\ “‘oq_:b"s\
< : .
€ & &
P =0.0002
159
= °
N =
© 104
2 L4
(7]
2 "
£ °] ==
[}
=
n
0 L L}
N Q
3 i
o A
3 o
((\8'

Figure 6: Over-expression of miR-337-3p attenuates the growth and metastasis of NB cells in vivo. A. tumor growth
curve of SH-SY5Y cells (1 x 10°) stably transfected with empty vector (mock) or miR-337-3p precursor in athymic nude mice (n =5 for
each group), after hypodermic injection for 4 weeks. B. representation (top) and quantification (bottom) of xenograft tumors formed by
hypodermic injection of SH-SYS5Y cells stably transfected with mock or miR-337-3p precursor. C. immunohistochemical staining and
real-time quantitative RT-PCR showing the expression of MMP-14, VEGF, CD31, and miR-337-3p within tumors formed by hypodermic
injection of SH-SYS5Y cells stably transfected with mock or miR-337-3p precursor. Scale bars: 100 um. D. representation (left, arrowhead)
and quantification (right) of lung metastasis after injection of SH-SYS5Y cells (0.4 x 10°) stably transfected with mock or miR-337-3p
precursor into the tail vein of athymic nude mice (n = 5 for each group). Scale bars: 100 pm. *P < 0.001 vs. mock.
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induces the transcriptional repression of RNA polymerase
III polypeptide D (POLR3D) through directing the
association of AGOI1, EZH2, and H3K27me3 with
POLR3D promoter [14]. Meanwhile, miR-423-5p-induced
transcriptional repression of progesterone receptor (PR) is
associated with the recruitment of AGO2 to an antisense
non-coding RNA transcribed from PR promoter, and
accompanied by an increase in H3K9me2 enrichment
at PR promoter [12]. However, studies on the roles of
miRNAs in regulating gene transcription are still in
its infancy, and it is currently urgent to investigate the
expression and functions of these miRNAs in the tumor
biology of NB.

miR-337-3p is a novel identified miRNA involved
in the tumorigenesis. Previous studies show that miR-337-
3p is under-expressed in endometrial cancer [22], gastric
cancer [23], colon cancer [24], and medulloblastomas
[25]. Loss of miR-337-3p expression is associated with
the lymph node metastasis of gastric cancer [23]. miR-
337-3p promotes the senescence of colorectal cancer cells
by repressing the expression of casein kinase II subunit
alpha [26], and sensitizes the lung cancer cell lines to
paclitaxel by directly repressing the expression of signal
transducer and activator of transcription 3 and Ras-related
Protein 1A [27]. Since miR-337-3p host gene resides
within the chromosome 14q32.2 [28], an imprinted
region essential for development [17], and aberrant
regulation of miRNAs located on chromosome 14q32
is involved in tumorigenesis [24, 28-30], we suspect
that miR-337-3p may also participate in the progression
of NB. In this study, we found the under-expression of
miR-337-3p in NB tissues, which was associated with
unfavorable outcome of patients. Meanwhile, in line with
previous studies [31], we noticed the copy number loss
of chromosome 14q32.2 in NB tissues, implying that
under-expression of miR-337-3p may be due to allelic
loss, which warrants our further investigation. Through
an integrative approach to analyze the public datasets,
we identified miR-337-3p as a novel repressor of MMP-
14 transcription. Our evidence showed that miR-337-3p
suppressed the expression of MMP-14 through binding
its promoter and inducing transcriptional repression in NB
cells. The fact that restoration of MMP-14 was sufficient
to prevent the NB cells from miR-337-3p-inhibited
biological behaviors indicates that miR-337-3p exerts
its tumor suppressive functions, at least in part, through
repressing the MMP-14 expression in NB. In addition,
we noted the different expression profiles of miR-337-3p
in publicly available clinical tumor datasets, and found
that miR-337-3p attenuated the MMP-14 expression
in cervical cancer cells, but not in hepatocellular
cancer, prostate cancer, or renal cell carcinoma cells.
Our evidence shows that miR-337-3p suppresses the
aggressiveness of cervical cancer cells, suggesting the
tissue-specific expression patterns and functions of miR-
337-3p in human tumors.

