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17B-Estradiol regulates cell proliferation, colony formation, migration,
invasion and promotes apoptosis by upregulating miR-9 and thus
degrades MALAT-1 in osteosarcoma cell MG-63 in an estrogen
receptor-independent manner
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In bone, different concentration of estrogen leads to various of physiological processes in osteoblast, such
as the proliferation, migration, and apoptosis in an estrogen receptor-dependent manner. But little was
known about the estrogen effects on osteosarcoma (OS). In this study, OS cell MG-63 was treated with
low (1 nM) or high (100 nM) dose of 17B-Estradiol (E2) with the presence or absence of estrogen receptor

KeyWOrdSiA o (ERa), for evaluating the E2 effects on proliferation, migration, invasion, colony formation and
17p-Estradiol apoptosis. Consistent with a previous study, high dose of E2 treatment dramatically downregulated
]\OAS/:]e“OA;rlcoma expressing level of long non-coding RNA metastasis associated lung adenocarcinoma transcript 1
MG-63 (MALAT-1). The observation of upregulation of miR-9 after a high dose of E2 treatment indicated the
Proliferation cause of MALAT-1 reduction. Downregulation of MALAT-1 promoted the combination of SFPQ/PTBP2
Apoptosis complex. It was also observed that the proliferation, migration, invasion, colony formation and apoptosis

of OS cells were remarkably affected by high dose of E2 treatment, but not by low dose, in an ERa. in-
dependent manner. Furthermore, the abolishment of the effects on these physiological processes caused
by ectopic expression of miR-9 ASOs suggested the necessity of miR-9 in MALAT-1 regulation. Here we
found that the high dose of E2 treatment upregulated miR-9 thus posttranscriptionally regulated MALAT-
1 RNA level in OS cells, and then the downregulation of MALAT-1 inhibited cell proliferation, migration,
invasion and epithelial-mesenchymal transition (EMT) processes in the E2-dose dependent and ER-
independent ways.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Osteosarcoma, which is considered as the most common human
primary malignant bone tumor in minors, accounts for more than
60% of malignant bone tumors before 20 years old of life [1].
Growing regions on the bone take higher risk for OS. More and
more evidences suggest OS essentially a differentiation disease.
Osteoblast differentiation from mesenchymal stem cells was
interrupted by genetic and epigenetic changes, and transformed to
0S, which presents a high metastatic potential [2]. Although OS has
been treated with surgical removal of the primary tumor, radio-
and chemotherapy for several decades, patients still have very a
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poor prognosis because of its aggressiveness and metastases [3,4].
For understanding the mechanism of oncogenesis and oncotherapy,
miRNAs have become a new research hotspot because of its tight
association in most of physiological processes [5].

MicroRNA-9 (miR-9), which suppresses gene expression by
interacting with the 3’ untranslated regions (UTRs) of target
mRNAs, is ancient in animal evolution and indicates it's important
roles. miR-9 is induced by several stress signals, including TLR2,
TLR7/8, and LPS agonists. Report has found that miR-9 is not only
highly expressed in human brain, but is also upregulated in breast
cancer cells, and increases cell motility, invasiveness, and angio-
genesis [6]. Recently, it has also been found to target to MALAT-1 for
degradation, suggesting its potential regulatory role of several
physiological processes through interacting with The MALAT-1.

MALAT-1, which is a 6.8 kb long nuclear-coded RNA transcript, is
an evolutionarily highly conserved long non-coding RNA (IncRNA).
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Although it lacks open reading frames, MALAT-1 has been broadly
expressed in normal human tissues, and especially overexpressed
in various carcinomas, and thus be considered as an independent
prognostic marker for survival in several carcinoma [7—9]. Both in
normal tissue and tumor tissue, MALAT-1 participates in cell dif-
ferentiation and development. Especially, in tumors, MALAT-1
could promote tumor growth and metastasis by competitively
binding to SFPQ and then regulating the combination of PTBP2 and
SFPQ complex [10,11]. These evidences suggest that MALAT-1 RNA
regulates cell proliferation, migration and invasion through regu-
lating the interaction between PTBP2 and SFPQ.