Human MMP-14 gene, consisting of 10 exons, is
localized at chromosome 14ql1 [19]. Previous studies
show that Spl is essential for maintaining the MMP-
14 transcription [19]. Transcriptionally inactive MMP-
14 gene promoter is characterized by deposition of
H3K27me3 and hypermethylation of CpG islands [32],
while low levels of H3K27me3 and under-methylation
are observed at the MMP-14 promoter region in invasive
and migratory cancer cells [32], suggesting that histone
modification and DNA methylation are crucial factors
impacting the transcriptional efficiency of MMP-14
promoter. Since our preliminary data revealed that
administration of DNA methyltransferase inhibitor
resulted in no significant changes in miR-337-3p-
induced transcriptional repression of MMP-14 in NB
cells, we ruled out the possible involvement of aberrant
promoter hypermethylation in this process. In this study,
we found that in miR-337-3p over-expressing NB cells,
the recruitment of repressive epigenetic markers EZH2,
H3K27me3, and H3K9me?2 was increased, accompanied
by decreased enrichment of RNA Pol II and Spl on
MMP-14 promoters. These findings indicate that miR-
337-3p may induce epigenetic inactivation by deposition
of repressive chromatin marks, or through a process that
prevents RNA Pol II stalling at gene promoter.

The mechanisms underlying the recruitment of
miRNAs to accessible promoter sequences include direct
binding to promoter [18] and indirect association with
promoter-derived non-coding transcripts [12, 13]. Since
RNase H treatment (specifically degrades the RNA present
in RNA-DNA hybrid) [12] attenuated the miR-337-3p-
induced enrichment of AGO2, EZH2, H3K27me3, and
H3K9me2, these findings indicated the direct binding
of miR-337-3p on MMP-14 promoter. Previous studies
have implicated the participation of AGO1 and AGO2
in small RNA-inhibited gene expression [33]. AGOI,
but not AGO2, was selectively enriched in vicinity to the
miR-744 complementary site on cyclin Bl promoter [34].
In this study, our evidence indicated that AGO2, but not
AGO1, was enriched at the MMP-14 promoter in miR-
337-3p over-expressing NB cells. In addition, knockdown
of AGO?2 abolished the miR-337-3p-induced binding of
repressive epigenetic markers on MMP-14 promoter. We
believe that miR-337-3p/AGO2 complexes may bring in
co-repressors such as histone methyltransferases to repress
gene expression, which warrants our further investigation.

In summary, we have shown that miR-337-3p is
under-expressed in human NB, and over-expression of
miR-337-3p inhibits the growth, invasion, metastasis, and
angiogenesis of NB cells in vitro and in vivo. Furthermore,
miR-337-3p suppresses the transcription of MMP-14
via epigenetic repression of its promoter activity in NB
cell lines. This study extends our knowledge about the
regulation of MMP-14 at transcriptional level by miRNAs,
and suggests that miR-337-3p may be of potential values
as a novel therapeutic target for human NB.
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MATERIALS AND METHODS

Patient tissue samples

Approval to conduct this study was obtained
from the Institutional Review Board of Tongji Medical
College (approval number: 2011-S085). Fresh tumor
specimens from 30 well-established primary NB cases
were collected, and stored at —80°C until use. Based on
the Shimada classification system, including the mitosis
karyorrhexis index, degree of neuroblastic differentiation
and stromal maturation, and patient’s age, 14 patients were
classified as having favorable histology and 16 as having
unfavorable histology. According to the INSS, 4 patients
were classified as stage 1, 9 as stage 2, 9 as stage 3, 4 as
stage 4, and 4 as stage 4S. Total RNA of normal human
dorsal ganglia, pooling from 21 male/female Caucasians,
was obtained from Clontech (Mountain View, CA).

miRNA prediction and expression detection

miRNA binding sites within the MMP-14 promoter
were analyzed using the algorithm microPIR [16].
Cytoplasmic and nuclear fractions were prepared by using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Inc., Waltham, MA). The
mature miR-337-3p levels were determined using Bulge-
Loop™ miRNAs qPCR Primer Set (RiboBio Co. Ltd,
Guangzhou, China). After cDNA was synthesized with a
miRNA-specific stem-loop primer, the quantitative PCR
was performed with the specific primers (Supplementary
Table S2). The miRNA levels were normalized as to those
of U6 snRNA.

Western blot

Cellular protein was extracted with 1 X cell lysis
buffer (Promega, Madison, WI). Western blot was
performed as previously described [7, 21, 35-40], with
antibodies specific for MMP-14 (Abcam Inc, Cambridge,
MA), VEGF (Santa Cruz Biotechnology, Santa Cruz, CA),
AGOI1 (Cell Signaling Technology, Inc., Danvers, MA),
AGO2 (Cell Signaling Technology, Inc.), Spl (Santa
Cruz Biotechnology), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Santa Cruz Biotechnology).

Real-time quantitative RT-PCR

Total RNA was isolated with RNeasy Mini Kit
(Qiagen Inc., Valencia, CA). The reverse transcription
reactions were conducted with Transcriptor First Strand
cDNA Synthesis Kit (Roche, Indianapolis, IN). Real-
time PCR was performed with SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA) and primers
indicated in Supplemenatry Table S2. The transcript levels
were analyzed by 2-2A% method.

Cell culture and transfection

Human NB cell lines SK-N-SH (HTB-11), SK-
N-AS (CRL-2137), SH-SY5Y (CRL-2266), and SK-
N-BE(2) (CRL-2271), hepatocellular cancer cell line
HepG2 (HB-8065), prostate cancer cell line PC-3 (CRL-
1435), cervix cancer cell line HeLa (CCL-2), renal cell
carcinoma cell line 786-O (CRL-1932), and umbilical vein
endothelial cells (HUVEC, CRL-1730) were purchased
from American Type Culture Collection (Rockville,
MD). Cell lines were authenticated by the provider, used
within 6 months after resuscitation of frozen aliquots, and
grown in RPMI1640 medium (Life Technologies, Inc.,
Gaithersburg, MD) supplemented with 10% fetal bovine
serum (Life Technologies, Inc.), penicillin (100 U/ml),
and streptomycin (100 pg/ml). Cells were maintained at
37°C in a humidified atmosphere of 5% CO, and applied
for transfection or treatment with 5-Aza-CdR (Sigma, St.
Louis, MO) as indicated. Anti-miR-337-3p or negative
control inhibitors (RiboBio Co. Ltd) were transfected
into confluent cells with Lipofectamine 2000 (Life
Technologies, Inc.).

pre-miRNA construct and stable transfection

According to the pre-miR-337-3p (5'-GAACGGCTT
CATACAGGAGTT-3") sequence documented in the
miRNA Registry database [41], oligonucleotides encoding
the precursor of miR-337-3p (Table S3) were subcloned
into pcDNA3.1(-) (Genechem Co., Ltd, Shanghai, China).
The plasmids pcDNA3.1 and pcDNA3.1-miR-337-3p
were transfected into tumor cells, and stable cell lines
were screened by administration of neomycin (Invitrogen,
Carlsbad, CA).