Estrogen is critical not only for breast development but also for
healthy bone in women. In bone, estrogen stabilizes bone density
and prevents from fracture by regulating apoptosis in osteoblast
[12]. It has been reported that estrogen (178-Estradiol, E2), in breast
cancer, regulates proliferation, migration by post-transcriptionally
regulation of MALAT-1 in a concentration-dependent way [13],
indicates the potential regulatory activity of estrogen on OS.

In this study, the effects of high dose of E2 treatment on OS cells,
despite the presence of ER or not, were identified. The down-
regulation of MALAT-1 caused by E2 treatment leaded us to identify
the miR-9 expression profile, which targets directly to MALAT-1
RNA for degradation. Then regulation of downregulated MALAT-1
on combination of SFPQ/PTBP2 complex was tested. We also
demonstrate that the effects of E2 treatment on cell proliferation,
migration, invasion, colony formation and apoptosis. The results
highlight the regulatory effects of the high dose of E2 treatment on
0OS through upregulating miR-9, which subsequently degraded
MALAT-1, and support a novel physiological regulatory mechanism
by estrogen in OS cells.

2. Materials and methods
2.1. Cell cultures

The Human OS cell line MG-63, which is ER null, is frozen in our
lab. They were cultured in DMEM (Life Technology) supplemented
with 10% FBS, 100-units/ml penicillin and 100 pg/ml streptomycin
(Life Technology). Cells were kept at 37 °C in 5% CO, and passaged
every 3—4 days.

2.2. Plasmid constructions and generation of stable cells

The procedure of estrogen-receptor o (ERa) eukaryotic expres-
sion vector construction was described previously [13]. In brief,
approximately 1788 base pairs (bp) coding sequence were PCR-
amplified from cDNA reverse-transcripted by using MCF-7 total
RNA. Primers are followed: P1, 5-GCCGGCGCTAGCATGCCATG
ACCCTCCACACCA-3’ (enzyme site: Nhe I) and P2, 5'-CCTTAACTTA
AGCAGACCGTGGCAGGGAAACCC-3’ (enzyme site: Hind III). The
correct sequences of amplified fragment were confirmed by DNA
sequencing, double digested with Nhe I and Hind III, and cloned
into pcDNA3.1 vector (Life Technology), carrying the neomycin
resistance gene.

Transfection was performed using the Lipofectamine™ 2000
transfection reagent (Life Technology) following the manufac-
turer's instructions. Of establishing stable transfectants, MG-63
were transfected with either pcDNA3.1-ERa vector (MG-63-ER)
or pcDNA3.1 vector (MG-63-vector). 24 h after transfection,
400 ug/ml G418 was added and maintained for 4 weeks. MiRNA
antagomir™ (ASOs) (MG-63-ASOs) or scrambled control (SC) (MG-
63-SC), which specifically blocks miR-9 bought from RIBOBIO
company, was transfected and selected with 600 pug/ml G418 for 4
weeks.

2.3. Reverse transcription and quantitative real-time PCR (RT-qPCR)

Total RNA containing miRNA and mRNA was isolated from
treated or untreated cells using Trizol Reagent (Life Technology),
followed by integrity and purity verification using UV spectro-
photometry and gel-electrophoresis on formaldehyde denaturation
gel. For preventing cross-contamination, separate room for RNA
extraction and RT-qPCR assay was required.

For evaluating the miR-9 expressing levels, quantification using
the TagMan microRNA assays was performed in two separated
parts. In the RT part, cDNA was reverse transcripted from total RNA
sample using specific miR-9 primers supplied in Tagman MicroRNA
Assays kit (Applied Biosystems). In the qPCR part, Tagman Uni-
versal PCR Master Mix (Applied Biosystems) was employed. The
qPCR results were normalized against an internal control U6 RNA,
and then expressed as relative folds.