Luciferase reporter assay

Human MMP-14 promoter luciferase reporter
constructs, and MMP-14 and VEGF 3'-UTR luciferase
reporter vectors were previously described [7, 39, 42].
Mutation of miR-337-3p binding site was established
with GeneTailor™ Site-Directed Mutagenesis System
(Invitrogen) and PCR primers (Supplemenatry Table S3).
Dual-luciferase assay was performed as previously
described [7, 33, 35, 36]. For MMP-14 promoter and
3’-UTR activity, the luciferase signal was normalized by
firefly/Renilla and Renilla/firefly ratio, respectively.

Nuclear run-on assay

Nuclear run-on assay was performed based on the
incorporation of biotin-16-uridine-5'-triphosphate (biotin-
16-UTP) into nascent transcripts as previously described
[33]. Briefly, nuclei of 5 x 10 tumor cells were isolated
and consequently incubated in reaction buffer containing
rNTPs and biotin-16-UTP (Roche, Indianapolis, IN) at
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30°C for 45 min. The reaction was stopped by adding
RNase-free DNase I, and nuclei were lysed and treated
with proteinase K. Total RNA was extracted using Trizol
(Invitrogen), and biotinylated nascent RNA was purified
using agarose-conjugated streptavidin beads (Invitrogen)
for real-time quantitative RT-PCR assay.

Gene over-expression and knockdown

Human MMP-14 expression vector was previously
described [7]. To restore the miRNA-repressed MMP-
14 expression, stable cell lines were transfected with
the recombinant vector pcDNA3.1-MMP14. Human
Spl cDNA (2358 bp) was amplified from NB tissues
(Supplemenatry Table S3) and subcloned into pcDNA3.1
(Invitrogen). The 21-nucleotide siRNAs against the
encoding region of MMP-14 [7], AGOI [33], and AGO2
[33] were chemically synthesized (RiboBio Co. Ltd)
and transfected with Genesilencer Transfection Reagent
(Genlantis, San Diego, CA). The scramble siRNA (si-Scb)
was applied as a control (Supplemenatry Table S3).

Chromatin immunoprecipitation

ChIP assay was performed according to the
instructions of EZ-ChIP kit (Upstate Biotechnology,
Temacula, CA) [33, 36, 40, 43], with antibodies for AGO1,
AGO2, EZH2, H3K27me3, H3K9me2, RNA Pol II, and
Sp1 (Upstate Biotechnology, Temacula, CA). Lysates were
treated with either RNase H (10 U) or RNase A (20 ug)
prior to immunoprecipitation. DNA was sonicated into
fragments of an average size of 200 bp. Real-time qPCR
was performed with SYBR Green PCR Master Mix and
primer sets indicated in Supplemenatry Table S2. The
amount of immunoprecipitated DNA was calculated in
reference to a standard curve and normalized to input DNA.

Cell viability assay

Tumor cells were cultured in 96-well plates at 5 x
103 cells per well. Cell viability was monitored by the 2-
(4, 5-dimethyltriazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT, Sigma) colorimetric assay [33]. All
experiments were done with 68 wells per experiment and
repeated at least three times.

Scratch migration assay

Tumor cells were cultured in 24-well plates and
scraped with the fine end of 1-ml pipette tips (time 0).
Plates were washed twice with phosphate buffered saline
to remove detached cells, and incubated with the complete
growth medium. Cell migration was photographed using
10 high-power fields, at 0, 24 hr post-induction of injury.
Remodeling was measured as diminishing distance across
the induced injury, normalized to the 0 hr control, and
expressed as outgrowth (um) [7, 35, 36, 43].

Cell invasion assay

Matrigel invasion assay was performed using
membranes coated with Matrigel matrix (BD Science,
Sparks, MD). Homogeneous single cell suspensions
(1 x 10° cells/well) were added to the upper chambers and
allowed to invade for 24 hrs at 37°C in a CO, incubator.
Invaded cells were stained with 0.1% crystal violet for 10
min at room temperature. Quantification of invaded cells
was performed according to published criteria [7, 35, 37,
38, 43, 44].

Tube formation assay

Fifty microliters of growth factor-reduced matrigel
were polymerized on 96-well plates. HUVECs were serum
starved in RPMI11640 medium for 24 hrs, suspended in
RPMI1640 medium preconditioned with tumor cells,
added to the matrigel-coated wells at the density of 5 x 10*
cells/well, and incubated at 37°C for 18 hrs. Quantification
of anti-angiogenic activity was calculated as previously
described [35-37].

In vivo growth and metastasis assay

All animal experiments were approved by the
Animal Care Committee of Tongji Medical College
(approval number: Y20080290). For the in vivo tumor
growth studies, 2-month-old male nude mice (n = 5 per
group) were injected subcutancously in the upper back
with 1 x 10° tumor cells stably transfected with empty
or miR-337-3p precursor vectors. One month later, mice
were sacrificed and examined for tumor weight and gene
expression. The experimental metastasis (0.4 x 10° tumor
cells per mouse, n = 5 per group) studies were performed
with 2-month-old male nude mice as previously described
[7, 35, 36].

Immunohistochemistry

Immunohistochemical staining was performed as
previously described [7, 35, 36, 45], with antibodies specific
for MMP-14 (Abcam Inc; Santa Cruz Biotechnology; 1:200
dilution), VEGF, and CD31 (Santa Cruz Biotechnology;
1:200 dilutions). The negative controls included parallel
sections treated without primary antibody or with rabbit
polyclonal IgG (Abcam Inc.). The immunoreactivity in each
tissue section was assessed by at least two pathologists.
The degree of positivity was determined according to the
percentage of positive tumor cells.

Statistical analysis

Unless otherwise stated, all data were shown as
mean =+ standard error of the mean (SEM). The y? analysis
and Fisher exact probability analysis were applied to
compare the gene expression in tumor tissues with

www.impactjournals.com/oncotarget

Oncotarget



different clinicopathological features. Pearson’s coefficient
correlation was applied for analyzing the relationship
among gene expression. The Kaplan-Meier method was
used to estimate survival rates, and the log-rank test was
used to assess survival difference. Difference of tumor cells
was determined by ¢ test or analysis of variance (ANOVA).

ACKNOWLEDGMENTS

This work was supported by the National Natural
Science Foundation of China (No. 81101905, No.
81272779, No. 81372667, No. 81372401, No. 81472363,
No. 81402301, No. 81402408), National Institutes of
Health (RO1 CA132977), Fundamental Research Funds
for the Central Universities (2012QN224, 2013ZHY X003,
01-18-530112, 01-18-530115), and Natural Science
Foundation of Hubei Province (2014CFA012).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Westermann F, Schwab M. Genetic parameters of neuro-
blastomas. Cancer Lett. 2002; 184:127-147.

2. Chun TH, Sabeh F, Ota I, Murphy H, McDonagh KT,
Holmbeck K, Birkedal-Hansen H, Allen ED, Weiss SJ.
MT1-MMP-dependent neovessel formation within the con-
fines of the three-dimensional extracellular matrix. J Cell
Biol. 2004; 167:757-767.

3. Sabeh F, Ota I, Holmbeck K, Birkedal-Hansen H,
Soloway P, Balbin M, Lopez-Otin C, Shapiro S, Inada M,
Krane S, Allen E, Chung D, Weiss SJ. Tumor cell traffic
through the extracellular matrix is controlled by the mem-
brane-anchored collagenase MT1-MMP. J Cell Biol. 2004;
167:769-781.

4. Sounni NE, Devy L, Hajitou A, Frankenne F, Munaut C,
Gilles C, Deroanne C, Thompson EW, Foidart JM, Noel A.
MT1-MMP expression promotes tumor growth and angio-
genesis through an up-regulation of vascular endothelial
growth factor expression. FASEB J. 2002; 16:555-564.