2.4. Cell proliferation

Cells (1 x 103) were seeded in 24-well plates overnight and
incubated with certain concentration of E2 or ethanol (mock) for
24 h. The volume of ethanol added to the mock wells was the same
as that added to the drug treated wells. After removal of the me-
dium, the wells were washed three times with PBS, and the plates
were frozen at —20 °C overnight before processing with CCK-8
Proliferation Assay Kit (Life Technology). Absorbance of OD450-
620 was calculated.

2.5. Detection of apoptosis/caspase 3/7 activity

Cells (1.5 x 104) were seeded in 24-well plates overnight for
attaching and incubated with medium, ethanol, E2 or etoposide
(3 uM) for 24 h. Levels of caspase-3/7 activity were determined
using the SensoLyte® Homogeneous AMC cASPASE-3/7 Assay Kit
(Anaspec Inc). For detecting the splicing of Caspase-3, cells were
lysed for extracting total protein and followed by Western Blot as
described before.

2.6. Statistical analyses

Each experiment was performed at least three times, and all
values in the paper are reported as means =+ SD. In all experiments,
comparisons between two groups were based on two-sided Stu-
dent's t-test. P-values of <0.05 were considered statistically
significant.

3. Results

3.1. E2 treatments caused decrease of the MALAT-1 RNA level in an
ER-independent manner by upregulating miR-9, which targeted to
MALAT-1

It has been reported that low concentration E2 (1 nM) treatment
stimulated cell growth, and oppositely, high concentration E2
(100 nM) treatment largely inhibited cell proliferation, migration,
invasion, and colony formation by decreasing MALAT-1 RNA level in
breast [14]. Similarly, estrogen also has been found to regulate
osteoblast cells' growth, even apoptosis [12,15]. This made us
interested in studying the role of high concentration of E2 on OS.
MG-63 was chosen for further study because it's an ER-null cell line.
For finding out the role of ER in estrogen response, MG-63 stably
expressing ER (MG-63-ER) or vector (MG-63-vector) was con-
structed and be treated with the range of E2, 1, 10, and 100 nM.
Then MALAT-1, NEAT1, HN-1, GAPDH and fB-actin mRNA were
tested by qPCR separately. Results showed that, compared to Mock
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Fig. 1. 100 nM E2 treatment downregulated MALAT-1 RNA level by upregulating miR-9. (A) MG-63-vector and MG-63-ER were treated with the indicated dose of E2 for 24 h, and
then be analyzed by RT-qPCR for detecting MALAT-1, NEAT1, HN-1, and GAPDH expressing levels. (B) Relative miR-9 expressing levels, compared with U6 RNA, were detected in MG-
63, MG-63-vector, and MG-63-ER treated with indicated dose of E2 for 24 h. (C) MALAT-1 levels were detected by RT-qPCR after ectopic expression of miR-9 ASOs or scrambled
control in MG-63. (D) MG-63 cells stably transfected with scrambled control or ASOs were treated with indicated dose of E2, and then be performed to RT-qPCR for detecting the

MALAT-1 RNA levels. *P < 0.05, **P < 0.01.

and 1 nM, 10 and 100 nM E2 treatment decreased MALAT-1 RNA
level in both MG-63-vector and ER, while showed no detectable
effects on other RNAs, indicating the specific effect of E2 on MALAT-
1 RNA level (Fig. 1A). Leucci et al. reported that miR-9 targeted
directly to MALAT-1 RNA and downregulated its RNA level [16], and
this made us further tested the miR-9 level after E2 treatment.
Expectedly, high concentration E2 treatment upregulated miR-9
RNA level in both MG-63-vector and ER (Fig. 1B). Then miR-9
ASOs or scrambled control (SC) were transfected before E2 treat-
ment (Fig. 1C), and abolished the effects of E2 on MALAT-1 RNA
level, indicating the key role of upregulated miR-9 in regulating
MALAT-1 RNA level (Fig. 1D).

3.2. Downregulation of MALAT-1 caused by E2 treatment promoted
the binding of SFPQ to oncogene PTBP2

MALAT-1 competitively bound to SFPQ and released it from
SFPQ/PTBP2 complex [17]. For figuring out whether the down-
regulation of MALAT-1 by E2 treatment effects SFPQ/PTBP2 com-
plex, RIP assay, using the SFPQ antibody and MALAT-1 special
primers was performed. Consistently, we found that MALAT-1
binding to SFPQ decreased in high dose E2 treated MG-63-vector
and MG-63-ER (Fig. 2A). This indicated that with downregulation
of MALAT-1 RNA level, the MALAT-1 binding to SFPQ decreased,
suggesting that E2 treatment might affect the function of SFPQ. In
order to understand the effects of E2 treatment on PTBP2/SFPQ
complex which is regulated by MALAT-1 binding, we performed
immunoprecipitation tests. The results showed that, compared
with Mock or 1 nM E2 treated cells, both 100 nM E2 treated MG-63-
vector and MG-63-ER cells had a stronger binding of PTBP2 to the
SFPQ without changes on their protein levels, indicating that SFPQ-
detached PTBP2 might be increased in the high dose E2 treated cells

(Fig. 2B). These changes might affect proliferation, migration or
invasion, because these physiological processes were tightly
controlled by SFPQ/PTBP2 complex.

3.3. E2 treatment inhibited cell proliferation and colony formation
in an ER-independent manner

Previous studies have shown that MALAT-1 plays key roles in
cell proliferation, tumor formation, differentiation and develop-
ment [18,19]. This made us wondering whether E2 treatment af-
fects these physiological processes in OS. Firstly, PI staining
followed by flow cytometry was performed to analyze the distri-
bution of different cell phases. The results showed that high dose of
E2 treatment arrest the cell cycle by accumulating G1 phase and
decreasing G2/M phase (Fig. 2C). Unexpectedly, a remarkable in-
crease in subG1l phase was observed, which indicated the
increasing apoptosis (Fig. 2C). CCK-8 assay also showed that the
100 nM E2 treatment significantly inhibit proliferation (Fig. 2D).
Meanwhile, we observed that E2 treatment caused a morphological
change of cells to flatter, which indicates its effects on cell migra-
tion and invasion (data not shown). We further tested the effects of
E2 treatment on colony formation, and consistent with prolifera-
tion result (Fig. 2D), high dose of E2 treatment also significantly
inhibited colony formation of OS cells in soft agar in an ER-
independent manner (Fig. 2E).

3.4. 100 nM E2 treatment promoted apoptosis in OS cells

The observation of the previous result (Fig. 2C) indicated the
potential effects of E2 treatment on promoting apoptosis. Inter-
estingly, it also has been reported that E2 regulates apoptosis in
Osteoblasts [12]. Both the evidences led us to determine whether or
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Fig. 2. Downregulation of MALAT-1 caused by E2 treatment promoted combination of SFPQ/PTBP2 complex and effected cell cycle processes, proliferation, and colony formation.
(A) MG-63-vector and MG-63-ER were treated with indicated dose of E2 for 24 h, and then be lysed for RIP. IP products were reverse-transcripted for semiquantitative PCR (left) and
qPCR (right). (B) The cells described above were also co-immunoprecipitation with anti-PTBP2 antibody. Input and IP products were immunoblotted by indicated antibodies. (C)
Cells were treated with indicated E2 for 24 h, stained by PI and analyzed by flow cytometry. (D) Treated cells were counted every 24 h, until 5 days. Data are presented as the
mean + SEM of the three separate experiments. (E) 2 x 103 Treated cells were seeded in 6-well plates containing semisolid medium (n = 3) and grew for 4 weeks before colonies

were visualized and microscopically. *P < 0.05.