5. Sounni NE, Roghi C, Chabottaux V, Janssen M, Munaut C,
Magquoi E, Galvez BG, Gilles C, Frankenne F, Murphy G,
Foidart JM, Noel A. Up-regulation of vascular endothelial
growth factor-A by active membrane-type 1 matrix metal-
loproteinase through activation of Src-tyrosine kinases. J
Biol Chem. 2004; 279:13564—13574.

6. Eisenach PA, Roghi C, Fogarasi M, Murphy G,
English WR. MT1-MMP regulates VEGF-A expression
through a complex with VEGFR-2 and Src. J Cell Sci.
2010; 123:4182—-4193.

7. Zhang H, Qi M, Li S, Qi T, Mei H, Huang K,
Zheng L, Tong Q. microRNA-9 targets matrix metal-
loproteinase 14 to inhibit invasion, metastasis, and

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

angiogenesis of neuroblastoma cells. Mol Cancer Ther.
2012; 11:1454-1466.

Bartel DP. MicroRNAs: target recognition and regulatory
functions. Cell. 2009; 136:215-233.

Dontula R, Dinasarapu A, Chetty C, Pannuru P, Herbert E,
Ozer H, Lakka SS. MicroRNA 203 modulates glioma
cell migration via Robol/ERK/MMP-9 signaling. Genes
Cancer. 2013; 4:285-296.

Steele R, Mott JL, Ray RB. MBP-1 upregulates miR-29b
that represses Mcl-1, collagens, and matrix-metallopro-
teinase-2 in prostate cancer cells. Genes Cancer. 2010;
1:381-387.

Mei H, Lin ZY, Tong QS. The roles of microRNAs in neu-
roblastoma. World J Pediatr. 2014; 10:10-16.

Younger ST, Corey DR. Transcriptional gene silencing in
mammalian cells by miRNA mimics that target gene pro-
moters. Nucleic Acids Res. 2011; 39:5682-5691.

Tan Y, Zhang B, Wu T, Skogerbo G, Zhu X, Guo X, He S,
Chen R. Transcriptional inhibiton of Hoxd4 expression by
miRNA-10a in human breast cancer cells. BMC Mol Biol.
2009; 10:12.

Kim DH, Satrom P, Sneve O, Rossi JJ. MicroRNA-directed
transcriptional gene silencing in mammalian cells. Proc Natl
Acad Sci USA. 2008; 105:16230-16235.

Place RF, Li LC, Pookot D, Noonan EJ, Dahiya R.
MicroRNA-373 induces expression of genes with comple-
mentary promoter sequences. Proc Natl Acad Sci USA.
2008; 105:1608—-1613.

Piriyapongsa J, Bootchai C, Ngamphiw C, Tongsima S.
microPIR: an integrated database of microRNA target sites
within human promoter sequences. PLoS One. 2012; 7:¢33888.

Coe BP, Witherspoon K, Rosenfeld JA, van Bon BW,
Vulto-van Silthout AT, Bosco P, Friend KL, Baker C,
Buono S, Vissers LE, Schuurs-Hoeijmakers JH,
Hoischen A, Pfundt R, et al. Refining analyses of copy
number variation identifies specific genes associated with
developmental delay. Nat Genet. 2014; 46:1063—-1071.

Adilakshmi T, Sudol I, Tapinos N. Combinatorial action of
miRNAs regulates transcriptional and post-transcriptional
gene silencing following in vivo PNS injury. PLoS One.
2012; 7:¢39674.

Lohi J, Lehti K, Valtanen H, Parks WC, Keski-Oja J.
Structural analysis and promoter characterization of the
human membrane-type matrix metalloproteinase-1 (MT1-
MMP) gene. Gene. 2000; 242:75-86.

Huang V, Li LC. miRNA goes nuclear. RNA Biol. 2012;
9:269-273.

Qu H, Zheng L, Pu J, Mei H, Xiang X, Zhao X, Li D, Li S,
Mao L, Huang K, Tong Q. miRNA-558 promotes tumori-
genesis and aggressiveness of neuroblastoma cells through
activating the transcription of heparanase. Hum Mol Genet.
2015; 24:2539-2551.