not E2 treatment affected caspase-3/7, which is universally
increased during apoptosis [20,21], activity in MG-63 cells treated
with agents which promote apoptosis. Cells were pretreated for
24 h with 100 nM E2 or mock and then exposed to 3 uM Etoposide
for 24 h, caspase-3/7 activity in cellular extracts was assayed. The
results showed that, compared to other treatments, 100 nM E2
treatment significantly stimulated caspase-3/7 activity in both MG-
63-vector and MG-63-ER (Fig. 3A). Testing of Caspase-3's inactive
form (32 kDa), and active form (17 kDa) showed that E2 pretreat-
ment significantly increased Caspase-3's active form after Etopo-
side treatment (Fig. 3B). We further tested the apoptotic rate of
these cells by PI staining. Consistent with previous result, E2
treatment increased apoptotic rate caused by Etoposide in both
MG-63-vector and MG-63-ER (Fig. 3C).

3.5. E2 treatment blocks MG-63 cell migration by inhibiting
epithelial-to-mesenchymal transition (EMT)

It is reported that the downregulation of MALAT-1 RNA results
in inhibition of EMT in lung cancer and bladder cancer [22], indi-
cating the possible role of E2 treatment in EMT inhibition. To assess
this hypothesis, the expression of EMT marker genes was measured
by qRT-PCR in E2-treated MG-63-SC or MG-63-ASO0s. As expected,
100 nM E2 treatment caused the downregulation of the early
transcriptional mesenchymal markers Snail, Snai2, and N-cad-
herin, upregulation of E-cadherin, an epithelial marker and sup-
pressor of tumor cell invasion and metastasis (Fig. 4A). Notably,

expression of ASOs of miR-9 in MG-63 abolished the effects of E2
treatment on these genes' transcription level, suggested that the
miR-9 is critical in EMT regulation by E2 treatment (Fig. 4B). We
further tested whether inhibition of EMT causes a decrease in tu-
mor cell motility and invasive capacity by an in vitro mechanical
wound healing assay. As showed in Fig. 4C, compared with un-
treated or 1 nM E2 treated MG-63 cells, 100 nM E2 treated MG-63
cells showed a significant delay in the healing process. Consistently,
ASOs overexpression in MG-63 abolished the detectable delay. In
keeping with these results, time-lapse observation suggested that
100 nM E2 treated cells at the leading edge of the wound display a
decreasing pro-migratory phenotype when compared to mock or
1 nM treated cells, as indicated by the reduction in the number of
cell membrane ruffles (Fig. 4D). Taken together, these results sup-
port the understanding that 100 nM E2 treatment, but not 1 nM E2
treatment, affects the motility of MG-63 cells by upregulated miR-9.

4. Discussion

After comparison of expressing profiles of non-small cell lung
cancer (NSCLC) patients with metastatic tumors to those who have
no metastatic tumors, IncRNA MALAT-1 which is widely expressed in
normal human tissues, was found remarkably overexpressed [ 18,19].
Itis also being found to be upregulated in a variety of human cancers,
including prostate, breast, colon, liver and uterus. Recent studies
have suggested MALAT-1 in the regulation of cell growth, cell cycle
progression, migration and invasion, due to its upregulation in
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Fig. 3. E2 treatment promoted etoposide-induced apoptosis. (A) MG-63 cells stably transfected with vector or ER were pre-treated with indicated dose of E2 for 24 h, and then
incubated with 3 uM etoposide for 24 h. The caspase 3/7 activity was detected. (B) The cells described in (A) were also detected by performing western blot using anti-caspase 3
antibody for detecting the activated form. (C) The cells described in (A) were further stained with PI and be performed on flow cytometry for detecting the apoptotic rate. *P < 0.05.

cancers. Tano et al. found that, in lung adenocarcinoma cells, MALAT-
1 knockdown using RNA interference reduced the in vitro migration
and invasion by regulating the migration-related genes [23]. MALAT-
1RNA s reported to be targeted by miR-9 for degradation, indicating
anovel direct regulatory link between them and potential regulatory
role of miR-9 on cell physiological processes, such as cell prolifera-
tion, migration and invasion [16].