Maxwell GL, Shoji Y, Darcy K, Litzi T, Berchuck A,
Hamilton CA, Conrads TP, Risinger JI. MicroRNAs in

www.impactjournals.com/oncotarget

22465

Oncotarget



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

endometrial cancers from black and white patients. Am J
Obstet Gynecol. 2015; 212:191.e1-191.e10.

Wang Z, Wang J, Yang Y, Hao B, Wang R, Li Y, Wu Q.
Loss of has-miR-337-3p expression is associated with
lymph node metastasis of human gastric cancer. J Exp Clin
Cancer Res. 2013; 32:76.

Haller F, von Heydebreck A, Zhang JD, Gunawan B,
Langer C, Ramadori G, Wiemann S. Localization- and
mutation-dependent microRNA (miRNA) expression sig-
natures in gastrointestinal stromal tumours (GISTs), with
a cluster of co-expressed miRNAs located at 14q32.31. J
Pathol. 2010; 220:71-86.

Northcott PA, Fernandez-L. A, Hagan JP, Ellison DW,
Grajkowska W, Gillespie Y, Grundy R, Van Meter T,
Rutka JT, Croce CM, Kenney AM, Taylor MD. The miR-17/92
polycistron is up-regulated in sonic hedgehog-driven medullo-
blastomas and induced by N-myc in sonic hedgehog-treated
cerebellar neural precursors. Cancer Res. 2009; 69:3249-3255.

Kim SY, Lee YH, Bae YS. miR-186, miR-216b, miR-
337-3p, and miR-760 cooperatively induce cellular senes-
cence by targeting a subunit of protein kinase CKII in
human colorectal cancer cells. Biochem Biophys Res
Commun. 2012; 429:173-179.

Du L, Subauste MC, DeSevo C, Zhao Z, Baker M,
Borkowski R, Schageman JJ, Greer R, Yang CR, Suraokar M,
Wistuba II, Gazdar AF, Minna JD, et al. miR-337-3p and its
targets STAT3 and RAP1A modulate taxane sensitivity in
non-small cell lung cancers. PLoS One. 2012; 7:¢39167.

Zehavi L, Avraham R, Barzilai A, Bar-Ilan D, Navon R,
Sidi Y, Avni D, Leibowitz-Amit R. Silencing of a large
microRNA cluster on human chromosome 14q32 in mela-
noma: biological effects of mir-376a and mir-376¢ on insu-
lin growth factor 1 receptor. Mol Cancer. 2012; 11:44.

Nadal E, Zhong J, Lin J, Reddy RM, Ramnath N,
Orringer MB, Chang AC, Beer DG, Chen G. A microRNA
cluster at 14q32 drives aggressive lung adenocarcinoma.
Clin Cancer Res. 2014; 20:3107-3117.

Manodoro F, Marzec J, Chaplin T, Miraki-Moud F,
Moravecsik E, Jovanovic JV, Wang J, Igbal S, Taussig D,
Grimwade D, Gribben JG, Young BD, Debernardi S.
Loss of imprinting at the 14q32 domain is associated with
microRNA overexpression in acute promyelocytic leuke-
mia. Blood. 2014; 123:2066-2074.

Hoshi M, Otagiri N, Shiwaku HO, Asakawa S, Shimizu N,
Kaneko Y, Ohi R, Hayashi Y, Horii A. Detailed deletion
mapping of chromosome band 14q32 in human neuroblas-
toma defines a 1.1-Mb region of common allelic loss. Br J
Cancer. 2000; 82:1801-1807.

Chernov AV, Sounni NE, Remacle AG, Strongin AY.
Epigenetic control of the invasion- promoting MT1-MMP/
MMP-2/TIMP-2 axis in cancer cells. J Biol Chem. 2009;
284:12727-12734.

Jiang G, Zheng L, Pu J, Mei H, Zhao J, Huang K, Zeng F,
Tong Q. Small RNAs targeting transcription start site

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

induce heparanase silencing through interference with tran-
scription initiation in human cancer cells. PLoS One. 2012;
7:€31379.

Huang V, Place RF, Portnoy V, Wang J, Qi Z, Jia Z, Yu A,
Shuman M, Yu J, Li LC. Upregulation of Cyclin B1 by
miRNA and its implications in cancer. Nucleic Acids Res.
2012; 40:1695-1707.

Zhang H, Pu J, Qi T, Qi M, Yang C, Li S, Huang K,
Zheng L, Tong Q. MicroRNA-145 inhibits the growth,
invasion, metastasis and angiogenesis of neuroblastoma
cells through targeting hypoxia-inducible factor 2 alpha.
Oncogene. 2014; 33:387-397.

Li D, Mei H, Qi M, Yang D, Zhao X, Xiang X, Pu J,
Huang K, Zheng L, Tong Q. FOXD3 is a novel tumor sup-
pressor that affects growth, invasion, metastasis and angio-
genesis of neuroblastoma. Oncotarget. 2013; 4:2021-2044.
Zheng L, Pu J, Qi T, Qi M, Li D, Xiang X, Huang K,
Tong Q. miRNA-145 targets v-ets erythroblastosis virus
E26 oncogene homolog 1 to suppress the invasion, metas-
tasis, and angiogenesis of gastric cancer cells. Mol Cancer
Res. 2013; 11:182-193.

Zheng L, Qi T, Yang D, Qi M, Li D, Xiang X, Huang K,
Tong Q. microRNA-9 suppresses the proliferation, inva-
sion and metastasis of gastric cancer cells through targeting
cyclin D1 and Ets1. PLoS One. 2013; 8:e55719.

Xiang X, Zhao X, Qu H, Li D, Yang D, Pu J, Mei H,
Zhao J, Huang K, Zheng L, Tong Q. Hepatocyte nuclear
factor 4 alpha promotes the invasion, metastasis and angio-
genesis of neuroblastoma cells via targeting matrix metal-
loproteinase 14. Cancer Lett. 2015; 359:187-197.

Li D, Mei H, Pu J, Xiang X, Zhao X, Qu H, Huang K,
Zheng L, Tong Q. Intelectin 1 suppresses the growth,
invasion and metastasis of neuroblastoma cells through
up-regulation of N-myc downstream regulated gene 2. Mol
Cancer. 2015; 14:47.

Griffiths-Jones S. The microRNA Registry. Nucleic Acids
Res. 2004; 32:D109-D111.

LuH, Hu L, Yu L, Wang X, Urvalek AM, Li T, Shen C,
Mukherjee D, Lahiri SK, Wason MS, Zhao J. KLF8 and
FAK cooperatively enrich the active MMP14 on the cell
surface required for the metastatic progression of breast
cancer. Oncogene. 2014; 33:2909-2917.

Zheng L, Li D, Xiang X, Tong L, Qi M, Pu J, Huang K,
Tong Q. Methyl jasmonate abolishes the migration, inva-
sion and angiogenesis of gastric cancer cells through down-
regulation of matrix metalloproteinase 14. BMC Cancer.
2013; 13:74.

Zheng L, Jiang G, Mei H, Pu J, Dong J, Hou X, Tong Q.
Small RNA interference-mediated gene silencing of hepa-
ranase abolishes the invasion, metastasis and angiogenesis
of gastric cancer cells. BMC Cancer. 2010; 10:33.

Zheng LD, Tong QS, Tang ST, Du ZY, Liu Y, Jiang GS,
Cai JB. Expression and clinical significance of heparanase
in neuroblastoma. World J Pediatr. 2009; 5:206-210.

WWw

.impactjournals.com/oncotarget

22466

Oncotarget