The molecular mechanism of MALAT-1 regulation on mobility is
largely unknown. Previous studies identified that MALAT-1 regu-
lates the splicing processes of a family of genes while others indi-
cated a mechanism of transcriptional regulator [24,25]. Conversely,
study strongly indicates that MALAT-1 has no major impact on
alternative splicing but transcriptionally regulates a set of genes
associated with cancer metastasis. MALAT-1 could also affect the
interaction of SFPQ and PTBP2 protein by binding to SFPQ [17]. SFPQ
contains one DNA-binding domain and two RNA-binding domains,
and combines with Proto-oncogene PTBP2 to inhibit cancer cells'
growth [26]. MALAT-1 could bind to SFPQ, thus disassociating
SFPQ/PTBP2 complex. Subsequently, released PTBP2 from SFPQ/
PTBP2 complex promoted cell proliferation and migration, indi-
cating the regulatory role of SFPQ on MALAT-1 activity. However,
since only a few genes have a proven association with metastasis
without a significant enrichment, MALAT-1 could also have effects
on other important physiological processes.

Estrogen does not only play roles in breast development and
regulating proliferation of breast cells, but also arrests cell prolif-
eration and induces apoptosis in breast tumor cell. Zhao et al. re-
ported that, in breast tumor cells, the high dose of E2 treatment
regulates several cell physiological processes by downregulating
MALAT-1 RNA level, without knowing the molecular mechanism of
this regulation on MALAT-1 [13]. Studies also indicate that physi-
ologic and pharmacologic estrogen exposure direct effects on bone-
forming osteoblasts and promotes a resistance of osteoblasts to the
processes of apoptosis. By exposing to estrogen, caspase-3 activity
is inhibited acutely as well as the transcriptionally suppression of a

battery of apoptosis-promoting genes. The effects of estrogen on
osteoblast suggest its potential effects on osteosarcoma. The effects
of estrogen in breast and breast cancer cells in an ER-independent
manner also raise the question that whether the effects of estrogen
on osteosarcoma are depending on the expression of ER or not.
According to these findings, we hypothesized that E2 may play
regulatory role on osteosarcoma cells.

In this study, we found that E2 treatment had a significant
downregulation of MALAT-1 RNA level in vitro, through upregulating
miR-9 expression which targets directly to MALAT-1 RNA for degra-
dation. The regulatory mechanism between miR-9 and MALAT-1
caused by E2 treatment is a potential explanation for the effects of
E2 treatment in breast tumor cells [ 13]. The downregulated MALAT-1
by overexpressed miR-9 induced by E2 exposure significantly
decreased osteosarcoma cell MG-63 growth, migration, invasion and
apoptosis. This growth suppressive effect is associated with an in-
crease in G1-phase population and a decrease of the S-phase fol-
lowed. Similar effects on cellular proliferation rate and cell cycle
distribution after E2 treatment was also observed in MG-63 ectopi-
cally expressing ER, indicating the effects of E2 treatment are ER-
independent. Mechanically, it is observed that downregulated
MALAT-1 by E2 treatment decreased its binding to SFPQ, and pro-
moted the combination of SFPQ/PTBP2 complex. This may explain the
E2 regulation on cell proliferation, migration, invasion and apoptosis.

In summary, this study demonstrates that a novel pathway,
involving transcriptional upregulation of miR-9, which directly
targets to MALAT-1 for degradation, plays an important role in
regulating the combination of SFPQ/PTBP2 complex and thus af-
fects proliferation, migration, invasion and apoptosis in osteosar-
coma. Moreover, the effects of E2 treatment on osteosarcoma are
independent on estrogen receptor o. These findings therefore
identify E2 as an important factor for MALAT-1 mediated osteo-
sarcoma cell migration, invasion, metastasis and potentially
apoptosis, and provide important evidence for further develop-
ment of therapeutic method using E2.
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